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ABSTRACT

Background: Understanding the interfacial reactions to synthetic bone regenerative scaffolds in vivo is fundamental for
improving osseointegration and osteogenesis. Using transmission electron microscopy, it is possible to study the biological
response of hydroxyapatite (HA) and zirconia (ZrO2) scaffolds at the nanometer scale.

Purpose: In this study, the bone-bonding abilities of HA and ZrO2 scaffolds produced by free-form fabrication were
evaluated in the human maxilla at 3 months and 7 months.

Materials and Methods: HA and ZrO2 scaffolds (ø: 3 mm) were implanted in the human maxilla, removed with surrounding
bone, embedded in resin, and sectioned. A novel focused ion beam (FIB) sample preparation technique enabled the
production of thin lamellae for study by scanning transmission electron microscopy.

Results: Interface regions were investigated using high-angle annular dark-field imaging and energy-dispersive X-ray
spectroscopy analysis. Interfacial apatite layers of 80 nm and 50 nm thickness were noted in the 3- and 7-month HA
samples, respectively, and bone growth was discovered in micropores up to 10 mm into the samples.

Conclusions: The absence of an interfacial layer in the ZrO2 samples suggest the formation of a direct contact with bone,
while HA, which bonds through an apatite layer, shows indications of resorption with increasing implantation time. This
study demonstrates the potential of HA and ZrO2 scaffolds for use as bone regenerative materials.
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INTRODUCTION

Implant design and interfacial stability remain impor-

tant concerns for improving the biocompatibility of

bone-graft substitutes. While a number of biological and

synthetic alternatives for bone augmentation and regen-

eration exist, they do not come without their share of

disadvantages and imperfections.1 Potential drawbacks

include donor-site infection and increased morbidity

with use of autografts, for example.2 There is a distinct

need for improvement of synthetic materials for
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bone-graft substitutes and a deeper understanding of

their interfacial interactions with the human body.

Hydroxyapatite (HA), on the one hand, has been at

the forefront of biomaterials research over the last 30

years because of its bioactive nature. Composed of

Ca10(PO4)6(OH)2, bioactivity is often attributed to its

structural and chemical resemblance to the inorganic

constituent of bone. The proposed mechanism for bone

bonding is a dissolution–reprecipitation process to form

a biologically active apatite layer on the HA surface.3,4 A

most versatile biomaterial, non-load-bearing applica-

tions for HA range from coatings to cements, and to

scaffolds.

Zirconia (ZrO2), on the other hand, while not a

bioactive material, has considerable widespread use in

the biomaterials field. Its chemical inertness combined

with its strength have made it ideal for dental and load-

bearing applications. Stable anchorage of ZrO2 implants

requires a direct contact between implant and bone, and

has been demonstrated in the rabbit model.5,6

In addition to materials selection, complete

osseointegration depends on a number of factors

including implant design. Pore morphology and inter-

connectivity are known to greatly influence bone

ingrowth in bone-graft substitutes. It has been cited that

interconnected macroporosity >100 mm is necessary for

vascularization associated with osteogenesis.7–9 In addi-

tion, microporosity plays an important role in improv-

ing biocompatibility.7

While conventional casting techniques constrain

implant shape and design, recent developments in

computer-assisted design (CAD) and rapid prototyping

methods, such as free-form fabrication, provide a fea-

sible solution.10,11 Free-form fabrication, which employs

a three-dimensional ink-jet printing principle, is an

effective method to control pore architecture (size,

shape, and interconnectivity) and tailor scaffolds for

specific clinical applications.

Particularly for the structural and interfacial char-

acterization of bone growth around such implants,

preparation of biomaterial-bone interfaces is a major

challenge. Because of the differences in mechanical

strength of the adjacent materials, conventional trans-

mission electron microscopy (TEM) preparation by

ultramicrotomy results in a variety of artifacts. Problems

related to delamination of interfaces, plastic deforma-

tion of soft materials, fracture of brittle materials, and

limitations in specimen thinness have been reported

to constrict the acquisition of elemental and high-

resolution data.12,13 Focused ion beam (FIB) preparation

eliminates the artifacts associated with ultramicrotomy

and has been used for all sample preparations in this

study.

Previously, it has been shown in a rabbit in vivo

model that free-form fabricated HA scaffolds bond to

bone through an interfacial apatite layer, while ZrO2

scaffolds form a direct contact to bone.6 The role of

microporosity on bone response has also been demon-

strated to promote increased bone ingrowth and bone

contact.14 In this study, TEM and analytical techniques

enabled the evaluation of microporous HA and ZrO2

scaffold-tissue interfaces at the nanometer scale in a

human in vivo model.

MATERIALS AND METHODS

Materials

Porous HA and ZrO2 scaffolds (ø = 3 mm and l = 4 mm)

were created by free-form fabrication. Square-shaped

interconnected channels (approximately 350 mm) define

the macroporous structure that was created using a CAD

tool (Solid Works, Concord, MA, USA) (Figure 1). The

mold structure was formed from thermoplastic building

material (Proto build, Sanders Prototype Inc., Milton,

NH, USA) and supported by a wax-based surround

(Proto support, Sanders Prototype Inc.). Free-form

Figure 1 Computer-assisted design graphic of the scaffold
geometry showing interconnected square-shaped pore channels.
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fabrication equipment (Model Maker II®, Sanders Pro-

totype Inc.) using an ink-jet printing method, with a

layer thickness of 50 mm, was used to create the molds.

Ceramic suspensions of HA (Plasma Biotal Ltd.,

Tideswell, Buxton, UK) and ZrO2 (Tosoh Corp., Tokyo,

Japan) prepared by ball milling were loaded into the

molds 48 vol% and 50 vol%, respectively. The addition

of a binder (LDM7651S, Clariant AB, Göteborg,

Sweden) enabled the variation of interconnected

microporosity and improved green strength of the HA

scaffold. Slip casting on a plate of plaster was used to

remove excess water. The cast materials were heated at a

rate of 1°C/min up to 600°C to burn away the mold and

additives. Further heating of 5°C/min up to 1,200°C for

HA and 1,500°C for ZrO2, holding of the temperature

for 2 hours, and then decreasing by 5°C/min produced

the sintered scaffolds.

Fabricated HA scaffolds contain 22.3 vol%

microporosity (22.1 vol% open and 0.2 vol% closed),

and ZrO2 scaffolds contain 0.7 vol% closed porosity,

measured by Archimedes’ principle. The square-shaped

interconnected pore channels contribute to 40 vol%

macroporosity.

The phases present in the ZrO2 and HA scaffolds

were analyzed by X-ray diffraction (XRD) using a

Gunier-Hägg camera and CuKa radiation. Grain size of

the scaffold material was determined using TEM.

Subjects and Surgical Procedure

Patients recommended for implant treatment in the pre-

molar region of the maxilla and between the ages of 20

years and 75 years were included in this study. Exclusion

criteria consist of a clinical history of smoking (>5 times

per day), immunosuppressive agents, recent cardiovas-

cular disease, cardiovascular/renovascular drugs, hor-

monal disease, radiotherapy in the head/neck region,

and infection. Ethical approval for this study was

obtained from the ethical research committee at

Linköping University, Linköping, Sweden (Dnr. M35-

05).

Twelve patients (six men and six women, 48–72

years old) received the implants in the maxilla. Anesthe-

sia (10–12 mL, Xylocaine Dental Adrenalin® 2%,

12.5 mg/mL, Dentsply, Skarpnäck, Sweden) was admin-

istered locally. Twist drills with a diameter of 3 mm were

used to prepare holes 4 mm deep under profuse irriga-

tion with saline (NaCl 9 mg/mg, ACO, Upplands Väsby,

Sweden). Scaffolds were press fit into the holes, rinsed

with saline, and mucoperiosteal flaps were sutured with

Vicryl® 5-0 (Johnson & Johnson, Sollentuna, Sweden).

Postoperatively, patients received analgetics (Diclofenac

T ratiopharm 50 mg, ratiopharm AB, Helsingborg,

Sweden, three times daily for 1–2 days). Antibiotics

(phenoxymethyl penicillin 4 g daily or clindamycin

600 mg daily) were prescribed for 7 days. Patients were

advised to rinse with a 0.1% chlorhexidine digluconate

solution (Hexident, Ipex, Solna, Sweden) daily for 2

weeks postoperatively.

Retrieval and Specimen Processing

Specimens were retrieved with surrounding bone tissue

using a trephine drill (5 mm inner diameter). Retrieved

specimens were fixed by immersion in glutaraldehyde

(2.5% in 0.05 M sodium cacodylate buffer, pH 7.4) and

dehydrated in ethanol. Undecalcified specimens were

embedded in plastic resin (LR White, the London

Resin Co. Ltd., Hampshire, UK). Sawing divided speci-

mens in half longitudinally (Exakt cutting and grind-

ing equipment, Exakt Apparatebau, Norderstedt,

Germany).15 Surfaces were polished and sputter coated

with 10 nm of gold for scanning electron microscopy

(SEM) analysis. While 12 patients initially took part in

the investigation, only four blocs were allotted for SEM

and TEM analysis, while the remainders were intended

for another study.

Analysis

Preliminary SEM investigation was performed with a

JEOL 7000F FEG SEM (JEOL Ltd., Akishima, Tokyo,

Japan) operated at an acceleration voltage of 15 kV. SEM

analysis with backscattered electrons enabled the iden-

tification and quantification of bone-scaffold contact.

Samples for TEM study were prepared by a novel

FIB technique and in situ lift-out method.16 A Zeiss

NVision 40 dual-beam FIB (Carl Zeiss AG, Oberkochen,

Germany) equipped with a 30 kV gallium ion column,

FEG SEM, carbon gas injector system, and Kleindiek

probe drive system was used. The preparation technique

is depicted in Figure 2. Areas of apparent bone-implant

contact were selected for preparation. A layer of carbon,

approximately 1 mm thick, was deposited in a rectangle

30 ¥ 2 mm to protect the underlying surface from ion

beam damage. Trapezoidal-shaped trenches were milled

on either side of the carbon deposit to a depth of
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approximately 11 mm using a beam current of 30 nA.

The resulting lamella was cut free underneath and on

one side using a beam current of 6.5 nA. The tungsten

lift-out probe was attached to the top of the lamella by

carbon deposition. The final side of the lamella was cut

free, and the sample was lifted out in situ. A TEM grid

was inserted into the FIB chamber, and the lamella was

attached to the side of the grid using C deposition.

Finally, the sample was thinned to electron transparency

using beam currents from 1.5 nA down to 40 pA.

TEM was performed on a FEI Titan 80-300 (S)TEM

(FEI Co., Hillsboro, OR, USA) operated at 300 keV.

Elemental maps and line profiles were collected using an

Oxford energy dispersive X-ray spectroscopy (EDXS)

detector and Inca software (Oxford Instruments, Oxford,

UK) in scanning TEM mode. Images were obtained using

a high-angle annular dark-field detector to enhance

Z-contrast compared with bright-field imaging.17

RESULTS

Clinical Evaluation

All surgical sites healed uneventfully. Bone overgrowth

was noted in a few samples.

Material

XRD analysis, shown in a previous study,18 confirmed

the presence of mainly tetragonal ZrO2, with small

amounts transformed to monoclinic when the material

was crushed during sample preparation. The HA

scaffolds contained minor amounts of b-tricalcium

phosphate (b-TCP). Grain size was measured in TEM

to be approximately 1.2 mm and 390 nm for HA

and ZrO2 scaffolds, respectively (Figure 3). Drastic

changes in grain size after implantation were not

observed.

Figure 2 The transmission electron microscopy sample preparation method using an in situ lift-out focused ion beam method.
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Light Microscopy and SEM

Light microscopy and SEM were performed in detail in

a previous study.18 Morphometry indicated a signifi-

cantly higher bone area and bone-to-scaffold contact for

HA scaffolds compared with ZrO2, and no presence of

an intervening fibrous structure.18 The scaffolds with

bone ingrowth and regions selected for TEM sample

preparation are shown in Figure 4.

Scanning TEM

In HA scaffolds implanted for 3 months, images reveal

the in vivo formation of an interfacial apatite layer that

exhibits intimate contact with bone along the interface

region shown in Figure 5. According to the proposed in

vivo mechanisms of HA dissolution–reprecipitation and

a previous study in the rabbit model, it is expected that

the interfacial apatite layer spans the entire surface.

A similar apatite layer is noted in some regions in

the 7-month sample. However, indications of apatite

resorption and replacement with bone are denoted in

Figure 6.

Evidence of effective bone ingrowth and implant

fixation is further demonstrated by the detection of

bone growth into micropores, seen in TEM (Figure 7)

and confirmed by FIB cut and view (not shown), up to

A B

Figure 3 Transmission electron microscopy image of the native (A) hydroxyapatite and (B) zirconia scaffolds prior to implantation.

A B

Figure 4 Scanning electron micrographs of the embedded tissue blocks showing bone ingrowth in (A) hydroxyapatite (HA) and (B)
zirconia scaffolds. Regions selected for focused ion beam transmission electron microscopy sample preparation are indicated by
boxes.
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10 mm from the surface in both HA samples. Composi-

tional analysis on growth in micropores yields similar

results to bone in bulk.

EDXS line scans across the HA scaffold-bone inter-

face at 7 months reveal a composition gradient, confirm-

ing the existence of an interfacial apatite layer richer in

Ca and P closer to the scaffold surface (Figure 8). The

same line scans across the ZrO2 7-month sample yield a

dramatic drop in Ca and increase in Zr content at the

interface, confirming the absence of an interfacial

apatite layer (Figure 9B). The absence of this layer is

further supported by the image in Figure 9A. Lack of

intimate bone-implant contact prevented the prepara-

tion of a ZrO2 sample at 3 months.

DISCUSSION

Use of the FIB for sample preparation was critical for

site-selective preparation and analysis of the scaffold-

tissue interface. Precautions to avoid ion beam damage

were taken, such as sequential reduction in ion beam

current. FIB-induced damage is not suspected as struc-

tures resemble those in the literature prepared by FIB

and other methods where the collagen banding is also

observed.19,20 Separation of bone from the scaffold

interface, whether because of specimen retrieval or pro-

cessing, prevented high-resolution analysis of scaffold-

bone interfaces for the ZrO2 sample at 3 months and

inside the square-shaped macroporous channels for all

samples.

The scaffolds were analyzed with a variety of elec-

tron microscopy techniques to determine their bone-

bonding performance in vivo. HA samples at both 3

months and 7 months exhibit an interfacial apatite layer.

The proposed mechanism for apatite formation on HA

is a dissolution–reprecipitation sequence.4 Apatite layers

as thick as 1,000 nm have been reported,21 and precipi-

tation of crystallites have been observed in as little as 3

hours post-implantation.22 In this investigation, layers of

80 nm and 50 nm thickness are reported. The absence of

formation of a dense apatite layer for ZrO2 samples may

be because of the inert chemical nature of the material.

ZrO2, known to be a bio-inert material, has limited

interaction in the body.23 Results for both materials are

in agreement with surface response observed around the

scaffolds implanted in rabbit tibia in a previous study.6

The addition of microporosity to scaffold materials

has been reported to enhance the bioactivity of bone

substitutes.14,24 These scaffolds, in particular, displayed

increased bone ingrowth and bone contact with a

Figure 5 High-angle annular dark-field scanning transmission
electron microscopy image of the cortical bone–hydroxyapatite
scaffold interface implanted for 3 months. An interfacial apatite
layer 80 nm in thickness is indicated by the arrow. Collagen
banding was observed perpendicular to the scaffold surface.

Figure 6 High-angle annular dark-field scanning transmission
electron microscopy image of the cortical bone–hydroxyapatite
scaffold interface implanted for 7 months. “a” denotes an
interfacial apatite layer 50 nm in thickness. “b” marks regions
without an interfacial layer. Collagen banding with 67 nm
periodicity is clear in the bulk bone and at the interface regions
absent of interfacial apatite.
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A B

Figure 7 High-angle annular dark-field scanning transmission electron microscopy image of the hydroxyapatite scaffold implanted
for 7 months. Bone growth into the micropores is observed near the interface in (A), and further into the bulk in (B). Focused ion
beam confirmed the growth into pores up to 10 mm into the scaffold.

A

B

Figure 8 High-angle annular dark-field scanning transmission electron microscopy image of the cortical bone–hydroxyapatite
scaffold interface implanted for 7 months (A), and accompanying EDXS line scan profile (B) showing a gradual decrease in Ca and P,
and increase in C concentrations across the interface, confirming the presence of an interfacial apatite layer.
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microporous structure versus those fabricated without

microporosity.14 It is clear that the pores show an affinity

for bone growth. Detection of bone in micropores dem-

onstrates the open network of pores in the scaffolds

and migration of bone-forming cells into the structure,

which is essential for improving bioactive fixation of the

implant. It is interesting to note the absence of an inter-

facial apatite layer and collagen-banding structure in HA

detected in the micropores. Instead, the HA exhibits a

fibril structure, which was also seen in the rabbit model.6

Bone growth located at the exterior-implant interface

exhibits the standard 67 nm banding periodicity typical

of cortical bone.25 The origin of the lack of collagen

banding in micropores is unknown.

Ideally, scaffolds for bone regeneration should be

comprised of resorbable materials, those that naturally

dissolve and are replaced by bone growth.3 Evidence of

the initiation of resorption is seen in HA samples

implanted for 7 months. The rough interface and lack of

interfacial layer in areas along the interface are key fea-

tures of enhanced biocompatibility and integration. In

addition, the apparent resorption of apatite layer and

direct growth of bone into the scaffold appears most

prominent in regions adjacent to grain boundaries, as

demonstrated in Figure 6. This may be caused by the

increased dissolution rate of HA at grain boundaries.

CONCLUSIONS

The performance of bone regenerative scaffolds depends

strongly on interfacial interactions. Synthetic HA and

ZrO2 scaffolds, produced with interconnected macro-

and microporosity by free-form fabrication, were evalu-

ated in the human maxilla. Sample preparation using

the FIB technique enabled the investigation of the

nanometer-scaled region at the scaffold-tissue interface.

Scanning TEM revealed the development of an interfa-

cial apatite layer on HA scaffolds in vivo, confirming the

formation of bioactive fixation. A concentration gradi-

ent exists across this interfacial layer, suggestive of its

development by a dissolution–reprecipitation mecha-

nism. Indications of resorption were noted with increas-

ing implantation time. In addition, extensive bone

growth into microporosities indicates the great potential

of HA scaffolds as a bone regenerative material. ZrO2

scaffolds, however, showed a direct contact to bone in

the absence of an interfacial apatite layer. As scaffold

A

B

Figure 9 High-angle annular dark-field scanning transmission electron microscopy image of the cortical bone–zirconia scaffold
interface implanted for 7 months (A), and accompanying EDXS line scan profile (B) showing an abrupt drop in Ca concentration
and increase in Zr concentration at the interface. The lack of concentration gradient over this interface indicates an absence of an
interfacial apatite layer and confirms the direct bond of zirconia to bone.
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geometry and pore size, morphology and volume were

identical, the differences in in vivo response can be

attributed to the material chemistry.
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