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Abstract
The management and treatment of long bone defects are challenging clinical problems. In this
study, in order to address the need for load bearing implants for segmental defects, 3D printed
cylindrical implants of poly(caprolactone) (PCL) and nanohydroxyapatite (nHAp) composites
were prepared and applied as lateral segments to the femurs of New Zealand white rabbits. The
results of PCL-nHAp implant group obtained 6 weeks after the procedure were compared with
those of the autografts. There was no significant difference between the yield and ultimate loads of
autograft group and the implant group. Histological studies demonstrated similar new bone
formation in both groups. Also, a sizeable callus formation around the autografts and bone
ingrowth to the 3D printed implants were observed, and x-ray studies confirmed the formation of
the callus. An increase was detected in the bone density around the defect site for both test groups.
SEM revealed close interaction between the newly formed bone tissue and the struts of the 3D
printed implant. mRUST values, which is an indicator of tissue healing, increased continuously
during 6 weeks. In conclusion, 3D printed, 1.5 cm long cylindrical nHAp-PCL implants exhibited
excellent bone healing and biomechanical stability in the large lateral segmental bone defects of the
rabbits even in a relatively short implantation time as 6 weeks. We believe that these implants could
serve as an alternative to autografts in the treatment of long bone defects.

1. Introduction

Segmental bone loss caused by trauma, tumor resec-
tion or diseases is a challenging problem to manage,
because they cannot heal by themselves, require long
treatment durations, and application of difficult tech-
niques, which are sometimes very uncomfortable for
the patients [1]. Segmental bone defects are preferen-
tially treated with autografting by using the patients’

own bone tissue, which is accepted as the gold
standard [2, 3]. Contemporary applications include,
inducedmembrane techniques, distraction osteogen-
esis, primary shortening, Vascularized Fibular Graft
transfer [3, 4] In severe cases, the solution is amputa-
tion. Some of these techniques, use autologous bone
graft, allograft, or bone substitutes, while others use
various materials such as metals, ceramics, polymers,
decellularized tissues or composites of several of these
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[5]. A large number of implants are needed, due to the
scarcity of the autografts [6–9].

In the early years, metals were the materials of
choice because of their mechanical strength, and
absence of other materials but then new, highly
biocompatible and durable implants were produced
from polymers and their composites with ceramics
and metals to substitute for metals [10]. In the lit-
erature, there are now a large number of preclinical
and clinical studies, involving biodegradable ceram-
ics (e.g. calcium sulfates, hydroxyapatite (Hap), tric-
alcium phosphate (TCP), etc) and polymers in the
treatment of such bone defects [11–18].

HAp, which is a naturally occurring calcium
phosphate that exists in bone structure, is the
most commonly used ceramic in the preparation of
osteoinductive implants. It is either used alone or
in combination with other calcium phosphates such
as TCP and polymers. Different types of CaP-based
materials used in bone repair are reported in the
literature [19, 20]. Bansal et al examined the suitabil-
ity of a mixture of HAp and β-TCP as a periodontal
graftmaterial in the treatment of intrabony three-wall
defects and reported significant pocket depth reduc-
tion and clinical attachment gain [21]. There are also
studies carried out with various combinations of 3D-
printed bone grafts of HAp and TCP for use filling
defects in animal models [22, 23]. In one case, scaf-
folds made of HAp were loaded with bone marrow
stem cells (BMSC) exosomes and used under hyp-
oxic conditions to repair calvarial defects in rats and
were found to promote angiogenesis and osteogenesis
[22] .In another study, biphasic calcium phosphate
containing 30% HAp was prepared in the shape of
a hollow cylinder by molding and sintering. It was
used as a segmental implant, secured in place with
intramedullary nail fixation and successfully used in
the treatment of goat femur defects [24]. Although
the regenerative efficacy of the HAp and TCPs are
very promising, there are some constrains in their
production as patient specific devices [25]. This is
due to the difficulty of production of these implants
with patient specific interior and exterior architec-
ture, controlled porosity and interconnectivity, and
not with the size and geometry to perfectly fit the
defect shape which are all required for proper contact
with the neighboring natural tissue [26]. Therefore,
composites of CaPs, includingHAp, are generally pre-
pared by mixing them with polymers to satisfy all
those requirements [27–29].

In the production of bone implants, there are
a wide variety of biocompatible and biodegradable
polymers approved to be suitable for medical use
such as poly(ε-caprolactone) (, polylactides and their
copolymers like poly(lactide-co-glycolide)s with vari-
ous compositions, poly(-hydroxybutyrates), etc, the
properties of which can be optimized to a large extent

to suit the targeted use [30]. Theirmechanical proper-
ties, stability, and interaction with cells can be adjus-
ted using a number of chemical processes and also by
blending with other polymers or ceramics [31, 32].

Poly(caprolactone) (PCL), is one such polymer
which was approved by the United States Food and
Drug Administration for use in clinical applications.
It is degradable by hydrolysis at a rate determined
by its crystallinity, molecular weight, and the design
(e.g. thickness, porosity) of the product. It is, used
frequently in biomedical applications including bone
repair due to its required mechanical strength [33–
39]. The rate of degradation of PCL is comparat-
ively slow and complete degradation takes between
months to 2–4 yrs depending on the molecular
weight, crystallinity, and design of the implant [40].
Therefore, its composites with CaPs are preferable to
both enhance its degradation rate and biocompatib-
ility, and also its mechanical strength. Over the years,
blends of ceramics with PCL were used in a variety
of in vitro and in vivo tests [41, 42]. In one study,
nanocomposites of PCL granules and hydroxyapatite
in cylindrical form (Dia 6 mm, length 5 mm) tested
on the New Zealand white rabbits in the regeneration
of femoral bone defects [43]. The results showed that
on day 45 postop, the quantity of newly formed lamel-
lar bone in the healing site in PCL group was better
compared to pure HAp group [43].

Inmany studies PCL implants are being produced
by three-dimensional printing (3DP), especially with
fused deposition approach for which the low melt-
ing point (55 ◦C–60 ◦C) of PCL is very conveni-
ent. Its strength and flexibility, appropriate rheolo-
gical and viscoelastic properties, and the low melt-
ing point (55 ◦C–60 ◦C) are its main advantages
[44, 45]. The 3D printing technique is a useful tool
for production of scaffolds with the required fea-
tures such as proper geometry and microarchitec-
ture. The implants are built using the data obtained
from microCT or MR images of the defect site on
the patient, and therefore, the product obtained is
specific for the patient. 3D-printed PCL-based com-
posite scaffolds prepared in different forms for bone
tissue engineering applications was summarized by
Gharibshahian et al [35]. In this review article, the
advantages of 3D printing as well as healing efficiency
of the PCL based composites having bioactive com-
pounds (e.g. drugs, growth factors, cells) with their
osteoinduction, osteoconduction and osteointegra-
tion properties were covered. Park et al 3D printed,
patient-specific PCL/ ß-TCP implants for use in the
cranioplasty of seven patients, and reported rapid and
appropriate healing after six months [46].

Implants prepared from PCL and TCPs were
successfully used in dentistry and cranioplasty, but
their applications in the treatment of large and load-
carrying bone defects are limited. Mayfield et al
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reviewed the current strategies for management of
segmental bone loss in orthopaedic surgery, includ-
ing graft selection, bone graft substitutes, and operat-
ive techniques, with 3D printed PCL implants in gen-
eral, where in some cases BMSC were added to the
strucutres [37, 47].

Some of the in vivo orthopedic tests involved seg-
mental application, but mostly the implants were in
the form of buttons and tested either subcutaneously
or placed on the femoral side wall as was also used
in some of our previous studies [34]. In this study, a
circular defect (dia of 5 mm) was drilled in the shaft
of the femur and the 3DP implant was used to fill the
hole. The results showed that the implant almost filled
the defect site in 8 weeks while the defect free con-
trol did not. The main problem with such studies is
that, the need for segmental defects in the real clinical
setting is more than circular defects. Besides, the side
wall button implants do not carry any load or contact
the bonemarrow, and therefore do notmimic the real
situation [48].

Popkov et al, in 2023, prepared 3D printed, PCL
implants coated with HAp and investigated osseoin-
tegration 20 mm long segmental tibial defects in
sheep. Stainless steel rings, Kirschner wires and an
external framewas used in the fixation of the implant.
They reported that at 4 weeks post-op the pores of the
implant were completely filled with the newly formed
bone tissue [49].

In the present study, because of the need for a
strong, load bearing structure, and a design which
allows tissue ingrowth, a cylindrical implant of nan-
ohydroxyapatite (nHAp) and PCL blend was prin-
ted for segmental application in bone defect cases
with the aim of investigating the healing potential of
3DP a nHAp-PCL composite implant in the treat-
ment of segmental femoral bone defects. The control
was an inverted femur segment of another rabbit. The
hypothesis of the study was that nHAp PCL implants
prepared via 3DP approach will achieve bone heal-
ing and biomechanical stability similar to that of the
autogenic bone graft in the treatment of segmental
femoral bone defects and thus decrease the demand
for autografts or non-degradable implants.

2. Materials andmethods

Poly(ε-caprolactone) (PCL; MW of 50 kDa) and
nHAp (<200 nm) which were used as the main
materials of the implants were obtained from
Polysciences (USA) and Sigma Aldrich (USA),
respectively. The Shandon TBD-2 Decalcifier solu-
tion used for histological analysis was purchased from
Fisher Scientific (USA). The neutral-buffered form-
alin solution, phosphotungstic acid hydrate, phos-
phomolybdic acid hydrate, acetic acid, and aniline
blue solution were obtained from Sigma-Aldrich

(USA). Hematoxylin solution was product of
J.T. Baker Chemical Co. Eosin was purchased
from Biyosistem Medikal Ltd and Weigert’s Iron
Hematoxylin solution was purchased from Merck
Millipore Co.

Purity of nHApwas determined atMETUCentral
Laboratory using x-ray diffraction analysis under
the conditions: Duration/Scan speed: 1 deg min−1,
Step/Sampling step: 0.02 deg, Measurement axis:
2Theta and Scan range: 3–90 deg. The informa-
tion obtained can be summarized as: Phase Name:
Hydroxyl apatite, Formula: Ca 10.084, PO4: 5.94
(Figure of Merit: 0.3256840130410147, Space Group
176: P63/m). This data indicated that the HAp used
in the study was pure, consisted of a single phase and
the Ca:P ratio of the material was 1.70, proving the
purity of HAp (supplementary figure S1).

2.1. Preparation of 3D printed PCL with nHAp
The PCL-nHAp implants were 3D printed in
cylindrical form by fused deposition modeling
technique using EnvisionTEC printer (Gladbeck,
Germany). The implant (diameter: 10 mm, height:
15 mm, 47 layers) was printed with each layer shif-
ted 0.15 mm with respect to the previous layer ori-
ented in the same direction (2 layers up or down).
The polymer powder was blended with %10 (w/w)
nHAp. Printing conditions were: Fiber orientation
between layers: 0–90, shifting in each layer 0.15 mm,
needle inner diameter: 400 µm (22 G), distance
between fibers: 1.2 mm, and printing temperature:
160 ◦C. After 3D printing, the implants were soaked
in 70% ethanol (EtOH) for 2 h for sterilization for
the in vivo studies. Following the ethanol treatment,
the implants were air-dried overnight in a biosafety
cabinet.

2.2. Characterization of PCL-nHAp implants
Morphological Analysis: Morphological analysis of
the 3D printed PCL-nHAp scaffolds was achieved
with a Scanning Electron Microscope (SEM; Zeiss
EVO-10, Germany) after sputter coating with gold
under vacuum. Fiber diameter and the pore size of the
implantsweremeasured by Image J using SEMmicro-
graphs. The printedmodel is presented in figure 1(A).

Porosity: A pycnometric approach was used to
determine the porosity of the 3D printed PLC-nHAp
scaffolds using the equation given below;

Porosity (%)= (Va/Vs) x 100
where Va is the void volume in the scaffold and
Vs = Volume of the 3D printed scaffold calculated
from external dimensions

Dispersion of nHAp in the implant: The samples
were scanned with aMicroCT scanner (Skyscan 1175,
Germany) in order to check the dispersion of nHAp
particles in the polymer. The scanning parameters
were 60 kV, 125µA, 13µm/pixel, using 1mmAl filter.
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Figure 1. PCL-nHAp implants. (A) Design of the implant, (B) schematic presentation of the segmental placement of the implant
(arrow shows the implant site), (C) the testing scheme of the femurs with 3-point bending set up.

Compression Test: The mechanical properties of
the 3DP cylindrical scaffolds (10 mm diameter
and 10 mm height) were studied with compression
tests using a Mechanical Tester (Shimadzu AGS-X
Universal Test Machine, Japan). The compression
speed was 1 mm min−1, 5kN cell load was used. The
compressive modulus of the scaffolds was calculated
from the initial linear elastic region of the stress–
strain curves.

2.3. In vivo application of the PCL-nHAp implants
For in vivo experiments, 16 male New Zealand male
white rabbits (28–30 weeks old, 3–4 kg) which were
obtained fromAcibademUniversity Animal Research
Center, were used. In order to determine the required
sample size for our study, we conducted a power ana-
lysis using IBM SPSS Statistics (Version 27.0.0.0). The
analysis was based on the assumption that the mean
value of one of the two groups to be compared is 1,
while the mean value of the other group is 0.7. The
standard deviation for both groups was estimated to
be 0.20. We aimed for a power of 0.8 (80%) and set
the significance level (alpha) at 0.05. This analysis was
performed for a two-sample t-test, resulting in a cal-
culated sample size (N) of 8.

Ethical approval was obtained for the use of labor-
atory animals by the Research Ethics Commission for
animal experiments (ACU-HADYEK 2018/42). The
animals were housed in a pathogen-free facility under
optimal housing conditions: 25 ◦C, with 12 h light
and 12 h dark cycle while being kept in a stress-free
and isolated environment. The rabbits were divided
into two groups by simple randomization. The anim-
als were randomly divided into two groups: Group
1: Eight rabbits received 3DP PCL-HAp (10 mm dia-
meter, 15 mm height) for segmental bone implant-
ation (figure 1(B)). Group 2: Eight rabbits received

their own 1 cm long autogenous segmental bones
after being reversed in direction. The opposite heathy
legs used as control.

All rabbits received a sedative (Carprofen
2.2 mg kg−1, s.c.) followed by a long-term anes-
thetic application (ketamine 30 mg kg−1; xylazine
5 mg kg−1, i.m.). A longitudinal incision was made
on the lateral side of the femur, tensor fascia lata
was dissected to reveal the diaphysis. Periosteum was
opened in distal and proximal directions and femoral
shaft was exposed. In Group 1, cylindrical segmental
bone (15 mm long) was excised from the central dia-
physis to create a segmental defect where 15 mm long
PCL-HAp implant was placed to the segmental gap
and fixed with an intramedullary 1.2 mm K-wire
as mimicking intramedullary nailing procedure in
human clinical scenario (figure 1(B)). In Group 2,
cylindrical segmental bone (1 cm long) was excised
from the central diaphysis to create a segmental defect
and same resected bone was reinserted to the seg-
mental gap after reversing its direction and fixed with
an intramedullary 1.2 mm Kirschner wire. After the
closure of the surgical sites, lower extremity cast were
applied to all rabbits to secure the operation area. A
post-operative dose of intramuscular (i.m.) cefazolin
sodium (0.1 mg kg−1 Cefozin, Bilim Ilac, Türkiye)
was injected into all animals for infection prophylaxis.
The rabbits were housed for 6 weeks without immob-
ilization. During this period the state of the implant
sites were studied radiologically at weeks 2, 4 and 6.
All rabbits were sacrificed via an intrathoracic/in-
tracardiac overdose injection of Pentobarbital (5 ml;
16 mg/100 ml). After that the femurs were removed.
All groups were compared by radiological studies
(x-ray, CT) in terms of radiological bone healing,
by mechanical testing for strength and stability, and
by histological analysis for bone healing levels and
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the overall performance. During the 6 week study, all
samples/rabbits were subjected to x-ray imaging at 1,
3, and 6 weeks, and the results were used in the ana-
lyses. After harvesting, groups of 8 rabbits, 3 samples
from each group (implant, autograft, control) were
set aside for histology studies and the remaining 5
samples of each group were subjected to radiological
studies, followed by mechanical testing of 4 of them.
The remaining 1 sample from each group was evalu-
ated using SEM.

2.4. Mechanical testing with 3 point bending
Femurs were harvested after the rabbits were sac-
rificed and preserved in PBS at +4 ◦C without
any fixation. Soft tissue on the femur around the
implant site was removed by scraping. Femurs from
each group (3DP PCL-HAp implant, autograft, and
untreated control) were tested with Mechanical
Testing Machine (Shimadzu AGS-X Series Universal
Test Machine, Japan) in 3-point bending mode. The
data was analyzed using Mechanical Testing Software
(Trapezium, Shimadzu, Japan). Stress was applied at
a rate of 1 mm s−1 (figure 1(C)). Force/strain curves
were acquired (a representative example is presented
in supplementary figure S2) and ultimate load and
yield point values were calculated.

2.5. Histological analysis
Harvested bone samples were fixed in neutral form-
alin (%10, pH 7.0) and decalcified with Decalcifier-
Shandon TBD-2 solution for 20 d. The decalcified
bones were cut in longitudinal and cross-section dir-
ections and the samples were treated with a series
of increasing concentrations of ethanol solutions
(70%, 90%, 100% EtOH) for dehydration, and then
placed into xylene before embedding in paraffin.
Sections 5 µm thick were removed from the paraffin-
embedded tissue, and deparaffinization and hydra-
tion were performed by applying xylene and decreas-
ing alcohol series (100%, 90%, 70% EtOH), respect-
ively. Sections were stained with Hematoxylin–Eosin
(H&E) and with Masson’s Trichrome, then examined
with light microscope, and then evaluated in terms of
tissue response to implant, bone-implant integration
and new bone formation at the injury site.

2.6. Radiography studies
2.6.1. CT segmentation and volume analysis
After the rabbits were sacrificed, randomly selec-
ted 5 autograft specimens, 5 control specimens and
5 implant samples were examined by imaging with
Siemens SOMATOMForce CT Scanner (Siemens AG,
Munich, Germany) using lower extremity bone dos-
ing. DICOM (Digital Imaging and Communications
in Medicine) image resolution was 512 × 512 PPI
and slice thickness was 0.5 mm. DICOM images were
imported to MIMICS Research (Version 21.0.0.406)

to create 3D reconstruction of samples and to per-
form volume measurements. Each sample was seg-
mented between 226–1200 Hounsfield Unit and 3D
reconstructed. In order tomeasure the volume of each
sample in a reproducible manner, 2 incision poly-
gons (thickness of 0.1 mm, 20 mm apart and paral-
lel to each other) were placed in the distal and prox-
imal femur fractures by centering a 15 mm long scaf-
fold and autograft. In the control group, the same
procedure was applied to the same anatomical region
that was treated in the other groups. Volume was
expressed as mm3. After all of these, each group was
compared by two-sample t-test analysis. The control
groupwas the opposite, healthy leg of the same rabbit.

2.6.2. Radiographic union score in tibial fracture
(RUST) for healing levels
After the surgical procedurewas performed, anterior–
posterior (AP) and lateral x-ray images of the implant
sites were obtained with Siemens ARCADIS C-arm
(Siemens AG, Munich, Germany) at week 1, 3 and
6 for 16 rabbits’ lower extremity. In order to eval-
uate and classify healing levels of diaphyseal frac-
tures of rabbit femur, a novel method, Radiographic
Union Score in Tibial Fractures (RUST), that shows
the presence or absence of fracture line and callus, was
used [50–52]. In our study, we used modified RUST
(mRUST) to distinguish differences along a relatively
short term of observation (6 weeks) [51, 53]. mRUST,
as explained by Litrenta et al., is performed using AP
and lateral radiographs and assigns a score depend-
ing on the healing of four cortices of the bone [53].
The maximum score for RUST is 16 (bone healing
is complete) while the minimum score is 4 (no heal-
ing) (table 1). In order to evaluate callus creation and
whether there is bone healing, control x-ray was per-
formed with AP and lateral projections at weeks 1, 3
and 6, covering both femurs of each rabbit. Data was
examined and scored by two independent, blinded
observers and evaluated in accordance with the aver-
age of the values the observers decided on. During
the mRUST score comparison, only the implant and
autograft groups were compared.

2.7. Statistical analysis
Statistical analysis was applied to the data obtained.
For 3 point bending mechanical test, statistical ana-
lysis was performed using the R program, a free soft-
ware used in statistical computing, to compare the
results of 3-point bending mechanical tests. ANOVA
test was used for two-to-many comparisons and the
t-test was used for two independent samples between
two groups. The p values less than 0.05 (p < 0.05)
were considered statistically significant.

The mRUST scores, which were calculated
according to the x-ray measurements performed on
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Table 1.Modified radiographic union score table for tibial fractures (mRUST).

Anterior cortex Posterior cortex Medial cortex Lateral cortex Total

(+) Fracture line,
(−) Callus

1 1 1 1 Min 4

(+) Fracture line,
(+) Callus

2 2 2 2

(+) Fracture line,
(+) Periosteal
Bridging callus

3 3 3 3

(−) Fracture line,
(+) Remodeled
Tissue

4 4 4 4 Max 16

weeks 1, 3 and 6, were examined by performing two-
sample t-test between two groups in the same week.
CT volumemeasurements were analyzed by perform-
ing two-sample t-test between control, scaffold and
autograft group with %95 CI (Confidence Interval).
Linear regression analysis was also performed for 2
groups to testmRUST according to timewith%95CI.
Inter-rater reliability was assessed with intraclass cor-
relation coefficient (ICC). Two-way random agree-
ment type ICC to evaluate the mRUST scores of two
observers with %95 CI. To interpret the ICC values,
work of Landis et al [54] was considered. 0–0.2 was
defined as slight agreement, 0.21–0.40 as fair agree-
ment, 0.41–0.60 as moderate, 0.61–0.8 as substantial,
and values 0.80 or higher to be in essentially per-
fect agreement for the ICC evaluations. IBM SPSS
Statistic (Version 27.0.0.0) was used to calculate all
above.

3. Results

3.1. Morphological and physical properties of the
PCL-nHAp implants
Morphological and physical properties of the
implants were examined with SEM and MicroCT
analyses for the thickness of the struts, porosity, and
dispersion of nHAp in the 3D printed structures.

Thickness of struts, pore size and porosity of 3Dprin-
ted structures: According to SEM images, the struts
of the 3D printed implant samples were uniform
in thickness, and average diameter of the struts was
found to be 404 ± 17 µm. The implant was designed
to have a high porosity and large pore sizes, which
were determined as 86 ± 1%, and 702 ± 2 µm,
respectively (figures 2(A) and (B)). It is reported that
chondrocytes and fibroblasts cultured on scaffolds
preferred to proliferate in 400 µm pores and pro-
moted osteoconductivity [55]. It was also reported
that the highest seeding efficiency was obtained with
pore sizes of around 500 µm [56]. In this study, the

structures prepared had homogeneous, large pores in
order to enhance cell attachment.

Dispersion of nHAp in the implant: MicroCT
analysis revealed a uniform distribution of nHAp
throughout the implant structure, with images indic-
ating that all the struts of 3D printed PCL-nHAp
scaffolds with homogeneous distribution of nHAp
particles, (figures 2(C)–(E)).

3.2. Mechanical properties of the implants as
determined by compression
Mechanical properties of the 3DP scaffolds were
determined by application of compression. Also, 3-
point bending tests were carried out on the implanted
samples and healthy bone control group samples.
Using the stress–strain curves obtained from com-
pression tests, compressive moduli of the 3DP scaf-
folds were calculated as 33.3± 3.2 MPa.

3.3. Mechanical testing by 3-point bending
3-point bending tests on the samples were carried
out after termination following implantation proced-
ure, using health untreated leg bone as the control
group. For these implanted samples, tests were per-
formed on samples of bone attached to the implant
material (e.g. PCL-HAp implants, autografts, and the
untreated healthy control femurs). The results are
presented in table 2 and figure 3

The yield point is the load at which the mater-
ial loses its elasticity and will no longer return to its
original form and becomes permanently deformed.
The yield point of a material is therefore the point
where transition between elastic and plastic deform-
ation happens. The ultimate load, on the other hand,
is the maximum load that material can resist before
breaking. The results of the 3-point bending test
indicate that the autograft and implant groups had
significantly lower Ultimate Load and Yield Load
values compared to the untreated healthy control
group (p < 0.05), as expected. On the other hand,
there was no significant difference between the yield
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Figure 2.Micrographs of the 3DP PLC-nHAp implants. (A) SEM of top view, (B) SEM of side view (cut longitudinally), (C)
micro-CT of top view; (D) micro-CT of side view; (E) micro-CT showing the distribution of the nHAp particles in the scaffolds.

Table 2. 3-Point bending mechanical test results of rabbit femurs (week 6).

Ultimate Load (N) Yield Load (N)

Control (n= 4) 245±5 203±29
Implant (n= 2) 57± 5 50± 1
Autograft (n= 4) 93± 56 47± 9

and ultimate loads of autograft group and implant
group both types of implants (p > 0.05). Despite a
6 week period being relatively short for bone heal-
ing, both groups were able to withstand mechanical
loading, suggesting some level of integration between
the implant and the bone. This can be attributed to
the fact that autografts consist of fully matured bone
with intact extracellular matrix and cells at the time
of reimplantation, giving them a significant advant-
age over the cell free and highly porous 3D printed
implants. On the other hand, promising compatibil-
ity of the implant and the tissue gives hope about the
material, shape and performance of the 3DP implant
with patient specific shape and inner and exterior
geometry.

3.4. SEM analysis of the implantation area
Femur bones of rabbits, harvested after 6 weeks of
implantation, were examined with SEM (Thermo
Quatro ESEM) under ‘low vacuum mode’ without

coating. Scheme of the area of implantation (with a
red box) and the actual implantation image are shown
in figure 4.

SEM images (figures 4(C) and (D)) show that the
implant and the new forming bone are highly integ-
rated, the bone attaching tightly to the pores of the
implant. The slight gaps at certain points are most
probably due to drying process of the samples for
SEM analysis. This shows that the implant mater-
ial and bone are compatible and the interaction is
acceptable. Another observation is the implant retains
its form after 6 weeks indicating that the complete
replacement of the implant by the bone needs a longer
duration for a strong bone provides mechanical sup-
port at the defect site.

3.5. EDS analysis of the implantation area
The implants retrieved after termination of the rab-
bits were examined with the EDS accessory of the
SEM (Thermo Scientific, Quattro SEM) in order
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Figure 3.Mechanical properties (ultimate load and yield point load) obtained by 3-point bending test of the implants after 6 week
of implantation. Control is untreated, healthy femur. Autograft is reversed femur segment. Implant is 3D printed PCL-HAp
implant. (∗ p value< 0.05,).

to chemically characterize the implantation area
consisting of the implant, femoral bone and the
newly forming tissue on the implant. The EDS
(obtained from the same site of the SEM) shows
that on the implant side(s) carbon is dominant even
though the added hydroxyapatite consists of calcium
and phosphate due to its composition (Ca3(PO4)2)
(figures 4(E) and (F)). On the bone side, calcium and
phosphorous are also present due to the native HAp
of the cortical bone along with the carbon from the
biological tissue such as collagen. Oxygen is present
in both structures, and therefore, it is detected on
both sides. What is not present among the compon-
ents of the implant is nitrogen which is abundant in
natural tissues and is indicated as pink in the bone
side. These results are in agreement with the compos-
ition of the bone, which is basically HAp (a calcium
phosphate with a formula of Ca10 (PO4)6 (OH)2) and
the carbon-based chemistry of the natural tissue. In
figures 4(G)and (H) the interface of the implant and
the ingrown tissue is presented. The tight interaction
between the ingrown tissue and the implant is clearly
seen both in the SEM and the EDS.

3.6. Histological analysis
Histological studies were conducted to evaluate tis-
sue repair and new bone formation after 6 weeks of
implantation. Longitudinal and cross-section micro-
graphs of the implant and autograft groups fol-
lowing Masson’s trichrome and H&E staining are
presented in figures 5 and 6, respectively. The

intact, healthy bone structure with well-organized
compact bone of the diaphysis region and the
bone marrow in the medullary cavity were observed
in the control (untreated healthy femurs) group
(figure 5(b)). In histological results of both implant
and autograft groups, new bone tissue formation
was observed with the callus formation (figures 5
and 6). Stereomicrographs involving the whole tis-
sue section, showed that in the implant groups new
bone formation was mainly localized at the peri-
phery of the scaffolds (figures 5(c) and (f)). Even
the spaces between struts of the scaffolds were filled
mainly with fibrous connective tissue, and it was
seen clearly that there were occasional bone trabec-
ulae formation within some spaces (figures 5(c), (e)
and (f)). The newly formed bone and connective tis-
sues between the struts were fragmented and removed
during tissue processing. New bone formation at the
periphery of the implant is prominent especially in
the micrograph of the cross section (figure 5(f)).
However, the native bone tissue-implant interface is
clearly seen in the longitudinal section of the implant
group (figure 5(c)). In both implant and autograft
groups, it was observed that osteoblasts surrounded
the newly formed trabeculae, and the osteocytes were
integrated into these trabeculae (figures 5 and 6). In
addition, osteoclasts were also observed around these
trabeculae. In both longitudinal and cross sections
of the implant, it was seen that thick bone spicules,
and even trabeculae, developed and new bone tissue
formation occurred by the fusion of these trabeculae
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Figure 4. The location on the femur for implantation. (A) Scheme of implantation site, (B) The implant site on the rabbit femur.
(C)–(D): SEM showing implant-femoral bone interface and ingrown callus. (C) Implant struts (s) are seen as circular, smooth
forms. Femoral bone (b), ingrown callus (c) shows a significant level of integration with new bone formation filling the gaps
between the struts (Mag 50X). D) A higher magnification of a different region (Mag 200X). (E)–(F): SEM and EDS of the
interface of the implant and the native bone. (E) SEM image of the implant, F) EDS showing the distribution various elements of
the same area. The elements analyzed and the colors in F are: Calcium (red), Phosphorous (light blue), Oxygen (green), Nitrogen
(pink) and Carbon (dark purple). (G)–(H): EDS of the interface of the implant in rabbit femur with ingrown new bone. (G) SEM
image of the implant, (H) EDS of the implant site. The PCL-HAp fibers are seen as circular forms (cross sections) while the
distribution of various elements is indicated with color. The elements that were analyzed and the colors in B are: calcium (red),
phosphorous (light blue), oxygen (green), nitrogen (pink) and carbon (dark purple).
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(figures 5(d), (e), (g), (h) and 6(a), (c), (d)). In the
longitudinal section of the implant new bone form-
ation was particularly seen around the implant and
in the spaces or gaps formed by the struts (figure 7).
To quantify the new bone formation, first of all the
surrounding muscle and fat tissues and the fibrous
connective tissue were cleared and only the newly
formed bone tissue was left (figure 5(b)). Then, the
percentage of the area of the new bone formed within
the entire tissue area (figure 6(a)) was calculated as
24.84%.

In the cross sections of the implant, it was
observed that cartilage tissue formation was followed
by new bone trabeculae formation as in the endo-
chondral ossification at the periphery of the scaf-
folds (figure 5(g), (h) and 6 (a), (c)). In addition,
there were occasional new bone trabeculae forma-
tion between the struts of the scaffold (figure 5(e)).
The fibrous connective tissue was especially seen in
the spaces between the struts of the scaffold, as well
as it was found around the scaffold (figures 5(c), (e)
and 6(b)). In the autograft groups, it was observed
that there was a sizeable callus formation, and an
extensive fibrous connective tissue formation at the
defect site (figures 5(i) and (l)). The cartilage tis-
sue and the new bone trabeculae formation through
the endochondral ossification were seen also in the
autograft group (figures 5(j) and 6(f)). There were
new bone trabeculae formations inside and around
the autograft tissue, and the intense fibrous connect-
ive tissue surrounded this irregularly formed bone
tissue (figures 5(i)–(n) and 6(e)–(h)). In both lon-
gitudinal and cross sections of the autograft group,
a significant amount of foreign body giant cells
and macrophages were observed (figures 5(k), (m)
and 6(g), (h)). As a consequence, the histological eval-
uations of both the 3DP PCL-nHAp implant and
autograft groups showed that on week 6 of implant-
ation, the fibrocartilaginous callus slowly started to
be replaced by the bony callus through endochond-
ral ossification and new bone tissue formations were
present.

3.7. Radiographic union score in tibial fracture
(RUST) for healing levels
The ICC scores of all sample measurements
obtained via RUST evaluation by two observers
demonstrated a perfect agreement (ICC = 0.973,
0.952 < ICC < 0.985, %95 CI, p < 0.001). When
the implant and autograft groups were examined,
no significant difference was observed between the
two groups within Week 1 (p = 0.197, p > 0.05)
and Week 3 (p = 0.207, p > 0.05), however, for
Week 6 (p = 0.018, p < 0.05) there was a signific-
ant difference with a 95% CI in favor of autograft
(figure 8(A)). An increase in the mRUST score was
observed for both groups from the start of the experi-
ment to its termination at Week 6. According to these

observations overall regression results were statistic-
ally significant for both the autograft (R2 = 0.90, F(1,
22)= 197.43, p< 0.000) and the implant (R2 = 0.94,
F (1, 22) = 355.01 p < 0.000) groups with a 95% CI
(figure 8(B)).

3.8. CT volume analysis
No significant volume difference was observed
between the autograft and implant groups
(p = 0.1205, p > 0.05) (figure 8(C)). There is a stat-
istically significant difference between the Autograft-
Control (p = 0.000, p < 0.001) and Implant-Control
(p = 0.008, p < 0.01) groups according to the com-
parison of the volumes (mm3) in the spaces that
occupied between the parallel planes leaving a 20mm
gap.

3.9. Macroscopic findings
The surgical fixation of fractured extremities with
hardware is necessary to prevent movement between
the implant and the bone endings. In this study, a K-
wire was used to fixate each autograft and implant
to the adjacent native bone tissue. The implant was
pierced in the middle by the K-wire and this provided
a tight grip around the K-wire, improving the fixa-
tion of the implant to the native bone. The same K-
wire was also used with the autografts and this time
it passed through the intramedullar cavity of the nat-
ive bone. However, since the K-wire was smaller than
the intramedullar cavity of the autologous bone, the
autografts were held loosely, leading to a less tight fix-
ation of the autograft to the native bone than that of
the implant. Thus, the bone healing in the autolog-
ous group resulted in varying degrees of bone healing,
causing a high standard deviation in the results of the
3-point bending test.

During segmental bone graft implantation at a
segmental bone defect, PCL-nHAp implant provided
more stability at time zero compared to segmental
bone autograft and made the procedure easier for
intramedullary K-wire placement needed for the sta-
bilization of the graft due to its dense multifiber
nature which allowed more stability.

According to figure 9(A), healing process could be
observed during the experiment to score radiologic-
ally. At the end of the experiment, K-wires were pulled
out to create more reliable 3D reconstructions with
precise volume analysis (figure 9(B)). Macroscopic
findings of the bone defect area before biomechanical
testing showed that there was neither a healing defi-
cit nor macroscopic motion at the segmental defect
area after removal of intramedullary K-wires from
the femurs in both (autologous and implant) groups
(figure 9(B)). An important point is that in the lateral
3D reconstructions the implant is not seen because
the implant is constructed of a polymeric material
which is invisible when viewed with x-rays.
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Figure 5. Histological evaluation of in vivo bone tissue regeneration after 6 weeks of implantation following Masson’s trichrome
staining. (a) Schematic illustration of longitudinal section (LS) and cross section (CS) of the implant and the autograft samples.
(b) Light microscope image of control bone tissue. Stereomicrographs of (c), (f) the implants and (i), (l) the autografts, scale bar:
5 mm. Analysis of (d), (e), (g), (h) the implants and (j), (k), (m), (n) the autografts by light microscopy, scale bar: 100 µm.
(∗ denotes new bone formation, arrow heads indicate osteoblast and osteoclasts, arrows indicate foreign body giant cells and
macrophages, FC: fibrous connective tissue, C: cartilage tissue, S: scaffold strut, AG: autograft, BM: bone marrow, CB: compact
bone, Ob: osteoblasts, Os: osteocytes, Oc: osteoclasts).
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Figure 6. Histological evaluation of in vivo bone tissue regeneration after 6 weeks of implantation following H&E staining.
Longitudinal section (LS) and cross section (CS) of (a)–(d) the implant and (e)–(h)) the autografts by light microscopy, scale bar:
100 µm (∗ denotes new bone formations, arrow heads indicate osteoblasts and osteoclasts, arrows indicate foreign body giant cells
and macrophages, FC: fibrous connective tissue, C: cartilage tissue, S: scaffold strut, Ob: osteoblast, Os: osteocyte, Oc: osteoclast).
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Figure 7. Histological evaluation for new bone formation of in vivo bone tissue regeneration after 6 weeks of implantation
following Masson’s trichrome staining. (A) Tiles image of longitudinal section, (B) Tiles image of the longitudinal section after
the surrounding muscle and fat tissues and the fibrous connective tissue were cleared, leaving only the newly formed bone tissue
visible. Inserts display the areas where the entire image was converted to a single-channel color for area calculation. (The folds and
undefined regions were excluded.).

Figure 8. Results of implants and autographs. (A) mRUST results at weeks 1, 3 and 6 after surgery. ‘∗’ means that there is a
significant difference. (B) Linear regression plot of mRUST score with time. R2 = 0.90 for autograft group and R2 = 0.94 for
implant group. C) CT segmented volume graph (week 6). Graph shows the mean values of segmented 20 mm compartment
volume with SD. ‘∗’, ‘∗∗’ and ‘∗∗∗’ respectively indicate the following values in terms of statistical significance difference between
control group and the others: p< 0.05, p< 0.01 and p< 0.001.

Biomechanical stability at a fracture site can be
observed even in the absence of complete radiological
union for several reasons:

1) Callus formation: Early in the healing process,
a fracture site develops a callus, which is new bone
growth [57]. Even if this callus is not fullymineralized

or visible on x-rays as a solid union, it can still provide
structural support and stability to the fracture site
[58].

2) Fibrous healing: In some cases, especially with
certain types of fractures or if the fracture is not
perfectly aligned, fibrous tissue forms around the
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Figure 9. Examples of radiological evaluation of groups with both x-ray and 3D reconstructions (after 6 weeks). (A) Lateral x-ray
images of the implant (top) and the autograft (bottom) groups that were used to calculate mRUST scores of AP x-ray graphs.
Implants are shown with green arrows, autografts are shown with yellow arrows, and control legs are shown with red arrows.(B)
Anterior and lateral 3D reconstructions of control, implant and autograft groups. MIMICS research (version 21.0.0.406) used to
create 3D reconstructions of samples and to calculate mineralized volume.

fracture site. While this fibrous tissue may not show
up as a solid bony union on radiographs, it can still
contribute to stability [59].

3) Bone remodeling: Bone healing is a dynamic
process [57]. The initial stages of healing may involve
a significant amount of remodeling where the bone
structure is reorganized. This remodeling phase

might not be fully captured on early x-rays but can
still offer biomechanical stability [58]

4. Discussion

Critical sized bone defects are defined as a loss of
bone greater than twice the diameter of a long bone
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and cannot heal spontaneously over the course of the
lifetime of a patient [60, 61]. They present a signi-
ficant orthopedic challenge, which can result from
trauma, tumor resection or infection. Autograft is
the gold standard for the treatment of critical-sized
bone defects, but it has issues such as limited source,
secondary operation, infection risk and donor site
morbidity [62]. A synthetic or natural biodegradable
device with adequate mechanical properties can be
used to overcome these limitations. In this study, the
effectiveness of a 3D printed (produced by additive
manufacturing), biodegradable implant in treating
critical sized segmental bone defects in a rabbitmodel
was assessed. The results of treatment with a 3D prin-
ted, biodegradable implant was compared with those
of an autograft and a control group. A sham group
was not included because critical sized bone defects
do not heal spontaneously. The findings of the study
were analyzed to compare the performance of the bio-
degradable implant over the current standard of care
approach and to identify its potential advantages over
this gold standard.

During the self repair of bone tissue after frac-
ture, dense connective tissue and cartilage tissue form
a fibrocartilaginous callus, and then the newly formed
bone extends to the surface of the fibrocartilaginous
callus [63]. Afterwards, new bone formation from
the periphery towards the inside of the callus occurs
and this fibrocartilaginous callus is then replacedwith
bony callus. Finally, spongy bone undergoes remod-
eling and compact bone is formed.

Similar to the self regeneration process of bone
tissue, the histological results of this study showed
that new bone trabeculae formations were seen
mainly around the implant and the autograft after
the 6 weeks of implantation. In addition, the interi-
ors of the implant and autograft were mainly filled
with fibrous connective tissue, and newbone trabecu-
lae formations were occasionally observed in the cav-
ities. In this study the mainly hollow biodegradable
implantwas filledwith the ingrowing new tissuewhile
the autograft was already a full, mature, healthy bone
section. During bone repair, osteoblasts, the bone
precursor cells, are involved in production of new
bone matrix, and these cells are differentiated into
osteocytes that are entrapped within the mineralized
bone matrix [64]. In bone remodeling, osteoclasts
resorb bone tissue and osteoblasts synthesize new
bone tissue. In histological images of both implant
and autograft groups, it was observed that osteo-
blasts surrounded the newly developed trabeculae
and osteoclasts were occasionally seen in the cavities
at the periphery, while the osteocytes were entrapped
within newly formed trabeculae. Consequently, the
histological results of both the implant and the
autograft indicated that, as in the process of bone

self-repair, the replacement of the fibrocartilaginous
callus by a bony callus occurred through endochond-
ral ossification and the formation of new bone tissue
began [65, 66]. It was also reported that biomateri-
als that allow cell attachment and differentiation, pro-
mote bone formation through endochondrial ossific-
ation pathway [67, 68]

SEM micrographs also showed that this biode-
gradable device produced by 3D printing of a PCL
polymer allowed tissue ingrowth. The most import-
ant finding of the study is that the biodegradable cyl-
indrical implant constructed with nano HAp carry-
ing PCL polymer struts (or fibers) successfully sub-
stituted for the autograft in repairing the segmental
femoral bone defect created in rabbit legs. Although
themechanical strength of the biodegradable implant
was lower than the autograft, it still had some degree
of ultimate load bearing strength at the end of 6 weeks
indicating that there was a certain level of integration
of the implant had happened (ultimate strength for
the implant was 57± 5 N and 93± 56 N for the auto-
graft) and new bone was produced during the post
operational period as was also shown by the histolo-
gical and SEM results.

The distance between the distal and proximal
bone fractures during bone healing affects the heal-
ing of the callus tissue as either non-critical or critical
[69]. According to this, the formation of callus tis-
sue by bone tissue, even if the distance increases,
undergoing non-critical healing is a condition that
one would like to observe clinically. mRUST analyses
showed that both groups had comparable radiological
healing level. At time zero, during the internal fixation
process, 3Dprinted PCL-HAp implant showed higher
stability due its strong, load bearing structure and
design. The 3D printing approach which created criss
cross patterned gaps between struts was instrumental
in tissue ingrowth and as a result permitted to better
interaction between the polymer and the ingrowing
cartilage tissue. The results of this study indicate that
both groups have non-critical bone healing around
the defected area.

The mRUST analysis also showed that both
groups exhibited non-critical bone healing around
the defected area. Despite the fact that the differ-
ence between groups at week 6 was significant, this
result proves us that healing process of the implant
takesmore time than that of the autograft but without
interrupting the non-critical healing, especially when
this situation is considered together with the linear
regression results of the implant group. Moreover, in
week 6 no significant difference can be observed in the
volumes of the autograft and implant groups, indic-
ating that both treatments are actively involved in the
mineralization of the defect site. All of these suggest
that the implant can be used for bone healing in large
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defects. Besides, 3D printed PCL-HAp implant offers
the capability of being patient specific if printed based
on a MR or similar data of the defect site [70].

Overall, it seems to be comparable to autogenic
segmental femoral bone graft in terms of both bone
healing and biomechanical stability which appears to
be a viable option for large segmental bone defects
where there is limited amount of natural autogenic
bone grafting availability.

Future studies need to be continued to investigate
the long term efficacy and safety of this implant in the
treatment of bone defects. The weakness in mechan-
ical strength can lead to re-fractures during the heal-
ing process. Therefore, in this study, a Kirschner-wire
was used to maintain mechanical stability for cyl-
indrical implant, which mimicked the clinically used
intramedullary nail. In order to obtain more stability,
the removal time of the relevant instruments should
be extended compared with routine treatment pro-
tocol. In the present study even though, satisfact-
ory results were obtained at the end of the 6 weeks
of implantation, it can be stated that an observa-
tion period of 3–6 months would be more appropri-
ate during which remodulation and healing phases
of bone can be observed and evaluated. The results
of this study provide promising evidence for the use
of the biodegradable 3D printed PCL-HAp implant
as an alternative to autograft in the treatment of
large segmental bone defects. This could have sig-
nificant implications in improving patient outcomes
and reducing the need for autogenic bone grafting,
which can be limited in availability and associated
morbidity.

5. Conclusion

Biodegradable, 3D printed PCL-HAp implant has
shown promising results as an alternative to auto-
grafts in the treatment of large segmental bone
defects. The implant was able to overcome the need
for bone grafting and exhibit comparable bone heal-
ing and biomechanical stability with autograft. The
tissue ingrowth and integration with the bone, as well
as the radiological measurements taken over a period
of 6 weeks, suggest that this implant could be a useful
option for the treatment of bone defects. Overall, the
3D printed biodegradable cylindrical implant offers a
potential solution to common challenges in the field
of orthopedic surgery.
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