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Abstract
Porous titanium (Ti) scaffolds have been extensively utilized as bone substitute scaffolds due to their superior biocompatibility
and excellent mechanical properties. However, naturally formed TiO2 on the surface limits fast osseointegration. Different
biomolecules have been widely utilized to overcome this issue; however, homogeneous porous Ti scaffolds could not simul-
taneously deliver multiple biomolecules that have different release behaviors. In this study, functionally graded porous Ti
scaffolds (FGPTs) with dense inner and porous outer parts were fabricated using a two-body combination and densification
procedure. FGPTs with growth factor (BMP-2) and antibiotics (TCH) exhibited suitable mechanical properties as bone sub-
stituting material and presented good structural stability. The release of BMP-2 was considerably prolonged, whereas the
release of TCH was comparable to that of homogenous porous titanium scaffolds (control group). The osteogenic differen-
tiation obtained using FGPTs was maintained due to the prolonged release of BMP-2. The antimicrobial properties of these
scaffolds were verified using S. aureus in terms of prior release time. In addition, various candidates for graded porous Ti
scaffolds with altered pore characteristics were presented.
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Introduction

In the past decades, a variety of metallic materials were uti-
lized as artificial replacements at sites with malfunctioned
bones, which could not provide sufficient support to applied
loads [1–5]. Meanwhile, titanium (Ti) and its alloys have
been extensively applied as bone grafts due to their excel-
lent mechanical properties, biocompatibility, and chemical
stability [6–11]. However, there are still challenges to satisfy
clinical applications such as poor bone to Ti integration and
the risk of bacterial infections. For example, despite the bio-
compatibility of Ti, naturally formed TiO2 on a pristine Ti
bone graft surface has been regarded as a bioinert ceramic
due to the difficulty observed in the formation of a direct
chemical bondwith living bone tissues. Consequently, a long
osseointegration period (approximately 3–4 months) is nor-
mally required [12, 13]. In order to overcome this issue,
a number of surface treating methods were investigated in
recent studies to enhance the biocompatibility of such metal-
lic scaffolds [14–17].

A common strategy for improving bioactivity is the appli-
cation of biomolecules, including growth factors [18, 19],
drugs [20, 21], peptides [22, 23], and genetic materials
[24–26], which can be delivered through bone grafts. Bone
grafts with a localized biomolecule delivery system can
enhance the efficacy of the released biomolecules com-
pared to oral ingestion or inoculation. Moreover, these grafts
reduce the need for multiple surgical interventions, and more
biomolecules than one are often loaded into them. In the
context of orthopedic surgery, antibiotics should be released

from the bone graft in the initial stage after surgery in
order to reduce acute inflammation in the tissue [27, 28],
whereas growth factors such as bone morphogenetic protein-
2 (BMP-2) should be provided via a relatively prolonged
release system to make the bone regeneration process more
efficient [29, 30]. For bone defects arising from traces of
removed bone tumor, there is a need for a biomolecule deliv-
ery platform that can provide effective chemoprevention of
the growth of bone tumor cells while simultaneously endow-
ing the bone grafts with osteogenic capability to generate
new bone tissue. Moreover, both angiogenesis and osteoge-
nesis are crucial during the process of bone repair because
neovascularization allows for the transportation of essential
ingredients to the defect site [31, 32]. Therefore, advanced
therapeutic systems aim to provide the simultaneous delivery
of multiple growth factors for stimulating both angiogenesis
and osteogenesis.

Another issue related to Ti-based bone graft failure is the
stress-shielding phenomenon resulting from the mismatch
of elastic modulus between natural bone and graft, conse-
quently leading to bone resorption by deficient load transfer
[33–37]. In terms of solving the problem of poor interlocking
between bone and graft, adopting a porous structure has been
one of the most promising strategies [38–42]. By decreasing
the elasticmoduluswith the increased porosity of Ti graft, the
above undesirable phenomenon can be circumvented. Addi-
tionally, enhanced differentiation of osteoblastic cells and
enlarged contact sites of cells could be achieved by roughen-
ing the pore surface [43–47]. However, the introduction of a
porous structure in ametallic biomaterial can lead to undesir-
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ablemechanical properties; for example, the implant stiffness
may not be suitable for bone defect sites. Furthermore,
parts for sufficient mechanical sustentation and those effi-
ciently delivering biomolecules should be constructionally
integrated within a single bone implant. As the parameters
of porous structure are improved to satisfy biological require-
ments, the mechanical properties become insufficient for use
as a bone substitute. However, if the mechanical proper-
ties are adjusted to eliminate the stress-shielding effect, the
porous structure will not satisfy the requirements of cells or
tissues in patients.

In our previous work, we demonstrated that the densifi-
cation procedure provided a biomimetic titanium scaffold
(BTS) with mechanical tunability, enabling a variety of
applications ranging from highly porous fillers to dense
load-bearing implants [48, 49]. Moreover, we showed that
the enhanced bioactivity obtained via the scaffold densi-
fication procedure allowed for sustainable release due to
the excellent pore interconnectivity and relatively high sur-
face area with controllable tortuosity. Thus, we hypothesized
that multi-layered porous structures with varyingmechanical
properties and multiple-biomolecule release behaviors could
be customized by this tailored assembly system,with the con-
structed scaffolds providing a new design for bone-repairing
platforms.

In this study, an efficient fabrication method of a multiple-
biomolecule delivery platform is implemented, which is
composed of two parts with distinctive pore characteristics
using a tailored assembly system. After arranging the two
parts with different sizes, they were assembled into a sin-
gle scaffold by compressing through the z-axis, resulting in
hierarchically graded porous structure [48]. Especially for
the proposed assembly system, two dissimilar biomolecules
could be loaded individually but released concurrently.
Tetracycline hydrochloride (TCH) and bone morphogenetic
protein (BMP-2)were, respectively, chosen as antibiotics and
growth factor to be loaded into the scaffold. As antibiotics
should be released faster than growth factors to repress ini-
tial inflammation, antibiotics were loaded into the porous
parts while growth factors were loaded into the denser parts
for more sustained release. The structure and pore charac-
teristics of the constructed Ti scaffolds with graded porous
structure were investigated by scanning electron microscopy
(SEM) and micro-computed tomography (micro-CT). The
compressive features of the scaffolds were also assessed
by compression testing. The release behavior of rhBMP-
2 and TCH was monitored by UV–Vis spectroscopy, and
in vitro antimicrobial and biocompatibility tests were also
performed.

Materials andmethods

Dynamic freeze casting to produce porous Ti
scaffolds

Mixtures containing 15 vol%, 20 vol%, and 25 vol% Ti were
prepared by blending pure Ti powder (325 mesh, Alfa Aesar,
Ward Hill, MA, USA), camphene (C10H16, Sigma Aldrich,
St. Louis, MO, USA) as a pore forming agent, and 1 wt.%
oligomeric polyester (HypermerKD-4, UniQema, Everberg,
Belgium) as a dispersant to produce porous Ti scaffolds with
70%, 60%, and 50% of porosity. Ti mixtures were placed in
an aluminum mold with 60 mm diameter and 60 mm height,
and then heated at 60 °C and rotated at a speed of 30 r/min to
fully melt the camphene. Subsequently, the mold was cooled
down to 44 °C with identical rotation speed, and it was kept
in this state for 24 h to obtain solidified green bodies. After
24 h of solidification, the green bodies were closely packed
by a cold isostatic press (CIP) process at 200 MPa for 5 min,
and they were further frozen at −80 °C. The fully frozen
green bodies were freeze-dried to sublimate the camphene.
The treated green bodies were heated at a rate of 5 °C/min in
a vacuum furnace until reaching 1300 °C and maintained at
this temperature for 2 h.

Preparation of homogeneous and graded porous Ti
scaffolds

The produced 50% and 70% porous Ti scaffolds were pro-
cessed to specific diameter and height as noted in Table
1. Prior to assembly, any possible exterior contamination
by the electro-discharge machining process was removed
through submersion of the scaffolds in 70% HNO3 for 1 h.
Especially, the scaffolds that were utilized in drug release,
antimicrobial testing, and in vitro cell testing were steril-
ized through immersion in 70% EtOH, autoclaving, and UV
irradiation. For structural and mechanical evaluation, ring-
and pin-shaped porous Ti scaffolds (70% porosity) were put
together to form a single functionally graded porous Ti scaf-
fold (FGPTs) through pressing along the z-axis to interlock
the two types of scaffolds. A total of L-FGPTs and H-FGPTs
were fabricated to demonstrate two types of FGPTs with low
and high degree of difference between the pore characteris-
tics of the outer and the inner parts. The intended architecture
of the FGPTs was fabricated through the combination of ring
parts with 70% porosity and densified pin parts with eventual
50% and 30% porosity by applying a strain value of 0.40
and 0.57, respectively. To prepare specimens for the drug
release test, porous Ti scaffolds with 50% of porosity and H-
FGPTs were chosen as the control group and experimental
group, respectively. The ring-shaped porous Ti components
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Table 1 The initial size of ring
and pin parts for fabricating
functionally graded porous Ti
scaffolds

Group Evaluation Height (mm) Diameter (mm)

Non-graded

70% Mechanical properties 10 12

60% Mechanical properties 10 12

50% Mechanical properties 10 12

In vitro tests 5

Ring Pin Ring Pin

Graded structure

L-FGPTs Mechanical properties 10 16.7 Dout:12
Din: 8.7

8.5

H-FGPTs Mechanical properties 10 23.3 Dout:12
Din: 8.7

8.5

In vitro tests 5 11.6 Dout:12
Din: 8.7

8.5

were immersed in 100 μg/mL TCH solution, while the pin-
shaped porous Ti components and porous Ti scaffolds used
as controls were immersed in 10 μg/mL BMP-2 solution.
These were also kept in an evacuated state for 30 min to fully
infiltrate the solutions into the pores. After immersion, the
scaffolds were stabilized in a sterilized state. The adsorption
efficiency of rhBMP-2 was (23.0±0.7)% and the TCH was
(33.2±2.3)%. The BMP-2-loaded specimens for the control
group were then loaded with TCH followed by an identical
procedure. The same procedure was followed to prepare the
scaffolds for in vitro biological tests with 10μg/mL of BMP-
2 and11.8μg/mLTCHfor the control groups, and 6.5μg/mL
of BMP-2 and 16.9μg/mL of TCH for H-FGPTs. The reason
for utilizingdifferent concentrations for the control group and
theH-FGPTswas based on the pore volume in each group. To
prevent contamination, each step was followed by a washing
and drying process on a clean bench.

Structural evaluation

A dimensional approach was used when calculating the
porosity of scaffolds. The porosity (P) was computed from
the density of the samples following the below equation:

P � 100 ×
(
1 − ms/Vs

ρTi

)
,

wherems represents the sample mass, V s the sample volume,
and ρTi the theoretical density of Ti (4.51 g/cc).

The surface structure of scaffolds was observed using
SEM (JSM-5600, JEOL Techniques, Tokyo, Japan), and the
three-dimensional inner structure was analyzed bymicro-CT
(Skyscan 1173 X-ray m-tomography System, Skyscan, Kon-
tich, Belgium).

Assessment of compressive properties

The compressive strength and stiffness of the prepared spec-
imens (diameter � 12 mm, height � 10 mm, N � 3) were
measured utilizing a load frame (Instron 5582, Instron Corp.,
Canton,MA,USA) at 1mm/min loading speed. In the case of
H-FGPTs, a push-out test was conducted to confirm the fail-
ure stress using specimens with 12mm in diameter and 5mm
in height (N � 3). In addition, a cyclic compression loading
test was performed by compressing and releasing each sam-
ple for 20 times at a rate of 1mm/min until reaching 1% strain
and 110 MPa, which are similar to the representative yield
strain and longitudinal yield stress of the human cortical bone
[50].

In vitro release behavior of BMP-2 and TCH

The release of BMP-2 (Cellumed, Korea) and TCH (Aldrich,
USA) from the scaffolds was tracked at pre-determined
time points by examination and simultaneous evaluation
through UV–Vis spectrophotometry (UV-1700, Shimadzu,
Japan) after being fully submerged in 3 mL of Dulbecco’s
phosphate-buffered saline (DPBS). The wavelengths chosen
to measure the absorbance of BMP-2 and TCH were 195 nm
and 360 nm, respectively.

In vitro analysis of biocompatibility
and antimicrobial effect

The specimens used in both tests measured 12 mm in
diameter and 5 mm in height. MC3T3-E1 cells (ATCC,
CRL-2593, Rockville, MD, USA) were cultured separately
on samples with each specific density for different usages.
5×104, 3×104, and 0.2×104 cells/mL were cultivated
on the samples for attachment, proliferation, and differen-
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tiation tests, respectively, in minimum essential medium
(α-MEM, Welgene Co., Ltd., Korea) containing 10% fetal
bovine serum (Life Technologies, Inc., USA) and 1% antibi-
otics (100 U/mL penicillin and 100 μg/mL streptomycin,
GIBCO, Grand Island, NY, USA) in a humidified incubator
with 5% CO2 at 37 °C. The shapes of cells were observed
by confocal laser scanning microscopy (CLSM, Fluoview
FV1000, Olympus, Japan) after 1 day of culture. The cells
attached on the scaffolds were sequentially treated using 4%
paraformaldehyde, 0.1%TritonX-100, and 1%bovine serum
albumin prior to the staining procedure. The cell staining
procedure was followed using phalloidin (colored in red) for
the cytoskeleton and DAPI (colored in blue) for the nuclei.
The daily exchange of culture medium to prevent the accu-
mulation of TCH was performed before the proliferation
test. After day 3 and 5 of culture, the cell viability was
observed byMTS assay (CellTiter 96AqueousOne Solution,
Promega, USA). The absorbance of the medium was evalu-
ated at 490 nm wavelength using a microplate reader (Model
550, Biorad, USA) followed by allowing 2 h of reaction
time. To assess the degree of differentiation via alkaline phos-
phatase (ALP) activity assay, the remaining BMP-2 and TCH
on the arranged scaffolds were extracted by 7 and 14 days of
immersion in DPBS in an incubator under 5% CO2 at 37 °C.
The extraction process was then followed by cell culturing
along with the scaffolds. After 1 day of culture, the medium
was refreshed using culturemedium containing 10mM β-GP
and50mg/mLascorbic acid. Themediumwas replaced every
3 days throughout the 13 days of cell culture.Absorbancewas
measured at 405 nm using a microplate reader and the values
were converted into ALP activity based on a standard curve.

An antimicrobial test was performed using S. aureus
(ATCC 6538, Rockville, USA). In order to obtain a seed
culture, 50 μL of bacterial suspension was cultured for 15 h

after being injected into 3 mL of fresh Luria–Bertani (LB)
broth (BD DifcoTM, 244,620, USA). A volume of 200 μL
S. aureus suspension was injected into 15 mL of LB broth
after being cultured at 37 °C while shaking at 200 r/min.
After the injections, the two types of samples were spread
on separate LB agar plates and holes of 11.5 mm in diameter
were made where the specimens were located. The prepared
scaffolds and S. aureus were preserved in an incubator for
1 day to monitor the inhibition zone. To observe the forma-
tion of colonies, inoculation of S. aureus suspension (1.3×
107 CFU/mL) was performed on the sterilized samples fol-
lowed by 1 day of culture. Subsequently, the samples were
rinsed by DPBS twice and placed in 15-mL tubes contain-
ing 3 mL of DPBS. All of adhered bacteria were torn off
from the samples by severe vortex shaking. Viable bacteria
in the DPBSwere then diluted and spread on a LB agar plate.
After 1 day of incubation at 37 °C, individual colonies were
observed and their numbers were counted.

Statistical analysis

All experimental results were expressed as mean± standard
deviation.Normalitywas evaluated by Shapiro–Wilk test and
statistical significance was determined through Student’s T
test. A p value of less than 0.05was considered as statistically
significant.

Results

Structural evaluation

The schematic diagram presenting the fabrication method of
functionally graded porous titanium scaffold with different
biomolecules is demonstrated inFig. 1. The ring-shapedparts

Fig. 1 Schematic illustration of functionally gradient porous titanium (Ti) scaffold fabrication with dual drug loading
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Fig. 2 Representative scanning electron microscopy (SEM) images of
produced porous titanium scaffolds at low and high magnification. (a,
b) 70% porosity; (c, d) 60% porosity; (e, f) 50% porosity; (g, h) L-
FGPTs, and (i, j) H-FGPTs

containing TCH and the pin-shaped parts containing rhBMP-
2 were prepared separately. The amount of strain was set
as 0.40 and 0.57, respectively, to achieve 50% and 30% of
final porosity from the initial 70% following the equation
suggested in the literature [48]:

P � 100 ×
(
1 − 0.3

1 − ε

)
,

where P represents the final porosity of the scaffold and ε the
strain applied to the scaffold.

Figure 2 demonstrates the representative surface struc-
ture of the fabricated scaffolds. As illustrated in Figs. 2a–2f,

spherical pores with even distribution were created in the Ti
scaffolds with controlled porosities of 70% (Figs. 2a and 2b),
60% (Figs. 2c and 2d), and 50% (Figs. 2e and 2f), which are
similar to those of previous articles [9, 48, 49]. The scaffolds
featured decreasing pore size along with increasing initial
Ti contents. On the other hand, different pore characteris-
tics (porosity and pore size) between the pin and ring parts
were observed in the fabricated functionally graded porous
Ti scaffolds. The outer parts of functionally graded porous Ti
scaffolds were composed of spherical pores while deformed
pores were observed in the densified inner parts. As shown in
Figs. 2g and 2h, a discrete layer between ring- and pin-shaped
parts was observed in L-FGPTs, which contained densified
50% pin-shaped parts. Compared to L-FGPTs, H-FGPTs
exhibited a more dramatic structural difference between the
two parts (Figs. 2i and 2j).

The interior pore characteristics of the scaffolds were
additionally evaluated by micro-CT. Figure 3a illustrates
cross-sectional images by the horizontal and vertical axis.
Uniformly distributed spherical pores could be observed
in the scaffolds with 70%, 60%, and 50% of porosity. On
the other hand, L-FGPTs and H-FGPTs exhibited hierar-
chically distributed pores in terms of pore shape and pore
size. Especially for vertical cross-sectional images of func-
tionally graded porous Ti scaffolds, the pore shapes were
similar in inner parts, which indicated homogeneous den-
sification along the z-axis. The pore size distribution is
illustrated in Fig. 3b, which matched well with the recon-
structed micro-CT images. Typical bell-shaped distributions
were observed in homogeneously porous Ti scaffolds, while
broadened distributions with two slight peaks were shown in
FGPTs. The quantified porosity values following decreas-
ing porosities of 70%, 60%, and 50% were (72±2)%,
(60±2)%, and (49±2)%, respectively. The overall poros-
ity of L-FGPTs was (61±1)% with (52±1)% for inner and
(70±2)% for outer parts. Compared to L-FGPTs, H-FGPTs
exhibited an overall porosity of (50±2)% with (32±1)%
for inner and (69±1)% for outer parts. The calculated pore
sizes of the produced porous Ti scaffolds were different
at 426±99 μm (15 vol%), 355±76 μm (20 vol%), and
274±63 μm (25 vol%). The pore size of each part in
functionally graded porous Ti scaffolds was 242±91 μm
for inner parts and 374±107 μm for outer parts in L-
FGPTs. On the other hand, each part of H-FGPTs possessed
105±55 μm for inner parts and 372±101 μm for outer
parts.

Compressive properties of functionally graded
porous titanium scaffolds

The compressive properties of homogenous porous Ti scaf-
folds and FGPTs were assessed. The homogeneous porous
Ti scaffolds (50% to 70%) and L-FGPTs exhibited the repre-
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Fig. 3 a 2D cross-sectional and 3D reconstructed micro-CT images; b pore size distribution, c porosity, and d average pore size of the produced
porous Ti scaffolds

sentative stress–strain curves of porous scaffolds, consisting
of a linear elastic region, a plateau region, and a densifica-
tion region with continuously increasing compressive stress
following increasing strain (Fig. 4a). However, H-FGPTs
exhibited a decreasing trend after the yield point, and the den-
sification region appeared after it reached theminimumstress
point around 124 MPa, as shown in Fig. 4a. The computed
yield compressive strength and stiffness values are summa-
rized in Fig. 4b. The yield compressive strength and stiffness
were proportional to the initial Ti contents, which were,
respectively, 57.8±2.9 MPa and 3.9±0.3 GPa for 15 vol%
Ti and 166.7±11.2 MPa and 16.7±0.3 GPa for 25 vol% Ti.
However, the functionally graded porous Ti scaffolds exhib-
ited different behaviors compared to homogeneously porous
Ti scaffolds. Even though the yield compressive strength
followed the trend between porosity and strength, the trend
of stiffness did not follow the porosity change. After com-
paring the mechanical properties and the possible utility of
functionally graded structure, further experiments were con-
ducted focusing on porous Ti scaffolds with 50% of porosity
and H-FGPTs. Figures 4c and 4d demonstrate the results
of cyclic compression tests of H-FGPTs under constraints

with 1% strain and 110MPa compressive stress based on the
mechanical properties of cortical bone [50]. For 20 cycles,
identical stress–strain curves were obtained at 1% strain
condition, while slightly shifted stress–strain curves were
obtained at 110 MPa condition. The maximum failure stress
was also evaluated by measuring the load required to detach
the ring and pin parts, and the obtained failure stress was
69.3±5.9 MPa.

Release behavior of BMP-2 and TCH
from functionally graded porous Ti scaffolds

The release behaviors of BMP-2 and TCH were moni-
tored for 56 d in DPBS while comparing two groups of
prepared scaffolds. In case of BMP-2, loaded BMP-2 was
mostly released within 7 d for scaffolds of the control
group, whereas significantly prolonged release behavior was
obtained for H-FGPTs, as illustrated in Fig. 5a. On the other
hand, the release profile of TCH was similar between the
control group and H-FGPTs (Fig. 5b). Prolonged release
behavior was shown for H-FGPTs in comparison with the
control group. The observed release behavior was plot-
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Fig. 4 a Stress–strain curve and b quantified yield compressive strength and stiffness of each scaffold. Monitoring of cyclic compression loading
of H-FGPTs under the constraint of c 1% strain and d 110 MPa compressive stress

ted in first-order kinetics; the rate constant (k) was largely
different for BMP-2 release and it was similar for TCH
release between the control and FGPTs. Based on the
release profile, the relative tortuosity factors were calcu-
lated and their differences were only considerable for BMP-2
release.

In vitro biocompatibility tests

The initial attachment of preosteoblast cells was evaluated
by CLSM. As shown in Fig. 6a, the regions were classified
into ring and pin parts for H-FGPTs. All of the cells were
well attached onto the scaffolds regardless of regions with
the different biomolecules of BMP-2 and TCH. Cell via-
bility after 3 d and 5 d of culturing was monitored while
refreshing the medium every day to avoid the accumula-
tion of antibiotics. The degree of proliferation was similar
between the control group and H-FGPTs both at 3 d and 5
d of culturing (Fig. 6b). However, ALP activity was con-
siderably different at each determined precedent releasing
time, as illustrated in Fig. 6c. At the initial stage, ALP
activity was higher for the control group than that for the
H-FGPTs. However, after 7 days of release, ALP activity
dramatically decreased in the control group while it was sus-
tained in the H-FGPTs. As demonstrated in Fig. 5a, almost

all of BMP-2was released within 7 days in the control group,
whereas certain amounts of BMP-2 were still left inside the
H-FGPTs.

In vitro antimicrobial tests

The monitoring of inhibition zone at determined time inter-
vals and colony formation test were carried out using S.
aureus, which is frequently found in the surgical infection
site [51]. Scaffolds with different immersion times were
placed onto the agar plate containing S. aureus. After 1 d of
incubation, a clear inhibition zone was observed after prior
immersion time of 3 days, and S. aureus covered nearly all
of the scaffolds after 4 days of prior immersion (Fig. 7a). The
diameter of inhibition zone was calculated based on the opti-
cal images, and a gradually decreasing trend was obtained
(Fig. 7b). A similar result was acquired in the colony for-
mation test as shown in Fig. 7c. A colony emerged from the
scaffolds after 4 days of immersion, the number of colonies
dramatically increased from 5 to 7 days, and they saturated
by 14 days (Fig. 7d). Increasing the time while infections are
reduced is possiblewith a higher dose of TCH, but this should
be carefully considered since it can kill nearby cells, which
is a common phenomenon in research related to antibacterial
agents [52, 53].
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Fig. 5 Relative release,
transformed first-order kinetics,
and calculated relative tortuosity
factor of (a, c, and e) BMP-2 and
(b, d, and f) TCH for the control
and H-FGPTs (*p <0.05)

Discussion

In our previous work, we demonstrated the biomimetic struc-
ture of porous Ti scaffolds with dense outer structure [54].
Enlightened by that research, revised inversely structured
functionally graded porous Ti scaffolds were constructed in
this paper for faster bone infiltration to the scaffolds, which
would result in a higher degree of fixation between scaf-
fold and bone. Scaffolds with 50% to 70% of porosity were
firstly prepared as initial scaffolds for densification along
with comparative groups of L-FGPTs and H-FGPTs. Inter-
faces in L-FGPTsweremore notable than those in H-FGPTs,
which was due to less interlocking between the ring- and
pin-shaped parts. In further analysis using micro-CT, the
obtained porosity of each part showed good accordance with
the proven theoretical calculation formula proposed in the
former article, which evidenced thewell-conducted homoge-
neous densification [48]. The obtained hierarchical structure
is useful for facilitating interlocking between the scaffold
and surrounding bone, since new bone would be regenerated
inside the pores with full connection to the original bone. In

addition to the aspect of tissue regeneration, the inner dense
part could act as a load-bearing part enduring the applied
loads.

Comparing the mechanical properties of L-FGPTs and
H-FGPTs to homogeneous porous Ti scaffolds with similar
porosity, they presented reduced stiffness that is beneficial
to alleviate the stress-shielding effect. This phenomenon is
attributed by deficient interfaces at the joint of inner and outer
parts when compared to homogeneous porous scaffolds with
fully sintered particles in the pore walls. However, the yield
compressive strength of L-FGPTs was considerably lower
than that of porousTi scaffoldswith 60%of porosity,whereas
H-FGPTs exhibited yield compressive strength comparable
to that of porous Ti scaffolds with 50% of porosity, structural
stability, and the possibility for them to be utilized as bone
substituting scaffolds. Even though the stress–strain curves
under 110 MPa shifted as the number of cycles increased,
the degree of shifting per cycle was reduced. To address the
structural stability of H-FGPTs, failure stress was measured
by push-out test. The measured failure stress between ring
and pin parts of H-FGPTs was sevenfold higher than that

123



460 Bio-Design and Manufacturing (2022) 5:451–464

Fig. 6 a The observed cell
morphologies of control and
H-FGPTs by CLSM. b Cell
viability measured after 3 days
and 5 days of culture on each
scaffold. c Degree of ALP
activity in terms of prior release
time in the control and the
experimental groups
(**p <0.01, ****p <0.001)

of embedded bolts from the grouting material reported by
Thenevin et al. [55].

In terms of biomolecule release, polymeric coatings con-
taining biomolecules have been commonly used to achieve
their sustained release, which is induced by reduced diffusion
rate [56, 57]. However, the application of polymeric coatings
in hard-tissue scaffolds is limited by potential delamination
during the implantation procedure and the unknown effect
of degraded polymers under physiological conditions over a
long period [58]. Thus, the densification method is a highly
promising technique to gain prolonged release, as demon-
strated in previous research [48, 54]. Similarly, H-FGPTs
exhibited the sustained release of BMP-2, which was mainly
due to the increased degree of complexity of the release
pathway. This phenomenon was quantitatively assessed by
first-order kinetics and by computing the relative tortuosity
factor. In one study, the biological activity of loaded rhBMP-2
in the scaffolds was still maintained for 8 weeks after loading
[48]. Here, the decreased rate constant inferred the prolonged
release of BMP-2 from H-FGPTs. However, the release of

TCH was not considerably altered in comparison with the
control group. This phenomenon was in contrast to a previ-
ous article reporting the sustained release ofBMP-2 andTCH
[54]. As opposed to their results, the effect of outer porous
ring parts on the release behavior was almost negligible due
to the high porosity and large pore size of these parts [54].

In vitro cell tests were conducted to assess the biolog-
ical response to the fabricated scaffolds. Firstly, the cell
morphologies were observed, as demonstrated in Fig. 6a;
there was no sign of cytotoxicity to preosteoblast cells.
The adheredMC3T3-E1 cells exhibited extended cytoplasms
with stretched filopodia. After 3 and 5 days of culture, the
multiplication of cells was statistically similar between the
control and H-FGPTs (p >0.05). The reason for similar cell
viability between the control group and H-FGPTs was due
to the lower effect of BMP-2 on cell proliferation [29]. How-
ever, the trend of cell differentiation following certain periods
of release greatly differed. ALP activity was higher for the
control group than that for functionally gradedporousTi scaf-
folds due to the initial burst release. On the other hand, after
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Fig. 7 a Optical images and
b measured diameter of
inhibition zones based on the
prior release time of H-FGPTs.
c Optical images and d the
quantified average colony
number measured diameter with
different release times of
H-FGPTs (the scale bar in
a represents 10 mm and
c represents 20 mm)

7 days of release, ALP activity dramatically decreased for
the control groupwhile it remained in the functionally graded
porous Ti group. As illustrated in Fig. 5a, almost all of BMP-
2 was released within 7 days for the control group, whereas
certain amount of BMP-2 was still left inside the H-FGPTs.
Thus, the functionally graded porous Ti scaffolds performed
well in long-term application in that the osteogenic differ-
entiation of preosteoblast cells resulted in enhanced bone
regeneration. In addition, the results of in vitro antimicro-
bial tests demonstrated the effect of antibiotics in the early
stage to prohibit acute inflammation around surgical sites; the
reduced early inflammation reaction in implanted sites could
alleviate the pain and discomfort. Though the antimicrobial
effect was prolonged at 6 days, this duration could be further
increased by adopting higher concentration of antibiotics.

The advantage of this technique lies in the assembly
between the ring- and pin-shaped parts. As long as the
densifying region was present, graded porous Ti scaffolds
could be fabricated. As demonstrated in Fig. 8a, six differ-
ent types of graded porous Ti scaffolds were produced, and
the overall porosity and pore size could be altered by adjust-
ing the diameter and height of each part. The mechanical
properties of graded porous Ti scaffolds were also control-
lable since the mechanical properties of densified region and
non-densified region are different according to the applied
strain. A controlled ratio of biomolecule release could be
achieved through adjusting the volumetric ratio of two parts.
Moreover, numerous biomolecules including growth factors,

antibiotics and functional nanoparticles could be loaded into
the scaffolds in a customized manner. Considering clinical
cases, conventional products with specific dimensions have
been mainly utilized for surgical convenience, easy obten-
tion, and credibility. However, individually designed grafts
for the efficient healing process are necessary because the
size and structure of surgical site inevitably differ among
patients and bone parts. Even though titanium scaffoldsmade
using a dynamic freeze castingmethodwere presented in this
manuscript, any of porous metallic scaffolds with ductility
could be candidates for this system under a certain range of
strain where severe deformation does not occur [59]. The
recently developed additive manufacturing methods regard-
ing porous metallic scaffolds achieved fair densification
behaviors in scaffolds under compressive stresses [60, 61].
The porous outer layer of FGPTs is highly effective regarding
bone-to-implant fixation. Since bone-related cells can infil-
trate into the pores through the body fluid supply between the
gap of scaffold and the surrounding bone, bone regeneration
will occur inside the pores. In that manner, pores can act as
starting point of bone regeneration, and the grown bones will
eventually be connected to the surrounding bones (Fig. 8b).
Thus, the fabricated FGPTs are highly promising as they
exhibit diverse functionality regarding usable materials, a
high degree of structural freedom, and the option of multiple
drug delivery, which are challenging to achieve using con-
ventionalmetallic scaffolds fabricated by traditionalmethods
and recent emerging methods.

123



462 Bio-Design and Manufacturing (2022) 5:451–464

Fig. 8 a Micro-CT images of
L-FGPTs and H-FGPTs with
different Sout/Sin ratios.
b Schematic image of bone
regeneration between the
scaffolds and the surrounding
bone considering surface
structure ((b1) scaffold with
dense surface and (b2) scaffold
with porous surface)

Conclusions

In this research, the assembly of two distinct porous scaf-
folds through a densifying process was utilized to fabricate
a multiple-biomolecule delivery platform that can effec-
tively release growth factors and antibiotics at the same time.
The characteristic structure was successfully constructed and
the pore characteristics were significantly changed through
the densification procedure following determined theoretical
calculation. As for the mechanical properties, the compres-
sive strengths were inversely proportional to the overall
porosity, but the elastic modulus was reduced due to defi-
cient interfaces at the joint of inner and outer parts. The
release behaviors of BMP-2 and TCH were monitored at
pre-determined time intervals. Owing to the altered tortu-
osity through the densification procedure, the release of
BMP-2 was prolonged in the functionally graded porous Ti
scaffolds. However, TCH release was not changed in such
scaffolds. The evaluation of antimicrobial propertieswas per-
formed using S. aureus by assessing the zone of inhibition,
and colony formation tests confirmed the effective termi-
nation of bacteria in a few days. The results of initial cell
attachment and proliferation proved that porous Ti scaffolds
with biomolecules are biocompatible, and they exhibited an
enhanced maintenance of differentiation degree for FGPTs
compared to the control group. In addition to the suggested

structure, it is possible to fabricate scaffolds with different
degrees of densification and ratio between the inner and outer
parts. Therefore, versatile designs can be applied to this plat-
form that can be tightly assembled into the targeted structure.
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