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The monograph comprehensively presents the research on the prototype of the
biomimetic Multi-Spiked Connecting Scaffold (MSC-Scaffold) for cementless fixa-
tion of the components of a new generation of resurfacing arthroplasty (RA) endo-
prostheses. This research, carried out by a bioengineering-surgical team from three
Polish universities, includes bioengineering design, rapid prototyping, manufacturing
in selective laser melting, functionalization, surface modification, numerical studies,
experimental in vitro studies, and pilot surgical experiments in an animal model.
Features:

e Presents the prototype of the multi-spiked connecting scaffold for a new
generation of resurfacing endoprostheses of the knee and the hip.

e Explains this prototype scaffold as the first worldwide design of the
biomimetic fixation of components of diarthrodial joints resurfacing
endoprostheses.

» Insights into the entire process of bioengineering design and research on
this novel way of resurfacing endoprostheses fixation.

* Reviews main results of the scaffold prototyping and SLM manufacturing,
structural and osteoconductive functionalization, and surface modification.

e Reports experimental and numerical investigations of mechanical behav-
iour of the scaffold-bone system, cell culture studies, and pilot surgical
experiments in animal models.

This book is aimed at professionals and graduate students in biomedical engineering,
biomaterials engineering, and bone & joint surgery.
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Forewords

Hip joint arthroplasty is one of the most widely performed orthopaedic surgeries in
the world. There are many types of endoprostheses available on the medical market
that, depending on the method of fixation in the bone, are divided into cemented and
uncemented. Both solutions, however, require the excision of the femoral head and
neck, as well as the preparation of the femoral medullary canal into which the endo-
prosthesis stem is inserted. In addition, the use of bone cement exposes the patient’s
tissues to the local increase in temperature from the cement setting, resulting in tis-
sue necrosis. Furthermore, in the case of uncemented prostheses, patient rehabilita-
tion and convalescence are relatively long, due to the highly traumatic surgery and
the time needed for the biological fixation of the stem in the bone canal.

In many cases, patients can be offered resurfacing joint endoprostheses that are
less traumatic and allow to save joint tissues to a greater extent than in the case of
typical long-stem endoprostheses implantation. However, their fixation with bony
structures with the use of cement is not optimal and may result in postoperative com-
plications such as local blood circulation deficiency, stress shielding, aseptic loosen-
ing, and even hip fracture.

Therefore, taking into account the obstacles of contemporary solutions, an inter-
disciplinary team led by Prof. Uklejewski, Prof. Rogala, and Dr. Winiecki has been
working for several years on new-generation uncemented resurfacing arthroplasty
prostheses for the hip and other joints.

In nine chapters of this monograph, the reader can find a brief review of cur-
rently used cement-based hip joint resurfacing arthroplasty endoprostheses, fol-
lowed by the presentation of the author’s original, internationally patented concept
of the multi-spiked connecting scaffold (MSC-Scaffold) for entirely uncemented
fixation of resurfacing endoprostheses components in the periarticular bone. The
MSC-Scaffold, through its structural and biomechanical biomimetism, preserva-
tion of bone tissue, and blood supply, may be regarded as a breakthrough approach
to fixation of such endoprostheses. Presented are the results of the comprehen-
sive bioengineering research programme on the MSC-Scaffold, which include the
design, prototyping, manufacturing, surface modification, and in vitro, in vivo, and
ex vivo studies. These results demonstrate the great potential of biomimetic fixation
of resurfacing endoprostheses components via the MSC-Scaffold. The results have
been partly published and have also been presented, e.g., during the annual confer-
ences of the Polish Society for Biomaterials in Rytro and during the 27th European
Conference on Biomaterials ESB 2015 in Krakdéw, Poland.

The monograph will be appreciated by all those who are interested in biomaterials
design and modelling, biomedical engineering, biomechanics, cell/tissue-material
interaction, and the development of innovative implants. I personally believe that this
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monograph will serve as a valuable reading for academics, physicians, researchers,
and students. I highly recommend this book to these groups of people.

Prof. Dr. Elzbieta Pamuta, PhD, DSc, Eng.

Fellow Biomaterials Science and Engineering

President of the Polish Society for Biomaterials

AGH University of Science and Technology in Krakow, Poland

Foreword to the First Edition of the book published in Polish language

The monograph presents the overall course of the research tasks and the funda-
mental scientific results obtained within the frames of two Research Projects of
the Polish Ministry of Science and Higher Education (No. 4T07C05629) and the
National Science Centre Poland (No. NN518412638) and their continuation, accom-
plished at the Poznan University of Technology in cooperation with research teams
from the Poznan University of Medical Sciences (from the Wiktor Dega Orthopaedic
and Rehabilitation Clinical Hospital of the Poznan University of Medical Sciences)
and from the Kazimierz Wielki University in Bydgoszcz (from the Department
of Fundamentals of Medical Bioengineering at the Institute of Technology at the
Faculty of Mathematics, Physics and Technology).

The most important of these results have been partially published in good and very
good international and national scientific journals, mentioned by the authors in the
Introduction to this monograph. The author of the concept of a new generation of hip
resurfacing arthroplasty endoprosthesis and other joints is Professor Piotr Rogala, Ph.D.,
MD, an orthopaedic surgeon from the Poznan University of Medical Sciences. The bio-
engineering research on the prototype of the above-mentioned endoprosthesis with the
multi-spiked connecting scaffold was headed by Professor Ryszard Uklejewski, Ph.D.,
Eng., Ph.D., MD — an expert from the National Centre for Research and Development,
while Dr. Mariusz Winiecki, Ph.D., Eng., cooperates within the above-mentioned bio-
engineering research team as key co-investigator from its beginning.

The reader of this monograph — whether a bioengineer or an orthopaedist — can
receive an almost direct insight into the entirety of bioengineering research works
necessary to develop a functional prototype of an orthopaedic implant, prepared
for the next stage of experimental surgical treatment using an innovative, entirely
cementless hip joint resurfacing arthroplasty endoprosthesis, which shall be carried
out at the university orthopaedic clinic, with the consent of the Bioethics Committee.

The developed prototype of innovative hip resurfacing arthroplasty endoprosthe-
sis, the components of which are entirely embedded in the periarticular bone by
means of the biomimetic multi-spiked connecting scaffold without using cement, is a
significant scientific contribution of the Poznan bioengineering and clinical research
team to the international biomedical engineering, in particular to biomechanical
engineering and orthopaedic biomechanics.

Prof. Dr. Danuta Jasinska-Choromanska, PhD, Eng.
Faculty of Mechatronics

and School of Biomedical Engineering

Warsaw University of Technology, Warsaw, Poland



Preface

The aim of the monograph is to present the most significant results concerning the
developed prototype of the biomimetic Multi-Spiked Connecting Scaffold (MSC-
Scaffold) fixing in the periarticular bone of the components of a new generation
of entirely non-cemented resurfacing arthroplasty (RA) endoprostheses, obtained
by our bioengineering team (composed of researchers from the Poznan University
of Technology, the Poznan University of Medical Sciences, and the Kazimierz
Wielki University in Bydgoszcz) during the realization of two research projects of
the Ministry of Science and Higher Education (Poland)/the National Science Centre
Poland carried out by us in 2005-2015 at two faculties of the Poznan University of
Technology (No. 4T07C05629 — at the Faculty of Machines and Transport, in the
Chair of Machine Design Fundamentals, and No. NN518412638 — at the Faculty of
Chemical Technology, in the Department of Process Engineering of the Institute of
Chemical Technology and Engineering).

Completed research tasks of the above-mentioned research projects concerned:
designing the prototype biomimetic MSC-Scaffold for a new generation of non-
cemented resurfacing arthroplasty endoprostheses, manufacturing of preprototypes
of the MSC-Scaffold in the Selective Laser Melting (SLM) technology of powders
of titanium alloys, bioengineering laboratory and numerical experiments and pilot
experiments in an animal model (hip and knee joints of swines of the Polish Large
White breed) carried out with the permission of the Local Ethics Committee in Poznan
in the surgical operating room of a veterinary clinic cooperating with the Laboratory
of Microsurgery, Chair and Clinic Rehabilitation at the Wiktor Dega Orthopaedic
and Rehabilitation Clinical Hospital of the Poznan University of Medical Sciences
(Poland). The realization of bioengineering tasks was led by Professor Ryszard
Uklejewski, PhD Eng., PhD MD (head of the above-mentioned research projects of
the Ministry of Science and Higher Education/the National Science Centre Poland,
the National Centre for Research and Development expert), and the realization of the
pilot experimental studies in an animal model was led by Professor Piotr Rogala, PhD
MD, an orthopaedic surgeon from the Wiktor Dega Orthopaedic and Rehabilitation
Clinical Hospital of the Poznan University of Medical Sciences, author of a patented
concept of a new generation of resurfacing arthroplasty endoprosthesis of the hip
joint and other joints. Dr. P. Rogala in 1995 started scientific cooperation in the field
of orthopaedic biomechanics with Assoc. Prof. Dr. R. Uklejewski who worked at
the time in the Department of Mechanics and Acoustics of Porous Materials at the
Acoustoelectronics Centre of the Institute of Fundamental Technological Research
of the Polish Academy of Sciences (IPPT PAN), Poznan Branch.

Since 2003, following the invitation from the Poznan University of Technology,
an interdisciplinary bioengineering and clinical research team was created under the
supervision of Prof. Dr. R. Uklejewski, in the following years composed of scientists
from three universities: (1) the Poznan University of Technology — from the Chair
of Machine Design Fundamentals at the Faculty of Machines and Transport, from
the Department of Process Engineering of the Institute of Chemical Technology

xiii



Xiv Preface

and Engineering at the Faculty of Chemical Technology, and the Department of
Technology Design of the Institute of Mechanical Technology at the Faculty of
Machine Construction and Management (now Faculty of Mechanical Engineering),
(2) the Poznan University of Medical Sciences — from the Clinic of Spine Surgery,
Orthopaedics and Traumatology and the Chair and Clinic of Rehabilitation of the
Wiktor Dega Orthopaedic and the Rehabilitation Clinical Hospital of the Poznan
University of Medical Sciences, and (3) the Kazimierz Wielki University in
Bydgoszcz — from the Department of Fundamentals of Medical Bioengineering,
Institute of Technology at the Faculty of Mathematics, Physics and Technology.

The major published scientific papers that present the main results of the
research projects of the Ministry of Science and Higher Education (Poland)/the
National Science Centre Poland (No. 4T07C05629 and No. NN518412638) and their
continuation, based on which this monograph was written, are papers: Ch.3 [46],
Ch.4 [10-12], Ch.5 [2,3], Ch.6 [2,3,38], Ch.7 [19], Ch.8 [26]. The authors of these
papers are members of two teams realizing the above-mentioned research projects;
the monograph was developed and edited by the principal investigator of the above-
mentioned research projects and the two key coinvestigators of these projects. As a
result of extending the thematic scope of two research tasks included in the schedules
of the above-mentioned research projects, the following two PhD theses have been
completed: Ch.5 [1], Ch.6 [1].

Ryszard Uklejewski
Piotr Rogala
Mariusz Winiecki
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Introduction

The aim of the monograph is to present the most significant results concerning the
developed prototype of the biomimetic Multi-Spiked Connecting Scaffold (MSC-
Scaffold) fixing in the periarticular bone of the components of a new generation
of entirely non-cemented resurfacing arthroplasty (RA) endoprostheses, obtained
by our bioengineering team during the realization of two research projects of the
Ministry of Science and Higher Education (Poland)/the National Science Centre
Poland. Completed research tasks of these research projects concerned: design-
ing the prototype biomimetic MSC-Scaffold for a new generation of non-cemented
resurfacing arthroplasty endoprostheses, manufacturing of preprototypes of the
MSC-Scaffold in the Selective Laser Melting (SLM) technology of powders of tita-
nium alloys, bioengineering laboratory and numerical experiments and pilot experi-
ments in an animal model.

Chapter 1 describes the currently used cement-based hip joint resurfacing arthro-
plasty endoprostheses in the background of previous designs of resurfacing endopros-
theses. It also discusses the most common types of postoperative complications of this
arthroplasty, caused by the method of fixation of the femoral component of modern
resurfacing endoprostheses in the bone with the use of cement and a short stem.

Chapter 2 presents the concept of an entirely non-cemented and stemless method
of fixation of the components of resurfacing endoprostheses of the hip joint in the
bone using the biomimetic MSC-Scaffold and the consequences of this innovative
fixation method for the transfer of biomechanical loads in the implant-bone system.

Chapter 3 presents the design, rapid prototyping, and manufacturing of the pro-
totype biomimetic multi-spiked connecting scaffold (MSC-Scaffold) for a new
generation of non-cemented resurfacing arthroplasty endoprostheses, including bio-
engineering CAD design and modelling, methods and effects of the electrical dis-
charge machining of the MSC-Scaffold spikes, stereolithography prototyping of the
MSC-Scaffold spikes, prototyping and manufacturing of titanium alloy powders of
the MSC-Scaffold preprototypes, and a prototype of the total hip resurfacing endo-
prosthesis in the selective laser melting (SLM) technology, developed and carried
out post-production treatment of the bone-contacting surface of the MSC-Scaffold
preprototypes manufactured in the SLM technology, as well as reverse engineering
the working prototype of partial resurfacing knee arthroplasty endoprosthesis manu-
factured in the SLM technology for experimental implantations in an animal model.

Chapter 4 presents the completed research task concerning the structural and
osteoconductive functionalization of the interspike space of the prototype MSC-
Scaffold. The theoretical basis for the evaluation of the pro-osteoconductive poten-
tial of the MSC-Scaffold is provided. Results of evaluating the possibility of forming
the structural-osteoconductive properties of the MSC-Scaffold are presented, as well
as the course and results of the preliminary biological evaluation in cell culture of
the MSC-Scaffold preprototypes after the structural-osteoconductive functionaliza-
tion of their interspike space, with the course and results of the pilot study of the
preprototypes of the structurally functionalized MSC-Scaffold in an animal model.
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Chapter 5 concerns the formation of the osteoinductive and osseointegrating
properties of the bone-contacting surface of the MSC-Scaffold by electrochemical
deposition (ECD) of calcium phosphates (CaPs). The chapter presents the results of
preliminary attempts to modify the bone-contacting surface of the MSC-Scaffold
preprototypes by ECD of CaPs carried out at constant current densities. It describes
the process and the results of CaP potentiostatic ECD on the surface of spikes with
the subsequent immersion of the MSC-Scaffold preprototypes in a simulated body
fluid (SBF). The results of research in human osteoblasts culture on the calcium
phosphate-coated prototype MSC-Scaffolds, as well as the results of the evaluation
of their biointegration with bone as implanted under the articular surface of swine
knee joints are presented.

Chapter 6 describes the biomechanical studies of the bone-implant system con-
cerning the design of the structural and biomechanical properties of the considered
multi-spiked connecting scaffold (MSC-Scaffold) carried out in the biomechanical
tests on a universal testing machine and applying numerical simulation analysis. The
chapter presents numerical studies of the influence of the geometric features of the
MSC-Scaffold on the distribution of mechanical stresses in the periprosthetic bone,
and the course and results of the experimental validation of the numerical model
representing the initial intraoperative embedding in the periarticular bone of the pro-
totype MSC-Scaffold providing entirely cementless fixation of the components of the
resurfacing arthroplasty endoprostheses with the bone.

Chapter 7 presents the course and results of the pilot studies on the prototype
MSC-Scaffold for entirely non-cemented resurfacing arthroplasty endoprostheses in
an animal model. These studies included the experimental determination of an appro-
priate surgical approach to the hip and knee joints in a swine and the verification of
ten experimental animals of a working prototype of partial resurfacing knee arthro-
plasty endoprosthesis implanted in the periarticular bone via the MSC-Scaffold.

Chapter 8 contains the results of a pilot study on human femoral heads obtained
from postoperative material from patients with osteoarthritis who were surgically
treated with Total Hip Arthroplasty (THA), conducted with the approval of the
Bioethics Committee of the Poznan University of Medical Sciences concerning
the quantitative microtomographic evaluation of the impact of embedding the proto-
type multi-spiked connecting scaffold (MSC-Scaffold) in the subchondral trabecular
bone on the density of human femoral heads and their compressive strength.

Chapter 9 contains a summary of the monograph, conclusions, and final remarks.
The developed prototype of the multi-spiked connecting scaffold (MSC-Scaffold)
will allow us to move on to the next stage — surgical clinical trials conducted during
the experimental treatment of patients with osteoarthritis by means of resurfacing
arthroplasty with the use of a new generation of entirely non-cemented resurfacing
endoprostheses, whose components will be fixed in the periarticular bone via the
biomimetic MSC-Scaffold prototype developed by our bioengineering and clinical
research team.



’I Characteristics of
contemporary hip
resurfacing arthroplasty
endoprostheses and their
possible postoperative
complications

Hip resurfacing arthroplasty involves replacing the acetabular and femoral articular
surfaces of the hip joint without damaging the medullary canal of the femur. Usually,
this procedure is recommended for patients with, among others, osteoarthritis (OA),
traumatic arthritis, juvenile idiopathic arthritis, rheumatoid arthritis, necrosis of the
femoral head, tumours around the joint, and in patients under 65 years of age whose
life expectancy exceeds the average life expectancy with long-stem total hip arthro-
plasty [1,2]. The main indication for joint replacement is a degenerative disease of
joints involving mainly articular cartilage — osteoarthritis, which affects over 20% of
people over 55 years of age [3,4]. Osteoarthritis has been ranked by the World Health
Organization as the second leading cause of disability and is a major social issue in
many countries. The treatment of choice is surgical replacement of the diseased joint
with an endoprosthesis.

Due to the degenerative changes in the articular cartilage, in the case of traditional
long-stem total hip arthroplasty, not only damaged articular cartilage but also often a
large part of the healthy periarticular trabecular bone of the femoral head and femoral
neck is removed. The removed cartilage and bone tissue are replaced with a metal
structure. Due to the much higher (by 10—100 times) values of elastic parameters of
metal alloys used for endoprostheses compared to the trabecular bone, during mechan-
ical loads of the joint, the peri-implant bone in the periarticular area practically does
not transfer mechanical loads — it is a non-physiological load transfer in the area of the
peri-implant bone characterized by the formation of so-called stress shielding zones in
the bone, causing resorption of bone tissue (osteolysis), and extensive destruction of the
surrounding periprosthetic bone, loosening and migration of endoprosthesis compo-
nents, and even bone fractures within the artificial joint [4-22].

Early design solutions for resurfacing arthroplasty endoprostheses included Smith
(1917), Smith-Petersen (1923), Willey (1938), Albee and Pearson (1940-1944), Urist
(1951), and Laing (1960) [23,24]. However, these solutions failed within a short time
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due to surgical problems such as lack of permanent fixation or loosening of the
endoprosthesis components, necrosis, rapid wear, and an intense reaction of tissues to
wear particles. All of these endoprostheses were discontinued mainly due to the low
biocompatibility of the biomaterials used at that time (Teflon®, celluloid, Bakelite,
Pyrex® glass, polyethylene), the lack of good long-term fixation, high friction wear,
and intensive tissue reaction to abrasive wear particles [25]. In the 1960s and early
1970s, attempts made to implant resurfacing endoprostheses designed by Charnley
(1961), Miiller (1968) (Figure 1.1), and Wagner and Freeman (1976) generally failed.
These solutions had promising early postoperative results, but with longer follow-up,
the failure rate reached 35% [26]. These failures were caused by loosening of the
acetabular and femoral components, as well as fractures of the femoral neck result-
ing from the migration and penetration of implants (endoprostheses components) into
the cancellous bone, and necrosis of the head and femoral neck vessels [26]. Bone
cement was used to fix the components of these endoprostheses to the periarticular
bone. Due to clinical results, this generation of hip resurfacing endoprostheses was
abandoned in the mid-1980s.

Resurfacing arthroplasty has been experiencing a renaissance since the early
1990s. The first to present the results of arthroplasty with this generation of resur-
facing arthroplasty endoprostheses was McMinn (1991), the precursor to both the
Cormet Hip Resurfacing System and the Birmingham Hip Resurfacing System.
At the same time, Amstutz began a series of innovations that culminated in the
Conserve® Plus resurfacing hip system [27]. These endoprostheses differed from
their predecessors in materials, fixation technique, component thickness, and com-
ponent size options. The suggested advantages of these implants included more
durable fixation, less wear, better bone tissue protection, and a lower risk of com-
plications, especially fractures and sprains. Their clinical study has shown broader

FIGURE 1.1  Miiller’s resurfacing endoprosthesis (1968).
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and most interesting data on the observation and survival of surface implants
[28,29]. Clinical observations of contemporary resurfacing arthroplasty endopros-
theses (Figure 1.2) show several complications in the form of cracks and/or frac-
tures of the femoral neck, as well as displacement and migration of the components
of these endoprostheses (Figure 1.3), as well as fractures of the short stem of the
femoral component (see Figure 20.111b in [30]).

In all currently used resurfacing endoprostheses designs (e.g., Birmingham Hip
Resurfacing (BHR) prosthesis, Conserve® Plus hip resurfacing prosthesis, Cormet™
hip resurfacing prosthesis, Durom hip resurfacing prosthesis, ICON hip resurfac-
ing prosthesis, BIOMET ReCap hip resurfacing prosthesis, DePuy Articular Surface
Replacement (ASR™) hip resurfacing prosthesis, ESKA hip resurfacing prosthesis),
the femoral component is fixed in the bone via bone cement and a short stem embed-
ded in the area of the femoral neck [30]. Examples of contemporary resurfacing
arthroplasty endoprostheses are shown in Figure 1.2.

Clinical studies show that cement has never guaranteed the correct and long-term
fixation of these endoprostheses in the bone — the resorption of periarticular bone tis-
sue, loosening in the bone-cement-implant interface, and the migration of endopros-
thesis components and femoral fractures are the most common (approximately 75%)
of the observed complications of the currently used cement resurfacing arthroplasty.
This technique of fixation of the femoral component of hip resurfacing arthroplasty
endoprostheses is the most common reason for postoperative complications. Also

(b)

FIGURE 1.2 Examples of resurfacing arthroplasty endoprostheses used today: (a)
Birmingham Hip Resurfacing System; (b) Cormet 2000™ Hip Resurfacing System; (c)
DePuy ASR Hip Resurfacing System; (d) ICON Hip Resurfacing System; (¢) ROMAX® Hip
Resurfacing System; (f) Tornier DynaMoM Hip Resurfacing System.
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due to the stress shielding zones in the vicinity of the short stem of the femoral
component, loosening and migration occur (see Figure 28.42f in [30]).

In the case of cemented resurfacing hip arthroplasty, cement initially secures
the femoral component of the endoprosthesis but penetrates deep into the cancel-
lous bone of the femoral head — the zone of cement penetration (see Figure 1.4)
occupies more than 30% of the total volume of the femoral head and causes local
blood circulation insufficiency, which consequently leads to weakening of the inter-
nal microstructure of the cancellous bone of the femoral head and results in various
complications [31]. Examples of radiographs showing the most common complica-
tions, such as loosening and migration of the femoral component and femoral neck
fracture, are presented in Figure 1.3.

The design solutions of hip endoprostheses currently available on the market cor-
respond to various survival rates with five-year follow-up, ranging from 97.1% (one
of the best) to 80.9% (the worst) [1]. For this reason, there have been concerns about
the safety of some of these resurfacing arthroplasty endoprostheses, leading, among
others, to the withdrawal of DePuy Articular Surface Replacement (ASR™) (DePuy
Orthopedics Inc., Warsaw, IN, USA) due to its high percentage of postoperative com-
plications [32]. A femoral neck fracture is a common cause of early hip resurfacing
arthroplasty failure, accounting for up to 35% of required revision surgeries [33,34],
while aseptic loosening of the femoral or acetabular components is another common
cause of hip resurfacing arthroplasty failure [35,36]. Aseptic bone necrosis (osteone-
crosis) after hip resurfacing arthroplasty, described primarily in failures attributed to
periprosthetic fractures or suggested as the cause of a periprosthetic fracture [37], is
also interpreted as an effect associated with fixation of endoprosthesis components
with the use of cement [38] or as a result of intraoperative damage to the vessels that
supply the femoral head [39]. The thermal effect accompanying cement polymeriza-
tion causes severe damage to the peri-implant tissue leading to the collapse of the
femoral head [40,41]. Moreover, as already mentioned, during implantation of the
femoral hip resurfacing arthroplasty endoprosthesis component, large amounts of

FIGURE 1.3 X-rays showing typical complications after cemented hip joint resurfacing
arthroplasty using the Birmingham Hip Resurfacing (BHR) implant example: (a) loosen-
ing and migration of the femoral component; (b) stress fracture of the femoral neck; (c) hip
fracture.
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FIGURE 1.4 Radiographs of the femoral component attached with polymethacrylate
cement: (a) status after implantation, cement penetrating into the pores of the periarticu-
lar cancellous bone takes up a significant volume (bright areas) of the femoral heads — the
cement penetration zone in the femoral head covers more than one-third of the volume of
this head; (b and c) exemplary long-term effects — extensive bone resorption in the femoral
head area, resulting in the formation of large resorptive cavities [30]; (d) exemplary cross
sections of the BHR endoprosthesis showing the diversity/unevenness of cement penetration
and distribution.

cement are forced into the cancellous bone of the femoral head, forming a thick
cement mantle there [42].

Aseptic bone necrosis has been reported to occur primarily in the early and mid-
term periods of postoperative hip failure and may refer to the impaired blood supply
to the femoral head or thermal injury during surgery [43]. According to Zustin et al.
[43] who histologically analysed a series of 123 bone-implant samples (with five dif-
ferent endoprostheses systems of resurfacing like ASR by DePuy Orthopedics Inc.,
Birmingham Hip Resurfacing by Smith & Nephew, Cormet of Corin Group PLC,
DUROM by Zimmer Inc., and ReCAP of Biomet Inc.) collected from patients with a
preoperative diagnosis other than osteonecrosis, the osteonecrosis was found in 88%
of cases and was associated with 60% of periprosthetic fractures. Eighty-five of the
123 examined revisions were for periprosthetic fractures, 8% due to acetabular loos-
ening, and the remaining 23% for other reasons, such as groin pain from the femoral
component; 60% of these periprosthetic fractures showed complete bone necrosis
proximal to the fracture line and were defined as post-necrotic fractures. Most of
the bone-implant samples collected showed histologically advanced aseptic necrosis,
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which was found to be the cause of 46% of all failures associated with post-necrotic
periprosthetic fractures and collapse of the femoral head. Periprosthetic necrosis can
be demonstrated by positron emission tomography (PET) [44]. According to Steiger
et al. [45], after infection was excluded, the main causes of primary revision after
resurfacing hip arthroplasty are hip fractures (43%), loosening/lysis (32%), metal
allergic reactions (7%), and pain (6%). Consequently, due to the possible occurrence
of these serious postoperative complications, the primary revision of hip resurfacing
arthroplasty concerning the revision of the femoral component occurs in 62% of all
cases performed in the above-mentioned procedures’ primary revisions [45].

REFERENCES

1.

2.

10.

11.

12.

13.

Cadossi, M.; Tedesco, G.; Sambri, A.; Mazzotti, A.; Giannini, S. Hip resurfacing
implants. Orthopedics. 2015; 38(8): 504-9. doi:10.3928/01477447-20150804-07.

Hing, C.; Back, D.; Shimmin, A. Hip resurfacing: indications, results, and conclusions.
Instr Course Lect. 2007; 56: 171-8.

. Dettmer, M.; Pourmoghaddam, A.; Kreuzer, S.W. Comparison of patient-reported

outcome from neck-preserving, short-stem arthroplasty and resurfacing arthro-
plasty in younger osteoarthritis patients. Adv Orthop. 2015; 2015: 817689.
doi:10.1155/2015/817689

. Recommendations for the medical management of osteoarthritis of the hip and knee:

2000 update. American College of Rheumatology Subcommittee on Osteoarthritis
Guidelines. Arthritis Rheum. 2000; 43(9): 1905-15. doi:10.1002/1529-0131(200009)43:
9<1905::AID-ANR1>3.0.CO;2-P

. Amstutz, H.C.; Le Duff, M.J. Eleven years of experience with metal-on-metal hybrid

hip resurfacing: a review of 1000 conserve plus. J Arthroplasty. 2008; 23(6 Suppl 1):
36-43. doi:10.1016/j.arth.2008.04.017

. Amstutz, H.C.; Campbell, P.A.; Le Duff, M.J. Fracture of the neck of the femur

after surface arthroplasty of the hip. J Bone Joint Surg Am. 2004; 86(9): 1874-7.
doi:10.2106/00004623-200409000-00003

. Asaad, A.; Hart, A.; Khoo, M.M.; Ilo, K.; Schaller, G.; Black, J.D.; Muirhead-Allwood,

S. Frequent femoral neck osteolysis with Birmingham mid-head resection resurfacing
arthroplasty in young patients. Clin Orthop Relat Res. 2015; 473(12): 3770-8. doi:10.1007/
$11999-015-4348-0. Erratum in: Clin Orthop Relat Res. 2015; 473(12): 3985.

. Aulakh, T.S.; Rao, C.; Kuiper J.-H.; Richardson, J.B. Hip resurfacing and osteonecrosis:

results from an independent hip resurfacing register. Arch Orthop Trauma Surg. 2010;
130: 841-5. doi:10.1007/s00402-009-0963-0

. Bose, V.C.; Baruah, B.D. Resurfacing arthroplasty of the hip for avascular necrosis

of the femoral head: a minimum follow-up of four years. J Bone Joint Surg Br. 2010;
92(7): 922-8. doi:10.1302/0301-620X.92B7.23639

Falez, F.; Favetti, F.; Casella, F.; Panegrossi, G. Hip resurfacing: why does it fail? Early
results and critical analysis of our first 60 cases. Int Orthop. 2008; 32(2): 209-16.
doi:10.1007/s00264-006-0313-6

Huo, M.H.; Parvizi, J.; Gilbert, N.F. What’s new in hip arthroplasty. J Bone Joint Surg
Am. 2006; 88(9): 2100-13. doi:10.2106/JBJS.F.00595

Huo, M.H.; Stockton, K.G.; Mont, M.A.; Bucholz, RW. What’s new in total hip
arthroplasty. J Bone Joint Surg Am. 2012; 94(18): 1721-7. doi:10.2106/JBJS.L.00620
Itayem, R.; Arndt, A.; Daniel, J.; McMinn, D.J.; Lundberg, A. A two-year radio-
stereometric follow-up of the first generation Birmingham mid head resection arthro-
plasty. Hip Int. 2014; 24(4): 355-62. doi:10.5301/hipint.5000136


https://doi.org/10.5301/hipint.5000136
https://doi.org/10.2106/JBJS.L.00620
https://doi.org/10.2106/JBJS.F.00595
https://doi.org/10.1007/s00264-006-0313-6
https://doi.org/10.1302/0301-620X.92B7.23639
https://doi.org/10.1007/s00402-009-0963-0
https://doi.org/10.1007/s11999-015-4348-0
https://doi.org/10.1007/s11999-015-4348-0
https://doi.org/10.2106/00004623%E2%80%93200409000-00003
https://doi.org/10.1016/j.arth.2008.04.017
https://doi.org/10.1002/1529-0131(200009)43:9<1905::AID-ANR1>3.0.CO;2-P
https://doi.org/10.1002/1529-0131(200009)43:9<1905::AID-ANR1>3.0.CO;2-P
https://doi.org/10.1155/2015/817689
https://doi.org/10.3928/01477447-20150804-07

Characteristics of hip resurfacing arthroplasty endoprostheses 7

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kim, PR.; Beaulé, PE.; Laflamme, G.Y.; Dunbar, M. Causes of early failure in a
multicenter clinical trial of hip resurfacing. J Arthroplasty. 2008; 23(6 Suppl 1): 44-9.
doi:10.1016/j.arth.2008.05.022

Marker, D.R.; Seyler, T.M.; Jinnah, R.H.; Delanois, R.E.; Ulrich, S.D.; Mont, M.A.
Femoral neck fractures after metal-on-metal total hip resurfacing: a prospective cohort
study. J Arthroplasty. 2007; 22(7 Suppl 3): 66-71. doi:10.1016/j.arth.2007.05.017
Morgan, D.; Myers, G.; O’Dwyer, K.; Thomas, A.M. Intertrochanteric fracture below
Birmingham Hip Resurfacing: Successful non-operative management in two cases.
Injury Extra. 2008; 39(9): 313-5. doi:10.1016/j.injury.2008.04.007

Munro, J.T.; Masri, B.A.; Duncan, C.P.; Garbuz, D.S. High complication rate after revi-
sion of large-head metal-on-metal total hip arthroplasty. Clin Orthop Relat Res. 2014;
472(2): 523-8. doi:10.1007/s11999-013-2979-6

Pailhé, R.; Sharma, A.; Reina, N.; Cavaignac, E.; Chiron, P; Laffosse, J.M.; Hip
resurfacing: a systematic review of literature. Int Orthop. 2012; 36(12): 2399-410.
doi:10.1007/s00264-012-1686-3

Russell, R.D.; Estrera, K.A.; Pivec, R.; Mont, M.A.; Huo, M.H. What’s new in total hip
arthroplasty. J Bone Joint Surg Am. 2013; 95(18): 1719-25. doi:10.2106/JBJS.M.00764
Shimmin, A.J.; Back, D. Femoral neck fractures following Birmingham hip resur-
facing: a national review of 50 cases. J Bone Joint Surg Br. 2005; 87(4): 463—4.
doi:10.1302/0301-620X.87B4.15498

Shimmin, A.J.; Bare, J.; Back, D.L. Complications associated with hip resurfacing
arthroplasty. Orthop Clin North Am. 2005; 36(2): 187-93, doi:10.1016/j.0c1.2005.01.002
Spencer, S.; Carter, R.; Murray, H.; Meek, R.M. Femoral neck narrowing after
metal-on-metal hip resurfacing. J Arthroplasty. 2008; 23(8): 1105-9. doi:10.1016/j.
arth.2007.10.014

Amstutz, H.C.; Le Duff, M.J. Hip resurfacing: a 40-year perspective. HSS J. 2012; 8(3):
275-82. doi:10.1007/s11420-012-9293-9

Amstutz, H.C.; Le Duff, M.J. Hip resurfacing: history, current status, and future. Hip
Int. 2015; 25(4): 330-8. doi:10.5301/hipint.5000268

Menge, M. Seven years of experience in MoM resurfacing: results and open ques-
tions, in: Benazzo, F.; Falez, F.; Dietrich, M. (Eds.): Bioceramics and Alternative
Bearings in Joint Arthroplasty. Ceramics in Orthopaedics. Steinkopff, 2006.
doi:10.1007/978-3-7985-1635-9_5

Indelli, P.F.; Veins, N.; Dominguez, D.; Kitaoka, K.; Vail, T.P. In vitro biomechanical
properties of a hip resurfacing system, in: Benazzo, E.; Falez, F.; Dietrich, M. (Eds.):
Bioceramics and Alternative Bearings in Joint Arthroplasty. Ceramics in Orthopaedics.
Steinkopff, 2006. doi:10.1007/978-3-7985-1635-9_9

Streicher, R.M. Hip Resurfacing — a superior articulation concept?, in: Benazzo, F.; Falez,
F.; Dietrich, M. (Eds.): Bioceramics and Alternative Bearings in Joint Arthroplasty.
Ceramics in Orthopaedics. Steinkopff, 2006. doi:10.1007/978-3-7985-1635-9_7
Amstutz, H.C.; Beaulé, P.; Dorey, FJ.; Le Duff, M.J.; Campbell, P.A.; Gruen,
T.A. Metal-on-metal hybrid surface arthroplasty: two to six-year follow-up study.
J Bone Joint Surg Am. 2004; 86(1): 28-39.

Daniel, J.; Pynsent, P.B.; McMinn, D.J. Metal-on-metal resurfacing of the hip in patients
under the age of 55 years with osteoarthritis. J Bone Joint Surg Br. 2004; 86(2): 177-84.
doi:10.1302/0301-620x.86b2.14600

De Smet, K.; Campbell, P.; Van Der Straeten, C. (Eds.): The Hip Resurfacing Handbook.
A Practical Guide to the Use and Management of Modern Hip Resurfacings. Woodhead
Publishing, Sawston, Cambridge, 2013.

Howald, R.; Kesteris, U.; Klabunde, R.; Krevolin, J. Factors affecting the cement pen-
etration of a hip resurfacing implant: an in vitro study. Hip Int. 2006; 16(Suppl 4): 82-9.
doi:10.5301/hip.2008.5209


https://doi.org/10.5301/hip.2008.5209
https://doi.org/10.1302/0301%E2%80%93620x.86b2.14600
https://doi.org/10.1007/978-3-7985-1635-9_7
https://doi.org/10.1007/978-3-7985-1635-9_9
https://doi.org/10.1007/978-3-7985-1635-9_5
https://doi.org/10.5301/hipint.5000268
https://doi.org/10.1007/s11420-012-9293-9
https://doi.org/10.1016/j.arth.2007.10.014
https://doi.org/10.1016/j.arth.2007.10.014
https://doi.org/10.1016/j.ocl.2005.01.002
https://doi.org/10.1302/0301%E2%80%93620X.87B4.15498
https://doi.org/10.2106/JBJS.M.00764
https://doi.org/10.1007/s00264-012-1686-3
https://doi.org/10.1007/s11999-013-2979-6
https://doi.org/10.1016/j.injury.2008.04.007
https://doi.org/10.1016/j.arth.2007.05.017
https://doi.org/10.1016/j.arth.2008.05.022

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Prototype of a Biomimetic Multi-spiked Connecting Scaffold

Hug, K.T.; Watters, T.S.; Vail, T.P.; Bolognesi, M.P. The withdrawn ASR™ THA and
hip resurfacing systems: how have our patients fared over 1 to 6 years?. Clin Orthop
Relat Res. 2013; 471(2): 430-8. doi:10.1007/511999-012-2547-5

Davis, E.T.; Olsen, M.; Zdero, R.; Smith, G.M.; Waddell, J.P.; Schemitsch,
E.H. Predictors of femoral neck fracture following hip resurfacing: a cadaveric study.
J Arthroplasty. 2013; 28(1): 110-6. doi:10.1016/j.arth.2012.05.015

Matharu, G.S.; McBryde, C.W.; Revell, M.P.; Pynsent, P.B. Femoral neck fracture after
Birmingham Hip Resurfacing Arthroplasty: prevalence, time to fracture, and outcome
after revision. J Arthroplasty. 2013; 28(1): 147-53. doi:10.1016/j.arth.2012.04.035
Haughom, B.D.; Erickson, B.J.; Hellman, M.D.; Jacobs, J.J. Do complication rates dif-
fer by gender after metal-on-metal hip resurfacing arthroplasty? A systematic review.
Clin Orthop Relat Res. 2015; 473(8): 2521-9. d0i:10.1007/s11999-015-4227-8

Amstutz, H.C.; Le Duff, M.J. Aseptic loosening of cobalt chromium monoblock sockets
after hip resurfacing. Hip Int. 2015; 25(5): 466—70. doi:10.5301/hipint.5000251

Steffen, R.T.; Foguet, P.R.; Krikler, S.J.; Gundle, R.; Beard, D.J.; Murray, D.W. Femoral
neck fractures after hip resurfacing. J Arthroplasty. 2009; 24: 614-9. doi:10.1016/].
arth.2008.04.008

Gill, H.S.; Campbell, P.A.; Murray, D.W.; De Smet, K.A. Reduction of the potential
for thermal damage during hip resurfacing. J Bone Joint Surg Br. 2007; 89(1): 16-20.
doi:10.1302/0301-620X.89B1.18369

Steffen, R.T.; Fern, D.; Norton, M.; Murray, D.W.; Gill, H.S. Femoral oxygenation dur-
ing hip resurfacing through the trochanteric flip approach. Clin Orthop Relat Res. 2009;
467(4): 934-9. doi:10.1007/s11999-008-0390-5

Scheerlinck, T.; Delport, H.; Kiewitt, T. Influence of the cementing technique on the
cement mantle in hip resurfacing: an in vitro computed tomography scan-based analy-
sis. J Bone Joint Surg Am. 2010; 92(2): 375-87. doi:10.2106/JBJS.1.00322

Girard, J. Is it time for cementless hip resurfacing? HSS J. 2012; 8(3): 245-50.
doi:10.1007/s11420-012-9295-7

Baker, R.; Whitehouse, M.; Kilshaw, M.; Pabbruwe, M.; Spencer, R.; Blom, A.;
Bannister, G. Maximum temperatures of 89°C recorded during the mechanical prepa-
ration of 35 femoral heads for resurfacing. Acta Orthop. 2011; 82(6): 669-73. doi:10.31
09/17453674.2011.636681

Zustin, J.; Sauter, G.; Morlock, M.M.; Riither, W.; Amling, M. Association of osteone-
crosis and failure of hip resurfacing arthroplasty. Clin Orthop Relat Res. 2010; 468(3):
756-61. doi:10.1007/s11999-009-0979-3

Ullmark, G.; Sundgren, K.; Milbrink, J.; Nilsson, O.; Sorensen, J. Osteonecrosis fol-
lowing resurfacing arthroplasty. Acta Orthop. 2009; 80(6): 670—4. doi:10.3109/
17453670903278258

de Steiger, R.N.; Miller, L.N.; Prosser, G.H.; Graves, S.E.; Davidson, D.C.; Stanford,
T.E. Poor outcome of revised resurfacing hip arthroplasty. Acta Orthop. 2010; 81(1):
72-6. doi:10.3109/17453671003667176


https://doi.org/10.3109/17453671003667176
https://doi.org/10.3109/17453670903278258
https://doi.org/10.3109/17453670903278258
https://doi.org/10.1007/s11999-009-0979-3
https://doi.org/10.3109/17453674.2011.636681
https://doi.org/10.3109/17453674.2011.636681
https://doi.org/10.1007/s11420-012-9295-7
https://doi.org/10.2106/JBJS.I.00322
https://doi.org/10.1007/s11999-008-0390-5
https://doi.org/10.1302/0301-620X.89B1.18369
https://doi.org/10.1016/j.arth.2008.04.008
https://doi.org/10.1016/j.arth.2008.04.008
https://doi.org/10.5301/hipint.5000251
https://doi.org/10.1007/s11999-015-4227-8
https://doi.org/10.1016/j.arth.2012.04.035
https://doi.org/10.1016/j.arth.2012.05.015
https://doi.org/10.1007/s11999-012-2547-5

2 ldea of entirely
non-cemented
implantation of the
components of hip
resurfacing arthroplasty
endoprostheses with
the multi-spiked
connecting scaffold

Achieving a biomechanically stable and durable fixation between two different
biomaterials, artificial and natural (i.e. biological tissue), is a challenge for the bio-
engineering design of artificial joints. If metal endoprostheses have been implanted
in the periprosthetic bone, the physiological transfer of the load that occurs in the
natural joints and the area of the periarticular tissue is disturbed to a greater or
lesser extent. In particular, large differences in structural and mechanical proper-
ties between the constructional materials of the implant and the periprosthetic bone
tissue result in a greater part of the mechanical load being borne by the implant. It
results in underloading of the periprosthetic bone tissue and the so-called local osteo-
porosis resulting from underloading (disuse osteoporosis).

The hyaline cartilage of the articular cartilage of the diarthrodial joints is con-
nected to the cancellous periarticular bone by the subchondral bone, which consists
of the subchondral bone plate and the subchondral spongiosa [1-3]. A subchondral
bone plate is a single unit formed by two mineralized layers: the calcified region
of hyaline cartilage and the layer of lamellar bone. The calcified cartilage extends
for a varying distance to the marrow cavity, where it is remodelled and replaced by
woven or lamellar bone. This lamellar subchondral bone is similar to the support-
ing trabeculae, which are predominantly perpendicular to the joint surface and are
crossed at right angles by finer trabeculae. The subchondral bone with its supporting
trabeculae forms the system of interdigitations interlocking with the trabeculae of
the periarticular cancellous bone, and in this way, it constitutes a specific transi-
tion zone that fixes in vivo the articular cartilage of the diarthrodial joints into the
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periarticular cancellous bone. The system of subchondral bone interdigitations that
interpenetrate the trabeculae of cancellous bone provides a gradual structural tran-
sition between the two dissimilar morphological structures of the joint — articular
cartilage and periarticular trabecular bone tissue of the epiphysis. Figure 2.1 presents
the author’s diagram (based on the results [1-3]) of the hyaline articular cartilage
and the subchondral bone with interdigitations that overlap with the trabeculae of the
cancellous periarticular bone.

The biomimetic multi-spiked connecting scaffold (MSC-Scaffold) mimics the inter-
digitations of the subchondral bone that penetrate the intertrabecular marrow cavities of
the periarticular cancellous bone. Filling the interspike spaces of the biomimetic MSC-
Scaffold with ingrowing trabecular bone in vivo will allow recreating the shape and
microstructure of cancellous bone tissue to a similar degree, which is not possible in the
case of traditional long-stem hip arthroplasty and cemented resurfacing arthroplasty. As
a consequence of this biomimetic fixation system of components of a new generation of
non-cemented resurfacing arthroplasty endoprostheses within the periarticular bone, it
can be assumed that the distribution of the mechanical load in the periarticular bone will
be similar to that found in the periarticular bone of a natural hip joint.

The original concept of the MSC-Scaffold in the form of a spike-palisade sys-
tem connecting the components of resurfacing arthroplasty endoprostheses with
the intertrabecular space of the cancellous periarticular bone by Piotr Rogala [4-6]
allows initial fixation of the components of these endoprostheses in the bone, induc-
ing bone tissue ingrowth into the interspike pore space within the MSC-Scaffold,

_«—articular

| cartilage

FIGURE 2.1 A diagram showing the hyaline cartilage and the subchondral bone with its
interdigitations, anchoring among the trabeculae of the cancellous bone tissue.
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resulting in the so-called osseointegration of the bone with the implant and ensuring
long-term fixation of the components of resurfacing endoprostheses in the periarticu-
lar bone. The polygonal spikes of the MSC-Scaffold are inserted by the surgeon into
the bone up to a certain depth (initial fixation), and the remaining space between the
spikes will be filled in the postoperative period by the bone tissue that grows there
(biological fixation). This is not possible in the case of currently used hip resurfacing
arthroplasty endoprostheses.

The method of fixation of the components of resurfacing arthroplasty joint endo-
prostheses with the use of the MSC-Scaffold allows for a radical change in approach
to the design solutions of endoprostheses used in hip arthroplasty, i.e. a departure
from the currently used long-stem endoprostheses and even greater revision endopros-
theses (implanted when the long-stem endoprosthesis fails) to a biomimetic, entirely
non-cemented model, saving the periarticular bone tissue. Here, only the diseased
cartilage tissue of the femoral head and acetabulum is replaced, saving the epiphy-
seal bone elements usually removed in the traditional long-stem arthroplasty of the hip
joint. It also assumes the maximum elimination of micromotions between the implants
and the bone, while simultaneously ensuring a stress field in the vicinity of the bone-
implant fixation similar to the stress distribution occurring in physiological conditions
(so that stress shielding — a practically deformation-free zone in the area surrounding
the implant, with values of deformation well below physiological values, which causes
bone loss around the implant and leads to its loosening — does not occur).

The MSC-Scaffold further ensures non-cemented fixation of the components of
resurfacing arthroplasty endoprostheses of the hip joint in its most physiological
form, thereby potentially eliminating several possible complications related to the
use of bone cement.

During the implantation of the biomimetic MSC-Scaffold in the intertrabecular
space of the cancellous bone, the spikes cause controlled destruction of its structure
at the desired osteoinductive level, thus stimulating adaptive remodelling and bone
tissue growth in the interspike space. The MSC-Scaffold spikes are supported in the
trabecular bioconstruction of the cancellous bone, which results in more effective
absorption of dynamic mechanical loads, and increases the biomechanical strength
of the fixation of the components of the resurfacing arthroplasty endoprostheses in
bone tissue, protecting them from spraining and loosening.

The prototype resurfacing arthroplasty endoprosthesis of the hip joint with the
MSC-Scaffold, as demonstrated in Figure 2.2, consists of the acetabular component
(1) and the femoral component (2).

The femoral component (2) has an annular supporting surface (9) located below
the transverse axis of the acetabular component (2) on a plane perpendicular to its
longitudinal axis and a spherical border surface (10) with polygonal spikes (11) and
the central spike (12), whose axis coincides with the longitudinal axis of the femoral
component of the endoprosthesis (2). Polygonal spikes (11) and central spike (12) are
in the form of pyramids and have common base edges with adjacent spikes (11) and
are of different lengths. The ratio of the radius of the circle circumscribed at the base
of the spike — a regular pyramid — to the height of the pyramid is at least 1:5. Different
lengths and arrangements of the polygonal spikes (4) and (11) contribute to an easy,
even, and gradual embedding in the cancellous bone to the depth determined by the
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contact between the bone and the edge (6) and the bearing surface (9), respectively.
The edge (6) and the bearing surface (9) are supported on the acetabulum and the
cortical edge of the femur, respectively.

The acetabular component (1) has an outer spherical cap (3) equipped with
polygonal spikes (4) and a cut whose circular surface (5) defined by an edge (6) is
perpendicular to the symmetry of the axis of the acetabular component. The pyra-
mid-shaped polygonal spikes (4) share base edges with adjacent spikes, but are of dif-
ferent lengths. The heights of the polygonal spikes do not extend beyond the edge (6),

FIGURE 2.2 A sketch of the components of the hip joint resurfacing endoprosthesis with
the MSC-Scaffold in the cross section: (1) acetabular component, (2) femoral component, (3)
spherical boundary surface of the acetabular component, (4) polygonal spikes on the outer
boundary surface of the acetabular component, (5) circular bearing surface, (6) edge lying in
a plane perpendicular to the axis of the acetabular component, (7) cap, (8) the outer surface
of the femoral component, (9) the annular bearing surface of the acetabular component, (10)
spherical border of the femur, (11) polygonal spikes on the inner border of the femoral part,
(12) central spike.
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FIGURE 2.3  Author’s diagram showing the femoral component of the hip joint resurfacing
endoprosthesis in situ and intact arterial vascularization of the femoral head: (1) circumflexa
femoris lateralis, (2) artery — ascending branch (1), (3) upper branch, (4) front branch, (5)
lower branch.

and the ratio of the radius of the circle circumscribed at the base of the pyramid to
the height is at least 1:5. The acetabular component is equipped with a cap (7), which
houses the femoral part, being a segment of a sphere with an external surface (8).

Fixation of the implant with a biomimetic MSC-Scaffold is intended to ensure the
load transfer in the implant-bone system similar to that occurring in a natural joint,
so it can be expected that almost physiological biodynamics and bone tissue remodel-
ling around the implant will be ensured and the desired osteoconduction can be rea-
sonably expected, i.e. promotion of bone tissue ingrowth into the interspike space of
the MSC-Scaffold. The macro-dimensions of the bearing part (see (9) in Figure 2.2)
of the acetabular component of the endoprosthesis are to preserve the posterolateral
and medial epiphyseal femoral arteries (subcapsular arteriae retinaculares: superior
and inferior) of the femoral head (Figure 2.3), which is why the physiological blood
supply and the proper potential for remodelling of the trabecular bone of the femoral
head are preserved.

Our prototype of the biomimetic MSC-Scaffold ensuring fixation of the com-
ponents of resurfacing arthroplasty endoprostheses with cancellous periarticular
bone can be used in osteoarticular surgery procedures of all joints in humans and
animals, in particular in resurfacing arthroplasty of the hip joint, knee joint, elbow
joint, shoulder joint, ankle joints, hand and foot joints, as well as the implantation of
artificial intervertebral discs [7].
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3 Design, rapid
prototyping, and
manufacturing of the
biomimetic multi-spiked
connecting scaffold
prototype for
non-cemented
resurfacing
endoprostheses

3.1 BIOENGINEERING CAD DESIGN AND MODELLING

As part of the research, geometric CAD models of the MSC-Scaffold preprototypes for
non-cemented resurfacing arthroplasty endoprostheses have been designed to perform all
tasks covered by the research project schedules (No. 4T07C05629 and No. NN518412638).

In the first stage, certain steps were taken to identify and compare the technological
possibilities of manufacturing the MSC-Scaffold prototype described above with the
use of Electrical Discharge Machining (EDM) methods and Selective Laser Melting
(SLM) technology, as well as other available techniques for Direct Metal Fabrication,
such as Selective Laser Sintering (SLS) and Electron Beam Melting (EBM).

This chapter presents the effects of prototyping the spikes of the MSC-Scaffold
using 3D stereolithography. It also presents issues of post-production processing of
the MSC-Scaffold for non-cemented resurfacing arthroplasty endoprostheses. The
subsequent tasks within the schedules of both research projects (described in subse-
quent chapters of the monograph) required modelling and manufacturing of research
samples (including working preprototypes) of specific shapes and sizes dictated by
the conditions of the experiments, intended for:

e laboratory tests of embedding preprototypes of the MSC-Scaffold in the periar-
ticular cancellous bone of swine femoral heads on a universal testing machine,
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e analysis of the possibility of formation of the structural and osteoconductive
potential of the interspike space of the prototype MSC-Scaffold,

e the research leading to the development of an effective post-production
treatment of the bone-contacting surface of the prototype MSC-Scaffold
with the use of abrasive blasting,

e an initial test of calcium phosphate modification of the bone-contacting
surface of the MSC-Scaffold preprototypes using electrochemical cathodic
deposition carried out at constant current density values,

e the study of the process of calcium phosphate modification of the MSC-
Scaffold surface through electrochemical cathodic deposition carried out at
constant values of the electric potential with the subsequent immersion of
the MSC-Scaffold preprototypes in a simulated body fluid (SBF),

 pilot implantation of the MSC-Scaffold preprototypes into the articular sub-
chondral layer in experimental animals (swine),

e a biological evaluation in human osteoblasts of preprototypes of the
MSC-Scaffold with the calcium phosphate modified surfaces,

e evaluation of the biointegration of the calcium phosphate-coated MSC-
Scaffold implanted in swine,

e experimental determination of appropriate surgical approaches to the hip
and knee joints in swine,

¢ verification of a working prototype of partial resurfacing knee endoprosthesis
implanted in bone through the MSC-Scaffold in ten experimental animals.

During all of these stages, the results of previous research conducted chronologically
according to approved schedules were taken into account on an ongoing basis and in
a consistent manner.

Two important aspects have played a key role in the bioengineering design of
the MSC-Scaffold for non-cemented resurfacing endoprostheses. On the one hand,
the bioengineering aspect is creating the appropriate conditions of the prototype
MSC-Scaffold to promote the osteoconduction process of the periarticular bone
to the interspike space of this MSC-Scaffold. On the other hand, the technological
aspect is to meet the requirements of the manufacturing technology chosen to manu-
facture the MSC-Scaffold based on experimental comparative studies, as well as
taking into account the limitations arising from the selected technology.

We have taken into account that the bone tissue that grows in the interspike space
of the MSC-Scaffold will embed (anchor) the implant in the periarticular bone and
simultaneously increase the total surface (lateral surface of the spikes) of contact
with the bone tissue at the same time, which will adaptively optimize the load trans-
fer in the implant-bone system and the distribution of stresses in the periarticular
bone. To achieve biomechanical compatibility with bone, the MSC-Scaffold, which
transfers the load to the peri-implant cancellous bone, should be designed so that, by
increasing the contact surface between the implant and bone, it should ensure that
the micro-movements between the implant and bone are as limited as possible during
postoperative rehabilitation.

The total contact area between bone and implant, according to the patents [1-3],
should be at least seven times larger than the articular surface of the head and the
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acetabulum of the endoprosthesis to allow loading of the artificial joint shortly after
implantation. To this end, the geometric dimensions of the MSC-Scaffold spikes
should be such that the ratio between the nominal height of the spike (H,) and the
radius (R) of the circle circumscribed at its base is 5 to 1 (H,/R = 5:1) [1-3].

The size of the MSC-Scaffold spikes that mimic the so-called interdigitations of
the subchondral bone should be modified to provide early postoperative mechani-
cal stabilization of the components of the resurfacing endoprosthesis, allowing the
patient to fully load the joint shortly after surgery. Ensuring the proper conditions
within the MSC-Scaffold to promote the osteoconduction process, in particular, the
optimal spacing between the edges of spike bases, should provide a volume of the
interspike space that suffices for restoring vascularity between these spikes and con-
sequently enable effective ingrowth and mineralization of the newly formed bone
tissue.

In the first stage of the design of the spikes, the subject of the investigation
was the selection of the most advantageous geometric shape of the spikes for the
MSC-Scaffold taking into account the value of the implant-bone contact area increase
factor [4]. The analysis of the value of this factor was carried out for a single spike,
assuming its geometry in the form of a pyramid based on various regular polygons
and a cone. Figure 3.1 presents a diagram of the implant-bone contact area increase
factor for spikes that have the shape of a regular pyramid, whose base is, respectively,
an equilateral triangle, square, hexagon, octagon, and decagon, and for cone-shaped
spikes.

equilateral square hexagon octagon decagon cone
triangle

[ Implant-bone contact area increase factor [l Height of spikes in [mm]

FIGURE 3.1 The values of the implant-bone contact area increase factor for the spikes
of the MSC-Scaffold in the shape of a regular pyramid with an equilateral triangle, square,
hexagon, octagon, and decagon at the bases, and cone-shaped spikes.
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As can be seen from Figure 3.1, the most favourable value of the implant-bone
contact area increase factor was obtained for pyramid-shaped spikes with an equilat-
eral triangle and a square as a base. The same tendency is maintained for the value
of the H,/R ratio — increasing from 1 to 9, as indicated in Figure 3.2. On this basis,
further analysis was carried out only for the pyramid-shaped spikes with an equilat-
eral triangle, square, and hexagon at the base.

In the next step, an analysis was carried out for fragments of the MSC-Scaffold
in the shape of a circle (16 mm, 232 mm, and 248 mm), whose surface was filled
with spikes in the shape of the above-mentioned pyramids, i.e. with an equilateral tri-
angle, square, and hexagon at the base, according to the four proposed arrangements
as indicated in Figure 3.3a. The values of the implant-bone contact area increase
factor for the proposed spike configuration systems are presented in the form of a
diagram in Figure 3.3b.

The results presented in Figure 3.3 indicate the validity of choosing the configura-
tion of the spikes of the MSC-Scaffold where the spikes are pyramid-shaped with the
equilateral triangle at the base, and secondly where the spikes are pyramid-shaped
with the square at the base and arranged in a rectangular configuration.

The structural compatibility analysis of the proposed MSC-Scaffold anchoring
the implant with the periarticular trabecular bone of the animal femoral head was
the next step to adjust the arrangement of the spikes, the geometric shape of the
base of the spikes, the dimensions of the base edge, and the H,/R ratio. Thus, based
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FIGURE 3.2 The values of the implant-bone contact area increase factor for the MSC-
Scaffold spikes that have the form of regular pyramids and for cone-shaped spikes as a
function of the height of these spikes.
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NS

Implant-bone contact area increase factor

equilateral square square hexagon
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FIGURE 3.3 Proposals of different spike layouts for the MSC-Scaffold: (a) examples from
left to right — pyramids with the following bases: an equilateral triangle at the base, a square
(rectangular), a square (concentric), and hexagon; (b) values of the implant-bone contact area
increase factor for the proposed spike arrangements.

on microscopic observation and measurements of the microstructure of the animal
trabecular bone, we have carried out an analysis by adjusting the size and configur-
ing the spikes to the intertrabecular porosity of the periarticular cancellous bone.

Four swine femurs have been obtained from a local slaughterhouse from four dif-
ferent animals of the same age and weight. Fresh bone samples were stored in a 0.9%
NaCl bath at 4°C. The femoral head was then cut into 2-mm-thick sections with a
low-speed diamond saw and digested in a 5% KOH solution for seven days to remove
organic fragments from the pore space. In the following stages, the samples were
dehydrated in a series of alcohols (70%, 95%, >99.8% ethanol) for 6 hours for every
concentration, and then degreased in 99.8% acetone for 6 hours, after which the
samples were dried at a temperature of 60°C overnight. The samples of dry bone, an
exemplary cut, and an exemplary SEM image (Vega 5135, Tescan, Czech Republic)
of a cancellous bone have been presented in Figure 3.4.

The measurements of the mean pore size, mean pore spacing, and pore surface
area in the intertrabecular porosity compartment were performed with the AxioVision
software (Zeiss, Germany); the results are shown in Table 3.1.
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FIGURE 3.4 Dry bone samples (a), exemplary cut (b), and SEM microphotograph of the
microstructure of the cancellous bone of the swine femoral head (c).

TABLE 3.1
The results of the porosity measurements concerning the intertrabecular
space of the cancellous bone of the swine femoral head

Number of

Microsections Area (mm?) Mean Size (mm) Mean Distance (mm)
1 0.147 0.512 0.551

2 0.186 0.505 0.623

3 0.207 0.526 0.672

4 0.205 0.506 0.634

5 0.192 0.494 0.595

6 0.284 0.615 0.681

7 0.225 0.573 0.679

8 0.126 0.375 0.469

9 0.142 0.401 0.612
Mean + SD 0.19 = 0.05 0.50 +0.07 0.61 +0.07

The radius of the circle circumscribed at the base of a pyramid should be consistent
with the mean pore size of the intertrabecular pore space in the animal cancellous
bone. The results presented in Table 3.1 indicate that the value should be at least 0.50
+0.07 mm.

To match the size and arrangement of the MSC-Scaffold spikes with the irregular
microstructure of the intertrabecular porosity in bone, optimization was performed
with the use of the trabecular bone marrow lacunae and the spikes’ coincidence
index. This index was defined as the ratio of the number of spike tips that coincide
with the pores of the intertrabecular porosity interval in the animal cancellous bone
to the total number of spikes in the SEM micrograph of the cancellous bone taken
from the animal femoral head (Figure 3.5).

Due to the rotational symmetry of the components of the hip endoprosthesis, only
the concentric arrangements of spikes were analysed — in the shape of a pyramid with
an equilateral triangle and a square at the base.
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Figure 3.6 presents the relationship between the mean values of the trabecular
bone marrow lacunae and spikes’ coincidence index for spikes having a base where
the radius of the circle circumscribed on the base (equilateral triangle and square)
ranged from 0.4 to 0.7 mm.

SEM MAG: 80 x DET: SE Detector SEM MAG: 80 x DET: SE Detector
HV: 15.0kV DATE: 06/11/07 imm Vega ©Tescan HV: 15.0kV DATE: 06/11/07 imm Vega ©Tescan
VAC: Hivac Device: T55135 VAC: Hivac Device: T55135

FIGURE 3.5 Contours of the spike bases of the analysed spike arrangements of the
MSC-Scaffold plotted on the SEM image of the cancellous bone; a system of spikes made of
(a) pyramids with an equilateral triangle at the base and (b) pyramids with a square at the base
in a concentric arrangement.

0.9 [ equilateral triangle
M square

0.8

0.7

0.6

0.5

0.4

and spikes coincidence index

0.3 ]

Trabecular bone marrow lacunae

0.2 J

0.1 4

0.4 05 0.6 0.7
Radius of the circle circumscribed on the base of the spike [mm]

FIGURE 3.6 The coincidence index between the trabecular bone marrow lacunae and the
spikes of the MSC-Scaffold for the system of polygonal spikes with the base in the form of
an equilateral triangle and a square with the radius of the circle circumscribed on their base
ranging from 0.4 to 0.7 mm.
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For further research, the MSC-Scaffold preprototypes were modelled in the shape
of fragments representing the central part of the femoral component of the hip joint
resurfacing endoprosthesis located around the axis of this component.

Research on the prototype of the hip joint resurfacing endoprosthesis was planned
to be carried out in an animal model — a swine of the Polish Large White breed. The
diameter of the femoral head in a swine of this breed weighing 100-120 kg (accord-
ing to own measurements) is 30.5 mm on average. This value was adopted as the
nominal dimension for the diameter of the friction pair elements in the prototype
endoprosthesis, and the remaining dimensions of the solid CAD models of both com-
ponents were adjusted accordingly.

The parameterization method thus adopted will in the future allow: (1) design
the components of the endoprosthesis in various dimensional variants, calculated
according to the gradation of the size of the hip joint representative of the human
population, and (2) adjusting the dimensions of the endoprosthesis components to the
dimensions of the joint components and periarticular areas of the patient’s hip joint
as specified according to radiological scan.

Ultimately, the cap thickness for both the prototype of the acetabular component
(component fixed in the pelvic bone) and the prototype of the femoral component
(component implanted in the surgically prepared femoral head) was established as
3 mm. In the solid CAD model for both components of the prototype resurfacing
endoprosthesis of the hip joint, the thickness was increased, taking into account
the technological allowances for the shaping and finishing treatment of both com-
ponents of the prototype endoprosthesis. Since, based on the analysis of the current
state of knowledge in the field of manufacturing technologies, we have predicted
that the selected method would be one of the additive methods consisting of melt-
ing metal powder grains, the allowances A were estimated according to the follow-
ing formula:

A= Aacc + Ath + Agr + Asnd + Atmp (31)

where: A, — allowance taking into account the accuracy of the production method,
A, —allowance taking into account the average thickness of the melted powder grains
and the resulting surface roughness of the details directly after the melting process,
A,, — allowance for grinding, A,,, — allowance for sandblasting, A, , — allowance tak-
ing into account the influence of temperature during the melting process.

For further finishing work, we have designed the technological handles shown in
Figure 3.7. The acetabular component is provided with a gripping element (1) in the
form of a cylinder with a height of at least 8 mm and a supporting surface of at least
1.5 mm wide (2); in the femoral component — below the diameter — there is an inter-
nal gripping seat in the form of a cylinder with a height of at least 5 mm (3).

The solid CAD models of the femoral and acetabular components of the prototype
resurfacing endoprosthesis have been designed in Autodesk Inventor Professional
9.0 as revolving solids resulting from the rotation of a specific contour around an
axis coplanar to that contour. As a result of the full rotation of the contours, both
components of the surface of the hip joint endoprosthesis are spherical. For the fem-
oral component, the MSC-Scaffold is on the inner surface of the base cap of the
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FIGURE 3.7 A cross section of the final form of CAD models of the components of the
prototype hip joint resurfacing endoprosthesis (acetabular and femoral) with the designation
of the technological handles: (1) grip pin, (2) abutment surface, (3) grip socket.

component, and for the acetabular component, the MSC-Scaffold is on the surface of
the outer base cap of that component.

In CAD modelling of the MSC-Scaffold, we have used a circular pattern func-
tion, which allows duplicating a single solid element (spike) on a circle around the
indicated axis of rotation and according to a given value of the spacing between the
duplicated elements.

The spikes are arranged concentrically around the axis of rotation of the femoral
component (on the inner surface of the component base cap) and the acetabular com-
ponent (on the outer surface of the component base cap), respectively. In the rotation
axis of the femoral component, there is a central spike, which is higher than the other
spikes. According to the assumptions of the patents [1-3], the polygonal spikes on
both components of the resurfacing endoprosthesis should be distributed as densely
as possible (i.e. they should have common base edges with adjacent spikes). To obtain
a practically maximally dense arrangement of spikes in the prototypes manufactured
with the SLM method, in the CAD model, it was necessary to arrange the spikes at a
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distance of approximately 100 pm from each other. Therefore, the distance between
the edges of the individual polygonal spikes at both the circumference and radius
was established at 100 um. This value was taken as at least three times the average
thickness of the melted layer in the SLM process (~30 pm).

In the femoral component, we have designed a system of spikes that has the shape
of a regular pyramid with the base of a square with a side length of 0.5 mm and a
nominal height A, such that the ratio H,/R was from 5:1 (in spikes located close to the
central spike) to 10:1 (in the spikes furthest from the central spike).

The number of spikes in a circular pattern ranges from 8 in the circle closest to
the central spike to 120 in the concentric circle farthest from the central spike. In
the acetabular component, we have designed a similar arrangement of spikes with a
height ranging, according to the H,/R ratio, from 5:1 (in the spikes closer to the axis
of rotation) to 10:1 (in the spikes furthest from the axis of rotation), with the proviso
that the tips of the spikes do not extend beyond the plane where edge (6) lies (see
Figure 2.2, Chapter 2). Therefore, in the three circles closest to this edge, we have
spikes designed with a shorter side of the base — 0.25 mm. The number of spikes
ranged from 90 in the circle closest to the axis of rotation to 180 in the circle farther
from the axis of rotation of the acetabular component.

The spikes of the prototype MSC-Scaffold have the shape of a regular pyramid
with a square in the base. The nominal height H, of the spike in the solid CAD model
is the same as the height of the pyramid. The H,/R ratio of the spike — the ratio of the
nominal height to the radius of the circle circumscribed to the base of the pyramid —
should be at least 5 according to the patents’ assumptions [1-3]. The spikes are
designed along the arc representing the meridian of the cap — with 20 spikes on the
acetabular component and 17 on the femoral component along the parallel of the cap.
All edges of the base of the pyramid lie below the surface of the spherical cap in such
a way that the two distal vertices of its sides lie on the surface of the spherical cap.
The curves formed at the intersection of the spherical cap surface with the sidewall
of the pyramid constitute the actual edge of the base of a single spike of the MSC-
Scaffold, while the edges of adjacent spikes are to be adjacent to each other both
radially and circumferentially.

In the solid CAD model of the femoral component of the prototype endoprosthesis
of the hip joint, three geometric variants of the MSC-Scaffold spikes were designed
concentrically around its axis of rotation. The spikes designed in the first 12 parallels
(counting from the central spike) have an H,/R ratio of 8, the spikes designed in the
next five parallels have an H,/R ratio of 9, and the spikes designed in the last three
parallels near the equator of the cap have H,/R ratio of 10. The nominal heights H, of
the spikes of the prototype MSC-Scaffold are 2.828 mm, 3.182 mm, and 3.536 mm,
for H,/R ratios of 8, 9, and 10, respectively.

Figures 3.8a and 3.8b show solid CAD models of the acetabular component and
the femoral component of the resurfacing endoprosthesis of the hip joint with the
MSC-Scaffold (together with the projected additions and technological handles),
while Figures 3.8c and 3.8d present a solid CAD model of the preprototype of
the MSC-Scaffold, reflecting the central fragment of the femoral component of
the resurfacing endoprosthesis of the hip joint (marked in Figure 3.8b with the
arrow).
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Figure 3.9 presents solid CAD models with the representation of the STL triangle
mesh (a file format created for 3D printing by stereolithography, Standard Tessellation
Language) of the components of the prototype hip joint resurfacing endoprosthesis.

Due to the required spatial arrangement of the MSC-Scaffold spikes on the inner
surface of the cap (which is a part of the spherical base cap of the component), it was
not possible to model the MSC-Scaffold using simple pattern operations, i.e. a linear
pattern, a circular pattern, or a pattern based on a curve or a fill pattern. To this end,
a mathematical model was developed to describe the position of the centre of the base
of each of the spikes. Such a model allows for the variation of such structural and
geometric parameters of the MSC-Scaffold as the width of the spike base, the dis-
tance between consecutive circles (lines) on which the spikes are placed, the distance
between the adjacent spikes within a given circle and the number of planned circles,
as well as the variation of the radius of the base cap, on which the MSC-Scaffold is
placed.

(a)

FIGURE 3.8 Three CAD models of two components of the prototype resurfacing endopros-
thesis of the hip joint with the MSC-Scaffold with the designed allowances and technological
grips: (a) acetabular component; (b) femoral component; and (c) top view and (d) side view
of the MSC-Scaffold preprototype of the central fragment (marked with an arrow) of the
femoral component.
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FIGURE 3.9 Representation of the STL triangle mesh of the components of the prototype
endoprosthesis of the hip joint: (a) acetabular component, (b) femoral component.
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For the planned experimental research carried out in the SolidWorks Premium 2013
x64 software, we have developed a solid CAD model in which the spikes of the proto-
type MSC-Scaffold were placed in a fragment of the spherical cap that is a section of
the femoral component (Figure 3.10). Figure 3.11 presents the geometric relationships
between the centres of the spike bases in the successive rows, and Figure 3.12 presents
the geometric relationships between adjacent spikes within a given circle (row).
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FIGURE 3.10 Technical drawing of a fragment of the base cap of the preprototype of the
MSC-Scaffold.
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FIGURE 3.11 A diagram of geometric relationships between successive rows of the spike
bases of the MSC-Scaffold; R — radius of the cap rounding on which the MSC-Scaffold was
modelled, P — the width of the spike base, a — angle of inclination of the spike sidewall, A —the
distance between consecutive circles (lines) on which the spikes are to be placed, (x,, y, 2o) —
the coordinates of a spike in the first circle (line), (x,, y,, z,) — the coordinates of a spike in
the next circle (line).
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FIGURE 3.12 A diagram of the geometric relationships between the bases of adjacent
spikes; R — the radius of the cap rounding on which the MSC-Scaffold was modelled, P — the
width of the spike base, b — the angle between the centres of the spike bases, B — the distance
between successive spikes in the circle (row), (x,, y,, z;) — spike coordinates in the first circle
(line), (x,, ¥,, z,) — spike coordinates in the next circle (line).
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FIGURE 3.13 A 3D sketch of the distribution of the midpoints of the spike bases in the
successive rows of the MSC-Scaffold, generated using a executive macro based on the coor-
dinates calculated from the derived mathematical equation.

With the use of the basic trigonometric relationships, mathematical equations were
determined to allow for the calculation of individual positions of the centres of the
spike bases; we have designed a program generating the coordinates of characteris-
tic points in the Wolfram Mathematica mathematical computing environment. After
entering the quantities from Figure 3.11 and Figure 3.12, as well as the data such as
the number of circles (rows) of spikes into the program syntax, the coordinates of
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1

FIGURE 3.14 Solid CAD model of the prototype MSC-Scaffold, constructed using
software generating the coordinates of the characteristic points (centres of the spike bases)
and the executive macro allowing for the creation of a pattern of MSC-Scaffold based on a 3D
sketch of the location of these centre points.

the points corresponding to the centres of the bases of individual spikes are calcu-
lated. These values can be written to the subsequent lines of the text file, which can
be imported into the SolidWorks environment using the executive macro created in
the same environment. In the resulting executive macro, we have implemented the
loading of the coordinates of the spike base centres from the successive lines of the
batch file and the creation of points distribution on the 3D sketch based on those
lines. The result of this stage has been presented in Figure 3.13.

The combination of the CAD model of the spherical cap (Figure 3.10) and a 3D
sketch of the midpoints allows for modelling the MSC-Scaffold by applying a pattern
based on a sketch, as a result of which the first spike is modelled at a point located on
the surface of the bottom of the cap and is duplicated at each of the generated points
on the inner surface of the spherical cap representing the central part of the femoral
component of the prototype resurfacing endoprosthesis of the hip joint. An exem-
plary solid CAD model of the MSC-Scaffold thus created is presented in Figure 3.14.

3.2 METHODS AND EFFECTS OF ELECTRO-EROSION MACHINING

The technological possibilities regarding traditional casting, machining, or subtrac-
tive manufacturing methods recognized and valid while realizing this task within the
schedule of the research project indicated that with the current state of knowledge,
it was not possible to produce the prototype of a resurfacing hip endoprosthesis with
the MSC-Scaffold as a monolithic structure.



Design, rapid prototyping, and manufacturing of MSC-Scaffold 29

At first, it was necessary to make a prototype of a hip arthroplasty resurfacing endo-
prosthesis for demonstration purposes. To that end, the die-sinking EDM was selected,
and an attempt was made to manufacture a prototype made of chrome steel. However,
it was possible to produce the MSC-Scaffold only with a much smaller number of
spikes, comprising only 20% of what is proposed in patents [1-3]. Furthermore, the
geometric structure of the prototype endoprosthesis produced in that manner did not
reflect the patent requirements nor the shape and resolution reproduced in the solid
CAD models (Figure 3.15).

We have undertaken further technological test trials for EDM and planned for two
geometric structures. The first attempt consisted of the production of model spikes
mounted on a plane, which were intended to be used in laboratory tests on a universal
testing machine to embed the prototypes of the MSC-Scaffold in the periarticular
cancellous bone of the swine femur. The second attempt involved the manufacturing
of a prototype with a geometry that complies with the patents, that is, spikes located
on a cylindrical surface. This test was conditional upon the positive results of the first
attempt, for which we have made the following assumptions:

e wire-cut EDM was performed in steel,
* the spikes were designed in the form of pyramids with a square at the base,
» spikes were designed with three different heights of 5, 8, and 12 mm.

The manufacturing was carried out on a Robofil 290 EDM machine (Charmilles,
Switzerland) (Figure 3.16). A brass-coated steel wire with a diameter of 0.25 mm was
used. The parameters for electrical discharge machining are presented in Table 3.2.

Figure 3.17 presents a series of photos illustrating the working space of the wire-
cut EDM machine, which shows the experimental geometric structure of the MSC-
Scaffold fixed on a spindle of the indexing head during the machining process.
Figure 3.18 shows three trial geometric structures of the MSC-Scaffold made by
wire-cut EDM with spikes of various dimensions.

FIGURE 3.15 An early (unsuccessful) demonstration prototype of a hip joint resurfacing
endoprosthesis, made for chrome steel using the die-sinking EDM.
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TABLE 3.2

The parameters of wire-cut EDM

Parameter

Time between 2 pulses
Maximum linear feed
Average operating voltage
Electrolyte pressure
Machining mode

Unloaded machining voltage
Pulse duration

Value

6 us

73.2 mm/min
48V

11.5 bar

Isopulse roughing
-80V

0.6 ps

FIGURE 3.16 Robofil 290 EDM machine by the Swiss company Charmilles.

FIGURE 3.17 Wire-cut EDM of a trial geometric structure of the MSC-Scaffold; the illus-

trations present the cutting trajectory.
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Tests have proven that it is possible to manufacture spikes with the required
resolution and precision. Therefore, we have decided to try to create a fragment of
the MSC-Scaffold on the cylindrical surface.

Technological trials of the manufacturing of the MSC-Scaffold for the hip joint
resurfacing arthroplasty endoprosthesis on the inner surface of the semicylin-
der were carried out in two stages. The first stage is wire-cut EDM in the yz plane
(Figure 3.19a), and the second stage is die-sinking EDM in the xy plane (Figure 3.19b).
The tests were carried out using the EDA-25 EDM machine (Zaktady Mechaniczne
Tarnéw SA, Poland). To this end, a special precision copper electrode was made
(Figure 3.19¢). The treatment effects are presented in Figure 3.20.

It should be mentioned that the wire-cut EDM used in the first stage was only
intended to speed up the process of spikes manufacturing, and the main goal was to
observe the process and assess the effect of die-sinking EDM. During die-sinking
EDM, quite intensive wear of the tool electrode was observed, which resulted in
spike outline distortion at its base. In practice, therefore, it would be necessary to
replace the tool electrode during the process or to recreate its shape by performing
regeneration. There is a concern that after replacing the tool electrode, difficulties
may arise in re-positioning it before continuing the manufacturing process, leading

FIGURE 3.18 Trial geometric structures of the MSC-Scaffold of the prototype resurfacing
endoprosthesis of the hip joint manufactured with the use of the wire-cut EDM method with
three different heights of the spikes.

FIGURE 3.19 A two-stage process of manufacturing a prototype of a trial geometric struc-
ture of the MSC-Scaffold; (a) the step of cutting the cross-profile with a wire, (b) the step of
die-sinking EDM, (c) the view of the tool electrode for die-sinking EDM.
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FIGURE 3.20 The geometric test structure of the MSC-Scaffold produced in the two-stage
die-sinking EDM process.

to inaccuracies in the form of contour discontinuities. The disadvantage described
above is a serious obstacle in accepting this method for possible serial production
of spikes of the MSC-Scaffold in the prototype of the resurfacing endoprosthesis
of the hip joint.

The technological trials of producing spikes with a stereometry compliant with
the assumptions adopted for the concept of the MSC-Scaffold on the spherical sur-
face of the femoral component of the resurfacing endoprosthesis by the die-sinking
EDM have shown that it is possible to produce such structures; however, the process
is time-consuming and costly. The wear of the tool electrode was found to be intense,
the use of at least a few tools was required, and the machine was retooled several
times. Therefore, this method can only be accepted for the production of single pro-
totype copies; e.g. it is intended for experimental research but it is not suitable for
mass production. Wire-cut EDM has proven its usefulness, but only for the produc-
tion of spikes localized on a plane. Spikes on internal spherical surfaces, i.e. in the
so-called femoral component of the resurfacing arthroplasty endoprosthesis of the
hip joint, cannot be made using the EDM method.

3.3 PROTOTYPING SPIKES OF THE MULTI-SPIKED
CONNECTING SCAFFOLD BY STEREOLITHOGRAPHY

The complete reproduction of the MSC-Scaffold geometry according to the concept
described in the patents [1-3] was obtained by stereolithography (SLA). In Autodesk
Inventor Professional 9.0, we have designed solid CAD models of:

e fragments of the MSC-Scaffold located on a flat surface (different spike
arrangements),

e fragments of components of the hip joint resurfacing arthroplasty endopros-
thesis with the MSC-Scaffold (located on the cylindrical surface),
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e a prototype of a total hip resurfacing arthroplasty endoprosthesis with the
MSC-Scaffold.

Based on these CAD models, 3D printouts of the above prototype structures were
manufactured on a Viper Si2 SLA (3D Systems) printer with Accura SI 10 resin.
The manufacturing was commissioned (in 2005) to the Department of Machine
Technology and Production Automation at the Gdarisk University of Technology.

Fragments of the MSC-Scaffold in the form of 6 mm by 6 mm plates were
characterized by two variants of structural and geometric spike arrangement. The
first variant had 6 rows of 6 pyramids with a I-mm square at the base and an H,/R
ratio of 5:1 to 10:1. In the case of the second variant of the manufactured prototype
structures, the spikes were also planned in a rectangular configuration; spikes
with the H,/R ratio of 5:1 and 8:1 have been designed for separate plates. Regular
pyramids had bases in the form of squares of the following lengths: 0.125, 0.25,
0.5, 1, and 2 mm. Examples of solid CAD models and the prototype structures
of the MSC-Scaffold fragments printed based on such models are presented in
Figure 3.21.

The manufactured semicircular spike structures represented the femoral and ace-
tabular components of the prototype resurfacing endoprosthesis of the hip joint. Both
components had six rows of regular pyramid-shaped spikes with a square at the base,
a side length of 2 mm, and an H,/R ratio of 8:1. Solid CAD models of the fragments
of the components of the resurfacing endoprosthesis of the hip joint with the MSC-
Scaffold (located on a cylindrical surface) and the 3D printouts manufactured based
on these models are presented in Figure 3.22.

Figure 3.23 presents a solid CAD model and a demonstration prototype of a resur-
facing arthroplasty endoprosthesis with the MSC-Scaffold produced based on this
model with the use of the SLA method.

In the acetabular component of the endoprosthesis, the spikes have been
designed in a system of 24 concentric circles on the outer surface of the spherical
cap — from 88 spikes evenly spaced on the outermost inner circle to 225 spikes
evenly spaced on the outermost circle. On the femoral component of the endopros-
thesis, the spikes on the inner surface of the spherical base cap have been designed
in a system of 29 concentric circles around the central cone-shaped spike — from
12 spikes evenly spaced on the outermost inner circle to 200 spikes evenly spaced
on the outermost circle.

FIGURE 3.21 Examples of 3D CAD models and prototype structures of MSC-Scaffold
fragments printed based on such CAD models for resurfacing endoprostheses.
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FIGURE 3.22 3D CAD models and 3D printouts of fragments of components of a proto-
type hip joint resurfacing endoprosthesis with the MSC-Scaffold (located on the cylindrical
surface), generated on their basis using the SLA method.

FIGURE 3.23 The solid CAD model and the resulting demonstration prototype of a resur-
facing arthroplasty endoprosthesis with the MSC-Scaffold.

3.4 PROTOTYPING AND MANUFACTURING OF THE MULTI-SPIKED
CONNECTING SCAFFOLD AND THE TOTAL HIP RESURFACING
ENDOPROSTHESIS BY SELECTIVE LASER MELTING

The prototype of the resurfacing endoprosthesis with the MSC-Scaffold is a spectacu-

lar example of an orthopaedic implant whose manufacturing, as indicated in previous
attempts, would not be possible without an additive manufacturing technologies.
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The dynamic development of additive manufacturing processes allows for the
formation of complex three-dimensional objects from powders of biocompatible
metals or alloys, which provides new perspectives for advanced manufacturing and
also for biomedical applications, e.g. orthopaedic intraosseous implants. Currently,
to improve the viability of orthopaedic implants in vivo by increasing their structural
and biomechanical biocompatibility with peri-implant bone tissue, and largely with
the use of the above manufacturing technologies, it is possible to materialize and
prototype structural elements that mimic the microstructure of natural biostructures.

Serially produced orthopaedic intraosseous implants (e.g. hip or knee endopros-
theses) are, in general, manufactured by traditional methods of forging, casting,
computer-aided subtractive manufacturing methods with the use of numerically
controlled machine tools or powder metallurgy, including hot isostatic pressing
(HIP), and in the technology of metal injection moulding (MIM) or powder injection
moulding (PIM), ensuring high dimensional and shape accuracy of the manufactured
elements [5-7]. These technologies, however, often fail if the implant component to
be manufactured has a complex shape, containing thin-walled sections for which
cutting/machining operations take a long time due to the need to remove a signifi-
cant amount of material. In knee endoprostheses, up to 80% of the bar material used
during the manufacturing process is converted into chips [8]. In several individual
cases, when the need to manufacture patient-fit endoprosthesis components or when
new design solutions are developed, the low efficiency and relatively high cost of
conventional (subtractive) processing are highly disadvantageous.

Inrecent years, the production of freely formed solids (Solid Free-form Fabrication,
SFF), also known as Rapid Prototyping (RP) or Layered Manufacturing (LM),
Additive Manufacturing (AM) or Rapid Manufacturing (RM), or Direct Digital
Manufacturing (DDM), is a new dynamic stage in the development of the production
process [8]. Manufacturing free-form solids is a family of one-step processes involv-
ing layered shaping and material consolidation in powder or wire form, eliminating
all machine tooling, and thus, reducing the time and costs of production [9]. Due to
the additive character of these methods, they can be used to produce parts with a high
complexity of shape directly according to the CAD model. These technologies allow
for the manufacturing of custom-made components/implants, tailored to the needs of
a specific patient, with the shape of such components formed by sintering or melting
powder layers with a laser beam or with an electron beam. With these technologies,
it is possible to build components from biocompatible metal powders or alloys, such
as titanium and its alloys and cobalt-chrome alloys. Monodisperse metal or alloy
powders with uniform microstructure for rapid solidification, desired in these tech-
nologies, became generally available only at the beginning of the 21st century [8].

In the case of SLM technology, the high energy density allows for the full melting
of powders; therefore, the parts produced in this technology are characterized by a
very high, close to theoretical, density [9,10]. Vandenbroucke and Kruth described
the possibility of forming objects from biocompatible metal powders and alloys
for biomedical applications in this technology [10]. For comparison purposes, the
characteristics and research on another technology, EBM, that allows the shaping of
components by full melting (according to the classification given by Kruth et al. [9])
were given by Murr et al. [9,11]. Support for this opinion can be found, for example,
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in the article by Leordean et al. [12], in which it was demonstrated that SLM process
is promising in the production of personalized titanium implants. According to
Gong et al. [13], although elements produced with the use of SLM technology (of
Ti-6Al1-4V powder), using optimal process parameters, have comparable properties
(such as ductility, fatigue strength, or hardness) to elements produced with the use of
EBM technology, some properties, such as the yield point and tensile strength, are
higher than in the case of other DMM technologies [14,15].

It should be noted that the DMM technologies were little known at the turn of the
20th and 21st centuries and were not widely available — especially those that allow for
the production of biocompatible metals and alloys: “(...) the range of commercially
available metal powders suitable for use in SLM technology is still limited” [9].

Currently, DMM technologies such as SLM, SLS, and EBM offer the technologi-
cal potential for the production of biomimetic porous structures or bone scaffolds
[15-20]. This creates new possibilities for the bioengineering design of orthopaedic
implants, e.g. spine implants [21], cranioplasty implants [22,23], oral and maxillofa-
cial implants, finger joint implants [24,25], bone filling implants [26], nonstandard
hip and knee implants [16,27] as well as dental implants [8,10].

Additive technologies allow the production of highly porous metal structures
(porosity >80%) with precisely controlled microstructure, offering many new pos-
sibilities for the design of orthopaedic implants and implant coatings [28—40]. It is
also possible to produce porous scaffolds with desired mechanical properties similar
to the mechanical properties of a natural bone [41,42] and with the desired micro-
structure of interconnected pores with well-defined dimensions of the pores and the
joints between them [22,43].

As part of the research, activities were carried out to identify and compare the
technological possibilities of producing a prototype MSC-Scaffold with the use of
SLM technology and other similar manufacturing methods available on the market —
i.e. EBM and SLS.

The EBM technology, due to the microfolding of the lateral surface of the spikes
and the large number of nonmelted metallic powder particles accumulated in the area
between the spikes, has been assessed as practically unsuitable for use in the produc-
tion of resurfacing endoprosthesis components with the MSC-Scaffold. The prototypes
manufactured with the use of SLS technology had numerous material discontinui-
ties on the lateral surface of the prototype MSC-Scaffold, as well as microcracks and
micropores in the cross section, which prevents the recommendation of this technology
for the production of prototypes of an entirely non-cemented resurfacing endoprosthe-
sis with the MSC-Scaffold. Similar defects have not been found in the preprototypes
of MSC-Scaffold made in SLM technology and subjected to metallographic tests.
Figures 3.24 and 3.25 show, respectively, the negatively evaluated preprototypes of the
MSC-Scaffold manufactured with the use of EBM and SLS technology.

The requirements for the production of full-density components having mechani-
cal properties comparable to those made of homogeneous materials have directed
our attention to the SLM technology. Based on our comparative experimental study
[44] and data available in the literature, we concluded that this DMM technique can
be considered suitable for the production of personalized biomimetic resurfacing
endoprostheses with the MSC-Scaffold.
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FIGURE 3.24 Negatively evaluated (due to the microfolding of the lateral surface of the
spikes and a large number of nonmelted metallic powder particles accumulated in the area
between the spikes) the preprototype of MSC-Scaffold produced in the EBM technology.
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FIGURE 3.25 Negatively evaluated (due to numerous material surface discontinuities, as
well as microcracks and micropores) preprototype of the MSC-Scaffold produced using the
SLS method.

To assess the possibility of SLM technology for the manufacturing of
MSC-Scaffold, we have designed several 3D CAD models with different dimen-
sional and geometric variants. These preprototypes had an arrangement of spikes
reproduced as in the central region of the femoral component, i.e. around the central
polygonal spike. In the research stage, two types of regular pyramids (spikes) were
selected for further prototyping of the components of the resurfacing endoprosthesis:
(1) with equilateral triangles at the base and (2) with squares at the base (concentric
system). The spikes were placed on round discs (216 mm). Each of the pyramid sys-
tems had four variants of the length of the polygon side at the base: 0.5, 1.0, 1.5 and
2.0 mm, and H, /R ratio values were 5:1, 7:1, and 9:1.

The SLM Tech Center (Paderborn, Germany) was subcontracted to manufacture 24
different preprototypes of the MSC-Scaffold in SLM technology of Ti-6Al-7Nb alloy
on the ReaLizer SLM 100 machine. The set of preprototypes of the MSC-Scaffold
produced using the SLM technology is presented in Figure 3.26. Examples of prepro-
totypes for each geometric arrangement of spikes are presented in Figure 3.27.

SLM is a technique of layered material bonding that makes it possible to generate
complex parts by selectively melting successive layers of metal powder on top of each



38 Prototype of a Biomimetic Multi-spiked Connecting Scaffold

q\‘ WAL WY “"‘U‘wa” "!”"”" 1

rYY YL

e A—————

FIGURE 3.26 A set of 24 preprototypes of the MSC-Scaffold produced by SLM technology.

FIGURE 3.27 CAD models (a), SLM preprototypes of MSC-Scaffold (b), and SEM images
of their spikes (c)—(e).

other with the use of thermal energy provided by a focused and computer-controlled
laser beam. In each layer, the laser beam generates the outline of the part that is built
up by melting the powder particles before the build plate is lowered and covered
with a new powder layer. SLM is one of the commercially available technologies
for producing metallic parts, typically having a large variety of geometric patterns
and using various types of materials, including biocompatible titanium alloys and
chromium-cobalt alloys. In SLM, the powder particles are fully melted. This process
occurs in a powder bed. It begins by applying a thin powder layer to the substrate held
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in place by an adjustable platform. The laser then scans the surface of the powder,
and the heat generated by the laser causes the powder particles to melt and form a
drop (pool) of molten metal [8]. As the laser beam moves away from the pool, the
molten material solidifies to form an element of the object geometry. After the layer
is fully scanned and melted, the adjustable platform lowers and the next powder layer
is spread over the previous layer and re-melted by the laser. A schematic diagram
showing the principle of this process is presented in Figure 3.28.

The prototypes of the MSC-Scaffold for resurfacing endoprostheses of the hip
joint were fabricated of Ti-6Al-7Nb alloy powder on a ReaLizer SLM 100 machine
(MTT Technologies Group, Germany) equipped with the Nd:YAG laser. The grain
size distribution of the powder was 5 to 50 um; the average grain size of the Ti-6Al-
7Nb alloy powder was 35 um. The SEM image of the Ti-6Al-7Nb powder particles
and the histogram of the size distribution (diameter) of the powder particles devel-
oped based on the series of SEM images are presented in Figure 3.29. During the
SLM process of manufacturing a prototype of a hip joint resurfacing endoprosthe-
sis with the MSC-Scaffold, the following parameters were used: layer thickness —
50 um, scanning speed — 125 mm/s, construction speed — 4 cm?*/h.

X-Y SCANNER : LASER

LEVELING SYSTEM

BEAM WINDOW
— /

INERT GAS I
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LUK

RETRACTABLE
PLATFORM

FIGURE 3.28 A schematic diagram showing the principle of selective laser melting (SLM)
(Note: the actual proportions of the size of the generated component in relation to the SLM
machine chamber differ from those presented in the diagram).
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Due to titanium’s high reactivity with environmental elements such as oxygen,
nitrogen, carbon, and hydrogen, the SLM process occurs in a closed chamber, con-
stantly flushed with argon gas to lower the oxygen level below 0.1%.

Figure 3.30 presents a prototype of a surface hip endoprosthesis with the
MSC-Scaffold directly after removal from the SLM machine. The prototypes pro-
duced required finishing surface treatment, that is, turning, grinding, polishing, and
lapping the articulating surfaces of the hip joint endoprostheses. We have designed
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FIGURE 3.29 SEM images of Ti-6Al-7Nb powder particles used to produce SLM proto-
types of a resurfacing endoprosthesis with the MSC-Scaffold (a) and a histogram of the size
distribution (diameter) of powder particles based on a series of SEM images (b).

FIGURE 3.30 Prototypes produced in SLM technology required further precise processing
(turning, grinding, polishing, lapping of the cooperating articulate surface of hip joint endo-
prostheses); visible technological handles allow precise surface finishing.
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technological grips for surface finishing, which were then partially removed as part
of the ongoing processing by wire-cut EDM.

Figure 3.31 presents the prototype of an endoprosthesis for hip joint resurfac-
ing with the MSC-Scaffold after grinding and polishing the articulating sur-
faces. Figure 3.32a shows the spikes from the area marked with a square frame in
Figure 3.31a, and Figure 3.32b shows a single spike in a close-up. To remove the
nonmelted powder aggregates adhering to the surface of the spikes, we have used the
method of micro glass beads blasting treatment.

To examine the density in the cross section, we prepared material samples of the
manufactured prototype. As demonstrated in Figure 3.33, there are micropores in the
cross section inside which loose or nonmelted powder particles can be found. These
types of pores within the implant structure may be the source of the initiation and
propagation of microcracks when this implant is subject to periodic loading [27] .

FIGURE 3.31 A prototype of a resurfacing endoprosthesis of the hip joint with the MSC-
Scaffold: (a) and (b) after grinding and polishing the articulate surface, (c) illustratively in
the hip joint.
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FIGURE 3.32 A fragment of the MSC-Scaffold (from the area marked with a square frame
in Figure 3.31a) after blasting with glass microspheres; close-up of a single spike.
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FIGURE 3.33 Examples of cross sections of the SLM prototype of a hip joint resurfac-
ing endoprosthesis reveal zones of nonmelted material (pores, cavities), including nonmelted
powder particles.

The occurrence of such pores within the surface of the details produced by the
SLM method, including the nonmelted powder particles contained therein, is caused
by the non-optimal selection of production parameters (such as laser beam power,
scanning speed, layer thickness, scanning strategy, particle size, distribution, etc.).
These are typical technological defects in structures produced using the SLM method
[45]. The presence of such defects on the polished articulate surface of the endo-
prosthesis may disqualify the components of the endoprosthesis produced with this
method from use due to the risk of accelerated wear causing the migration of wear
particles to the surrounding living tissues. It follows that some optimization should
be made in the selection of the parameters of the SLM process. This will allow the
occurrence of pores in the cross section to be avoided and a homogeneous, coherent,
and crack-free microstructure will be obtained. According to Sercombe et al. [27],
to control the microstructure of the components produced with the use of the SLM
method, we should consider the heat treatment of implant prototypes.

3.5 POST-PRODUCTION TREATMENT OF THE
BONE-CONTACTING SURFACE OF THE MULTI-
SPIKED CONNECTING SCAFFOLD

The SLM additive manufacturing process leaves numerous micro-residues on
the bone-contacting surface of the tested MSC-Scaffold, in the form of not fully
melted alloy powder particles and variously shaped splatted forms: spherical-like
(adhering to almost the entire surface) and elongated, twisted, wire-like (occa-
sional, mainly at the tips of the spikes and spaces between them). The presence
of such undesirable technological micro-residues in medical devices intended
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for implantation poses a high risk of complications in the form of inflammation,
which impede the proper healing of the implant. The necessity to guarantee the
proper quality of the surface in the case of such unusual design solutions often
requires the development of nonstandard technological tasks that are involved in
post-production processing.

In the study of MSC-Scaffold, we have used various variants of preprototypes,
designed as central fragments of the femoral component of the hip resurfacing endo-
prosthesis and made of Ti-6Al1-4V alloy with the use of SLM technology. Their man-
ufacturing was subcontracted to the Center for New Materials and Technologies of
the West Pomeranian University of Technology in Szczecin. Figure 3.34 presents an
overview of the preparation of a file with CAD models of MSC-Scaffold preproto-
types for additive formation — adding the necessary technological supports, through
which the models will be printed on the plate mounted in the SLM working chamber.
This step was performed in Magics 13.0 (Materialize HQ, Belgium).

Figure 3.35 depicts the main steps of the process of additive pre-prototyping of
the MSC-Scaffold on an SLM machine (ReaLizer SLM 250, MTT Technologies).

An example preprototype of the MSC-Scaffold directly after manufacturing using
SLM technology is presented in Figure 3.36. The SEM documentation presented in
Figure 3.36 reveals numerous micro-residues in the form of not completely melted
alloy powder particles and spherical-like spattering forms present on its entire bone-
contacting surface. This is a normal phenomenon. These types of micro-residues are
usually removed by abrasive blasting treatment.

SEM examination of the surface condition of MSC-Scaffold preprototypes man-
ufactured in the SLM technology, whose example results have been presented in
Figure 3.37, also revealed a few technological residues in the form of elongated,

FIGURE 3.34 The stage of preparing a file with assemblage of CAD models of the
MSC-Scaffold preprototypes for additive manufacturing on the SLM machine.
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FIGURE 3.35 The main steps of the additive manufacturing process of the preprototypes
of the MSC-Scaffold with the SLM machine (ReaLizer SLM 250, MTT Technologies):
(1) selective laser melting of one of the first powder layers, (2) selective laser melting of
one of the last powder layers, (3) cleaning of the produced nonmelted powder preprototypes,
(4) as-manufactured preprototypes printed on board.

FIGURE 3.36 An example of the MSC-Scaffold preprototype directly after its production
in the SLM technology.

FIGURE 3.37 SEM documentation of micro-residues revealed in preprototypes directly
after their production in SLM technology.
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twisted, wire-like forms occurring sporadically at the tops of the spikes and in the
space between the spikes.

Post-production processing of the original series of the preprototypes subject to test-
ing, with the configuration of spikes that adopts a value of 100 um for spacing between
the bases of the spikes measured radially and circumferentially, carried out with abra-
sive blasting technology and with the use of glass beads (diameter ~40—70 um), allowed
for the removal of most of the micro-residues adhered to the surface; however, it was
not possible to remove the micro-residues from the spaces directly at the base of the
spikes. This is seen in Figure 3.38a. Arrows indicate numerous micro-residues remain-
ing in the interspike areas of the MSC-Scaffold. SEM documentation (Figure 3.38b)
presents a thoroughly cleaned lateral surface of the MSC-Scaffold spikes and spherical-
like remains on the surface at the base of the spikes (Figures 3.38c and 3.38d).

The negative biological effect resulting from such a condition of the bone-contacting
surface of the prototype MSC-Scaffold has been proven following pilot implantation of
the MSC-Scaffold preprototypes into the articular subchondral layer of the knee joint in
experimental animals (Polish Large White breed swine) [46]. Histopathological evalua-
tion of the peri-implant bone obtained nine weeks after implantation revealed the pres-
ence of numerous metallic particles that cause inflammation in the peri-implant bone
tissue. Figure 3.38d presents a cross section of a specimen of the peri-implant bone with
an implant, where, due to the large number of metallic micro-residues, the desired bioin-
tegration of the peri-implant bone with the implant was not achieved. An analysis of the
histopathological documentation and the preliminary evaluation of the preprototypes in
human osteoblasts culture discussed in [46] both indicate that it is necessary to develop
a more effective post-production surface treatment of the prototype MSC-Scaffold.

To increase the efficiency of post-production blasting treatment of the surface of
the prototype MSC-Scaffold, tests were carried out with the use of abrasives such
as White Fused Alumina and glass beads. Due to persistent difficulties in removing
micro-residues from the space near to the spikes bases, it was decided to modify the
MSC-Scaffold design variant, i.e. the spacing between the spike bases was increased
to 200 pm (radially and circumferentially). The effects of experimental abrasive
blasting of these preprototype design variants are presented in Figures 3.39a, 3.39b
and 3.39d, 3.39%.

FIGURE 3.38 An example of the MSC-Scaffold preprototype manufactured in SLM tech-
nology as encountered after abrasive treatment with the use of micro glass beads with diam-
eters of ~40-70 um: (a); the lateral surface of MSC-Scaffold spikes (b); around the bases of
the spikes (c); no visible biointegration of the bone with the implant due to the presence of
metallic particles between the peri-implant bone and the implant (d).
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FIGURE 3.39 SEM documentation of the bone-contacting surface of the MSC-Scaffold
preprototypes manufactured in SLM technology — side view, located on the cylindrical sur-
face, and top view, respectively, after the experimental post-production treatment performed
with the abrasive blasting technique using: (a) and (d) White Fused Alumina F220; (b) and
(e) micro glass beads with a grain size of ~30-50 um; (c) and (f) developed abrasive mixture.

The use of White Fused Alumina F220 allowed a slight smoothing of the MSC-
Scaffold surface, but a significant amount of micro-residues remained on the entire
lateral surface of the spikes (Figures 3.39a and 3.39d). The use of microspheres resulted
in a smoother surface (Figures 3.39b and 3.39¢) than with the use of electrocorundum;
however, it was still not possible to completely remove the microdebris from the bottom
of the MSC-Scaffold and the spikes’ surface at the base of the spikes. After micro-
beading, the lateral surface of the MSC-Scaffold spikes was still noticeably wavy.

During further research, and on the basis of the experience gained, we have devel-
oped an abrasive mixture composed of equal proportions of:

e White Fused Alumina F220 (~55-75 pm grain size),
e White Fused Alumina F320 (~30 pm = 1.5% grain size),
e glass microbeads (~ 30 um + 10% grain size).

The addition of a smaller granulation abrasive agent to the mixture and sifting micro-
beads with a larger diameter were primarily intended to ensure better access of the
abrasive agent to the tight spaces of the MSC-Scaffold at the base of the spikes.

The effects of post-production processing using this abrasive mixture are pre-
sented in Figures 3.39c and 3.39f. The SEM documentation shows that not only the
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FIGURE 3.40 SEM documentation shows the unfavourable effects of too intensive post-
processing: (a) and (b) curling of the spikes and (c) excessive abrasion.

lateral surfaces of the spikes of the prototype MSC-Scaffold were thoroughly cleaned
of any residues, but so were the surfaces at the base of the spikes.

An important aspect of post-production abrasive blasting is the need to ensure
constant process parameters. Nozzles made of high-quality cemented carbide, which
for a long time retain the original diameter and profile of the outlet opening, allowed
to maintain a repeatable and stable intensity of the abrasive stream.

The possibilities of influencing the effectiveness of post-production abrasive blast-
ing include adjusting the distance of the abrasive jet outlet from the treated sur-
face and the exposure time (process duration). Due to the ongoing visual inspection,
adverse effects in the form of curling of the spikes have been observed if the adopted
distance of the abrasive stream outlet from the surface of the processed preprototype
was too short (= 2-3 cm). Abrasive blasting carried out in this way guaranteed a short
process duration (approximately 8—10 min per series), but it caused great destruction,
also in the form of excessive abrasion of the spikes. The discussed unfavourable
effects of experimental post-production processing are presented in Figure 3.40.

The occurrence of unfavourable effects was minimized by further tests, where
the pressure value was reduced from 10 to 7 bar and the distance from the abra-
sive stream outlet from the surface of the processed preprototype was increased to
20 cm. The time of manual post-process abrasive blasting for a series of ten prepro-
totypes with the use of the developed abrasive mixture was approximately 30 min,
which allowed for obtaining a bone-contacting surface with the condition presented
in Figures 3.39c and 3.39f, without the adverse effects visible in Figure 3.40.

As a result of the conducted experimental tests, an effective and repeatable
method of cleaning the bone-contacting surface of the prototype MSC-Scaffold was
developed with the use of an abrasive mixture with the composition proposed above
and with individually selected parameters for post-production processing.

3.6 REVERSE DESIGN OF THE WORKING PROTOTYPE OF PARTIAL
RESURFACING KNEE ARTHROPLASTY ENDOPROSTHESIS

In the case of traditional resurfacing arthroplasty of the knee joint, its components are
implanted in the bone with bone cement and stabilized with pins designed in the femo-
ral component, which are implanted in the holes drilled in the femoral condyles (e.g.
Arthrex® iBalance Unicompartmental Knee Arthroplasty, MAKOplasty® Partial Knee
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Resurfacing, Oxford® Partial Knee Resurfacing, etc.). Extensive penetration of cement
into periarticular cancellous bone causes resorption of this periarticular bone tissue
[47]. Between the implant and the bone, osseointegration is altered, resulting in micro-
movements and radiolucent lines (RLLs) appearing in radiological imaging [48]. Pain
associated with the appearance of radiolucent lines is believed to be due to the loosening
of the endoprosthesis component and usually leads to revision surgery over time [49,50].
Fixation of the non-cemented components of joint endoprostheses in the bone is associ-
ated with a lower incidence of micromovement complications and fewer revisions [50].

Figure 3.41, taking the knee joint as an example, schematically presents the hya-
line cartilage tissue, the subchondral bone with interdigitations anchoring the carti-
lage tissue in the periarticular cancellous bone, and the biomimetic design solution
constituting an innovative, entirely non-cemented, method of fixation in the periar-
ticular bone of components of resurfacing joint endoprostheses (e.g. hip joint, knee
joint) using the MSC-Scaffold.

The femur bone of the swine of the Polish Large White breed, harvested from
a 9-month-old male weighing 87 kg, was used to build a three-dimensional CAD

articular cartilage

subchondral bone

interdigitations

trabecular bone

FIGURE 3.41 A diagram showing the hyaline cartilage, subchondral bone with inter-
digitations anchoring the cartilage in the periarticular cancellous bone, and the biomimetic
method of fixation of the components of resurfacing joint endoprostheses with the use of the
MSC-Scaffold.
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model of a working prototype of partial resurfacing knee arthroplasty endoprosthesis
with the MSC-Scaffold. Bone was obtained from a local slaughterhouse, then soft
tissues were mechanically cleaned and preserved in a 6% formalin solution (formal-
dehyde in phosphate buffer) for one week.

Bone scanning was performed using an Atos Core high-precision 3D industrial
scanner (GOM GmbH, Germany). Before scanning, the device was calibrated, the
bone surface was degreased, dirt was removed, and the reference points were marked
on its surface with markers (Figure 3.42).

To reflect the geometry of the entire bone, 15 measurements were taken at differ-
ent locations. Individual exposures were automatically adjusted to each other using
the scanner software. Finally, a point cloud saved in STL format was obtained. The
processing of the scans consisting of the removal of noise caused by the scanning
of environmental components, e.g. the table, filling in the defects in the scanned
surfaces, and removal of artefacts was carried out in the GOM Inspect Professional
software (GOM GmbH, Germany). In Figure 3.43 surface defects are visible in
the so-called raw model. Missing fragments of the surface and other defects were
repaired and checked using the so-called leak-tightness inspection.

The 3D digital model of bone was reconstructed with special emphasis on the
precision of the dimensions within the surface of the lateral femoral condyle (Figure
3.44). The surface of the articular condyle, reconstructed as a cloud of points, was
processed to remove noise and numerical errors. The isolated 3D model of the lateral
femoral condyle is presented in Figure 3.45.

Subsequently, the lateral surface of the femoral condyle was extracted and
imported into SolidWorks Premium 2013 x64 software in the form of an STL point
cloud using the ScanTo3D plugin. Subsequently, the shell was constructed as the
basis for the further design of a working prototype of partial resurfacing knee arthro-
plasty endoprosthesis with the MSC-Scaffold. During the import, the following cor-
rections were made: the surfaces were smoothed by eliminating local pits, the edges
were smoothed to obtain a more complete outline, and the number of components
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FIGURE 3.42 Swine femur prepared for optical scanning.
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FIGURE 3.44 View of a screenshot of GOM Inspekt Professional software showing a
three-dimensional digital model of a swine femur.

representing the surfaces was reduced by a uniform reduction, i.e. while maintaining
a constant number of points on the surface. Figure 3.46 shows the triangle mesh
representation of the swine lateral condyle surface imported into the SolidWorks
Premium 2013 x64 software. In the next step, under the previous assumptions, the
continuous surface was thickened by 2 mm in the direction normal to its surface
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inward (Figure 3.47), whereupon a cylindrical surface was generated to form a base
on the inside for CAD modelling the MSC-Scaffold spikes.

CAD modelling of the MSC-Scaffold spikes commenced with determining the geo-
metric centre on the cylindrical surface and modelling the first spike at this point. The
geometric centre was determined at the intersection of the diagonals of the quadrilat-
eral formed in the xy plane by joining the parallel projection of the extreme points of
the endoprosthesis contour onto this plane, the xy plane being tangent to the cylindrical

FIGURE 3.45 A fragment representing the lateral condyle extracted from a 3D digital
model of a swine femur.

FIGURE 3.46 Representation of the triangle mesh of the lateral femoral condyle surface
imported into SolidWorks Premium 2013 x64 software.
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FIGURE 3.47 View of the base cap of the femoral component of the knee endoprosthesis
after being added to the modelled surface of the lateral femoral condyle with a thickness of 2
mm normal to this surface. The thickness, measured for illustrative purposes with the use of
a SolidWorks measurement tool, has been presented as the length of the indicated segment.

FIGURE 3.48 Modelling the first MSC-Scaffold spike.

surface inside the contour at the designated point of the geometric centre (Figure 3.48).
In the CAD model, the side length of the base of the square-shaped spikes is 0.5 mm,
and the centre of the base is positioned at the point in the previous step.

The spikes were designed in the shape of a truncated pyramid with the base of a
square with a side length of 0.5 mm and the length of the side of the square at the top of
the spike of 0.25 mm. The overall height of the spike in the CAD model was 4.5 mm.
In the next step, the spikes were duplicated using the pattern creation tools —
curve pattern and linear pattern. The distance between the base of the spikes was
350 um in both directions. Figure 3.49 shows the stage of creating a curve pattern.
The CAD model of the working prototype of partial resurfacing knee arthroplasty



Design, rapid prototyping, and manufacturing of MSC-Scaffold 53

endoprosthesis with the MSC-Scaffold is presented in Figure 3.50. By scaling the
original CAD model by £10%, a series of prototype sizes of this working prototype
was generated.

For further processing of the endoprosthesis component produced using SLM
technology (grinding, polishing), a technological holder was designed to allow for the
fixation of the component during processing. The CAD model also provides a 0.5 mm
allowance for finishing, which includes the allowances for individual component treat-
ments: removal of the support — 0.2 mm, grinding — 0.2 mm, and polishing — 0.1 mm.
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FIGURE 3.50 CAD model of a working prototype of partial resurfacing knee arthroplasty
endoprosthesis with the MSC-Scaffold.
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FIGURE 3.51 A range of sizes designed (CAD) and manufactured in the SLM technol-
ogy of working prototype of partial resurfacing knee arthroplasty endoprostheses with the
MSC-Scaffold.

The working prototype of partial resurfacing knee arthroplasty endoprosthesis with
the MSC-Scaffold was produced using SLM technology on the ReaLizer SLM 250
machine (MTT Technologies Group, Germany) of Ti-6Al-4V powder. Their manufac-
turing was subcontracted to the Center for New Materials and Technologies of the West
Pomeranian University of Technology in Szczecin. The following SLM process parame-
ters were used: laser power— 100 W, fused layer thickness —30 um, laser spot size—0.2 mm,
scanning speed — 0.4 m/s, and energy density — 70 J/mm?. Post-production processing
was carried out according to the developed methodology presented in Section 3.5.

Figure 3.51 presents the size series of the designed and SLM-manufactured work-
ing prototype of partial resurfacing knee arthroplasty endoprosthesis with the MSC-
Scaffold. The articular surfaces of the manufactured prototype knee endoprosthesis
were ground and polished, after which the technological handles were cut off by
wire-cut EDM.
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4 Structural and
osteoconductive
functionalization of the
interspike space of the
prototype multi-spiked
connecting scaffold

4.1 ASSESSMENT OF THE PRO-OSTEOCONDUCTIVE
POTENTIAL - THEORETICAL BASIS

Evaluation of the structural-osteoconductive functionality of the porous implant
coatings and intraosseous scaffolds is conditioned by the formation of the microgeo-
metric features of their pores [1-3]. These functional features of the microstructure
of the porous coatings of implants and intraosseous scaffolds implanted in the peri-
articular bone without the use of cement are referred to as the so-called pro-osteo-
conductive potential and are conditioned by the microstructure. It is determined by
the microstructural conditions of the interconnected pores, allowing for the effective
growth of new bone tissue into the pore space, enabling the reconstruction or forma-
tion of basic units of the bone tissue biostructure, such as osteons or bone trabeculae,
in cortical and cancellous bone tissue, respectively. Effective filling of the pores with
the ingrown bone tissue and its mineralization induces the formation of functional
bone-implant fixation, capable of permanently fulfilling the intended reconstructive
and biomechanical function (i.e. load transfer) of the components of the artificial
joint. In other words, the pro-osteoconductive potential of the implant pore micro-
structure is the potential for the effective promotion of bone tissue ingrowth and
subsequent biointegration with the implant, ensuring the formation of a bone-implant
fixation characterized by the long-term biomechanical stability and the ability to
transfer loads of the artificial joint components to the bone.

In the case of porous-coated long-stem joint endoprostheses, the pro-
osteoconductive functionality of their outer layer can be characterized by a set of
parameters proposed for such an evaluation describing the microgeometry of porous
coatings of orthopaedic implants in terms of their accessibility for bone tissue
ingrowth [2,4,5] and by using the methodology for determining these parameters in
research microtopography by surface profilometry [2,5].
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To determine the pro-osteoconductive potential of the prototype MSC-Scaffold
for the non-cemented fixation of components of resurfacing arthroplasty endopros-
theses, an analogous structural analysis of its interspike space should be performed
in terms of evaluating the structural-pro-osteoconductive functionality that ensures
the expected osseointegration with periarticular trabecular bone tissue. To this end,
the interspike space of the prototype MSC-Scaffold should have the proper condi-
tions for penetration through the ingrown bone tissue, allowing the formation of vas-
cularized and mineralized bone tissue.

The set of poroaccessibility parameters proposed for the evaluation of the
structural and osteoconductive functionality of the outer layer of porous coatings
[2,4] allows for the evaluation of the requirements regarding the ability to accept
the ingrown bone tissue into the pores of such a coating (the so-called accessibil-
ity). These parameters describe the spatial, volumetric, and functional properties
of porous coatings, which can be interpreted in terms of the properties mentioned
above [2,4]. Table 4.1 presents a set of stereometric parameters for characterization
of the poroaccessibility of the outer layers of porous coatings along with a proposal
of equivalent parameters recommended for the analogous evaluation of the struc-
tural and osteoconductive properties of the MSC-Scaffold. Analogous to the con-
cept of porosity, the structural accessibility of the prototype MSC-Scaffold for bone
ingrowth is characterized by its pro-osteoconductive functionality, conditioned by
the geometric features of its interspike space.

The effective height H,;of the spikes of the MSC-Scaffold is the height of the spike
protruding above the spherical base cap of the component (femoral or acetabular) on

TABLE 4.1

The set of stereometric parameters for characterization of the
poroaccessibility of intraosseous implant porous coating outer layers and the
equivalent parameters proposed for determination of the interspike
structural and pro-osteoconductive potential in the MSC-Scaffold prototype

Poroaccessibility of the Intraosseous Implant
Porous Coating Outer Layer Can Be Evaluated
by the Following Parameter Set

The effective pore depth p,,
The representative pore size py,,,
The effective volumetric porosity ¢y,

The representative surface porosity ¢,

The index of the porous coating outer layer space
capacity Vpy,

The representative angle of the poroaccessibility
2,

The bone-implant interface adhesive surface
enlargement index y

The MSC-Scaffold Prototype Structural
Accessibility for Ingrowing Bone Tissue Can
Be Assessed by the Proposed Parameters Set

The effective height H,,

The representative interspike distance Dy
The relative volume fraction of the interspike
space ¢y, = flH,p, D; )

The relative surface fraction of the interspike
compartment €ross section g, ,,, = (D )

The index of the capacity of the interspike space

Vi =f(Hef’ Dix-rep) (mm?3/cm?)

The representative angle of the interspike space
osteoaccessibility (2,,,, ;s

The bone-implant contact area increase index y;,
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which it is located. It should be measured as the length of the segment coinciding
with the spike axis, from its apex to the point intersecting the inner or outer arc that
represents the meridian of the spherical base cap of the femoral component and the
acetabular component of the resurfacing arthroplasty hip endoprosthesis, respectively.

The representative distance between the spikes D, is the arithmetic mean of
the distance between the spikes of the MSC-Scaffold measured at the predetermined
height levels. In the case of the components of a hip joint resurfacing endoprosthesis,
the spikes are arranged in a concentric pattern on circles representing the parallels of
the spherical base cap at a fixed distance, both circumferentially and radially.

The relative area share of the interspike space in the cross section ¢, is depen-
dent upon the representative distance between the spikes of the MSC-Scaffold D

is-rep*

¢Sisfrep = f(Di.rfrep) (41)

and can be estimated as the ratio of the area of the interspike space in a given cross
section to the total area over which the spikes are arranged. This parameter should
be estimated as the arithmetic mean of the individual area fractions measured at the
determined levels of the spike heights.

The three-dimensional parameters characterizing the volume features of the
interspike space geometry of the MSC-Scaffold, both absolute and related to the
unit area, can generally be estimated as the product of the base area of the spike and
its height. Since the MSC-Scaffold spikes are designed as a parametrically ordered
arrangement, the volume of the interspike space available for ingrowth of the cancel-
lous bone tissue can be roughly estimated from the constant assumed value of the
distance between the spike bases, projecting a representative distance between the
spikes D, ,,, and the measured effective height H, value of the spikes. Therefore,
the relative volume fraction of the interspike space ¢y, .. in the MSC-Scaffold can
be estimated as the ratio of the volume of the interspike space of the scaffold frag-
ment subject to testing to the total volume of that scaffold, while the index of the
interspike space capacity V,, determines the potential volume of the interspike space
of the MSC-Scaffold available for the ingrowth of cancellous bone tissue related to
the unit area of the fragment of the scaffold subject to testing. It can be defined by
the following function:

‘/is = f(Hef9 Dis—rep) [mm3/cm2] . (42)

The representative angle of the osteoaccessibility of the interspike space (2,,, ;; is the
angle of inclination of the sidewalls of the spike surfaces, which is equal to half of the
vertical angle of a single spike (2,. It can be estimated using the following formula:

€ pis= 90°—€2, /2. 4.3)
In the case of a prototype MSC-Scaffold designed for both components of a hip

joint resurfacing endoprosthesis, the value of this angle may be the same for all
spikes or spikes designed for specific areas occupied by these spikes. Due to the high



62 Prototype of a Biomimetic Multi-spiked Connecting Scaffold

value of the H,/R ratio of individual spikes of the MSC-Scaffold, the values of their
vertical angles are relatively small; therefore, the influence of a representative angle
of the osteoaccessibility of the interspike space (2,,,, has a practically negligible
effect on the volume parameters determining the osteoconductive accessibility of the
MSC-Scaffold.

The bone-implant contact area increase index y;, is the ratio of the lateral surface
area of the spikes of the MSC-Scaffold, including the surface at the base of the spikes,
to the total surface on which the spikes are located. Increasing the effective height
H ; of the MSC-Scaffold spikes manufactured using SLM technology significantly
contributes to an increase in the value of this index. Regarding the conclusions pre-
sented in the work [5] and to the patents’ assumptions for the resurfacing arthroplasty
endoprosthesis [6—8], the parameter describing the increase of the implant-bone con-
tact surface is one of the key structural parameters conditioning the promotion of
bone tissue ingrowth. Its linear dependence on the effective height H, of the scaffold
spikes was demonstrated in [9]; therefore, we can conclude that:

l//is = f(HefaQrepfis)- (44)

Considering the above issues, as well as the mutual relation between the porosity
parameters proven experimentally in [9], characterizing the pro-osteoconductive
potential of the outer layers of porous coatings of intraosseous implants, it can be
assumed that in the case of the MSC-Scaffold, combining the parameters proposed
as equivalent to its analogous evaluation (V, and H,;) can be used interchangeably.
Therefore, the structural osteoaccessibility of the prototype MSC-Scaffold, i.e. its
pro-osteoconductive potential, will be dependent on the effective height H,; of its
spikes and the representative distance between the spikes D, .

Since patent specifications [6—8] regarding the method of fixation of components
of resurfacing arthroplasty endoprostheses in the periarticular bone with the use of
the MSC-Scaffold prototype do not assume a change in the representative distance
between the spikes (D), the analysis of the possibility of formation of the pro-
osteoconductive potential of the interspike space of the prototype MSC-Scaffold
manufactured using SLM technology will focus on the change of the effective height

H ;of the spikes of the prototype MSC-Scaffold.

4.2 FORMATION OF THE STRUCTURAL AND
OSTEOCONDUCTIVE PROPERTIES OF THE
MULTI-SPIKED CONNECTING SCAFFOLD

Analysing the possibility of formation of the pro-osteoconductive potential of the
prototype MSC-Scaffold, the assumed increase in the interspike space volume
achieved by increasing the nominal height H, of the spikes was evaluated as for cor-
responding specimens manufactured using the SLM technology.

The prototype hip joint resurfacing endoprosthesis [10—12] manufactured in the
SLM technology was evaluated for the structural and osteoconductive properties of
the MSC-Scaffold using the confocal profilometry. The basic study has been carried
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out on a series of specific SLM preprototypes designed specifically for this purpose,
representing fragments of the prototype MSC-Scaffold for both components (femoral
and acetabular) of the resurfacing endoprosthesis of the hip joint, through a digital
measurement of the effective height H,; of its spikes.

To compare the prototype MSC-Scaffold with its theoretical CAD model, 3D con-
focal scanning and profile measurements have been performed with the Olympus
Lext OLS 4000 microscope equipped with the MPLFLN-5 lenses (Olympus, Tokyo,
Japan). Scanning was performed on adjacent areas of the MSC-Scaffold measuring
2,560 um by 2,560 um located along the radius of both components of the resurfac-
ing endoprosthesis. Figures 4.1a and 4.1b show the components of the prototype hip
joint resurfacing endoprosthesis manufactured using the SLM technology, where the
measurement areas have been marked with square frames. Digital 2D and 3D rep-
resentations of each scanned area have been subject to measurements with the use
of software related to the confocal microscope. The profile lines have been drawn
radially through the tops of the spikes, and on that basis, the effective height H,,
of the spikes and the radius of the base of the spikes R, have been measured. The
average values of the (H,,/R,) ratios were calculated and related to the values of the
H, /R ratios assumed in the CAD models. Figure 4.1c presents a fragment of the CAD
model corresponding to the selected measurement area of the acetabular component
of the resurfacing arthroplasty endoprosthesis along with the tip points of the proto-
type MSC-Scaffold. Since the MSC-Scaffold spikes are located on concentric paral-
lels of the spherical base cap, Figure 4.1d presents the sequence of measurements for
representative spikes lying on five consecutive parallels counted from the spherical
axis of the base cap.

To create three-dimensional solids similar to the spherical sector of the base cap,
the CAD models of the preprototypes representing fragments of the prototype MSC-
Scaffold, the contours of the hip joint resurfacing endoprosthesis components were
assigned with the feature of thickness. The prototype MSC-Scaffold spikes have
been designed in a row along the arcs representing the meridians of the spherical
sector of the cap. In each of the two designed series of preprototypes representing
fragments of the MSC-Scaffold, changes have been introduced to improve the pro-
osteoconductive functionality of the MSC-Scaffold fabricated using SLM technol-
ogy by modifying the geometric design features of its spikes. In the first series, this
functionality was theoretically improved in CAD models by changing the nominal
height H, of the spikes, while in the second series, the nominal height H, of the
spikes has not been changed, but the geometric shape of the spikes was changed by
cutting the top of the pyramid and variation of the vertical angle of the spikes.

The first preprototype in the series is taken as the base for the entire series and has
been labelled as FCS_I for the series representing the MSC-Scaffold of the femoral
component and ACS_I for the series representing the MSC-Scaffold of the acetabu-
lar component. These preprototypes have been reconstructed based on CAD models
of the hip joint resurfacing endoprosthesis prototype mentioned in [10-12].

In the CAD models of the first series of nine MSC-Scaffold preprototypes repre-
senting the femoral component of the hip joint resurfacing endoprosthesis (denoted
as FCS_I-FCS_IX), we have assumed that the H,/R ratio for the spikes would
increase from 8, 9, and 10 to 16, 17, and 18 for three geometric variants of spikes for
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FIGURE 4.1 Femoral component (a) and acetabular component (b) of the SLM prototype of
an entirely non-cemented resurfacing endoprosthesis of the hip joint — square frames repre-
sent areas of the MSC-Scaffold scanned and measured by confocal profilometry; fragment of
the CAD model of the acetabular component of the resurfacing arthroplasty endoprosthesis
corresponding to one of the MSC-Scaffold areas (c) and the spikes of the prototype MSC-
Scaffold shown on the CAD model (d) in the view from the direction marked with an arrow
and the letter S,.

different areas of the cap. Similarly, for the preprototypes representing the acetabular
component of the resurfacing endoprosthesis of the hip joint (designated as ACS_I-
ACS_IX), we assumed that the H,/R ratio for the spikes would increase from 10 to 18
for all spikes. The second series of nine MSC-Scaffold preprototype variants for both
components of the resurfacing arthroplasty endoprosthesis has been designed based
on the selected preprototypes from the first series: FCS_I, FCS_V, and FCS_VIII,
and ACS_I, ACS_V, and ACS_VIIL In CAD models of this series, the spikes were
designed in the shape of a truncated pyramid, where the side length of the square
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resulting from the truncation was 0.1, 0.2, and 0.3 mm, respectively, for each variant
selected as the initial one.

The effect of improving the structural pro-osteoconductive functionality of the
MSC-Scaffold, established in individual CAD models of the preprototypes, has
been verified on the preprototypes manufactured based on these CAD models using
SLM technology. At the same time, four sets of preprototypes have been produced
of Ti-6Al-4V powder on a Renishaw AM?250 machine (Renishaw plc, Great Britain).
The process parameters used for production are: laser power — 150-200 W, layer
thickness — 30 pm, laser spot size — 0.07 mm, scanning speed — 0.35-5.00 m/s, and
laser energy density — 80-160 J/mm?.

Figure 4.2a presents a collective CAD model of a set of preprototypes represent-
ing fragments of the femoral and acetabular components of the hip joint resurfacing
endoprostheses with different geometric variants of the MSC-Scaffold, while the set
of preprototypes produced based on this CAD model in SLM technology is presented
in Figure 4.2b. The preprototypes were separated and sorted. Each copy was photo-
graphed in high resolution with a DSC-H1 digital camera (Sony, Japan). CAD models
of the preprototypes from the first series are presented in Figures 4.3a and 4.4a, while
the corresponding preprototypes manufactured in the SLM technology are presented
in Figures 4.3b and 4.4b. CAD models of preprototypes from the second series are
presented in Figures 4.5a and 4.6a, while the corresponding preprototypes manufac-
tured in the SLM technology are presented in Figures 4.5b and 4.6b.

The effective height H,; of the spikes of the MSC-Scaffold preprototypes manu-
factured using SLM technology was measured using ImageJ (National Institutes of
Health, Bethesda, MD, USA). Before measurement, the software was calibrated using
a scale photographed with the preprototypes. In CAD models, the effective height H,
of the spikes was measured using a measurement tool available in Autodesk Inventor
Professional 9.0.

FIGURE 4.2 A collective CAD model (a) and a set of preprototypes (b) manufactured
based on these CAD models in SLM technology, representing fragments of the femoral and
acetabular components of the hip joint resurfacing arthroplasty endoprosthesis with different
geometric variants of the prototype MSC-Scaffold.
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FIGURE 4.3 CAD models (a) and preprototypes (b) manufactured based on these CAD
models in SLM technology, representing fragments of the first series of geometric vari-
ants of the prototype MSC-Scaffold of the femoral component of the hip joint resurfacing
endoprosthesis.
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FIGURE 4.4 CAD models (a) and preprototypes (b) manufactured based on these CAD
models in SLM technology, representing fragments of the first series of geometric variants
of the prototype MSC-Scaffold of the acetabular component of the hip joint resurfacing
endoprosthesis.

Figure 4.7 presents an example image from a confocal microscope — top view —
of the tested area of the prototype MSC-Scaffold manufactured using SLM tech-
nology on the acetabular component of the prototype hip joint resurfacing arthro-
plasty endoprosthesis, its three-dimensional reconstruction, and a presentation of the
method of measuring the effective height H, of the spikes on the profile passing
through their vertices.
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FIGURE 4.5 CAD models (a) and preprototypes (b) manufactured based on these CAD mod-
els in SLM technology represent fragments of the second series of geometric variants of the
MSC-Scaffold prototype of the femoral component of the hip joint resurfacing endoprosthesis.
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FIGURE 4.6 CAD models (a) and preprototypes (b) manufactured based on these mod-
els in SLM technology, representing fragments of the second series of geometric variants
of the MSC-Scaffold prototype of the acetabular component of the hip joint resurfacing
endoprosthesis.

The effective height H,, of the spikes of the prototype MSC-Scaffold measured
on the components of the hip joint resurfacing endoprosthesis prototype manufac-
tured using SLM technology are significantly lower (by 48 + 9% for the femoral
component and by 51 + 9% for the acetabular component) compared to the corre-
sponding spikes measured on CAD models that were the basis for the manufacturing
of these prototypes. It lowers the values of the H,/R ratio, and consequently sig-
nificantly reduces the structural pro-osteoconductive functionality of the prototype
MSC-Scaffold assumed in the CAD model. Despite the design of spikes with H,/R
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FIGURE 4.7 Confocal microscope image showing a top view of (a) an exemplary area of the
MSC-Scaffold on the acetabular component of the hip joint prototype resurfacing endoprosthe-
sis and its three-dimensional digital reconstruction (b); an example of the method of measuring
the effective height H,, of the spikes on a profile passing through the tops of the spikes (c).
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FIGURE 4.8 The effective height H,of the individual spikes of the prototype MSC-Scaffold
measured on the CAD model of the prototype resurfacing endoprosthesis of the hip joint
compared to the effective height H,, of the spikes of the prototype MSC-Scaffold measured
on both components of this hip joint resurfacing endoprosthesis manufactured in SLM
technology.

ratio from 8 to 10 in CAD models, its values below 5 were obtained in prototypes
manufactured in the SLM technology.

Figure 4.8 presents the results of measurements of the effective height H,, of the
spikes made on the CAD model and the SLM-manufactured prototype of a hip joint
resurfacing endoprosthesis with the MSC-Scaffold.
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Figures 4.9 and 4.10 show the results of the measurements made on the first series
of geometrically modified MSC-Scaffold variants. The curves in the graphs present
the measured values of the effective height H,; of consecutive spikes arranged along
the arc representing the meridian of the spherical base cap of the femoral component
and the acetabular component of the hip joint resurfacing endoprosthesis. Successive
concentric circles (parallels) indicating the location of the spikes on the surface of
this canopy have been marked with numbers ranging from 1 to 20. The results were
related to the nominal height H, of the spikes adopted in the CAD model as a refer-
ence for these design variants of the spikes. In the graphs, they are marked as H,, ,),
H, 317y, H, 3.5, for the femoral component and H,,_;;, for the acetabular compo-
nent of the hip joint resurfacing endoprosthesis, respectively. The results for several
measurements were averaged and presented as mean values (+ standard deviation);
however, for better readability of the presented curve sets, error bars have been omit-
ted from the graph.

The effective height H,; of all spikes measured on the CAD models is lower than
the nominal height H,. This difference occurs because the bases of all pyramids
(spikes) are located beneath the spherical surface of the base cap. The relative dif-
ferences between the effective height H,; and the nominal height H, of the spikes of
the MSC-Scaffold vary depending on their position along the arc representing the
meridian of the spherical cap and are significant for the spikes closest to the equator
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FIGURE 4.9 The effective height H,, of the spikes measured on CAD models and on the
preprototypes manufactured based on these CAD models in SLM technology, representing
the femoral component of the hip joint resurfacing endoprosthesis in the first series of geo-
metrically modified preprototypes, for which subsequent variants of the prototype MSC-
Scaffold were marked as FCS_I-FCS_IX; the effective height H,, was related to the nominal
height (H,) of the spikes adopted in the CAD model as a reference for these design variants of
the spikes H,_j2, Hy13-17) Huas-20y
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FIGURE 4.10 The effective height H,;, of the spikes measured in CAD models and in the
preprototypes manufactured based on these CAD models in SLM technology, representing
the acetabular component of the hip joint resurfacing endoprosthesis in the first series of
geometrically modified preprototypes, for which subsequent variants of the MSC-Scaffold
prototype were labelled ACS_I-ACS_IX; the effective height H,, was related to the nominal
height (H,) of the spikes adopted in the CAD model as a reference for these design variants
of the spikes H,_;7).

of this cap. These differences range from 0.4 + 0.1% to 5.0 = 1.0% for the first 12
spikes, from 5.0 £ 1.0% to 9.0 = 2.0% for the next five spikes, and from 12.0 + 2.0%
to 23.0 £ 5.0% for the three spikes farthest from the axis of the cap along the outer
arc representing the meridian of the femoral component of the hip joint resurfac-
ing endoprosthesis; in the case of the acetabular component, these differences range
from 8 = 2% to 33 + 6%. It lowers the structural pro-osteoconductive functionality of
the prototype MSC-Scaffold, which is particularly important in the area of its outer-
most spikes, designed near the equator of the spherical basal cap.

Ensuring structural homogeneity of pro-osteoconductive functionality within the
entire interspike space of the MSC-Scaffold of the resurfacing endoprostheses of
the hip joint requires differentiation of the effective height H,; of the MSC-Scaffold
spikes arranged along the arc constituting the meridian of the spherical base cap.

The difference between the values of the effective height H, of the prototype
MSC-Scaffold spikes, measured in CAD models, and the values of the effective
height H, of the spikes measured in the preprototypes manufactured using SLM
technology is 43 + 2% and 44 + 1%, respectively. This confirms a significant dif-
ference between the microgeometry of the MSC-Scaffold designed in the CAD
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model and the preprototypes manufactured on the basis of that model using SLM
technology. This result corresponds to the measurements made using the confocal
profilometry method on the prototypes of both components of the hip joint resurfac-
ing endoprosthesis.

Modification of the geometric structural features of the MSC-Scaffold proto-
type spikes in the first series of preprototypes assumed a gradual increase in the
H, /R ratio value of the spikes. Figures 4.11 and 4.12 show the curves of the relative
increase in the effective height H, of the spikes in successive geometric variants for
a series of nine preprototypes representing the fragments of the femoral component,
respectively (Figure 4.11) and a fragment of the acetabular component (Figure 4.12),
together with the curves presenting the total difference in the effective height H,,in
individual preprototypes manufactured using SLM technology related to the effec-
tive height H,; of the spikes in CAD models of the prototype MSC-Scaffold adopted
as the base preprototype and related to the nominal height H, of these spikes.

The relative increase in the effective height H,, estimated for the preprototypes
manufactured using SLM technology oscillates around the same values as found
in the CAD models of the prototype MSC-Scaffold, while the increased rate drops
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FIGURE 4.11  Curves showing the relative increase in the effective height H,, of the MSC-
Scaffold spikes in the consecutive series of nine preprototypes representing the femoral com-
ponent FCS_I to FCS_IX along with the curves showing the total difference in the effective
height H,in individual SLM-manufactured preprototypes to the effective height H,,in corre-
sponding CAD models of the prototype MSC-Scaffold regarded as the base scaffold (FCS_I)
and to the nominal height H, of these spikes.
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FIGURE 4.12 Curves showing the relative increase in the effective height H,, of the
MSC-Scaffold spikes in the following of the series of nine preprototypes representing the
acetabular component ACS_I to ACS_IX along with the curves showing the total difference
in the effective height H,,in individual SLM preprototypes to the effective height H,,in corre-
sponding CAD models of the prototype MSC-Scaffold regarded as the base scaffold (ACS_I)
and to the nominal height H, of these spikes.

from 11.3 + 0.5% to 6.3 £ 0.2% and 11.0 = 1.0% to 6.1 + 0.4%, respectively, for the
preprototypes representing a fragment of the femoral and acetabular components of
the resurfacing arthroplasty endoprosthesis. The total relative increase in the effec-
tive height H, of the spikes in the first series of preprototypes is 50 = 2% and 49
+ 3%, respectively, for the MSC-Scaffold fragments representing the femoral and
acetabular components of the hip joint resurfacing endoprosthesis.

The analysis of the curves presenting the total difference in the effective height
H of the spikes measured in successive preprototypes manufactured using the SLM
technology related to the corresponding curves obtained based on the measurements
made in the CAD models of the first series of preprototypes representing fragments
of the MSC-Scaffold allowed for an observation that increasing the value of the H,/R
coefficient by at least 7 and 6, respectively, for the femoral and acetabular compo-
nents, should be recommended for the production of MSC-Scaffold with spikes of
the effective height H as originally designed in the CAD model. Providing the struc-
tural pro-osteoconductive functionality of the prototype MSC-Scaffold connecting
the hip joint resurfacing endoprosthesis, as assumed by ensuring the appropriate
value of the H,/R ratio, involves the increase in the effective height H,, of the spikes
in the CAD model by at least 7 and 9 for the femoral and acetabular component,
respectively.
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Figures 4.13 and 4.14 present the results of the measurement of the effective height
H,; of the spikes of the prototype MSC-Scaffold manufactured using SLM technol-
ogy in the second series of nine variants of modifications of the geometric features
of the spikes. The results were compared to the effective height H,, of the spikes
selected as a reference for each subgroup.

Modification of the geometric features of the MSC-Scaffold spikes, consisting of
cutting the top and changing the value of the pyramid vertical angle, increased the
effective height H,,of the MSC-Scaffold spikes in the SLM preprototypes (Figure 4.13)
from 20 = 2% to 22 + 2% to the preprototypes produced in the SLM technology,
which are the basis for each subgroup of construction of the spikes. A slight increase
of approximately 1% can be observed for the effective height H,, of the spikes gener-
ated in subsequent preprototypes within each of the subgroups.

A much smaller increase was observed in the case of the preprototypes repre-
senting the MSC-Scaffold fragments of the acetabular component of the hip joint
resurfacing endoprosthesis (Figure 4.14). Although the increase for particular spikes
reached values of up to 10% in relation to the SLM-manufactured specimens used as
the reference for each subgroup, the large discrepancy between the data, especially
in case of spikes of the MSC-Scaffold located in the terminal parallels of latitude,
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FIGURE 4.13 The effective height H,, of the spikes from the second series of nine vari-
ants of the SLM-manufactured preprototypes of the MSC-Scaffold representing fragments
of the femoral component (FCS_X-FCS_XVIII) of the hip joint resurfacing endoprosthesis
compared to the effective height H,, of the spikes in the samples from the first series taken as
reference for each subgroup: FSC_I, FSC_V, and FSC_VIIL
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FIGURE 4.14 The effective height H,;, of the spikes from the second series of nine vari-
ants of the SLM-manufactured preprototypes of the MSC-Scaffold representing fragments
of acetabular components (ACS_X-ACS_XVIII) of the hip joint resurfacing endoprosthesis
compared to the effective height H,, of the spikes in the preprototypes from the first series
adopted as reference for each subgroup: ASC_I, ASC_V, and ASC_VIIL.

closest to the equator of the specific spherical cap, produces relatively high values of
the standard deviations of the mean values.

Figure 4.15 shows a diagram that presents the comparative possibilities for
the formation of the pro-osteoconductive potential of the interspike space of the
MSC-Scaffold prototype of arthroplasty endoprostheses built based on the research
carried out on the MSC-Scaffold preprototypes, using the example of three geometric
variants of the MSC-Scaffold spikes designed on the components of the hip joint
resurfacing endoprosthesis. The nominal height H, of these spikes as designed in the
CAD model was 2.828, 3.182, and 3.536 mm.

The spikes of the MSC-Scaffold designed in CAD models along the arc constitut-
ing the meridian of the spherical base cap have the effective height H,;of 2.73 = 0.05,
2.88 + 0.07, and 2.8 + 0.3 mm, respectively, and are smaller by 3.3%, 9.4%, and
26.8%, respectively, to their nominal amount (H,). The effective height H,; of the
MSC-Scaffold spikes in the preprototypes manufactured based on these CAD mod-
els using SLM technology is 1.57 + 0.04, 1.64 £ 0.06, and 1.6 + 0.1 mm, respectively,
and is 42.7%, 43.2%, and 42.2% lower compared to the corresponding CAD models.

For the first variant of the simulated structural improvement of pro-osteocon-
ductive functionality, only for the eighth preprototype in the series produced using
the SLM technology, we have obtained a satisfactory value of the effective height
H,; of the spikes. For the second variant of the simulation of the improvement of
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FIGURE 4.15 A diagram presenting the overall effect of the possible enhancement of the
interspike structural-geometric pro-osteoconduction potential of the MSC-Scaffold (numbers
1-12, 13-17, and 18-20 represent the particular concentric parallels of latitude of the spikes’
location, while the Roman numbers represent the variants of the Scaffold in the first (I-1X)
and second (X-XVIII) series).

the structural pro-osteoconductive functionality, it is possible to obtain an improve-
ment in the form of an increase in the value of the effective height H; of the spikes
of approximately 20% to the preprototypes constituting the basis for each subgroup.

The most favourable variant of improving the structural pro-osteoconductive
functionality of the MSC-Scaffold can be obtained by jointly modifying the geom-
etry of the MSC-Scaffold spikes in the CAD model (e.g. increasing the nominal
height H, resulting in an increase in the H,/R ratio by 4 and simultaneous cutting of
the pyramid tops in the CAD model so that the square formed in the cross section
could have a side length ranging from 0.1 mm to 0.3 mm, which allows the prototype
produced using SLM technology to obtain the same effective height H,; of the spikes
as designed in the CAD model being the basis of the prototype of the hip joint resur-
facing endoprosthesis [10-12]).

The analysis of the geometric structural features of different variants of the pro-
totype MSC-Scaffold for both components (femoral and acetabular) of the hip joint
resurfacing endoprosthesis using the confocal profilometry method allowed one
to evaluate the possibility of influencing its structural pro-osteoconductive func-
tionality, as defined and specified in this subsection according to [2—-4]. We have
noted the reduced structural functionality of pro-osteoconduction in the prototypes
manufactured using the SLM technology in relation to that assumed in the CAD
models, which were the basis of that prototype, and the technological limitations of
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the production of the MSC-Scaffold in this technology have been quantified. The
results allowed for revising the constructional assumptions of the original prototype
of the MSC-Scaffold and provided key information on the need to compensate for
the identified technological limitations of selective laser beam melting when estab-
lishing design directives, i.e. a method of improving structural pro-osteoconductive
functionality to properly design subsequent prototypes of resurfacing endoprostheses
(partial and complete) of the knee and hip joint with the MSC-Scaffold.

4.3 INITIAL EVALUATION IN CELL CULTURE OF STRUCTURALLY
FUNCTIONALIZED MULTI-SPIKED CONNECTING SCAFFOLD

Normal human osteoblasts (NHOst, Lonza, USA) were grown in a professional labo-
ratory on preprototypes of the MSC-Scaffold to assess the initial cell adhesion and
proliferation. The cells were grown in 12-well culture plates at an initial seeding den-
sity of 5 - 10* cells/well. Cells were seeded in Dulbecco’s modified Eagle’s Medium
(DMEM) (BioWhittaker® Reagents, Lonza, USA) with glucose and L-glutamine
(PAA, Austria), 10% foetal bovine serum (PAA, Austria), 10 U/ml penicillin, and
10 U/ml streptomycin (Sigma, Germany), in an atmosphere with 5% CO, and 95%
air at 37°C (Galaxy 170R, New Brunswick, USA). The medium was changed every
48 hours and the operation was repeated until the cells were confluent (ten days).
Fluorescence microscopy images of the MSC-Scaffold after the cultivation of nor-
mal human osteoblasts for ten days are presented in Figure 4.16.

Osteoblast cells were found to adhere to the surface of spikes of a prototype MSC-
Scaffold and fill the space between them. Cells have the appropriate morphology
and, when in contact with the surface of the material, they first attach, adhere, and
then spread. Cells spread over the surface of the MSC-Scaffold begin to contact each

FIGURE 4.16 Fluorescent microscopic images taken after ten days of culturing human
osteoblasts (NHOst, Lonza, USA) in the preprototypes of the MSC-Scaffold; acridine orange
(AO) staining; the cells adhered to the surface of the MSC-Scaffold spikes (S) filling the
space between them (a); the cells spread over the MSC-Scaffold surface and begin to contact
each other through cytoplasmic processes (arrows) creating a three-dimensional intercellular
network (b). Thus, the MSC-Scaffold spikes (imitating the interdigitations of the periarticular
cancellous bone) constitute a scaffold for proliferating and spreading osteoblasts.
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other through cytoplasmic processes, creating a three-dimensional intercellular net-
work (Figure 4.16b, arrows).

This result shows that adjacent MSC-Scaffold spikes (mimicking the interdig-
itations of the cancellous periarticular bone) constitute a scaffold for osteoblasts,
which means that the prototype MSC-Scaffold can provide the expected bone tissue
ingrowth in its interspike space in vivo with the subsequent permanent fixation of the
components of the resurfacing arthroplasty endoprosthesis in the surrounding bone
tissue. Cells were observed to grow relatively more efficiently between some of the
spikes; however, the surface of the MSC-Scaffold material is not conducive to inten-
sive cell growth, which means that the spike surfaces in contact with the bone should
be subjected to appropriate physicochemical modification to improve the osteoinduc-
tive and osseointegration properties.

4.4 PILOT STUDY OF STRUCTURALLY FUNCTIONALIZED MULTI-
SPIKED CONNECTING SCAFFOLD IN AN ANIMAL MODEL

To assess the biointegration of the MSC-Scaffold for resurfacing endoprostheses
after structural pro-osteoconductive functionalization, pilot implantations of the pre-
prototypes of this scaffold were carried out in swine (breed: Polish Large White).

For the initial preclinical orthopaedic evaluation, four MSC-Scaffold preproto-
types were implanted under the articular cartilage surface of the medial and lateral
femoral condyles of two laboratory swine after opening their knee joints. The first
laboratory swine was a 9-month-old boar weighing 85.5 kg, and the second was
a 10-month-old boar weighing 91.0 kg. Each of these animals was implanted with
two design variants of the MSC-Scaffold preprototypes that differed in the distance
between the bases of the spikes (100 um and 200 um, circumferentially and radially)
and the outer diameter of the base (g10 mm and @15 mm) of the preprototype, on
which the MSC-Scaffold was manufactured using SLM technology.

Implantation procedures were performed in the operating room of a veterinary
clinic with the consent of the Local Ethics Committee in Poznan. General inhalation
anaesthesia with endotracheal intubation and anaesthetic monitoring (induction of
anaesthesia: Cepetor 0.01-0.04 mg/kg intravenously; anaesthesia was maintained by
inhalation using an inhaler) was used during the surgical implantation of the prepro-
totypes of the MSC-Scaffold.

An anteromedial skin incision was made, with a length of approximately 20 cm
above the operated joint of the right knee. Approach to the knee joint between the
lateral margin of patella and the external side of patellar ligament, and then between
vastus lateralis muscle and rectus femoris muscle was applied. The articular capsule
was opened on the lateral side of the patella and then the patella was displaced medi-
ally. Bleeding was stopped (haemostasis). The patellofemoral area of the knee joint
was exposed. Implantation sites in both femoral condyles were prepared using a surgi-
cal drill. To be able to insert the implant, cancellous bone cavities were made, which
were gradually widened with a milling cutter until the desired size was obtained.
During drilling and milling, the bone holes were continuously irrigated with saline.
Condyle holes were rinsed with saline and bone debris was removed. The first MSC-
Scaffold preprototype was embedded in the medial condyle of the femur and the
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second preprototype in the lateral condyle of the femur. Implants insertion into the
bone holes was performed using surgical mallet.

Figure 4.17a shows two variants of the preprototypes of the MSC-Scaffold (I, II)
implanted under the surface of the articular cartilage of both femoral condyles. An
anatomical reposition of the patella was performed. A layered wound suture was
applied. The wound was covered with a penicillin-soaked mesh and an antiseptic
dressing was applied. Then, for three days after the procedure, 1 g of Amikacin
(Biodacin) iv. (or i.m.) was administered twice a day. On the third day after sur-
gery, the operated limbs were fully loaded. The implants remained implanted for six
weeks in the first operated animal and nine weeks in the second operated animal.

A control radiographic examination was performed in the fourth week after
the implantation procedure. Radiographs (anterior-posterior view) showing two
design variants of the MSC-Scaffold preprototypes for resurfacing endoprostheses
implanted into the femoral condyles of the knee joint in two swines are presented in
Figure 4.18.

Radiographs showed that all four preprototypes were well embedded in both
femoral condyles in the operated knee joints. This means that no implant loosening,
migration, or other possible early postoperative complications have been observed.

At six and nine weeks post-implantation, the operated animals were eutha-
nized according to the protocol approved by the Local Ethics Committee in
Poznan (Morbitan/Pentobarbital natrium/in lethal doses 200 mg/kg BW i.v.), and

FIGURE 4.17 Two variants of the preprototypes of the MSC-Scaffold (I, II) implanted
under the surface of the articular cartilage of both femoral condyles of the operated animals.
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FIGURE 4.18 Anteroposterior radiographs taken at week 4 post-implantation of two vari-
ants of MSC-Scaffold preprototypes for non-cemented non-stemmed resurfacing endo-
prostheses implanted in the femoral condyles of laboratory swine knee joints; neither the
loosening of the implants nor their migration after the procedure was observed.

the two knee joints with the MSC-Scaffold preprototypes were harvested from ani-
mals. Fragments of bone-implant slides were excised from the distal epiphysis of the
femur and prepared for histopathological analysis. Thin slices 1.5 mm thick were
excised from each bone-implant fragment using an IsoMet™ 4000 Linear Precision
Saw (Buehler, Esslingen am Neckar, Germany) under continuous water irrigation
conditions. The slices were excised in the direction parallel to the central axis of the
preprototype spike. Bone-implant slices were fixed in 6% formalin (phosphate-buff-
ered formaldehyde) for seven days. In the next step, the bone fragments containing
the implant were decalcified with 4% wt. nitric acid (HNO,) solution for 24 hours.
The MSC-Scaffold preprototypes were then separated from the bones and further,
the bone sections were dehydrated in a series of ethanol solutions (50 wt.%, 60 wt.%,
70 wt.%, 95 wt.%, 99.8 wt.%) and degreased in a series of acetone solutions (90 wt.%
and 99.8 wt.%). A hydrophobic agent (xylene) was then used to remove the alcohol
and finally the slides were infiltrated with molten paraffin wax to replace xylene. All
steps of the preparation process, starting from dehydration and each of them lasting
2 hours, were performed using a Leica TP1020 automatic tissue carousel proces-
sor (Leica Microsystems GmbH, Germany). The bone fragments separated from the
implant were embedded in paraffin wax and ground into specimens with a thickness
of 4 um. Following the reverse sequence of process steps, bone sections separated
from the implant were stained with haematoxylin-eosin (H&E) and examined under
an Olympus CX41 light microscope (Olympus, Tokyo, Japan).

An exemplary microscopic and histopathological (H&E) documentation of the
peri-implant bone tissue after the removal of the MSC-Scaffold prototype is pre-
sented in Figure 4.19. It was found that the contact surfaces of the bone with the
implant were smooth, and the mechanical separation of the implant from the bone
did not tear the peri-implant bone tissue.
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FIGURE 4.19 Exemplary histological section (H&E) of the peri-implant bone tissue after
removing the MSC-Scaffold preprototype from the bone-implant slices after their decalcifi-
cation showed smooth contact surfaces between the bone and the implant (arrow), suggesting
insufficient osteointegration.

This means that osseointegration with the surface of the spikes was most likely
not sufficient, as the adsorption of bone proteins to the surface of the MSC-Scaffold
spikes during the proper osseointegration would tear out fragments of peri-implant
bone tissue along with the removed implant.

No morphological markers of inflammation were found in the examined histo-
pathological slides collected six weeks after implantation, while relatively numerous
osteoblasts were observed on the surface of the bone trabeculae near the contact
between the bone and the MSC-Scaffold, which means that the osteogenesis process
was still taking place at that point (Figure 4.20).

In the case of histological sections obtained from bone-implant specimens harvested
in the ninth week after the implantation procedure, practically the entire interspike space
of the prototype MSC-Scaffold was occupied with mature bone tissue (Figure 4.21a)
without morphological markers of the osteogenesis process. There were no necrotic
bone fragments formed during the first stage of surgical implantation. The bone tra-
beculae of the periarticular bone in these histological slides are viewed as mature and
equal in age. This is evidenced by clearly visible interlamellar cement lines of bone
tissue and osteocytes (mature bone cells) in bone trabeculae (Figure 4.21b).

In histological sections obtained from bone fragments containing the implant,
both those collected at the sixth and ninth week after implantation, we have found
numerous metallic microparticles in bone tissue at the surface of its contact with the
MSC-Scaffold, in particular, located in the interspike space proximal to the base of
the spikes (Figure 4.22a, arrows) which are residues remaining after blasting the
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FIGURE 4.20 Relatively numerous osteoblasts (arrows) on bone trabeculae surfaces in
peri-scaffold bone tissue histological sections (H&E) obtained from bone fragments contain-
ing implants harvested in the sixth week after the surgery.

FIGURE 4.21 Histopathological sections (H&E) obtained from bone specimens containing
implants collected in the ninth week post-implantation, showing a fragment of the interspike
space of the MSC-Scaffold preprototypes occupied with cancellous bone tissue (a): the trabecu-
lae of the periarticular bone look equal; it is indicated by clearly visible interlamellar cement
lines and osteocytes in the bone trabeculae (b).

surface of the spikes of MSC-Scaffold preprototypes manufactured in the SLM tech-
nology (cf. Figure 3.38d). In histological sections obtained from bone-implant frag-
ments harvested in the ninth week after implantation, presented in Figures 4.22b
and 4.22¢, we have shown an exemplary area of the MSC-Scaffold interspike space,
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FIGURE 4.22 Histopathological sections (H&E) obtained from bone specimens con-
taining implants harvested in the ninth week after implantation (H&E) showing: (a)
numerous metallic particles (arrows) being the remains after blasting the surface of
the spikes of the prototype MSC-Scaffold manufactured in SLM technology; (b) and
(c) areas of the interspike space of the MSC-Scaffold preprototype near the edge of the
base of the spikes (distance between the base of the spikes: (b) 100 um and (c) 200 um)
almost entirely filled with fibrous connective tissue.

located directly near the edge of the spike bases, almost entirely filled with fibrous
connective tissue.

Based on the analysis of microscopic and histological documentation obtained from
bone-implant specimens harvested in the ninth week after implantation (Figure 4.21),
it can be concluded that the surfaces of the spikes in contact with the bone constitute
a scaffold for bone tissue that allows it to grow into and fill the interspike space of the
prototype MSC-Scaffold, which allows biological fixation of the implant (a component
of the resurfacing arthroplasty endoprosthesis) in the periarticular bone.

The absence of bone tissue in the interspike space of the MSC-Scaffold prepro-
totypes within the edges of the spike bases indicates that due to the small distance
between these edges (100 um — Figure 4.22b and 200 pum — Figure 4.22¢) both of
these areas are not sufficiently capacious to allow the formation of bone tissue in
them. Moreover, bone formation in this area can be inhibited by the inflammatory
process associated with the immune response to the metallic particles that remain
adhered on the surface of the spikes after the SLM process to produce a prototype
MSC-Scaffold. Pilot implantations indicate the need to increase the distance between
the edges of the spike bases in the prototype MSC-Scaffold for resurfacing arthro-
plasty endoprostheses. Moreover, increasing the space between the spikes near the
edge of their bases will increase the efficiency of blasting the surface of the spikes,
improving the conditions for cleaning this area from metallic particles remained
after the SLM manufacturing process of the prototype MSC-Scaffold.
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5 Formation of
osteoinductive and
osseointegrative
properties of the
bone-contacting surface
of the multi-spiked
connecting scaffold
prototype by the
electrochemical
cathodic deposition of
calcium phosphates’

5.1 INITIAL ATTEMPTS TO MODIFY THE SURFACE OF THE
MULTI-SPIKED CONNECTING SCAFFOLD PREPROTOTYPES

Unmodified bone-contacting surface of components of resurfacing endoprostheses
made of titanium alloys exhibit poor osteoinductive behaviour; therefore, modifica-
tion of such surface is usually necessary to improve the functionality of implants in
this respect [4]. The commonly used materials to modify the bone-contacting surface
of implants that improve their osteoinductive properties, used both in orthopaedics
and dentistry, are calcium phosphate-based bioceramics, among which the most com-
mon and characterized by excellent bioactivity is hydroxyapatite (Ca,,(PO,),(OH),,

* The research works described in this chapter were carried out at the Institute of Chemical Technology
and Engineering of the Faculty of Chemical Technology of the Poznan University of Technology as
part of the research project of the National Science Centre Poland No. NN518412638, and then con-
tinued in the doctoral dissertation [1], the supervisor of which was the principal investigator of the
research project mentioned above, and published in papers [2,3].
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HA) — a biomineral that naturally occurs in bones [4—10]. Calcium phosphates (CaP)
are of particular importance in this regard, because they are the most important inor-
ganic components of hard tissues in vertebrates [5—10].

Synthetic CaP coatings can be prepared using a variety of processes. In general,
commonly used methods can be divided into two groups, physical deposition tech-
niques and wet-chemical techniques [11]. Physical methods include plasma spraying
[12], pulsed laser deposition [13], low-temperature high-speed collision [14], radio
frequency magnetron sputtering [15], gas-detonation deposition [16], and ion implan-
tation [17]. Chemical methods include chemical vapour deposition [18], biomimetic
deposition [19-22], hydrothermal treatment [23], sol-gel deposition [24,25], and elec-
trochemical methods [20,26-34].

CaP coating deposition on flat substrates has been widely investigated, while CaP
deposition on the bone-contacting surface of complex geometric shapes, for example,
porous implants or additively manufactured scaffolds, has only been studied rela-
tively rarely and quite recently [35-37]. Most CaP deposition methods have a line-of-
sight requirement, which greatly limits the choices in coating with complex shapes
[32]. Only a few methods can be applied to complex-shaped or porous materials and
scaffolds. Therefore, to improve the osteoinductive and osseointegrative behaviour
of the bone-contacting surface of the MSC-Scaffold, electrochemical methods are
preferred because of their shape complexity. The technologies commonly used for
this purpose are electrophoretic deposition (EPD) and electrochemical deposition
(ECD) [26].

The ECD process can be carried out at room temperature and allows the CaP
surface modification of complex-shaped Ti-alloy implants with control of the adhe-
sive strength of the coating [38], resulting in a non-delaminating CaP coating of
approximately 1 um thickness characterized by relatively high adhesive strength com-
pared to the EPD process, where the hydroxyapatite (HA) coating is obtained from
a suspension containing HA particles. Without applying thermal post-processing by
subsequent sintering, the EPD-deposited HA coating delaminates [14,17,26,27].

In the ECD process, CaP coatings are formed from an electrolyte containing cal-
cium nitrate, Ca(NOs;),, and ammonium dihydrogen phosphate, NH,H,PO,, where
the molar ratio of calcium to phosphorus is approximately 1.67 and is the same as the
ratio of Ca/P in native osseous CaPs [28,39—43]. This method enables control of the
properties of the deposited coatings by appropriately choosing the electric param-
eters of the ECD process, such as current density [44] or electric potential [24], and
by adjusting the processing time [16]. The subsequent immersion of the modified
substrates in simulated body fluid (SBF) leads to the transformation of the amor-
phous CaP coating into a crystalline CaP coating [24,27]. The coatings obtained in
this way are characterized by layers made of different phases of Ca-P, which depends
on the composition of the SBF where the surface-modified biomaterial is immersed
and the initial preparation of its surface [36]. The advantage here is the possibility
of conducting the process of transforming the CaP coating at a relatively low tem-
perature, and this process consists of the heterogeneous nucleation of CaP from the
SBF solution [22]. The application of chemical pretreatment, such as acid, alkaline,
or acid-alkaline treatment (AAT), may advantageously influence the outcome of the
ECD process [45-50].
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Initial attempts to modify the bone-contacting surface of the MSC-Scaffold
preprototypes for resurfacing arthroplasty endoprostheses were carried out using the
method of electrochemical cathodic deposition of CaPs at constant current density
values. Before the actual modification process, the lateral spike surfaces was chemi-
cally cleaned each time successively: in distilled water, ethanol, acetone, and then
three times in distilled water; each stage lasted 15 minutes. The modification pro-
cess using Autolab PGSTAT302N potentiostat/galvanostat (Metrohm Autolab B.V,,
The Netherlands) was carried out in a dual-electrode system at current densities of
1.25, 5, and 10 mA/cm?, in a solution containing 0.042 M Ca(NO,), — and 0.025 M
NH,H,PO,, at pH = 6, at room temperature, for 1 hour. The preprototypes acted as
a working electrode, and the gold electrode was used as an anode. Subsequently, the
preprototypes were incubated (part for 24 h and part for 48 h) in SBF of the composi-
tion of: 6.8 g/l NaCl, 0.4 g/1 KCl, 0.2 g/l CaCl,, 0.2048 g/l MgSO,-7H,0, 0.1438 g/1
NaH,PO,-H,0, and 1.0 g/l NaHCO;.

Qualitative analysis of surface morphology and microanalysis of the chemical com-
position using the X-ray energy-dispersive spectroscopy (EDS) of the modified micro-
structure of the preprototype MSC-Scaffold was performed using the Hitachi TM-3030
scanning electron microscope (Hitachi High-Tech Technologies Europe GmbH,
Krefeld, Germany) equipped with the EDS system (Oxford Instruments, Oxfordshire,
United Kingdom) and the Vega 5135 scanning electron microscope (Tescan, Brno-
Kohoutovice, Czech Republic) equipped with the EDS system (Princeton Gamma-
Tech, Inc., Princeton, NJ, USA). Surface mapping on three randomly selected subareas
of the modified lateral surface of the spikes of each prototype MSC-Scaffold was per-
formed using a specialized software analyser available in the EDS system. On the basis
of the mapping of the lateral surface of the spikes, the average degree of coverage with
a CaP layer was determined. In each of the analysed subareas, ten-point measurements
of the chemical composition were made and molar Ca/P ratios were calculated. The
analysis of the degree of coverage of the lateral surface of the spikes and the homogene-
ity of the deposited coating was performed using a professional Imagel software tool
(National Institutes of Health, Bethesda, MD, USA).

Due to the complex shape of the MSC-Scaffold, it was not possible to apply the
commonly used method to determine the adhesion of the coatings in the scratch test
[51]. Therefore, a proprietary ultrasonic method was developed to assess the adhe-
sive strength of the coatings deposited on the bone-contacting surface of the MSC-
Scaffold. Surface-modified preprototypes were placed in a glass vessel filled with
experimentally selected abrasives (glass microspheres with granulation of 30-50 um)
and placed in an ultrasonic cleaner (Sonic 3, Polsonic, Poland). The preprototypes
were weighted at equal time intervals and the surface of the spikes was observed
using a scanning electron microscope. The criterion for completion of the test was
the lack of mass loss in three consecutive measurements.

Figure 5.1 presents the SEM documentation of the surface of the spikes of the MSC-
Scaffold preprototypes after the modification process at different current densities and
different immersion times in the SBF. Figure 5.2 presents the SEM documentation of
the surface of the spikes of the preprototype MSC-Scaffold after the adhesive strength
test. Figure 5.3 presents examples of adhesive strength test results for applied coat-
ings. Table 5.1 gives examples of the results of the test of the chemical composition
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of the coatings obtained as a result of the modification by electrochemical cathodic
deposition of CaP carried out at a constant current density of 5 mA/cm?.

An electrochemical cathodic deposition allows the formation of CaP coating on
the surface of MSC-Scaffold spikes in a short time. On the basis of the SEM docu-
mentation of the surface of the preprototype MSC-Scaffold for resurfacing arthro-
plasty endoprostheses subjected to electrochemical modification, it can be noted that
as the density of the current used for deposition increases, the degree of coverage of
the lateral surface of spikes with a CaP layer increases. For the modification carried
out at the current density of 5 mA/cm?, no cracks were observed on the surface of

o D N

FIGURE 5.1 SEM documentation of the lateral spike surfaces of the preprototype
MSC-Scaffold for resurfacing arthroplasty endoprostheses subjected to electrochemical
treatment at a current density of: (a) 1.25 mA/cm? and after 24 h immersion in SBF, (b) and (c)
1.25 mA/cm? and 48 h immersion in SBF, (d) and (f) 5 mA/cm? and 24 h immersion in SBF,
(€) 5 mA/cm? and 48 h immersion in SBF, (g) 10 mA/cm? and 24 h immersion in SBF and
(h) and (i) 10 mA/cm? and 48 h immersion in SBF.



Osteoinductive and osseointegrative properties of MSC-Scaffold 89

FIGURE 5.2 SEM documentation after testing the adhesive strength of the CaP-modified
surface of the MSC-Scaffold for resurfacing endoprostheses subjected to electrochemical
modification at the current density: (a) 1.25 mA/cm?, (b) 5 mA/cm?, and (¢) 10 mA/cm?.
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FIGURE 5.3 The mean mass loss of the surface layer is a function of the duration of ultra-
sonic abrasion of the surface of the MSC-Scaffold preprototypes.

the deposited layer, while at the current density of 1.25 and 10 mA/cm? (Figures 5.2¢
and Figure 5.2i), cracks were observed on the surface of the formed layer, where for
the current density of 10 mA/cm?, the number of surface cracks is greater than for
the preprototypes modified at the current density of 1.25 mA/cm?. In the deposited
coating, we can also see crystalline forms of CaPs (Figure 5.2f).

X-ray analysis (EDS) showed that both calcium and phosphorus are present on
the titanium surface of the spikes subjected to the modification process. The example
results of the chemical composition analysis presented in Table 5.1 indicate that the
molar ratio of these two elements is approximately 1.67, which corresponds to the value
occurring in native bone hydroxyapatite. For other preprototypes, this ratio is similar.
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TABLE 5.1
Example results of EDS analysis of the chemical composition
of the produced coating

Incubation Time in SBF Solution

24 h 48 h

Mass Molar Mass Molar
Element Contribution (%)  Contribution (%) Contribution (%) Contribution (%)
O 56.93 75.09 44.24 65.68
Al - - 1.32 1.16
Si - - 0.24 0.20
Ti 3.34 1.47 16.86 8.36
P 16.30 11.11 14.44 11.07
Ca 2343 12.34 2245 13.30
Total 100 100 100 100

Analysis of the SEM documentation of preprototypes subjected to the adhesive
strength test using an experimentally developed ultrasonic method (Figure 5.3)
allows the observation of coating defects on all preprototypes. A smaller loss of
coating of CaP deposited at higher current densities was found; however, this result
required confirmation in further research.

SEM images in Figures 5.4a and 5.4b show the surface of the spikes of the prepro-
totype subjected to electrochemical cathodic deposition at a current density of 5 mA/
cm?, followed by 24 hour incubation in SBF. The arrows show the CaP plate crystals
deposited on the lateral surface of the spikes of the MSC-Scaffold preprototypes, as
well as near the edge of their base. Figure 5.4c shows an example of SEM micropho-
tography and Figure 5.4d presents corresponding surface EDS mapping images; the
darker grey colour corresponds to calcium atoms and the lighter grey to phosphorus
atoms. Figure 5.4e presents an example EDS spectrogram of the example area of the
lateral surface of the spikes in Figure 5.4c.

According to the EDS spectrum presented in Figure 5.4e, the main elements
detected on the lateral surface of the MSC-Scaffold were the following: Ca, P,
and O, which indicates the deposition of CaP coating on their surface. Elements
such as Ti, Al, and V found in the EDS analysis come from the Ti-6Al-4V sub-
strate, because, as can be seen in Figure 5.4d, only part of the lateral surface of the
spikes of the MSC-Scaffold has been covered with a CaP layer, i.e. this coating is
not homogeneous. Elements such as Si and partial Al elements shown in the EDS
spectra can be derived from an abrasive mixture used to jet clean the surface of
the MSC-Scaffold spikes, consisting mainly of alumina (Al,0;) and glass micro-
spheres (70% SiO,). The determined values of the molar ratio Ca/P (1.56 | 1.74) on
the lateral surface of the preprototype spikes correspond to the values of native
bone CaP, which allows us to conclude that as a result of the modification a layer of
CaP with microcracks was formed.
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FIGURE 5.4 SEM documentation of the bone-contacting surface of the MSC-Scaffold pre-
prototype subjected to electrochemical modification at a current density of 5 mA/cm?, fol-
lowed by a 24-hour incubation in SBF (a, b); arrows show lamellar CaP crystals deposited on
the lateral surface of the spikes of the MSC-Scaffold preprototype (a) and also at the base of
the MSC-Scaffold preprototype near the edge of the spikes (b); SEM microphotograph of an
example area on the lateral surface of the spike and an image showing the same area with the
mapping made using specialized software included in the EDS system (c, d); dark grey cor-
responds to calcium atoms, and light grey correspond to phosphorus atoms, and the example
EDS spectrogram (e) for the area on the lateral surface of the spikes with the corresponding
chemical composition shows that the Ca/P molar ratio here is 1.59.
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5.2 RESEARCH ON THE PROCESS OF CALCIUM PHOSPHATE
POTENTIOSTATIC ELECTROCHEMICAL CATHODIC
DEPOSITION ON THE SURFACE OF THE SPIKES
WITH THE SUBSEQUENT IMMERSION OF THE
PREPROTOTYPES OF THE MULTI-SPIKED CONNECTING
SCAFFOLD IN A SIMULATED BODY FLUID

As a result of the preliminary attempts of modifying the bone-contacting surface of
preprototypes of the MSC-Scaffold by electrochemical cathodic deposition of CaPs
carried out at constant current density values and subsequent immersion of the pre-
prototypes of the MSC-Scaffold in SBF, it was observed that the deposition of CaPs
can be controlled by regulating the current density. During further pilot tests also
carried out using the potentiostatic process, significantly higher repeatability of this
type of process was observed in comparison to that of the galvanostatic process.
Therefore, it was decided to continue the research of the CaP modification of the
lateral spike surfaces of the MSC-Scaffold using an ECD process carried out at con-
stant electric potential values.

A few works devoted to the modification of the substrates with complex geo-
metric shapes using the above method (e.g. in the case of bone scaffolds), as well
as the unsatisfactory effects of tests of the use of parameters of the CaP modifica-
tion process with the ECD method, recommended for flat substrates in the case of
MSC-Scaffold, justified the need to undertake an experimental search for an suitable
range of conditions for conducting this process at constant electric potential values.

The research aimed to experimentally determine the proper range of conditions
for the process of potentiostatic electrochemical deposition of CaPs on the bone-
contacting surface of the spikes of MSC-Scaffold preprototypes, leading to the depo-
sition of a biomineral coating with the values of the molar Ca/P ratio occurring in
the native bone hydroxyapatite, which is of great importance for the good biocompat-
ibility of the implant in vivo.

Following the conclusions drawn from our research presented in Chapter 4, the
design of the MSC-Scaffold has been modified in the area of its interspike space
near the edge of the spike bases. Two new variants of preprototypes, differing in
the distance between the bases of the spikes: 200 um (Pg,,,) and 350 um (Pg_s),
both peripherally and radially, were designed to test the modification of the bone-
contacting surface of the MSC-Scaffold by ECD of CaPs (carried out at constant
electric potential values). The research was performed on the MSC-Scaffold prepro-
totypes designed as fragments of the middle part of the femoral component of the
total hip resurfacing arthroplasty endoprosthesis. The prototype hip joint resurfac-
ing endoprosthesis with MSC-Scaffold manufactured in the SLM technology from
Ti-6Al1-4V powder is shown in Figure 5.5a. Figure 5.5b presents the CAD models of
the MSC-Scaffold preprototypes developed for these tests, and Figure 5.5c presents
the preprototypes produced on their basis using SLM technology.

A total of 56 preprototypes have been used to determine the most suitable electric
potential range for the CaP modification process using the ECD method (28 for each
variant).
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FIGURE 5.5 A prototype of an entirely cementless resurfacing hip joint endoprosthesis
with MSC-Scaffold manufactured in the SLM technology from Ti-6Al-4V powder (a). CAD
models of the MSC-Scaffold preprototypes for resurfacing endoprostheses designed in two
variants of geometric configuration, which differ in the distance between the bases of the
spikes, 200 pm (Pg,,(0) and 350 um (Pg5,), both circumferentially and radially (b), and the
preprototypes produced based on these CAD models in the SLM technology (c).

The preprototypes were weighed using an analytical balance AS 110/X (Radwag,
Poland) and then modified with Autolab PGSTAT302N (Metrohm Autolab B.V,,
The Netherlands). Electric potential values in the range of -9 to -3 V have been
examined. The composition of the solution used in the ECD process was iden-
tical to that presented in Section 5.1. The composition of the SBF was also not
changed. After incubation in SBF, the MSC-Scaffold preprototypes were dried at
room temperature and weighed again. The mass growth caused by the deposi-
tion of CaP layer preprototypes on the surface of the spikes was calculated as
the difference between the initial mass (before modification) and the final mass
(after modification). Analysis of the chemical composition of the coating deposited
on the lateral surface of preprototype spikes was carried out using the Hitachi
TM-3030 scanning electron microscope (Hitachi High-Tech Technologies Europe
GmbH, Krefeld, Germany) equipped with EDS spectrometer (Oxford Instruments,
Abingdon, United Kingdom).

Subsequently, electric potential values, for which the largest increase in the mass
of the preprototypes was recorded with the molar Ca/P ratio in the coating corre-
sponding to the native bone hydroxyapatite, were used during the cathodic deposi-
tion process to modify the new series of MSC-Scaffold preprototypes. A total of
36 MSC-Scaffold preprototypes were modified, 12 for each selected electric poten-
tial value considered preferred.

To investigate the effect of pretreatment on the final surface modification effect
for half of the preprototypes, an acid-alkali treatment (AAT) was applied in a 40%
sulphuric acid (H,SO,) solution for 40 minutes at 60°C and then in a 1 mol/l sodium
hydroxide solution (NaOH) for 40 minutes at 80°C.
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To create elemental maps showing the distribution of elements on the lateral surface
of the spikes, an EDS mapping of the surface composition was performed on three
randomly selected lateral subareas of the lateral spike surfaces of each of the modi-
fied preprototypes. Based on the analysis of the mapping results, we have indicated
the regions with a CaP coating deposited on the lateral surface of the spikes, as well
as the degree of coverage of the lateral surface of the spikes. In each of the analysed
subareas, we made 10-point measurements of the chemical composition and calculated
the molar Ca/P ratios. The analysis of the degree of coverage of the lateral surface of
the spikes and the homogeneity of the deposited coating was performed using a profes-
sional Image]J software tool (National Institutes of Health, Bethesda, MD, USA).

The X-ray Powder Diffraction (XRD) test was performed on the PANalytical
EMPYREAN diffractometer (Malvern, UK) at a scanning speed of 0.02/s in the Cu
Ka radiation (A = 0.15405 nm, 40 mA, 40 kV) in the range of 26 30-70. Because
it was not technically possible to directly analyse the surface of the MSC-Scaffold
preprototypes, it was necessary to use mechanically separated micro-fragments of
the coating from the surface of the spikes as a powder sample to perform the test.

Figure 5.6 presents a graph of the increase in mass caused by the deposition of a
CaP layer on the lateral surface of the spikes of the MSC-Scaffold preprototypes for
both modified variants of the spike configuration in Py, and Pg_5, MSC-Scaffold
preprototypes, depending on the electric potential values used in the ECD process.

In the case of the Pg.,,, MSC-Scaffold preprototypes modified using electric
potential values in the range of -9 to —5.25 V, mass growth was approximately 3 mg
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FIGURE 5.6 Graphs of the increase in mass caused by the deposition of the CaP layer on
the lateral surface of the spikes of the Py, and P35, MSC-Scaffold preprototypes, depend-
ing on the electric potential values used in the ECD process.
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(from 2.75 mg for a potential equal to =9 V to 3.65 mg for a potential equal to —7
V). An increase in the electric potential value above —5.25 V resulted in a decrease
in the mass growth of the deposited coating to 2 mg (for a potential equal to —4.75
V), while for a potential equal to —4.5 V and a potential equal to -3 V, no mass
growth was recorded. An EDS analysis of the chemical composition has proven the
absence of Ca and P on the lateral surface of spikes of the MSC-Scaffold preproto-
types modified with the applied electric potential values of —4.5 V and -3 V. SEM
analysis has indicated that in the case of the Pg,,, MSC-Scaffold preprototypes, for
which mass growth was observed, the CaP layer was deposited only in the upper
areas of the spikes. In this case, a significant amount of CaP deposit was found,
which was located in the interspike space of the MSC-Scaffold preprototypes. This
phenomenon was considered unfavourable. An example of SEM documentation
showing this effect is presented in Figure 5.7. None of the molar ratios of Ca/P
determined for the lateral surface of the spikes in the Py, MSC-Scaffold prepro-
totypes corresponds to the molar ratio of Ca/P in the native bone hydroxyapatite.
The EDS analysis indicates that the molar Ca/P ratios reached values below 1.00
and 3.73, so in this case, it was not possible to detect any deposition of a CaP coat-
ing on the surface of the spikes, but we have detected only Ca and P ions acciden-
tally deposited on the surface of the spikes. In the first case, almost only Ca was
found on the surface of the spikes, while in the second case almost all surface sedi-
ments were identified as P. With an electric potential of —4.5 V, no mass growth
was observed in the preprototypes.

& »

' g
¥
b
g

| T A -

TM3030_0938

FIGURE 5.7 Sample SEM images showing the undesirable effect of CaP deposit formation
in the space between the spikes of the Pg,,, MSC-Scaffold preprototypes; magnification:
30x and 300x.
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Example elemental maps of the two areas of the MSC-Scaffold enlarged in Figure
5.7 are shown in Figure 5.8. According to the presented elemental maps, the colours
reflecting elements derived from the preprototype material, such as Ti, V, and Al,
are located on the lateral surface of the spikes (similarly to O, which is not shown),
while Ca and P are arranged only as deposits in the space between the spikes. This
phenomenon can be explained by referring to the interspike distance. The MSC-
Scaffold preprototypes designed in this variant, characterized by a distance between
the spike bases equal to approximately 200 um, do not provide sufficient space
between the spikes to lead to the deposition of a CaP coating on the surface of the
MSC-Scaffold spikes during the potentiostatic ECD process. The unwanted result
of the modification of the surface of the Py,,, MSC-Scaffold preprototypes led us
to decide to discontinue further research using this geometric variant of the MSC-
Scaffold preprototype.

For the MSC-Scaffold preprototypes designed in the Py, MSC-Scaffold pre-
prototype variant modified using electric potential in the range of -9 to —5.50 V,
the mass growth of the deposited coating was small (less than 1 mg), and the values
of the molar Ca/P ratios determined by the EDS method for these coatings do not
correspond to the values of the molar Ca/P ratio characteristic for native bone CaP.
A significant increase in the mass of the deposited coatings (approximately 5 mg)
was found using electric potential values in the range from —5.25 to —4.75 V. In the
case of the ECD process carried out at electric potential values above —4.50 V, a
slight increase in mass was observed (approximately 0.50-0.75 mg). Unfortunately,
the values of the Ca/P molar ratios in the deposited CaP coating did not correspond
to the characteristic values of the Ca/P molar ratio for the CaP of native bone. EDS
analysis of the surface composition of all MSC-Scaffold preprototypes in the modi-
fied Py ;50 MSC-Scaffold preprototype variant using the electric potential of —5.25,
—5.00, and —4.75 V confirmed the presence of CaP with Ca/P molar ratios consis-
tent with Ca/P for native bone HA. Therefore, electric potential values ranging from
—5.25 to —4.75 V may be recommended as the most suitable conditions for CaP modi-
fication of the Py 5, MSC-Scaffold preprototypes using ECD carried out at constant
electric potential values.

Figure 5.9 shows the dependence of the average mass growth of the Pg_5, MSC-
Scaffold preprototypes modified at a constant electric potential value of —5.25,
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FIGURE 5.8 Documentation of EDS mapping of the surface of the two enlarged areas of
the MSC-Scaffold Py, in Figure 5.7: (a) SEM images, (b) CaP maps, (c) Ca maps, (d) P maps,
(e) Ti maps, (f) Al maps, and (g) V maps.
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FIGURE 5.9 The mean mass growth of the Py, MSC-Scaffold preprototypes depends on
the applied electric potential values of the modification performed by electrochemical cathodic
deposition with acid-alkali treatment (ECD + AAT) and without such treatment (ECD).

—5.00, and —4.75 V. The mass growth was determined for both preprototypes
subjected to AAT and those that were not subjected to such treatment.

In both tested cases, the largest average mass growth of the modified Pg 5, MSC-
Scaffold preprototypes was obtained for the electric potential of —5.00 V. The diagram
presented in Figure 5.9 shows that the initial AAT affects the mass increase of the
deposited CaP coating (by 44% for the electric potential of —5.25 V, by 9% for the
electric potential of —5.00 V, and by 15% for the electric potential of —4.75 V).

Figure 5.10 shows the SEM documentation of the lateral surface of the Pgs
MSC-Scaffold spike preprototypes modified by a 1-hour ECD process carried out
at constant electric potential values of —5.25, —5.00, and —4.75 V and subsequent
incubation for 48 hours in SBF, without initial AAT (Figures 5.10a—c) and with initial
AAT (Figures 5.10d—f).

The SEM analysis of the lateral surface of the spikes showed that the CaP coat-
ing obtained during the modification not preceded by the initial AAT is heteroge-
neous and seems to be unstable (with reduced adhesion strength). In the case of the
MSC-Scaffold preprototypes, whose lateral spike surfaces was modified with the
electric potential value of —5.25 V, most of the lateral surface of the spikes in their
central part remained uncovered. The cover was deposited mainly on the upper part
of the spikes. In the case of other preprototypes (modified using an electric potential
of =5.00 and —4.75 V), the entire lateral surface of the spikes was coated with CaP,
but numerous microcracks were observed, especially for the modification process
carried out with an electric potential of —5.00 V.
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FIGURE 5.10 SEM documentation of the lateral surface of the spikes of the MSC-Scaffold
preprototypes modified in a 1-hour ECD process conducted at constant electric potential val-
ues of: (a) =5.25 V, (b) =5.00 V, and (c) —4.75 V, and after 48 h of incubation in SBF without
AAT and, respectively (d—f), with AAT.

As can be seen in the SEM images shown in Figures 5.10d—f, the application of
the initial AAT increased homogeneity (no microcracks on the surface of the spikes)
and the degree of covering the surface of the spikes with a CaP coating deposited
with all tested electric potential values of the potentiostatic ECD process. Needle
and plate crystals of CaP appear on the lateral surface of the preprototypes of the
MSC-Scaffold.

In particular, a significant accumulation of such crystals can be observed in the
upper part of the MSC-Scaffold spikes (Figures 5.10a—c).

The EDS analysis shows that the Ca/P molar ratios on the lateral surface of the
spikes ranged from 1.58 to 1.74, which is consistent with the values of the Ca/P
molar ratio of native bone hydroxyapatite. The graph in Figure 5.11 presents the
dependence of the degree of coverage of the lateral spike surfaces of the Pgs,
preprototypes of the MSC-Scaffold with the CaP layer deposited after a 1-hour
ECD process carried out at constant electric potential values of —5.25, —5.00, and
—4.75 V and subsequent immersion in SBF for 48 h, with and without pretreatment,
on the applied values of electric potential during the ECD process. Figure 5.12
shows examples of elemental maps of lateral spike surfaces in preprototypes of the
MSC-Scaffold. Examples of elemental maps relate to the preprototypes presented
in Figure 5.10.
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FIGURE 5.11 The degree of coverage of the lateral surface of the MSC-Scaffold Pgs,
preprototypes with CaP coating deposited after 1-hour of modification by ECD at constant
electric potential values of —5.25, —=5.00, and —4.75 V and subsequent 48 h of incubation
in SBF, with acid-alkali treatment (ECD + AAT) and without acid-alkali treatment (ECD),
depending on the electric potential value used.

The results of EDS mapping for the modified lateral surface of the MSC-Scaffold
spikes and the quantitative analysis of the chemical composition carried out based
on the obtained elemental maps show that the greatest degree of coverage of the lat-
eral surface of spikes with the CaP layer was obtained for the Py 35, MSC-Scaffold
preprototypes modified with the electric potential of —=5.00 V (on average 68 + 6%).
For other electric potential values, the degree of coverage of the lateral surface of the
spikes was half (33 + 5% to 35 + 5%). The use of AAT increases the degree of cov-
erage of the lateral surface of the spikes (40% for the electric potential of —=5.25 V,
14% for the electric potential of —5.00 V, and 100% for the electric potential of
-475V).

To confirm that the CaP layer deposited on the lateral surface of the spikes
obtained in the process of modification with a constant electric potential value of
—=5.00 V is in crystalline form, we have carried out an analysis of the crystalline
structure and phase composition of the surface using the X-ray diffraction (XRD)
method. The results are shown in Figure 5.13.

As can be seen from the diffractogram presented in Figure 5.13, the CaP coat-
ing obtained is multiphase. Angular positions of diffraction reflections assigned to
such phases as octa-calcium phosphate — CagH,(PO,), - 5SH,O (according to PDF2
#00-026-1056), calcium metaphosphate — Ca(PO,), (according to PDF2 #00-003—
0348), and hydrated calcium dihydrogen phosphate — Ca(H,PO,),-H,O (according
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FIGURE 5.12 Example results of EDS mapping of the lateral surface of the spikes of the
MSC-Scaffold preprototypes corresponding to the variants of the modification carried out
presented in Figure 5.10: (a) SEM pictures, (b) CaP maps, (c) Ca maps, (d) P maps, (e) Ti
maps, (f) Al maps, and (g) V maps.
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FIGURE 5.13 XRD diffractogram of the lateral surface of the spikes of the MSC-Scaffold
preprototype coated with a CaP layer in the ECD process carried out at a constant electric
potential of —5.00 V, followed by immersion for 48 h in SBF.
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to PDF2 #00-003-0284) were identified. In addition, impurities from the SBF
solution in the form of sodium chloride — NaCl (according to PDF2 #01-077-2064)
and sodium bicarbonate — NaHCO; (according to PDF2 #00-021-119) were found on
the surface. The results of XRD tests showed that during the ECD process combined
with subsequent incubation in SBF carried out under certain conditions, a multi-
phase biomineral CaP coating is formed on the lateral surface of the spikes of the
MSC-Scaffold.

5.3 EVALUATION IN HUMAN OSTEOBLASTS CULTURE
OF THE PROTOTYPE MULTI-SPIKED CONNECTING
SCAFFOLD WITH CALCIUM PHOSPHATE-
MODIFIED BONE-CONTACTING SURFACE

Study in human osteoblasts cultures of the MSC-Scaffold preprototypes (unmodi-
fied and with a CaP-modified surface) evaluated the proliferation of cells around
the spikes and the enzymatic activity of alkaline phosphatase (ALP). The alkaline
phosphatase enzyme is considered one of the first key factors in the osteogenesis and
mineralization of bone tissue, as one of the molecular parameters of osteoblasts dif-
ferentiation is the collagen synthesis process and the alkaline phosphatase activity.
Human osteoblasts (U-2 OS cell line) were purchased from American Type Cell
Culture (ATCC, Manassas, MA, USA) and cultured in modified McCoy 5A medium
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% foetal calf serum
(FCS; Sigma, St. Louis, MO, USA), 2 mmol/l L-glutamine (Cambrex, Charles City,
IA, USA), 100 TU/ml penicillin, and streptomycin solution (Sigma, St. Louis, MO,
USA) in a humidified atmosphere of 5% CO, at 37°C. 2 x 10* cells were seeded on
an unmodified and CaP-modified surface of the Py 5, MSC-Scaffold preprototypes
placed in 12-well culture plates and incubated for up to five days in a humid culture
medium (37°C, 5% CQ,) to allow cells to attach to the surface. Subsequently, U-2 OS
cells were stained with 0.1 ug/ml Hoechst 33342 and 0.125 pug/ml propidine iodide
solution (Sigma-Aldrich, St. Louis, MO, USA). The presence of intact (live), apop-
totic, and/or necrotic cells was evaluated using the Zeiss LSM 780 confocal micro-
scope (Jena, Germany). Excitation signals with wavelengths of 345 and 543 nm were
used and fluorescence emission was selected using 460 and 560 nm bandpass filters.
The human bone cell line (MG63) was provided by ATCC (USA), and cells were
cultured for ten days in Eagle’s minimal essential medium (EMEM) (Sigma-Aldrich,
St. Louis, MO, USA) with the addition of 10% foetal bovine serum (FBS, Sigma-
Aldrich, St. Louis, MO, USA) and solutions of 1% streptomycin and penicillin. The
activity of alkaline phosphatase (ALP) was then measured using a colorimetric test
(Alkaline Phosphatase Assay Kit, Abcam, Cambridge, UK). First, the EMEM medium
was removed from the culture and the washed cells (1 x 105) were homogenized in
the test buffer and centrifuged for three min. Then, all samples of the MSC-Scaffold
prototype (unmodified Py, Pg.350, and surface-modified with the CaP layer Py s5)
were placed in a 48-well microplate with the addition of 80 ul of test buffer. Then 50
ul of 5 mM p-nitrophenyl phosphate (pNPP) was added to each well containing the
test samples and to the control wells (reference wells) as an enzyme-substrate solution.
The plates were then stirred in an orbital shaker for five minutes and incubated for 60
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minutes at 25°C, protecting them from daylight. 10 ul of the ALP enzyme solution
was added to each well containing the pNPP standard and mixed. The main reaction
between the enzyme and the substrate was stopped by adding 20 pl of retention solu-
tion to each test and well containing the standard. The whole plate was gently shaken
and then alkaline phosphatase activity was measured at 405 nm in a Tecan microplate
colorimetric reader (Tecan Group Ltd., Médnnedorf, Switzerland).

Figure 5.14 shows the results of the five-day osteoblasts culture on an unmodified
surface and a CaP-modified surface of the Pg 5, preprototypes of the MSC-Scaffold.
Numerous proliferating osteoblast cells are visible in the space between spikes of the
PSc350 MSC-Scaffold with CaP-modified spikes.

As demonstrated in Figure 5.14, a few cells attached to the unmodified surface of
the Pg 5, preprototype of the MSC-Scaffold were observed (Figure 5.14a). On the
surface of the MSC-Scaffold modified with a CaP layer, bone cells focused around
the spikes, creating a large cellular network (Figure 5.14b). Due to the use of higher
magnification, a large number of cells attached to the surface were observed to be
intact (blue colour, Figure 5.14¢), with no signs of DNA fragmentation (no apoptotic
cells were detected). However, necrotic cells were also observed (red, Figure 5.14c¢).

The diagram in Figure 5.15 shows the activity of the enzyme alkaline phosphatase
as a function of the incubation time in the culture of human bone cell lines for the
variants tested from the MSC-Scaffold preprototypes.

For all variants of MSC-Scaffold preprototypes subject to testing, in the culture
of human bone cell lines, the measured alkaline phosphatase activity increases in
proportion to the incubation time of the sample. The alkaline phosphatase activity
values for the Py,,,, MSC-Scaffold preprototypes with densely spaced spikes (approx-
imately 200 um) are significantly lower than the alkaline phosphatase activity values
for the Py 55, preprototypes with less densely spaced spikes (approximately 350 pm).
For the CaP-modified surface of the MSC-Scaffold preprototypes, alkaline phospha-
tase activity increases more rapidly over time compared to the preprototypes with
an unmodified surface, and after 48 hours of incubation, the alkaline phosphatase

FIGURE 5.14 Microphotographs showing a fragment of the interspike space of the Pg s,
MSC-Scaffold after five days of osteoblasts cultivation, after staining with Hoechst 33342
dye and propidium iodide. Fragment of the unmodified surface (a) and surface modified with
CaP layer Pg 5, shown from the perspective of the spike tips; a magnification of 10x (b) and
a magnification of 20x (c); the dashed line shows the contour of the spike base of the tested
MSC-Scaffold preprototypes.
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FIGURE 5.15 The activity of the enzyme alkaline phosphatase as a function of incubation
time in the culture of human bone cell lines for the tested variants of the preprototypes of the
MSC-Scaffold: Pg.,, with an unmodified lateral spike surfaces, Pg.5, with an unmodified
lateral spike surfaces, and Py 5, with a CaP-modified lateral spike surfaces.

activity for the CaP-modified surface of the MSC-Scaffold preprototypes exceeds
the alkaline phosphatase activity for the unmodified preprototypes. Furthermore,
modification of the lateral spike surfaces with a CaP layer did not show cytotoxicity
to the MG63 cell line used in the study.

The research conducted shows that the factor that has a large impact on the activ-
ity of alkaline phosphatase (and thus on mineralization) is the appropriate distance
between the spikes of the MSC-Scaffold. Modification with a CaP layer on the sur-
face of the spikes is beneficial for bone cell proliferation and alkaline phosphatase
activity, and thus for the bioprocess of mineralization of the organic bone matrix.

A biological study in human osteoblasts culture was carried out on structural
variants of the MSC-Scaffold preprototypes, where the distances between the bases
of the spikes were differentiated: 200 pm (Pg,) and 350 um (Pg.s5,), both radially
and circumferentially, indicate the need to verify the construction guidelines for the
MSC-Scaffold in the areas of its interspike space within the edges of the bases of
the spikes. It is necessary to provide more space for the new bone ingrowth into the
interspike region of the MSC-Scaffold.

The low activity of alkaline phosphatase for the Py, preprototypes observed
in the culture of human bone cells together with the previous negative result of the
CaP modification of the lateral spike surfaces of these MSC-Scaffold preprototypes
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by ECD carried out at constant electric potential values disqualifies this structural
variant of the MSC-Scaffold preprototype from further research. Thus, it has been
proven that the rational justification is to increase the distance between the edges of
the spikes to 350 pm, both peripherally and radially, in the prototype MSC-Scaffold
for resurfacing arthroplasty endoprostheses.

5.4 BIOINTEGRATION OF THE PROTOTYPE
MULTI-SPIKED CONNECTING SCAFFOLD WITH CALCIUM
PHOSPHATE COATING IMPLANTED IN SWINE KNEE IN VIVO

In order to comparatively test the effects of biointegration between bone and sur-
face of the MSC-Scaffold preprototypes with the unmodified surface of spikes and
with CaP-modified surface of spikes, we have carried out pilot implantations of the
above-mentioned preprototypes in swine (Polish Large White breed). The prepro-
totypes were implanted (in a veterinary clinic with the consent of the Local Ethics
Committee in Poznan) in the knee joints of experimental animals. Biointegration
of MSC-Scaffold preprototypes with bone tissue was evaluated eight weeks after
implantation.

The animals for the treatment were selected by a certified butcher 8-12 weeks
before the planned slaughter by the breeder; 24 hours before treatment, the swines
were starved by restricting access to food, but access to water was free. Access to
water was restricted 12 hours before the procedure. In the operating block of the
veterinary clinic, the animals operated received premedication: atropine sulphate
(0.2 mg/kg intramuscularly) and xylazine hydrochloride (0.25 mg/kg i.v.). Then, the
animals were shaved locally and the operated area was prepared. In the operating
room, the animal skin was also anaesthetized in the operating area with 2% lidocaine.

During surgical implantation of the MSC-Scaffold preprototypes, inhaled gen-
eral anaesthesia with endotracheal intubation and anaesthetic monitoring was used —
induction of anaesthesia: Cepetor (0.01-0.04 mg/kg b.w.); anaesthesia was main-
tained by inhalation using an inhaler using Isoflurane with pulse oximetric control
and cardiac monitoring with the Drédger AT-1 cardio monitor (Drigerwerk AG & Co.
KGaA, Lubeck, Germany); premedication, administered once intramuscularly (in
the same syringe): Cepetor (0.02-0.04 mg/kg b.w., i.m.) and Levomethadone (0.25—
0.5 mg/kg b.w., i.m.). General anaesthesia was induced by ketamine hydrochloride
(30 mg/kg b.w., i.v.). Sodium metamizole (30 mg/kg b.w., i.v.) and infusion fluids were
also administered as painkillers.

A medial peripatellar approach was used to the knee joint of the swine. An antero-
medial skin incision was made, with a length of approximately 20 cm above the
operated joint of the right knee. We have used an approach to the knee joint going
between the lateral edge of the patella and the outer edge of the patellar ligament,
and then between the vastus lateralis and the rectus femoris. The joint capsule was
opened on the side of the patella, and then the patella was displaced centrally. The
bleeding was stopped (haemostasis). The patellofemoral area of the knee joint was
exposed. Implantation sites in both femoral condyles were prepared using a surgi-
cal drill. The holes in the subchondral bone in which the implant was placed were
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gradually widened with a cutter to the final size. During drilling and milling, the
bone holes were continuously irrigated with saline. The holes in the femoral condyles
were flushed with saline and the bone chips were removed. Two preprototypes (i.e.
unmodified and modified with a CaP layer) of the MSC-Scaffold for entirely non-
cemented resurfacing arthroplasty endoprostheses were placed under the surface of
the articular cartilage of the medial and lateral femoral condyle of the knee joint
of the swine. Implants embedded in the bone holes of the femoral condyle were
performed with a surgical mallet. The patella was replicated to the anatomical posi-
tion. A layered wound suture was applied. After implantation, an antibiotic regimen
was introduced: at the end of the procedure, penicillin powder was applied to the
subcutaneous layer, the wound was covered with a penicillin-saturated mesh, and an
antiseptic dressing was applied. After the procedure: Amikacin (Biodacin) 1 g two
times a day was administered i.v. (or i.m.) for three days. On the third day after the
operation, the swine was allowed to fully load the operated limb.

Eight weeks after implantation in the operating room of the veterinary clinic
(following the protocol approved by the Local Ethics Committee in Poznan),
surgical collection of operated joints with implants (premedication and general
anaesthesia as during implantation) was performed. Treatment was completed
with euthanasia of animals using Morbital (Pentobarbital sodium) at lethal
doses of 200 mg/kg b.w., i.v., following a protocol approved by the Local Ethics
Committee in Poznan. The explanted knee joints were subjected to radiological
examinations (2D Digital Specimen Radiography System, XPERT 40, Kubtec,
Milford, CT, USA).

Microtomographic examination of the harvested knee joints was carried out
using the SkyScan 1173 high-energy microtomographic scanner (Bruker, Kontich,
Belgium). The specimens of the knee joints harvested immersed in formalin were
placed on a rotating table and scanned entirely according to the following parameters:
source voltage 130 keV, source current: 61 uA, resolution: 9.92 um, filter: brass 0.25
mm, exposure time: 4,000 ms, rotation: 360°, every 0.2° scan time: about 6 hours.
3D visualization and 2D image analysis of digitally reconstructed knee microtomog-
raphy and implants were performed using SkyScan CT-Analyzer software (Bruker,
Kontich, Belgium). Radiographic density 3D images of bone-implant specimens have
been reconstructed using microcomputed tomography to highlight areas that have
been identified as implants (the MSC-Scaffold made of a titanium alloy), bone tissue
(bone trabeculae), and soft tissues, including bone marrow. On the eight reference
planes designated perpendicular to the axis of the MSC-Scaffold spikes below the
tops of these spikes, spaced 0.5 mm apart in the area between the MSC-Scaffold
spikes, the shares of bone beams around the unmodified and modified MSC-Scaffold
spikes with a CaP layer were calculated and compared.

After explantation, the specimens of the harvested knee joints of the operated
swine were fixed for seven days in 10% formalin (formaldehyde in phosphate buffer)
at pH 7.25, and then dehydrated in various concentrations of ethanol (70%, 80%, 90%,
99%, 99.8%, and 99.8% v/v) for two days at each concentration and then immersed
in resin. Thick slices (200 um) were cut using the IsoMet™ 4000 Linear Precision
Saw (Buehler, Esslingen am Neckar, Germany) and then hand sanded to a thickness
of 20 um using the MetaServ 250 grinder polisher (Buehler, Esslingen am Neckar,
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Germany). The sections were stained with haematoxylin and eosin and examined
under the Olympus CX41 light microscope (Olympus, Tokyo, Japan).

Figures 5.16-5.18 show example results of an experimental study of biointegration
of a non-modified and CaP-modified surface of the Pg.;5, MSC-Scaffold preproto-
types carried out on an animal model. Figure 5.16a shows a specimen of the operated
knee joint of a swine with two MSC-Scaffold preprototypes implanted surgically
eight weeks after implantation. There was no damage to the femoral condyle in the
surgically removed knee joint. Two implanted preprototypes showed good fixation
without any signs of loosening. Figures 5.16b and 5.16c show 2D digital radiographs
(XPERT 40, Kubtec, Milford, CT, USA) of the side and anteroposterior resected
knee joint of the swine, respectively.

FIGURE 5.16 Swine knee specimen implanted with two MSC-Scaffold preprototypes sur-
gically explanted eight weeks after implantation (a); lateral (b) and anteroposterior (c) digital
2D X-ray of the harvested knee joint of the operated swine.

FIGURE 5.17 Specimens harvested eight weeks after implantation into the knee joint con-
taining intraosseous implants with (a) an unmodified surface (1) and a CaP-modified surface
of (2) the MSC-Scaffold preprototypes; example thin sections mounted on a microscope slide
before staining (b); example histological images (H&E); cross sections for two in the longitu-
dinal (c) and transverse (d) directions to the axis of the spikes.



Osteoinductive and osseointegrative properties of MSC-Scaffold 107

FIGURE 5.18 View of the window showing the 3D micro-CT reconstruction of the bone-
implant specimen in projections on three perpendicular planes and an example 3D view of the
MSC-Scaffold with the unmodified surface of the spikes, distinguishing between elements
such as: implant (black), trabeculae (T), and bone marrow (BM).

Clinical and radiological examination confirmed the very good stability of the
knee joint and the lack of implant migration and showed that the spaces between
the spikes of both implanted MSC-Scaffold preprototypes are occupied with the
ingrown bone tissue.

Figure 5.17a shows excised specimens containing intraosseous implants with an
unmodified surface (1) and a CaP-modified surface (2) of the MSC-Scaffold pre-
prototypes eight weeks after implantation into the knee joint, for example, thin sec-
tions (Figure 5.17b) mounted on a microscope slide before staining. Figures 5.17c and
5.17d show example histological images (H&E) taken eight weeks post-implantation
surgery; cross sections for the two types of sections were made in the longitudinal
and transverse direction to the axis of the spikes, respectively.

Based on the microscopic and histological assessment of bone-implant specimens
excised from knee joint specimens harvested in operated swines eight weeks post-
implantation, it was found that in the case of preprototypes of the MSC-Scaffold both
unmodified (1) and modified with CaP layer (2), biointegration with bone occurred,
as evidenced by the presence of bone trabeculae in the interspike spaces of the MSC-
Scaffold in both the longitudinal and transverse sections of the bone-implant speci-
men (Figure 5.17).

Histological images (Figures 5.17c and 5.17d) showed trabecular bone tissue
(purple) between the MSC-Scaffold spikes and soft tissue (connective tissue and
bone marrow; white colour). Artefacts in the form of metal particles in the area of
peri-implant tissue introduced during the process of grinding scraps are also vis-
ible. The microscopic observation of histological specimens in cross section does not
allow for a satisfactory assessment of the differences between the osteointegration of
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periarticular bone tissue with the surface of the unmodified and modified CaP layer
of the MSC-Scaffold preprototypes. For this reason, it was decided to quantify the
osseointegration of these preprototypes by analysing the percentage of cancellous
bone trabeculae in the area between the spikes in microtomographic bone-implant
reconstructions.

Figure 5.18 shows a window view of the SkyScan CT analyser software (Bruker,
Kontich, Belgium) with sample 3D microtomographic reconstruction sections of a
bone-implant specimen harvested eight weeks after implantation into the knee joint
of the MSC-Scaffold preprototypes. Figure 5.18 also shows an example 3D view of
the bone-implant specimen that distinguishes areas identified by radiological density
such as the titanium alloy MSC-Scaffold (marked in black), bone trabeculae (marked
with the letter T), and the bone marrow (marked with the letters BM).

Percentage values of trabeculae in the area between the spikes at the designated
eight reference levels crossing the perpendicular axes of the spikes of the MSC-
Scaffold below their tops and spaced 0.5 mm apart for bone specimens containing
the MSC-Scaffold preprototype with an unmodified surface and CaP-modified sur-
face are given in Table 5.2.

Based on the results presented in Table 5.2 a higher percentage of bone trabeculae
can be found in the space between the spikes of the MSC-Scaffold with the CaP-
modified bone-contacting surface. The average increase in the percentage of bone
trabeculae between the spikes as a result of the modification of the surface of the
spikes with the CaP layer is 12.0 + 2.0%, which indicates the possibility of improving

TABLE 5.2

Percentage of bone trabeculae in the interspike space of explanted bone
specimens containing the preprototype of the MSC-Scaffold on the
unmodified surface and the modified CaP coating on the bone-contacting
surface of the MSC-Scaffold

Trabeculae (%) Trabeculae (%) The Relative
Reference Level (Non-modified) (Ca-P Modified) Difference (%)
Level 1 61.99 68.66 10.8
Level 2 60.37 68.79 13.9
Level 3 61.41 66.56 8.4
Level 4 56.82 64.02 12.7
Level 5 55.51 62.32 12.3
Level 6 52.77 59.83 13.4
Level 7 50.97 57.41 12.6
Level 8 53.70 58.75 9.4
Mean + SD 12+2

The eight reference levels are eight planes perpendicularly crossing the axes of the MSC-Scaffold spikes
below their tops, spaced 0.5 mm apart from the top of the tops to the base of the spikes.
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the osteoinduction and osseointegration potential of the prototype MSC-Scaffold by
modifying the lateral surface of its spikes with the CaP coating.
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6 Research on the
system of bone and the
prototype multi-spiked
connecting scaffold
in order to design
the structural and
biomechanical properties
of this system’

6.1 NUMERICAL STUDY OF THE INFLUENCE OF
GEOMETRIC FEATURES OF THE MULTI-SPIKED
CONNECTING SCAFFOLD ON THE MECHANICAL
STRESS DISTRIBUTION IN THE PERI-IMPLANT BONE

To determine the key geometric structural features of the MSC-Scaffold, significantly
determining the distribution of elastic stress and strain in the peri-implant bone, a
simulation analysis of the stress and strain state in the peri-implant bone was per-
formed. For the study, a numerical model of a prototype MSC-Scaffold manufac-
tured of a titanium alloy embedded in simulated bone material was built, which was
assumed to be a transversely isotropic linear elastic material. This assumption is
often made for both cortical and trabecular bone [4,5]. Among structural-geometric
features of the MSC-Scaffold, the distance between the bases of adjacent spikes a,
the vertical angle of spikes f, and the height of the spherical cap & were taken into
account. Huber-von Mises-Hencky (HMH) reduced stress and strain in the peri-
implant bone were determined. This enabled in subsequent stages the determination

* The research works described in this chapter were carried out at the Institute of Chemical Technology
and Engineering of the Faculty of Chemical Technology of the Poznan University of Technology as
part of the research project of the National Science Centre Poland No. NN518412638, and then contin-
ued in the doctoral dissertation in the field of biomedical engineering [1], the supervisor of which was
the principal investigator of the above-mentioned research project, and published in papers [2,3].
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of the most advantageous geometric design variants of the MSC-Scaffold for the
transfer of loads in the bone-implant system.

Mechanical property values of the Ti-6Al-4V alloy [6-8] (Table 6.1) were adopted
for analysis. The assumed values of the mechanical properties of the simulated bone
material, that is, cancellous bone, are presented in Table 6.2 [5,9-14].

CAD models of the MSC-Scaffold fragments were designed based on photo-
graphic documentation of the MSC-Scaffold preprototypes manufactured in SLM
technology. In the CAD models based on which these prototypes were manufac-
tured, the spikes were modelled with regular quadrilateral pyramids. Since it was
found that in the produced preprototypes, the spikes have the shape of irregular
pyramids passing above half of their height into the shape of a truncated cone with
an apical canopy, in the CAD models of the fragments of the MSC-Scaffold, it was
assumed for the sake of simplicity that they had the shape of a truncated cone ended
with an apical canopy.

Spikes of height of 4.5 mm (without taking into account the apex) are arranged
concentrically around the central spike in three circles. The diameter of the upper
surface (top) of the spikes was 0.25 mm and the diameter of their base was the result-
ing value, depending on the variant angle of the top of the MSC-Scaffold spikes.

The simulated bone material was modelled in the shape of a cylinder fragment,
which is a matrix for the MSC-Scaffold prototype. The so-called bone sockets reflect
the state of plastic deformation caused by initial intraoperative embedding by an
orthopaedic surgeon of a prototype MSC-Scaffold in the bone up to about half the
height of the spikes.

A simulation analysis of the stress and strain state in the bone near the MSC-
Scaffold was performed for seven of its variants with the following geometric

TABLE 6.1
Mechanical properties of Ti-6Al-4V titanium alloy [6-8]

Young’s Modulus  Tensile Strength  Yield Strength Elongation at

(GPa) (MPa) (MPa) Rupture (%) Poisson’s Ratio
116.0 1,150.0 1,010.0 25.0 0.34
TABLE 6.2

Mechanical properties of bone material used in computational studies
(based on the mechanical properties of cancellous bone) [5,9-14]
E,(MPa)  E,(MPa)  G,(MPa) G, (MPa) n vy o. (MPa)
608 771 260 269 0.17 0.15 25
E, — transverse Young’s modulus, E, — longitudinal Young’s modulus, G, — transverse shear modulus, G, —

longitudinal shear modulus, v, — transverse Poisson ratio, v, — longitudinal Poisson ratio, ¢, — ultimate
compressive strength.
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features: (1) the distance between the bases of adjacent spikes a (equivalent for D, ,,,,
see Section 4.1) — 0.2, 0.35, and 0.5 mm. The distance between the bases of adjacent
spikes was kept accurate in the radial direction, with an accuracy of +£0.03 mm in the
circumferential direction; (2) the vertical angle of spikes /3 (equivalent for (2, ;, see
Section4.1)—2° 3° and 4°; and (3) the height of the spherical cap #—0.08 mm, 0.12 mm,
and 0.15 mm.

Due to the symmetry of the CAD model, numerical tests were carried out for
one-fourth of the model. Figure 6.1 shows one-fourth of the CAD sketch of the
MSC-Scaffold.

The base of the bone material cylinder was assumed to be fixed support (i.e. the
translations of the bone cylinder base were constrained in all directions). On the sym-
metry planes of the model, translations of the lateral surface in the normal directions
were excluded.

The uniformly distributed load of a constant value of 50 N was applied to the top
surface of the MSC-Scaffold prototype model. The assumed load value was deter-
mined in preliminary simulations which took into account the results of Bergmann
et al. obtained with a telemetric endoprosthesis [15-18] and the loading conditions
defined in ISO 14242 [19]. It allowed assuming that the average maximum load in
the hip joint is 3,000 N. This value divided by the average number of spikes in the
MSC-Scaffold of the femoral component of the hip resurfacing endoprosthesis (i.e.
600 spikes) produces the limit load of 5 N per spike.

The contact area of the MSC-Scaffold and bone material was defined as the contact
of the front and lateral surfaces of the spikes with the surface of the cavities of the
body that simulate the bone. As a type of contact, the “slide without separation” was
adopted, which is characterized by all rotations and translations in the normal direc-
tion of the contact plane being blocked between the contact elements. Then advanced
options for the definition of the contact area were applied, such as penetration toler-
ance and the update of the stiffness. It was found that the Augmented Lagrangian
Method would be used on contact surface — contact penetration was present but con-
trolled to some degree [20]. This method of contact formulation is applicable for any
type of contact behaviour and is commonly used for symmetric and asymmetric con-
tacts, which are recommended for general frictionless or frictional contacts [21-23].

4,5

UUULF_

FIGURE 6.1 Sketch of one-fourth of the prototype MSC-Scaffold model.
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Hexahedral finite elements, i.e. solid elements of cube shape, have been used
because they provide more accurate results than other elements [24,25]. The average
size of the mesh element was set at about 0.2 mm. To maintain consistency between
the two contact elements of the simulation model near the contact surface, the mesh
was densified and its compatibility between the two objects of the simulation model
was ensured. The local reduction in mesh size in the critical implant contact area was
0.04 mm [26-28]. Under boundary conditions, the nodes of the simulated bone mate-
rial on one surface were immobilized. The simulation model of the MSC-Scaffold
partially embedded in the cancellous bone material with the finite element mesh
generated is shown in Figure 6.2.

Three simulation analysis scenarios were developed in which one of the variants
of the geometric construction features of the MSC-Scaffold was variable and the
others were constant. The total number of nodes of the finite element mesh of the
simulation model was approximately 300,000. The boundary conditions described
above were determined after comparing the stress distribution in the peri-implant
area of the simulated geometric bone model created as a cylindrical bone segment
with a diameter of 20 mm and a height of 7 mm.

The results are presented in the form of maximum values of the HMH reduced
stress in the simulated material of the periarticular bone near the MSC-Scaffold
partially embedded in the bone (given in Table 6.3) and representative maps of the
HMH reduced stress distribution in the simulated material of the periarticular bone

Loading Surface

Spikes of the MSC-Scaffold

Simulated bone material

Surface of model fixation

FIGURE 6.2 A simulation model of the MSC-Scaffold partially embedded in the peri-
articular bone was made with the generated mesh of finite hexahedral elements, which is
compacted near the contact surface, and the compatibility between the contact elements of
the simulation model was ensured.
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in the region of the MSC-Scaffold, respectively for the variant geometric features of
this scaffold: the distance between the bases of adjacent spikes a in Figure 6.3, the
vertical angle of spikes 8 of the spikes in Figure 6.4, and the height of the spherical
cap h in Figure 6.5.

The highest values of HMH stress in the cancellous bone around the MSC-Scaffold
were observed in the periapical zone of the scaffold. The maximum value of HMH
stress increases with increasing the distance between the bases of adjacent spikes
of the MSC-Scaffold. Changing the distance in the range from 0.20 to 0.50 mm
results in an increase of the HMH stress in the range from 15.2 to 20.0 MPa, that is,
by 32%. As the distance between the bases of the spikes increases, the HMH stress
distribution around the individual spikes becomes more concentric. For the model
tested, with a distance between the bases of adjacent spikes a = 0.35 mm, the appli-
cation of MSC-Scaffold penetration load of 50 N caused the maximum HMH stress
of 18.4 MPa, which is 74% of the ultimate strength of the cancellous bone subjected

(€)) (b) (c)
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FIGURE 6.3 Maps of the HMH stress distribution in the area around the apex of the MSC-
Scaffold spikes for the value of the distance between the bases of adjacent spikes a: (a) 0.2
mm, (b) 0.35 mm, (c) 0.5 mm.
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FIGURE 6.4 Maps of the HMH stress distribution in the periapical area of the MSC-Scaffold
spikes for the value of the vertical angle of spikes f: (a) 2°, (b) 3°, (c) 4°.
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FIGURE 6.5 Maps of the stress distribution in the periapical area of the MSC-Scaffold
spikes for the height of the spherical cap A: (a) 0 mm, (b) 0.08 mm, (c) 0.12 mm.

TABLE 6.3

The maximum values of HMH reduced stress in the simulated bone material
of the periarticular bone near the MSC-Scaffold, partially embedded in the
bone

The Distance between the Bases of Adjacent  The Maximum HMH Stress in Simulated Bone

Spikes a (mm) Material (MPa)
0.20 15.2
0.35 18.4
0.50 20.0
The Vertical angle of Spikes /3 (°) The Maximum HMH Stress in Simulated Bone
Material (MPa)
2.0 24.5
3.0 18.4
4.0 14.6
The Height of the Spherical Cap h (mm) The Maximum HMH Stress in Simulated Bone
Material (MPa)
0.00 18.4
0.08 20.5
0.12 22.8

to compression. For the other design variants, these values were: for a = 0.20 mm,
the maximum HMH stress = 15.2 MPa, which is 61% of the assumed strength of the
cancellous bone; for a = 0.50 mm, the maximum HMH stress = 20.0 MPa, which is
80% of the assumed strength of the cancellous bone.

Changing the value of the vertical angle of the spikes of the MSC-Scaffold spikes
f from 2.0° to 4.0° results in a decrease in the value of the maximum HMH stress.
The change of the vertical angle of the spike value in the considered range reduces
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the maximum HMH stress from 14.6 to 24.1 MPa, that is, by 39%. For the model
tested, at the vertical angle of the spikes f = 3.0°, under the MSC-Scaffold penetrat-
ing the load of 50 N, the maximum HMH stress was 18.4 MPa, which is 74% of
the final strength of the cancellous bone subjected to compression. For the remain-
ing design variants, these values were as follows: the variant with the vertical angle
of spikes f# = 2.0° — the maximum HMH stress = 24.5 MPa, which is 98% of the
assumed strength of the cancellous bone; the variant with the vertical angle of spikes
B = 4.0° — the maximum HMH stress = 14.6 MPa, which is 58% of the assumed
strength of the cancellous bone.

The maximum values of the HMH reduced stress and the strain of the periarticu-
lar bone material increased with the increase of the height of the spherical cap / of
the spikes of the MSC-Scaffold. The change in height % in the range from 0 to 0.12
mm resulted in a change in the maximum HMH stress values from 18.6 to 22.8 MPa,
i.e. an increase by 24%. In Figure 6.5, a change in the HMH stress distribution can
be observed between the model without the apex cap (height value 4 = 0 mm) and
the model with the apex cap /2 = 0.012 mm, which is caused by the redistribution of
internal forces accompanying this change. The maximum values of the HMH stress
are concentrated directly in the area of the spikes of the MSC-Scaffold. This is due
to a change in the geometry of the spikes, as in the case of a flat peak of the spikes
of the MSC-Scaffold the maximum HMH stress values are concentrated around the
edge of the peak.

For the model tested, at the height of the spherical cap # = 0.08 mm, under the
MSC-Scaffold penetrating the load of 50 N, the HMH stress was 20.5 MPa, which is
82% of the maximum strength of the cancellous bone subjected to compression. For
the remaining design variants, respectively: variant with the height of the spherical
cap h = 0.12 mm - stress HMH = 22.8 MPa, which is 91% of the assumed strength of
the cancellous bone; variant without apical cap i — stress HMH = 18.4 MPa, which is
74% of the ultimate strength of the cancellous bone.

The aim of the numerical simulations carried out, in which the MSC-Scaffold
partially embedded in the periarticular bone was loaded, was to determine its most
important geometric features to ensure a physiological load transfer from the MSC-
Scaffold to the bone in the vicinity of the implant. The obtained results showed that
the following geometric structural features of the MSC-Scaffold had a significant
impact on the state of stress in the bone around the spikes: (a) the distance between
the bases of adjacent spikes a, (b) the vertical angle of spikes f, and (c) the height of
the spherical cap 4. Based on the analysis of the maximum values and distribution
of HMH reduced stress in the area around the implant, it was found that the verti-
cal angle of spikes f# (changes from 2.0° to 4.0° reduce the HMH stress in the bone
material by 39%) and the distance between the bases of adjacent spikes a (changes
from 0.20 to 0.50 mm cause an increase in HMH stress in the bone material by
32%) are the key geometric features that determine the correct design of a suitable
prototype of the MSC-Scaffold for cementless resurfacing endoprostheses. The
influence of the height of the spherical cap & of the MSC-Scaffold (changes from
0.00 to 0.12 mm increase HMH stress in bone material by 24%) is of secondary
importance.
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6.2 VALIDATION OF THE NUMERICAL MODEL REFLECTING
THE EMBEDMENT OF THE PROTOTYPE MULTI-SPIKED
CONNECTING SCAFFOLD IN THE PERIARTICULAR BONE

Numerical study of the influence of geometric features of the MSC-Scaffold initially
embedded in the bone on the distribution of mechanical stress in the periprosthetic
bone allowed to select those features that significantly determine its proper design.
Before the planned experimental implantation in an orthopaedic clinic of a new type
of endoprosthesis in humans, it is crucial to develop a validated numerical model
necessary for the bioengineering design of this new type of biomimetic fixation of
the components of resurfacing endoprostheses in the bone.

Combining laboratory mechanical research with numerical simulation analy-
sis based on numerical models, especially finite element models, is a widely used
approach to studying the mechanics of the bone-implant system. For example, Enns-
Bray et al. [29] used experimental data to validate anisotropic FEM models of the
proximal femur. Affes et al. [30] showed that the experimental attempt to extract the
implant in the form of a screw from the tibia (implant pull-out test) is useful for the
validation of the numerical models developed for the tested system. Huang et al. [31]
used finite element analysis and tomography imaging to study the stress in the bone
around a dental implant. Du et al. [32] embedded dental implants in the mandibular
bone of humans, then using microtomographic imaging visualized the microgeom-
etry of the trabecular structures around the implant, calculated the stress and strain
distributions in the bone resulting from implant loading, and compared the results of
previous laboratory study. The advantage of microtomographic examination is that it
does not damage the bone sample, so it is possible to accurately visualize changes in
the structure of the peri-implant bone [33,34].

To build a validated numerical model for the design of a new type of biomimetic
fixation of resurfacing endoprostheses, X-ray computed microtomography was used
to monitor and evaluate changes in the density of the periarticular bone structure
during the process of mechanical embedding of the prototype MSC-Scaffold in it. A
schematic description of the experimental validation of the numerical model consid-
ered is shown in Figure 6.6.

The FE model of the MSC-Scaffold prototypes for resurfacing arthroplasty endo-
prostheses embedded in periarticular bone was validated in two experimental steps
preceded by preparation tasks, including computer aided design (CAD) modelling,
selective laser melting (SLM) manufacturing, and bone sample preparation.

In the first stage, the transfer of mechanical load from the MSC-Scaffold to the peri-
articular bone was investigated for different levels of embedding of the MSC-Scaffold,
using the initial numerical model used to study the influence of the geometric struc-
tural features of this scaffold on the distribution of mechanical stress in the periarticu-
lar bone (see Figure 6.2). As in the previous case, the values of material properties for
the MSC-Scaffold [35,36] and simulated bone material [5,9,37] were adopted, respec-
tively, in Tables 6.1 and 6.2. Then, mechanical tests were carried out to embed the
MSC-Scaffold in the periarticular bone samples of fresh swine femoral heads.

In the second stage, to quantify the density distribution of the bone mate-
rial before and during the mechanical deposition of the prototype MSC-Scaffold,
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FIGURE 6.6 A schematic description of the experimental validation of the finite element
(FE) model of the MSC-Scaffold prototype embedded in periarticular bone.

a microtomographic examination of the periarticular bone samples was performed
and the embedding test with the prototype MSC-Scaffold was performed under
microtomographic control.

The obtained data from microtomographic imaging were used to modify the
numerical model and to conduct further simulation study. The convergence between
the experimental and numerical results was analysed for both stages.

The design guidelines developed by our team and published in [2,38] were taken
into account in the CAD models. MSC-Scaffold spikes in the shape of a truncated
cone with a base diameter of 0.5 mm and a height of 5 mm are placed on concen-
tric circles around a central spike coaxial with the axis of the cylindrical base. The
distance between the bases of the adjacent spikes was 0.35 mm, which corresponds
to the thickness of the cancellous bone trabeculae, in the radial direction it was
kept exactly and in the circumferential direction it was kept with an accuracy of
+0.03 mm.

The CAD model of the prototype MSC-Scaffold used in this study is shown in
Figure 6.7a. The manufacturing of this prototype scaffold of the Ti-6Al-4V powder
in SLM technology according to the developed CAD model was subcontracted to the
Center for New Materials and Technologies of the West Pomeranian University of
Technology in Szczecin, and the specialized post-production processing of the man-
ufactured prototype MSC-Scaffold was made according to the procedures described
in Section 3.5. The preprototype of the MSC-Scaffold after blasting is shown in
Figure 6.7b.
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(b)

FIGURE 6.7 (a) CAD model of the prototype MSC-Scaffold; (b) a preprototype of the
MSC-Scaffold produced based on the CAD model in SLM technology, after specialized
abrasive blasting.

The hip joints of a swine of the Polish Large White breed aged 8—10 months were
purchased from a local slaughterhouse. Swine bone was used in the investigation as
it is a recognized good animal model for human bone. Its mechanical properties are
similar to those of human bone [39]. The heads of the femurs were mechanically
cleaned of soft tissues, protected (against drying) with a dressing soaked in Ringer’s
solution, sealed in a plastic bag, and stored at 4°C. The research was carried out on
fresh bone (i.e. up to 5 hours after slaughter). Cylinder-shaped samples (26 mm X
20 mm) were cut with a saw hole cutter. An IsoMet™ 4000 Linear Precision Saw
(Buehler, Esslingen am Neckar, Germany) was used to remove the cartilage sections,
i.e. to expose the subcartilage bone with unbroken trabeculae.

To analyse the force required to embed the MSC-Scaffold into the periarticular
bone, numerical simulations were performed at five different levels of embedding.

It was assumed that the force required to embed the MSC-Scaffold in the periar-
ticular bone caused the limit stress value determined as the mean of the internodal
stresses of the maximum values on the surface contacting with the spike apexes. The
HMH reduced stress distribution was determined in the peri-implant area of the bone
material with properties corresponding to the periarticular bone.

Mechanical tests of the MSC-Scaffold prototype quasi-static embedding in the
swine periarticular bone samples were performed with a universal testing machine
(Instron, Norwood, MA, USA). A 120-grit sandpaper was attached to the lower han-
dle of the testing machine, which stabilized the bone sample placed on it, prevent-
ing it from sliding. The MSC-Scaffold preprototype was placed on the bone sample
and preloaded with the upper handle of the testing machine to reach the point of
contact and apply a recordable load. A quasi-static embedding was performed by
loading the MSC-Scaffold preprototype with a crosshead speed of 0.1 mm/s until
the spikes reached a value of 3.0 mm embedment in bone. Quasi-static loading of



Structural and biomechanical properties of MSC-Scaffold 123

Prototype
MSC-Scaffold

FIGURE 6.8 An experimental stand with a bone sample placed on the bottom plate
attached to the base of a testing machine and a prototype MSC-Scaffold (implant-bone sys-
tem) mounted on this bone sample. The clamping plate of the measuring head attached to the
moving traverse causes the initial load and then embedding of the MSC-Scaffold spikes into
the bone.

the MSC-Scaffold with a speed of 0.1 mm/s corresponds to the speed of elastic bone
strain induced during calm gradual loading of the limb operated during postopera-
tive rehabilitation [40,41]. During the tests, the penetration force and the displace-
ment of the traverse corresponding to the depth of the embedment were measured.
Figure 6.8 shows the experimental stand with a bone sample on which the MSC-
Scaffold preprototype was mounted.

Figure 6.9 shows the exemplary results of the mechanical tests of the embedding
of the MSC-Scaffold in the periarticular bone in the form of the force-displacement
curves, i.e. the embedding force of the MSC-Scaffold in the bone on the displace-
ment of the embedded spikes (embedment depth) for ten representative repetitions.
The embedding force is the force that causes the crosshead of the testing machine
to move and, consequently, to embed the spikes of the MSC-Scaffold preprototypes
into the periarticular bone.

Based on the embedding force-distance curves, three phases were distinguished.
Phase I, the initial phase of embedding the MSC-Scaffold in the periarticular bone,
was characterized by a slight increase in the embedding force. Spikes of the MSC-
Scaffold penetrated the intertrabecular space of the periarticular bone, and the
embedding force increased as the spikes gradually made contact with the trabecu-
lae. Phase II showed the linear increase in the embedding force from the partially
embedded MSC-Scaffold in the periarticular bone and the spikes in contact with
the trabeculae. During this phase, the load was transferred from the spikes of the
MSC-Scaffold prototype to the trabeculae of the cancellous bone, a phenomenon that
caused elastic deformation of this bone. Phase III was characterized by changes in
embedding force due to the destruction of particular trabeculae and the densification
of the trabecular bone (cf. [42]).
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FIGURE 6.9 The embedding force-distance curves for ten representative tests of the MSC-
Scaffold prototype embedding in the periarticular bone.

Figure 6.10 shows the section of the force-displacement characteristics of the
MSC-Scaffold spikes embedded in the bone corresponding to phase II of the pro-
cess of embedding the MSC-Scaffold in the periarticular bone, which was averaged
based on the data obtained from ten experimental measurements. This section of
the experimental characteristic was compared with the results of numerical simula-
tions in the form of points reflecting the value of the embedding force for a specific
embedment depth. For certain levels of embedding, representative maps of the HMH
reduced stress distribution in the peri-implant bone, calculated for the system under
consideration, are presented.

In each case analysed, for different levels of embedding, the stress concentration
areas in the periarticular bone were located around the apex of the spikes (i.e. in the
periapical area). A submaximal force was reached for each case. These data indi-
cate that the stress is concentrated around the spike apex of the MSC-Scaffold. This
results in reduced storage of elastic energy in the periarticular bone in the interstitial
spaces and below the spikes.

The linear regression model was used to analyse and compare experimental and
simulation results. The fraction of variance unexplained (FVU) statistical test was
performed to determine what part of the explanatory variable variation observed in
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FIGURE 6.10 Phase II of the force-distance curves obtained from experimental measure-
ments (the mean line is presented as the solid grey line, and dotted grey lines are + standard
deviations) and from numerical simulations. The dashed black line represents the results of
the numerical simulation of the problem. The insets show representative maps of the Huber-
von Mises-Hencky (HMH) stress distributions calculated for the considered system contain-
ing the MSC-Scaffold prototype and periarticular bone material with the embedding load
applied to the top surface of the MSC-Scaffold prototype. (A) 1 mm embedding displacement
and 153 N force of embedding; (B) 1.75 mm embedding displacement and 322 N force of
embedding; (C) 2.5 mm embedding displacement and 469 N force of embedding.

the sample does not match the model [43—45]. The FVU takes values from the inter-
val {0, 1}. The better the convergence of the model, the closer the FVU is to zero. It
is expressed by Equation (6.1) [43—45] as follows:

A N2
FYu =3, 0= 6.1)
L=

where y, represents the empirical value of the dependent variable y at the i-th value;
¥, represents the theoretical value of the dependent variable y for the i-th value, and ¥,
represents the arithmetic means of the empirical values of the variable.

When the results of the mechanical tests of the embedding of the MSC-Scaffold
were compared with the results of numerical simulations of the analogous problem
using the initial numerical model, a discrepancy between these results was found.
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The value of the F'VU index was 0.33, indicating an insufficient convergence between
the experimental and numerical data.

Mechanical tests of the embedding process of the prototype MSC-Scaffold in the
periarticular bone were carried out under microtomographic control using the high-
resolution microcomputed tomography scanner GE phoenix vitomelx s240 (Waygate
Technologies, Wunstorf, Germany) equipped with software for reconstructing tomo-
graphic images (Volume Graphics 2.2 software, Heidelberg, Germany). For this pur-
pose, a specialized device was designed and built, with which it was possible to carry
out a mechanical test of embedding inside the measuring chamber of a microtomog-
raphy scanner. The CAD model of this device is shown in Figure 6.11a; Figure 6.11b
shows a photograph of the examined bone-implant system on a bench inside the
microtomography scanner chamber.

The samples of the implant-bone system were placed on a rotating table and
scanned in full with the following parameters: radiation source energy 130 keV,
source current: 125 mA, resolution: 17.5 pm, filter: brass 1.5 mm, irradiation time:
300 ms, rotation: 180°, every 0.5°, scanning time, 20 minutes.

In the reconstructed 3D images of implant-bone samples, based on radiological
density, the radiological phases identified as implant (titanium alloy MSC-Scaffold)
and bone tissue (bone trabeculae) were distinguished. An area with a radiological
density equal to that of soft tissues, including the bone marrow, has been hidden. The
digital reconstruction of the implant-bone sample obtained based on the microtomo-
graphic examination is shown in Figure 6.12.

Prototype

:‘/ MSC-Scaffold

~—— Bone sample

\ Rotary table

Rotary table

Bellows
coupling

) Supporting £
) arm

.r’ \

FIGURE 6.11 CAD model of a specialized device that enables the test of embedding the
MSC-Scaffold inside the microtomography chamber into the sample (a); a sample of the
implant-bone system during the embedding test performed in the microtomography scanner
chamber (b).
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FIGURE 6.12 Three-dimensional digital reconstruction of the research sample of the
implant-bone system (a); a representative cross section of a reconstructed sample of the
implant-bone system before the embedding test (b).

To observe changes in the microstructure of the periarticular bone as a result of the
MSC-Scaffold embedding, sections below the tops of the MSC-Scaffold spikes were
selected in the reconstructed images, for which the fractions of individual phases were
estimated. Vascular channels and osteocyte pits were digitally extracted from the test
volume using VG Studio Max software and were not further analysed. Compartments
representing the mineralized phase of the trabecular bone were created by selecting
voxels with a radiological density value lower (inverse segmentation) than the threshold
values determined by the Hounsfield scale and using threshold methods. The 1-voxel
noises were removed by applying two basic morphological operations to process binary
images — dilatation and erosion. To prevent the addition or removal of voxels at the
edges and boundaries of all segmentations, voxel-based operations were limited to the
surface of the original threshold images. Furthermore, to prevent edge effects, the first
and last images of the volume of the fragment analysed were discarded.

The volume density of the trabecular bone (p,) was determined based on the for-
mula (6.2) [46-47]:

py=0a-pr+-a)-p, 6.2)

where: p,— bone trabecular volume density (comparable to the cortical bone density,
1.85 g/em? was assumed) [48-51], p,, — bone marrow and soft tissue density (similar
to water density, i.e. 1.00 g/cm?), @ — volume fraction of the radiological phase of
mineralized trabecular bone, /- — volume fraction of intercellular soft tissues.
Knowing the density of the trabecular bone density p,, Young’s modulus of elastic-
ity E, of the periarticular bone can be estimated based on the empirical relationship:

E,=315p. 6.3)

Figure 6.13 shows representative cross sections of a digital microtomographic
reconstruction of a bone sample, which was used to determine the density of the
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periarticular trabecular bone and then calculate Young’s modulus E,. Along with the
increase in the embedment of the MSC-Scaffold spikes, the degree of densification
of bone material caused by this embedment increased. This entails a reduction in
the proportion of soft tissues, including bone marrow, and an increase in Young’s
modulus. The values of the fractions of marrow and soft tissues depend on the depth
of the spikes as a result of embedding the MSC-Scaffold in the bone material and the
corresponding values of the trabecular bone density and bone elastic modulus E, are
presented in Table 6.4.

Based on the observed changes in the density of the periarticular bone within the
area of the embedded MSC-Scaffold, an insert that simulates densified bone mate-
rial was introduced in the numerical model of the problem under consideration. The
mechanical properties of this insert were calculated based on the bone area/total area
ratio (BA/TA) obtained from microtomographic imaging. The modified numerical
model of the preprototype of the MSC-Scaffold embedded in the simulated periartic-
ular bone, into which an insert simulating densified bone material has been inserted,
is shown in Figure 6.14.

Figure 6.15 shows a digitally reconstructed test sample of the mechanically
embedded MSC-Scaffold preprototype system in the periarticular bone. The area of

TABLE 6.4

The fraction values of the marrow and soft tissues depended on the
embedment depth of the MSC-Scaffold in the bone material and the
corresponding values of the trabecular bone density and Young’s modulus of
bone elasticity

Embedding Fraction of Marrow Trabecular Bone Bone Longitudinal
Displacement (mm) and Soft Tissue (%) Density (g/cm®) Elastic Modulus (MPa)
1.5 58.2 1.37 821

2.0 49.1 1.46 976

2.5 40.3 1.55 1,173

1 mm 1 mm
— —

FIGURE 6.13 Representative cross sections of microtomographic digital reconstruction of
a sample of bone material below the top of the MSC-Scaffold spikes at different levels of its
embedding in the periarticular bone: (a) 1.5 mm; (b) 2.0 mm; (c) 2.5 mm.
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Prototype MSC-Scaffold

Simulated insert
of densified bone material

Simulated bone material

FIGURE 6.14 Modified numerical model of the MSC-Scaffold preprototype embedded in
the periarticular bone with an insert that simulates densified bone material.

FIGURE 6.15 Reconstructed based on a microtomographic analysis research sample of
the preprototype of the MSC-Scaffold mechanically embedded in the periarticular bone; the
areas of bone density below the scaffold spikes are indicated by arrows.



130 Prototype of a Biomimetic Multi-spiked Connecting Scaffold

densification of the trabecular structure of the periarticular bone located below the
tops of the spikes is indicated by arrows.

Figure 6.16 shows the section of the dependence of the embedding force of the
MSC-Scaffold in the bone on the displacement (embedment depth) corresponding to
phase II of the embedding process of the MSC-Scaffold in the periarticular bone, aver-
aged based on the data obtained from ten measurements performed during experi-
mental tests. This section was juxtaposed with the results of numerical simulations
performed based on a modified numerical model, in which an insert that simulates
the densified bone material was taken into account. The mechanical properties of this
insert, at each embedment level, correspond to the values in Table 6.4. For individual
points that reflect the value of the penetration force for a specific embedment depth,
representative maps of the HMH reduced stress distributions are presented.
According to the stress distribution presented in the HMH reduced stress maps, the
stress gradient between the periapical surface of the MSC-Scaffold spikes and the
surrounding periarticular bone area below the MSC-Scaffold spikes decreased.

The change caused by the inclusion in the numerical model of the aforementioned
insert caused increased storage of elastic energy in the periarticular bone in the
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FIGURE 6.16 Phase II of the force-distance curves obtained from experimental measure-
ments (the mean line is presented as the solid grey line, dotted grey lines are + standard devi-
ations) and the results of re-simulations with FE model modified by the simulated insert of
densified bone material (dashed black line) at (A) 1.00 mm embedding displacement and 153 N
loading force; (B) 1.75 mm embedding displacement and 453 N loading force; (C) 2.50 mm
embedding displacement and 748 N loading force.
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interspike spaces and below the spikes, and consequently an increase in the measured
embedding force. Comparison of the results of mechanical tests of the embedding of
the MSC-Scaffold with the results of numerical simulations of the analogous prob-
lem using a modified numerical model taking into account the insert simulating the
compaction of bone material gave the value of the statistical index FVU = 0.02, which
indicates a strong agreement of the experimental and simulation results.

eskck

The state of quasi-static loading of the MSC-Scaffold partially embedded (i.e. after ini-
tial surgical embedded) in the cancellous bone material was researched. For this state,
it is important to determine the critical load that does not cause further migration (pen-
etration) of the MSC-Scaffold in periarticular cancellous bone during the physiological
controlled loading of the operated limb in the postoperative rehabilitation period.

The bone density assessment by high-resolution computed microtomography was
used during the mechanical test of the penetration of the MSC-Scaffold in the peri-
articular bone to develop a validated numerical model, which allowed to determine
the most appropriate geometric structural features of the MSC-Scaffold to the pre-
liminary version of the MSC-Scaffold prototype described in the patents [52-54].
As in other works on numerical modelling of mechanical problems in the implant-
bone system [29,31,32], this task combined experimental laboratory study and com-
putational analysis to validate the pre-developed numerical model. As in the study
by Ciccil et al. [55,56], microtomographic imaging data were used to adapt the 3D
geometric model and the material properties of the subsystems of the finite element
model used for the computational simulation of the problem under consideration.
Finite element numerical analysis is widely used to study the mechanical stress dis-
tribution in the implant and the surrounding bone [57-60]. To ensure the stability of
the calculations, solid elements and a hexagonal mesh were used in the constructed
numerical model. According to the works [55,61,62], such assumptions allowed the
generation of a high-quality model.

One can agree with the opinion of Marangalou et al. [63] that continuum finite ele-
ment analysis has become the standard computational tool for analysing the mechan-
ical behaviour of bone in orthopaedic biomechanics. In this case, it was assumed
that the periarticular bone is a one-phase, transversely isotropic elastic material (cf.
[64—-66]). Van Rietbergen et al. [64] emphasize that since the trabeculae of the can-
cellous bone in vivo are mainly subjected to bending and compressive loads, the
elastic modulus E, of the cancellous bone largely determines the mechanical behav-
iour of this bone. The assumption of transversal isotropy of the cancellous bone can
be reasonably considered adequate and it allows for the sufficiently correct analysis
of the complex states of load on this bone. The rationale for this may be the work
of Krone and Schuster [65] who observed in the experimental analysis and numeri-
cal study of the human femur that the transversely isotropic numerical model of the
cancellous and cortical bone material gives very similar results to those obtained for
the assumed orthotropic model of both these bone materials. Significantly different
analysis results were obtained in [66] for the assumed isotropic model of cancellous
bone and cortical bone; the isotropic bone model turns out to be too close.

In the experiment carried out, the Huber-von Mises-Hencky criterion was used
to determine the submaximal value of the load force applied to the preprototype of
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the MSC-Scaffold that does not cause further its penetration in bone material. In a
comparative study by Keyak and Rossi [67] and Tellache et al. [68], who studied the
mechanics of damage resulting from stress and strain state analysis used to predict
femoral fractures, it was found that the HMH criterion is robust. This criterion is
often used to predict trabecular bone damage — for example, in works by Maknickas
et al. [69] or Provatidis et al. [70].

The initial numerical model of the MSC-Scaffold preprototype made of a tita-
nium alloy partially embedded in the elastic transverse isotropic material of the peri-
articular bone was validated in two steps.

In the first stage, the transfer of mechanical load for different levels of embed-
ding was investigated using this numerical model. The results of the numerical sim-
ulations were compared with the results of mechanical tests of the MSC-Scaffold
prototype embedded in samples from a swine periarticular bone. The experimental
swine model has been used successfully in bone mechanics research [71,72] and is an
established animal model for experimental surgical implantation and the mechanical
study of implants [73]. Swindle et al. [74] showed that the bones of swine and humans
had a similar density and microstructure; moreover, the biostructure of the cartilage
of the synovial joint and the ligamentous system is structurally very similar in the
joints of swine and humans.

To determine the convergence between the experimental and simulation results
obtained, the statistical coefficient FVU was used. In the first step of the validation
procedure, it was found that the proposed initial numerical model does not accurately
reflect the simulated phenomenon. The value obtained of FVU = 0.33 indicated the
need to explain the cause of the observed discrepancies and introduce changes to the
initial numerical model of the problem.

In the second stage of validation, mechanical tests of the embedding process under
microtomographic control were performed to quantify the bone density distribution
before and during the quasi-static mechanical embedding of the MSC-Scaffold pre-
prototype. This approach using microtomographic monitoring was also used by other
authors [49,55,61]. The microtomographic imaging data were used to modify the initial
numerical model by using a simulated insert of densified bone material in the model.
This led to a strong convergence between the simulations using the modified model and
the experimental results, as evidenced by the reduction of the value of F'VU to 0.02.

HMH reduced stress maps showed that load transfer from the MSC-Scaffold to
the bone was nearly uniform, as expected based on the biomimetic characteristics
of the prototype MSC-Scaffold. In this way, the MSC-Scaffold can provide a close-
to-physiological transfer of load into the bone around the implant. As the depth of
the embedded spikes increases, the contribution of the lateral surface of the MSC-
Scaffold spikes in the load transfer increases, which results in lower stress values in
the bone material below the MSC-Scaffold spikes.

Thus, it can be stated that the modified numerical model accurately reflects
the mechanical behaviour of the examined implant-bone system in the early post-
operative period. The early postoperative period is crucial for the survival of this
non-cemented resurfacing arthroplasty endoprosthesis. Controlled loading of such
endoprosthesis by the patient in the early postoperative rehabilitation period enables
the bone tissue to ingrow into the interspike spaces of the MSC-Scaffold and ensures
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the final biological fixation of the implant in the bone — provided that the struc-
tural accessibility of the MSC-Scaffold for bone ingrowth characterized by its pro-
osteoconductive functionality, conditioned by the geometric features of its interspike
space (see Chapter 4), is designed appropriately. Therefore, it can be concluded that
the early postoperative biomechanical load capacity (loadability) of the articular sur-
face of the non-cemented resurfacing endoprosthesis with the MSC-Scaffold can be
considered the crucial design criterion for such endoprostheses.
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7 Pilot study on the
prototype multi-spiked
connecting scaffold
for non-cemented
resurfacing
endoprostheses in
an animal model

7.1  EXPERIMENTAL DETERMINATION OF THE
APPROPRIATE SURGICAL APPROACH TO
THE HIP AND KNEE JOINT IN SWINE

Pilot study on an animal model (swine, breed: Polish Large White, approval
of the Local Ethics Committee in Poznan) concerning the preprototypes of the
MSC-Scaffold and the working prototype of partial resurfacing knee arthroplasty
endoprosthesis were carried out in order to:

» determine the appropriate surgical approach to the knee and hip joints of
swine,

e gain operational experience in implanting the above-mentioned preproto-
types of implants in an experimental animal,

» work out the methodology of postoperative treatment with an experimental
animal,

e acquire experience in the field of making bone-implant specimens har-
vested from experimental implantations,

* conduct initial macroscopic and microscopic evaluation of the bone-implant
interface in specimens harvested from experimental animals that had been
surgically implanted several weeks earlier with the prototype implants
investigated.

The images in Figure 7.1 present photographic documentation of one of the implan-
tations of the MSC-Scaffold preprototypes in the swine knee joint carried out in a
veterinary clinic. Figure 7.2 shows the cutting of the bone-implant specimen using
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equipment for precise cutting of the bone-metal implant specimens. Figure 7.3 shows
an example bone-implant specimen prepared for microscopic evaluation of bone-
implant integration.

A lateral approach to the swine hip joint via the gluteal muscles was selected. The
animal operated on was placed in the ipsilateral position with the greater trochanter
on the edge of the operating table and the gluteal muscles were relaxed. Approach
to the head, neck, and acetabulum in swine was difficult. The greater trochanter was
hardly felt below the line from the iliac to the ischial tuberosity. A straight lateral

FIGURE 7.1 Photographic documentation of one of the implantations of the prototype
MSC-Scaffold in the swine knee joint carried out in a veterinary clinic.

FIGURE 7.2 Cutting the bone-implant specimen.
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FIGURE 7.3 An example specimen of a bone-implant specimen for the microscopic evalu-
ation of the bone-implant biointegration.
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FIGURE 7.4  Sketch of a surgical lateral approach to a swine hip (adapted from the sketches
in [1,2]).

skin incision was made along the lateral femoral line, starting from the upper tro-
chanter 8—10 cm above and ending 8-10 cm below the trochanteric area, and then
the tensor fasciae latae muscle and the great gluteus muscle were separated along the
cut line above the greater trochanter. The broad fascia tensioner was moved anteri-
orly and the great gluteus muscle posteriorly, revealing the initial attachment of the
gluteus maximus and the bone attachment of the gluteus medius. The muscle mass
of the gluteus medius and gluteus maximus with its tendon junction was lifted and
moved anteriorly. The gluteus medius tendon was incised obliquely along the greater
trochanter, leaving its posterior half still attached to the trochanter. An incision was
then made proximally along the gluteal median fibres to the junction of the gluteus
medius and posterior thirds of the gluteus medius. This gluteal splitting should not
extend more than 2-3 cm from the apex of the greater trochanter to avoid damage to
the superior gluteal nerve and artery (Figure 7.4). A distal incision was made anteri-
orly along the broader lateral muscle fibres as far as the bone along the anterolateral
surface of the thigh. The gluteus medius tendon is marked. The cut made by this fas-
cia and tendon attachments together with the caudal large lateral and biceps muscle
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retraction exposed the greater trochanter and the subcranial view of the hip joint.
The anterior articular capsule was exposed. A purse incision was needed. Surgical
displacement of the femoral head from the acetabulum was performed.

The implantation sites for the two preprototypes of the MSC-Scaffold were pre-
pared in the femoral head using a surgical drill. The first preprototype was implanted
near the top of the femoral head and the second preprototype was placed at the equa-
tor of the femoral head. The holes in the subchondral bone were gradually milled to
their final size with a milling cutter to harbour the implant. During drilling and mill-
ing, the bone holes were continuously cooled with a saline solution and then the holes
in the femoral head were rinsed with saline to remove bone debris. Placement of the
implants in the prepared bone holes was made with a surgical mallet. Two preproto-
types of the MSC-Scaffold were embedded in the tissue of the bone openings up to
about half the height of their spikes, so that their bases are slightly below the surface
of the articular cartilage of the femoral head, as shown in Figure 7.5.

The femoral head was repositioned at the anatomical site. During the operative
exit, the gluteus medius tendon was sutured with non-absorbable braided sutures.
A layered wound suture is applied. Post-implantation antibiotic regimen was applied:
penicillin powder was injected into the subcutaneous layer at the end of the operation.

Figure 7.6 shows the radiograph taken in the fourth week after implantation.
Radiographic examination showed no loosening and no migration of the implant in
the fourth week after surgery. Figure 7.7 shows a swine hip joint taken eight weeks
after implantation with the implanted two preprototypes of the MSC-Scaffold. During
resection of the hip joint, macroscopic fragmentation (fracture) of the femoral head

FIGURE 7.5 Intraoperative photo of implantation of two preprototypes of the MSC-
Scaffold in the femoral head in a swine.
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FIGURE 7.6 Radiograph taken fourth week after implantation (X-ray Stenoscop Plus,
Mobile C-Arm; GE Medical Systems) in a veterinary clinic.

was found. The implantation of two MSC-Scaffold preprototypes (each of @10 mm)
turned out to be too aggravating — the animal had a chronic limp after the procedure
and eight weeks after surgical implantation in the excised hip joint after its opening,
a fragmented femoral head was found (Figure 7.7).

Thus, it was experimentally found that the swine hip joint is not the right place
for further study in an animal model of biointegration of the MSC-Scaffold prepro-
totypes with bone tissue.

Moreover, since the surgical approach to the hip joint in swine and surgical pro-
cedures on this joint itself are technically quite difficult, especially due to the lack of
specialized instruments dedicated to such surgeries in swine, further experimental
studies on the implantation of our prototype implants into the hip joint in these swine
were abandoned. For the next research stage, which will be carried out in the next
research project, that is, the full standard implantation test of prototypes in an animal
model, following the requirements of ISO 10993-2 [3], such specialized instruments



144 Prototype of a Biomimetic Multi-spiked Connecting Scaffold

FIGURE 7.7 Fragmented swine femoral head obtained eight weeks after surgical implanta-
tion of the MSC-Scaffold preprototypes.

were designed. The patent application was sent to the Patent Office of the Republic
of Poland [4].

The need to implant in a comparative study more than one preprototype of the
MSC-Scaffold required experimental determination of an appropriate surgical
approach to the swine knee joint.

For this purpose, after opening the knee joints in swine, four preprototypes of
the MSC-Scaffold were implanted under the surface of the articular cartilage of the
medial and lateral femoral condyles.

A lateral parapatellar approach was used to the swine knee due to the normally
small abduction in the hip joint and the medial location of the tibial (femoral) nerve,
as well as the saphenous artery and vein. An anterolateral skin incision was made over
the operated right knee joint, with a length of approximately 8 inches. An approach
to the knee joint was used between the lateral edge of the patella and the outer side
of the patellar ligament, and then between the vastus lateralis and the rectus femoris
muscle. The articular capsule of the knee joint was opened on the lateral edge of the
patella, then the patella was dislocated medially, haemostasis was performed, and the
patellofemoral area of the knee was exposed (Figure 7.8).

Implantation sites were prepared in both femoral condyles using a surgical drill.
The holes in the cancellous bone were gradually milled to their final size with a mill-
ing cutter, and an implant (the MSC-Scaffold preprototype) was inserted. During
drilling and milling, the bone holes were continuously cooled with a saline solu-
tion. The holes in the condyles were rinsed with saline and the bone debris was
removed. Four preprototypes of the MSC-Scaffold were placed beneath the surface
of the articular cartilage in both femoral condyles in the swine open knee. Implant
placement in the drilled bone holes was performed with a surgical mallet. Figure 7.9
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presents an intraoperative photogram of the four MSC-Scaffold preprototypes
implanted beneath the surface of the articular cartilage in the medial and lateral
femoral condyles of the swine knee joint.

Osteotomy lines apo'imcli/-f'”'
origin of ligament

FIGURE 7.8 Sketch of the surgical lateral approach to the swine knee joint (adapted from
the sketches in [1,2]).

FIGURE 7.9 Intraoperative photo of implantation of four preprototypes of the MSC-
Scaffold into the articular subchondral layer of the medial and lateral condyle of the lower
epiphysis of the swine femur.
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Then the patella was repositioned at the anatomical site. A layered wound suture
is applied. After implantation, an antibiotic regimen was applied: at the end of the
procedure, penicillin powder was injected into the subcutaneous layer, the wound
was covered with a penicillin-soaked mesh, and an antiseptic dressing was applied.
After the procedure: Amikacin (Biodacin) 1 g two times a day was administered i.v.
(or i.m.) for three days. On the third day after surgery, the swine were allowed to fully
load the hind limb.

Eight weeks after implantation of the MSC-Scaffold preprototypes in the operat-
ing room of the veterinary clinic (premedication and general anaesthesia as in the
case of implantation), surgical removal of the operated joints containing the implants
was performed; the procedure was completed with animal sacrifice (Morbital lethal
doses of 200 mg/kg b.w., i.v.) according to the protocol approved by the Local Ethics
Committee in Poznan.

Figure 7.10 shows a radiograph taken four weeks after implantation. The radio-
graphic examination did not show any loosening or migration of the implant after
surgery. Figure 7.11 shows an operated swine knee sample with four preprototypes of
the MSC-Scaffold surgically removed eight weeks after implantation. In the resected

FIGURE 7.10 Radiograph taken at the fourth week after implantation (X-ray Stenoscop
Plus, Mobile C-Arm; GE Medical Systems) at a veterinary clinic.
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FIGURE 7.11 The knee joint collected eight weeks after the surgical implantation of four
preprototypes of the MSC-Scaffold.

knee joint, no damage was observed to the femoral condyles, and the four implanted
preprototypes showed good stabilization with no signs of migration.

We concluded that the swine knee joint could be recommended as a suitable site
for further research (e.g., comparative research on unmodified and calcium phos-
phate-coated MSC-Scaffold preprototypes; see Section 5.4).

Based on the results of the surgical study regarding the experimental choice of
an adequate surgical technique and the correct implantation site, it can be concluded
that the appropriate place for the experimental pilot study in an animal model (swine)
of the prototype MSC-Scaffold for the entirely non-cemented resurfacing arthro-
plasty endoprosthesis, recommended by us, is the swine knee joint (with the lateral
approach).

7.2 VERIFICATION OF THE WORKING PROTOTYPE
OF PARTIAL RESURFACING KNEE ARTHROPLASTY
ENDOPROSTHESIS IN TEN EXPERIMENTAL ANIMALS

Initially, two working prototypes of partial resurfacing knee arthroplasty endo-
prosthesis were implanted in two animals (swine, Polish Large White breed) to
experimentally determine the correct surgical technique for implanting the working
prototype of partial resurfacing knee arthroplasty endoprosthesis with the biomi-
metic MSC-Scaffold. Implantation procedures were performed in the operating room
of a veterinary clinic with the consent of the Local Ethics Committee in Poznan.
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The selection of an appropriate animal model to experimentally implant a
prototype resurfacing endoprosthesis is essential for the transfer of the results of the
experimental study to clinical applications [5-10]. It is known that the swine model
is used successfully in the preclinical study of surgical treatment of bone defects
with various biosubstitutes. The density and microstructure of the swine bone were
confirmed to be similar to those of human bone. A certain limitation in the study
carried out in this animal model appears to be the large weight of the animals, and
accelerated bone growth makes it difficult to distinguish early and late remodelling
[5,6,9]. Swines have well-developed Havers systems in growing and mature bone [5]
and blood circulation, metabolism, and bone remodelling largely correspond to these
processes in humans [11]. The structure of the swine synovial joint is structurally a
system of cartilage and ligaments very similar to the human joint [9,10]. Therefore,
swine is recognized as the experimental animal of choice in a preclinical surgical
study involving, inter alia, surgical techniques of implantation [11-13].

During surgical implantation of the working prototype of partial resurfacing
knee arthroplasty endoprosthesis, general inhalation anaesthesia with endotracheal
intubation [14-16] and monitoring of anaesthesia with a pulse oximeter (swine ear
sensor) and cardio monitor (Driger AT-1 anaesthesia machine, Drigerwerk AG &
Co. KGaA, Lubeck, Germany) were done; anaesthesia was maintained with isoflu-
rane inhalation anaesthetic; premedication was administered intramuscularly in one
syringe of Cepetor/Medetomidine hydrochloride (0.02-0.04 mg/kg bw., i.m.) and
Levomethadone (0.25-0.5 mg/kg b.w., i.m.).

The first operation (swine, breed: Polish Large White, weight 87 kg) was per-
formed by cutting the attachment of the collateral ligament of the lateral knee joint
together with a thin bone fragment. The articular surface was prepared with a surgi-
cal chisel to obtain the geometry of the bone base that corresponds to the implant.
The implant was embedded in the bone with a surgical mallet; the MSC-Scaffold
spikes were embedded in the subchondral trabecular bone to a depth approximately
half its height, allowing the limb to be loaded on the third day after surgery. Two
screws were used to reattach the severed lateral collateral ligament.

In the second animal (swine, breed: Polish Large White, weight 80 kg), the surgi-
cal approach to the lateral femoral condyle was preceded by cutting off only one-third
of the anterior collateral ligament attachment of the knee joint. Following implanta-
tion, this third of the anterior ligament attachment was reattached by positioning the
bone suture.

The characteristics of the swine used in the study are presented in Table 7.1.

Figure 7.12a presents the working prototype of partial resurfacing knee arthro-
plasty endoprosthesis implanted into the lateral femoral condyle of the first animal,
while Figure 7.12b shows the working prototype of partial resurfacing knee arthro-
plasty endoprosthesis implanted into the lateral femoral condyle of the knee joint in
the second swine.

A layered wound suture was applied. Following implantation, an antibiotic regi-
men was introduced: at the end of the procedure, penicillin powder was applied to
the subcutaneous layer, the wound was covered with a penicillin-soaked mesh, and
an antiseptic dressing was applied. After the procedure: Amikacin (Biodacin) 1 g
two times a day was administered i.v. (or i.m.) for three days.
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TABLE 7.1

Summary of data on operations performed to determine the appropriate
surgical technique to implant the working prototype of partial resurfacing
knee arthroplasty endoprosthesis with the MSC-Scaffold

Stability of
Bone Screws Operated
Used to Joint in
Reattach the Clinical
Severed Lateral Stability in ~ Examination  Destruction
No of Weight Ligament Radiological (Likert of Femoral
Swine (kg) Knee Attachment Examination Scale) Condyle
1 87 Left Yes Very good 5 None
2 80 Right No Migration 2 None

FIGURE 7.12 Intraoperative image of implantation in the swine knee joint of the working
prototype of partial resurfacing knee arthroplasty endoprosthesis with partial resurfacing
with the MSC-Scaffold: the first experimental animal (a), the second experimental animal (b).

On the third day after surgery, the swine were allowed to fully load the operated
hindlimb. Four weeks after implantation, a premedicated postoperative X-ray exami-
nation of the animals was performed in a veterinary clinic, as in the case of implanta-
tion, using the Stenoscop Plus X-ray machine, Mobile C-Arm (GE Medical Systems,
Japan). Eight weeks after implantation of the working prototype of partial resur-
facing knee arthroplasty endoprosthesis in a veterinary clinic (premedication and
general anaesthesia as during implantation), the implants were harvested together
with the surrounding bone tissue. The procedure was completed with euthanasia
of the animals (Morbital lethal dose of 200 mg/kg b.w., i.v.) according to a protocol
approved by the Local Ethics Committee in Poznan. The extracted knee joints were
examined by digital radiography (XPERT 40, Kubtec, USA).

Figures 7.13-7.15 present the results of the initial implantation of two working
prototypes of partial resurfacing knee arthroplasty endoprosthesis into the lateral
femoral condyle of two experimental animals. The results of a radiological examina-
tion performed four weeks after implantation (X-ray Stenoscop Plus, Mobile C-Arm,
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GE Medical Systems, Japan) in a veterinary clinic are presented in Figure 7.13,
where Figure 7.13a concerns the first of the animals, while Figure 7.13b is for the
second animal. Similarly, Figures 7.14a and 7.14b present the surgically removed
knee joint eight weeks after the implantation of the first and second animals, respec-
tively. Similarly, Figures 7.15a and 7.15b present digital radiographs of knee joints
resected after eight weeks.

The operative procedure used in the first animal provided surgical access to the
entire femoral condyle for the embedding of the working prototype of partial resur-
facing knee arthroplasty endoprosthesis and allows it to be firmly anchored. Clinical
and radiological examination confirmed the very good stability of the knee joint

FIGURE 7.13 Radiograph of knee joints with the working prototype implanted of the par-
tial knee resurfacing arthroplasty endoprosthesis performed in the veterinary clinic on the
first (a) and second (b) animal four weeks after implantation.

FIGURE 7.14 Knee joints harvested eight weeks after surgical implantation in the first
experimental animal (a) and the second experimental animal (b).
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FIGURE 7.15 Digital radiograph of the knee joints resected after eight weeks (XPERT 40,
Kubtec, USA) showing: the MSC-Scaffold interspike space occupied with remodelled bone
tissue and two bone screws with which the excised lateral ligament attachment of the knee
joint was reattached to the bone along with a thin bone fragment (a); slight implant migration
in the area of the anterior surface of the lateral condyle and the interspike space partially
occupied with the ingrown bone tissue (b).

and the absence of implant migration. No destruction of the femoral condyles was
observed in the resected knee joint. A good seating of the implanted prototype of a
working surface of partial knee endoprosthesis with the MSC-Scaffold was observed
without any signs of migration. The digital radiograph of the resected knee joint
shows the interspike space of the MSC-Scaffold occupied with the ingrown bone tis-
sue and the two bone screws used to reattach the severed lateral ligament attachment
of the swine lateral knee joint to the bone along with a thin bone fragment.

The operating procedure applied to the second test animal allows easy access to
the anterior part of the lateral femoral condyle in the knee joint and limited access to
the posterior part of this condyle. Clinical and radiological examination confirmed
sufficient stability of the operated knee joint. In the resected knee joint, no destruc-
tion of the condyles was observed, but the working prototype of the partial resurfac-
ing knee arthroplasty endoprosthesis with the MSC-Scaffold had minimal migration
in the anterior part of the lateral femoral condyle. The digital radiograph of the knee
joint resected after eight weeks can confirm a slight migration of the implant in the
anterior part of the lateral femoral condyle and the interspike space of the MSC-
Scaffold partially occupied with rebuilt peri-implant bone tissue.

In our opinion, the limited surgical approach to the posterior femoral condyle due
to bone separation of only one-third of the anterior part of the fibular collateral liga-
ment results in inadequate implant seating and leads to observed implant migration.

The tests of the working prototype of partial resurfacing knee arthroplasty
endoprosthesis with partial resurfacing with the MSC-Scaffold were carried out
on a group of ten swine of the Polish Large White breed, using the surgical tech-
nique selected experimentally during the preliminary study as more favourable.
Before implantation, the bone-contacting surface of spikes of the MSC-Scaffold
were modified with the calcium phosphate coating. This modification was made by
electrochemical cathodic deposition under experimentally determined conditions
(see Section 5.2).
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Figure 7.16 shows an SEM image of the surface of the spikes of the MSC-Scaffold
subjected to the modification mentioned above. The arrows show the lamellar cal-
cium phosphate crystals on the lateral surface of the MSC-Scaffold spikes.

Clinical evaluation of joint stability after the implantation of the working proto-
type of partial resurfacing knee arthroplasty endoprosthesis of partial resurfacing
was carried out according to [17] with the modification: total/medial stability of the
joint was measured. The assessment of radiological stability (component loosen-
ing) was assessed on a 4-point scale. Radiolucency around the element was assessed
in terms of thickness and position [18]. Statistica 12.0 (StatSoft, Tulsa, USA) was
used for the statistical analysis of the results. Descriptive values of the variables are
expressed as mean + standard deviation or median (minimum-maximum).

A summary of the data on the operations performed is included in Table 7.2. In
nine cases, good (30%) and very good (60%) stability of the operated knee joints was
found, except for the one case where a septic complication occurred (Table 7.3). In
the case of the remaining nine animals, no destruction of the femoral condyles was
recorded in the knee joints harvested eight weeks after implantation of the work-
ing prototype of partial resurfacing knee arthroplasty endoprosthesis with the MSC-
Scaffold. Joint stability was determined in a clinical trial using the 5-point Likert
scale (Table 7.2). The mean body weight of the experimental animals was 82.0 + 7.6 kg
(Table 7.4).

Histological evaluation and microtomographic examination of the resected knee
joints were performed.

Bone-implant specimens were fixed in 10% formalin solution (formaldehyde in
phosphate buffer) for a week, and then dehydrated in ethanol at a concentration of
70%, 80%, 90%, 99%, and 100% after 48 h at each concentration and embedded
in resin. Fragments of bone-implant specimens with a thickness of 200 pm were
cut using the IsoMet™ 4000 Linear Precision Saw (Buehler, Esslingen am Neckar,
Germany) and then ground to a thickness of 20 um using the MetaServ 250 grinder
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FIGURE 7.16 SEM image of the surface of the MSC-Scaffold spikes connecting the work-
ing prototype of partial resurfacing knee arthroplasty endoprosthesis subjected to electro-
chemical modification of Ca-P, the arrows show lamellar calcium phosphate crystals on the
lateral surface of the spikes.
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TABLE 7.2

Summary of data on the performed surgeries of implantation of the working
prototype of partial resurfacing knee arthroplasty endoprosthesis with the
MSC-Scaffold

Stability of
Operated
Joint in
Clinical
Stability in Examination  Destruction
No of  Weight Age Radiological (Likert of Femoral
Swine (kg) Sex (Months) Knee Examination Scale) Condyle
1 76 M 8 Left Good 4 None
2 91 F 9 Right Good 4 None
3 77 F 7 Left Very good 5 None
4 69 M 8 Left Very good 5 None
5 94 F 9 Right Migration 2 None
6 78 M 8 Left Very good 5 None
7 91 F 9 Left Good 3 None
8 86 M 8 Right Very good 4 None
9 81 M 9 Right Very good 5 None
10 74 F 7 Right Very good 4 None
TABLE 7.3

Stability characteristics of the implanted working prototype of working
prototype of partial resurfacing knee arthroplasty endoprosthesis with
the MSC-Scaffold, determined on radiological examination (N = 10)

Stability in Radiological Examination Number (%)
Migration 1(10)
Good 3 (30)
Very good 6 (60)
TABLE 7.4

Characterization of body weight and stability determined in a clinical
study in ten animals implanted with the working prototype of partial
resurfacing knee arthroplasty endoprosthesis with the MSC-Scaffold

Parameters Mean = SD Median (min-max)
Weight (kg) 82.0+7.6 80.5 (69-94)
Age (months) 8.2+0.8

Stability scale in clinical examination 4 (2-5)
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polisher (Buehler, Esslingen am Neckar, Germany). Thin sections (20 pum) of
bone-implant specimens were stained with haematoxylin and eosin and then exam-
ined with the Olympus CX41 light microscope (Olympus, Tokyo, Japan).

Figure 7.17 presents thin sections and stained histological sections (H&E) made
of macro-specimens harvested eight weeks after the implantation of the prototype
knee endoprostheses. Demonstrated are sections in the longitudinal (Figure 7.17a)
and crosswise (Figure 7.17b) directions to the spike axis.

Histological section specimens show the interspike space occupied with peri-implant
cancellous tissue and bone trabeculae in contact with the MSC-Scaffold spikes. In
the eighth week following the procedure, no morphological exponents of inflamma-
tion were found in bone tissue from the stained histological samples. Almost all of
the MSC-Scaffold spikes in the longitudinal and transverse sections are surrounded
by mature bone tissue. There were no morphological markers of the osteogenesis

FIGURE 7.17 Microscopic and histopathological samples of the bone-implant sec-
tion (H&E) made from bone-implant specimens harvested eight weeks after implantation,
containing the working prototype of the knee arthroplasty endoprosthesis with the MSC-
Scaffold: parallel (a) and perpendicular (b) in relation to the axis of the MSC-Scaffold spikes.
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process. It can be concluded that the periscaffold trabecular bone is of similar age and
maturity in these histological sections.

Microtomographic examination of knee joint specimens collected eight weeks post-
implantation was performed using the SkyScan 1173 microtomographic X-ray scanner
(Bruker, Kontich, Belgium). During the test, the samples were immersed in formalin
and mounted on the turntable in the microtomography measurement chamber so that the
axis of the spikes was parallel to the rotation axis of the table. The following scanning
parameters were used: source energy 130 keV, source intensity 61 uA, resolution 9.92 um,
filter 0.25 mm brass filter, irradiation time 4,000 ms, rotation 360°, every 0.2° scanning
time approximately 6 h. 3D reconstruction of the bone-implant specimen scanned post-
operatively from experimental animals after eight weeks and 2D quantitative analysis
were performed using the SkyScan CT-Analyzer software (Bruker, Kontich, Belgium).

In 3D reconstructions of bone implants, cuboid-shaped fragments were virtually
extracted for further quantitative and qualitative analysis. Based on the differences in
radiological density, the radiological phases for the MSC-Scaffold, trabecular bone,
and soft tissues, including bone marrow, were distinguished. In each of the virtually
separated subareas of the micro-CT scan of the bone-implant specimen, six reference
levels, spaced every 0.5 mm from each other, were determined, crossing the axes of
the MSC-Scaffold spikes at right angles below their tops. The percentage of radiologi-
cally separated phases was measured at each of the scanning levels. The cube-shaped
fragments were virtually separated for further quantitative and qualitative analy-
sis. Figure 7.18 shows an example 2D micro-CT scan image of a periarticular bone
specimen with the working prototype of partial resurfacing knee arthroplasty endo-
prosthesis with the MSC-Scaffold, taken eight weeks after implantation. Figure 7.19
presents a microtomographic visualization of the bone-implant specimen, where a
fragment was virtually isolated using dedicated software, showing the biointegration
of the MSC-Scaffold with periarticular bone tissue.

FIGURE 7.18 An example of a digital micro-CT scan of a swine knee joint sample with the
working prototype of the partial resurfacing knee arthroplasty endoprosthesis with the MSC-
Scaffold, taken eight weeks after implantation.
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FIGURE 7.19 Microtomographic visualization of the periarticular bone specimen with the
working prototype of partial resurfacing knee arthroplasty endoprosthesis with the MSC-
Scaffold collected eight weeks after implantation; in the image of this specimen, using ded-
icated software, the fragment was virtually isolated, visualizing the biointegration of the
MSC-Scaffold with periarticular bone tissue.

Figure 7.20 presents an example series of six images representing the determined
reference levels, where based on radiological density, individual subareas (phases) such
as the implant, trabecular bone, and soft tissues, including bone marrow, were distin-
guished, and the percentage of radiologically distinguished phases was measured.

Qualitative analysis of the radiological microstructure of the trabecular bone
phase in the interspike space of the MSC-Scaffold reveals that at the reference levels
closer to the tops of the spikes (Figures 7.20a—c) there is a bone-like trabecular struc-
ture near the MSC-Scaffold. At the reference levels closer to the base of the spikes
(Figures 7.20d—f), we can see an initial stage of bone tissue ingrowth in the form of
its creeping substitution on the lateral surface of the spikes. This initial stage is fol-
lowed by an appositional growth of bone tissue gradually filling the interspike space
of the MSC-Scaffold. The results of the quantitative analysis of the biointegration of
the MSC-Scaffold with the periarticular bone tissue in the apical area of the MSC-
Scaffold are presented in Figure 7.21; the graph shows the changes in the percent-
age share of the identified radiological phases (the MSC-Scaffold of titanium alloy,
trabecular bone, and soft tissues) as a function of the distance from the base of the
spikes at individual reference levels.

The percentage of the trabecular bone increases with the distance from the bases
of the spikes from 44 + 4% (female) and 41 + 4% (male) to a maximum value of
66 + 5% (female) and 70 + 4% (male) in a distance of 2.5-3 mm from the bases of
the spikes, while the percentage of soft tissues decreases from a value of 38 + 4%
approximately similar for both genders to a minimum value of 23% + 5% (female)
and 22% + 4% (male) at a distance of 2.5 mm from the base of the spikes. The per-
centage of the material phase of the spikes decreases linearly with the increase of
the distance from the spikes’ bases — which is in line with the expectations resulting
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FIGURE 7.20 Series of six exemplary micro-CT scan slices of the explanted bone-implant
specimen established at six reference levels at distances of (a) 3.5 mm, (b) 3.0 mm, (c) 2.5
mm, (d) 2.0 mm, (¢) 1.5 mm, and (f) 1.0 mm from the spike bases of the MSC-Scaffold.
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FIGURE 7.21 The percentage share of the radiological phases analysed: trabecular bone,
spike material, and soft tissue of the explanted bone-implant specimen as a function of the
distance from the spike bases.
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from the geometric shape of the spikes and, at the same time, is the correctness of the
results of the microtomographic quantitative analysis.

The distance from the bases of the reference level increases where the share of
the peri-implant trabecular bone reaches the maximum (2.5 to 3 mm) corresponding
to the initial depth of surgical embedding of the MSC-Scaffold in the periarticular
bone. At this level, the maximum loads are transferred from the MSC-Scaffold to
the surrounding trabecular bone, resulting in a relatively higher percentage of the
ingrown bone relative to the percentage of soft tissues visible at that location.

The qualitative results obtained here may provide some insight into the course
of the mechanical phenomena that accompany the intraoperative embedding of the
MSC-Scaffold in the periarticular trabecular bone up to about half the height of
its spikes, which is carried out by a surgeon implanting a prototype non-cemented
resurfacing endoprosthesis.

ki

Preliminary results of the experimental surgical determination of the appropriate sur-
gical technique for implanting the working prototype of the partial resurfacing knee
arthroplasty endoprosthesis with the biomimetic MSC-Scaffold show that the preferred
surgical technique in the planned preclinical study of the first biomimetic method of
fixation resurfacing joint endoprostheses using the working prototype of the partial
resurfacing knee arthroplasty endoprosthesis should include: first cutting off the entire
collateral ligament attachment of the lateral knee joint together with a thin bone frag-
ment, and then reattaching this ligament to the bone with two bone screws.

The results of the pilot radiological, histological, and microtomographic study of
biomimetic fixation of the working prototype of partial resurfacing knee arthroplasty
endoprosthesis, carried out on bone-implant specimens from ten experimental ani-
mals (swine, breed: Polish Large White), eight weeks after the implantation of these
implants, showed that:

e part of the interspike space of the MSC-Scaffold was occupied with newly
formed and rebuilt mature bone tissue, proving that there was an initial bio-
integration of the prototype MSC-Scaffold with the periarticular trabecular
bone;

* in the reconstruction of the 3D scanned bone-implant specimen obtained
postoperatively from experimental animals, eight weeks after implantation in
the deeper areas, near to the spikes bases of the MSC-Scaffold, the early stage
of the osseointegration process was identified in the form of creeping substitu-
tion of the peri-implant bone tissue onto the lateral surface of the spikes;

e micro-CT study also enabled detailed measurements of the percentage
changes in the proportion of each radiologically different phase (identified
as a titanium MSC-Scaffold, peri-implant trabecular bone, and soft tissues)
as a function of the distance from the bases of the spikes. Microtomographic
examinations have been practically verified as a very useful tool in future
planned research on the qualitative and quantitative evaluation of bone
biointegration in the MSC-Scaffold spike region.
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These results show that the biomimetic method of fixation of the working prototype
of partial resurfacing knee arthroplasty endoprosthesis via the MSC-Scaffold ensures
entirely non-cemented fixation (anchoring) of the resurfacing endoprosthesis compo-
nent in the trabecular bone of the periarticular bone [19].
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Pilot micro-CT study of
the impact of embedding
the multi-spiked
connecting scaffold

on the density and
compressive strength
of the subchondral
trabecular bone

of femoral heads

from patients with
osteoarthritis

Osteoarthritis (OA) is a common disease that primarily involves cartilage destruction,
synovial inflammation, osteophyte formation, and subchondral trabecular bone scle-
rosis with progressive functional disability and reduced quality of life [1]. For OA of
the hip, the main treatment option is total hip arthroplasty (THA), which is widely
used, and there are many methods of fixation of implants and bearing surfaces [1,2].
Total hip resurfacing arthroplasty (THRA) has several potential advantages over tradi-
tional long-stem THA arthroplasty, such as preservation of the bone stock and close-to-
physiological bone and joint biomechanics, better stability, and an excellent functional
outcome [3-5]. For the appropriate bioengineering design of the innovative prototype
MSC-Scaffold for resurfacing endoprostheses components with the periarticular bone,
which could be used in the surgical treatment of patients with OA, it is necessary to
examine using microcomputed tomography (micro-CT) the subchondral trabecular
bone in the heads of the femurs of OA patients treated with THA, before and after
mechanical embedding of the prototype MSC-Scaffold in these heads, including deter-
mination of the relative area of the subchondral trabecular bone (bone area/total area
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ratio, BA/TA) and the density of subchondral trabecular bone in the examined femoral
heads and the compressive strength of that bone.

Quantitative computed tomography (QCT) of the microstructure of subchondral
trabecular bone in the medial proximal tibia and femoral head in patients with OA
was the subject of works by Shiraishi et al., Okazaki et al., and Li et al. [6-9]. The
changes in the microstructure of the trabecular bone that were analysed the most fre-
quently in patients with osteoarthritis affecting the medial part of the knee joint were
to investigate the relationship between the microstructure of this bone and the stage
of the disease and the position of the lower extremities [6]. Changes in microarchitec-
ture and reconstruction of subchondral trabecular bone in patients with osteoarthritis
were also analysed in terms of age and gender [8].

Evaluation of the density of the subchondral trabecular bone, carried out by
micro-CT in fresh bones of experimental animal heads (swine, Polish Large White
breed), published in [10], revealed that the embedding of the MSC-Scaffold proto-
type in the periarticular bone of femoral heads causes bone material densification
under the embedded MSC-Scaffold that affects its mechanical properties. Therefore,
it can be hypothesized that the densification of the subchondral trabecular bone
microarchitecture on the femoral heads of OA patients treated with THA surgery
due to the embedding of the MSC-Scaffold in the specimens of these femoral heads
may depend on the initial bone density in these femoral heads.

The main objective of the study was micro-CT assessment of the relative area
and density of the subchondral trabecular bone in the femoral heads removed during
THA from OA patients carried out before and after mechanical embedding of the
innovative MSC-Scaffold prototype for THRA endoprostheses in these heads. The
specific aim of the study was to evaluate the influence of the initial surgical embed-
ding of the MSC-Scaffold prototype for THRA endoprostheses on the change in
the microstructure of the trabecular microarchitecture of the subchondral trabecular
bone of femoral heads from OA patients, as possible, depending on the initial value
of the subchondral trabecular bone relative area in these heads.

The pilot microtomography study used femoral heads from four patients, all of
whom had advanced stages of primary osteoarthritis of the hip and underwent total
hip arthroplasty. Exclusion criteria were secondary degenerative changes and hip
fractures, a history of cancer, and liver or kidney failure. The study, approved by
the Bioethics Committee of the Poznan University of Medical Sciences (consent No.
146/2018), was carried out as part of a research grant from the Poznan University of
Medical Sciences.

All subjects included in this study were undergoing bilateral anteroposterior
radiography of the hip. The orthopaedist assessed the radiographs by using the
Kellgren-Lawrence (KL) radiographic scale. Stage 2 is described as definite osteo-
phyte formation with possible joint space narrowing, stage 3 — multiple osteophytes,
definite joint space narrowing, sclerosis, and possible bony deformity, and stage 4 —
large osteophytes, marked joint space narrowing, severe sclerosis, and definite bone
deformity. The visual analogue scale (VAS) score is used to measure the pain inten-
sity of the hip joint. It has a range of 0-10, and 0 is no pain while 10 is extreme pain.

All femoral heads were collected intraoperatively from patients undergoing
THA for hip OA. The shape of the examined femoral epiphyses was changed by



Impact of embedding the MSC-Scaffold 163

a degenerative process. Bone tissue was densified in the upper lateral part of the
femoral head and cysts were found in the head and neck of the femoral. The articular
surface showed damage, which was emphasized in the loading area. The articular
cartilage was pathologically altered, softened, and disintegrated, with areas of local
destruction caused by subchondral congestion and blood vessel infiltration.

To prevent their drying, the femoral heads after surgical resection were covered
with a dressing soaked in 0.9% saline solution (NaCl) and placed in a sealed heat-
insulating container. Subsequently, bone specimens were transported to the test
site in a portable refrigerator, processed with a cutter to remove a piece of cartilage
around the top of the femoral head with continuous cooling of the head and femo-
ral neck area with water, and immediately scanned with the GE Phoenix Vltomelx
$240 microtomography scanner (Waygate Technologies, Wunstorf, Germany) with
the following parameters: radiation source energy 130 keV, source current: 125 mA,
resolution: 17.5 pm, filter: brass 1.5 mm, exposure time: 300 ms, rotation: 180°, every
0.5°, scan time: 20 min. The total time between the surgical resection of the femoral
heads and the completion of their scanning did not exceed 6 h.

After micro-CT scanning of every femoral head sample, the titanium MSC-
Scaffold prototype was placed on the top of the sample and, applying the special-
ized device, the MSC-Scaffold embedding in the femoral head sample was carried
out with a speed of 0.1 mm/s to halfway up the spikes. The embedding process was
controlled radiologically to achieve the appropriate depth of embedding. Afterwards,
the micro-CT scanning of the femoral head specimen was done again with the same
scanning parameters.

To accurately reconstruct the trabecular microarchitecture of subchondral trabec-
ular bone in femoral head specimens, before and after the mechanical embedding of
the MSC-Scaffold prototype to perform the qualitative and quantitative micro-CT
analyses of this microarchitecture, the following image processing steps (necessary
for the acquired projection data sets) were performed: 3D image reconstruction of
femoral head specimens, elimination of imaging artefacts, segmentation of images.

Based on the radiological density criterion, the following elements (the so-called
radiological phases) in the reconstructed 3D images were identified as an implant
(MSC-Scaffold made of a titanium alloy) and mineralized trabecular bone (trabecu-
lae) and soft tissues between the trabeculae (including bone marrow).

An additional correction by the thresholding method was applied; the above
method assigns different greyscale voxels to a specific phase based on a selected
threshold, which increases control over the determination of the discriminant bound-
aries. Such an approach is widely used in the case of microtomographic images of
porous materials [11-14]. The same approach and identification procedure was used
for the femoral head specimens before the MSC-Scaffold preprototype embedding,
using the same criteria for identifying only two radiological phases: mineralized tra-
becular bone and soft tissue between the trabeculae.

The same coordinate systems have been established for digitally reconstructed
femoral head specimens before and after mechanical embedding of the MSC-Scaffold
preprototype and the data sets were compared using professional software (Volume
Graphics 2.2, Heidelberg, Germany). Cylindrical fragments of the femoral head
reconstruction located in the region of the MSC-Scaffold preprototype embedment
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site were digitally extracted. The axis of the bone cylinder was consistent with the
direction of the resultant compressive force acting on the femoral head during physi-
ological loading of the lower limb [15,16]. An example of a 3D reconstruction of
a microtomographic image of the femoral head is shown in Figure 8.1. Example
cross sections of the reconstructed microtomographic images of the femoral head
specimens obtained before and after embedding the MSC-Scaffold preprototype are
presented in Figure 8.2.

Subsequently, cross sections for quantitative analysis of micro-CT have been
determined in each digitally extracted reconstruction of a cylinder-shaped sample.
The plane tangent to the tops of the spikes of the recessed prototype MSC-Scaffold
was established as the reference level (reference cross section), and the following
cross sections were spaced 0.5 mm apart. In the case of digital reconstruction of a
cylindrical sample of the femoral head before the embedding of the preprototype
MSC-Scaffold, the reference level was set at the same level concerning the upper
part of the cylinder. In each micro-CT reconstructed cross section, the radiological
compartments representing bone trabeculae and intertrabecular regions (pore space)
with soft tissues were identified.

The relative area of the subchondral trabecular bone was determined as the ratio
of the subchondral trabecular bone area to the total area (BA/TA). Measurements
were made on binarized images (cf. [17]). As is generally known, for trabecular bone
(considered a porous material) [18, 19], the mean value of the surface share of the
mineralized bone phase (BA/TA mean) is equal to the relative value of the volume
share of the mineralized bone phase (BV/TV).

The volume density of the trabecular bone (p,) was determined based on the
formula (6.2) — see Section 6.2. Then, to determine the changes in the mechanical

FIGURE 8.1 Micro-CT reconstruction of the femoral head sample (a) and digitally
extracted cylinder-shaped bone sample (b) for further micro-CT evaluation of the bone tra-
becular microarchitecture and density.
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(a)

FIGURE 8.2 Micro-CT 3D reconstruction of femoral head bone specimens: (a) before and
(b) after embedding of the MSC-Scaffold prototype.

strength of the bone caused by the embedding of the prototype MSC-Scaffold, the
values of the compressive strength S of the subchondral bone of the examined femo-
ral heads were calculated in designated elements, before and after the embedding,
using the empirical formula [20,21]:

S=25-(p)"?, @.D

where: p, — apparent density of the trabecular bone(= a - p;) [g/cm?], a— fraction of
the mineralized bone phase = BV/TV = mean BA/TA, p, — bone trabecular density
(comparable to cortical bone density, assumed to be 1.85 g/cm?).

Detailed medical characteristics of the patients are presented in Table 8.1. The
study involved two women and two men in the advanced stages of primary OA.
Examples of preoperative anterior-posterior X-rays of the right hip joints of two
patients are presented in Figure 8.3. The mean age of the patients at the time of sur-
gery was 61.2 years (age range 51-72 years). The mean pain intensity of the patients
on the VAS was 7.0. The preoperative X-ray examination of the hip indicated grade
4 hip osteoarthritis (KL4) in two patients and grade 3 (KL3) in two patients. Patients
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TABLE 8.1
Characteristics of the patients
Patient Opposite  Duration of ~ Orthopaedic
No. Age Sex BMI Side OA  Pain (Years) Supports KL VAS
72 M 27.5 5 Orthopaedic walker 3 6
2 54 F 24.0 1 Without 4 7
orthopaedic
supports
3 68 F 28.8 2 Elbow crutches 3 7
4 51 M 332 2 Elbow crutches 4 8

KL, Kellgren-Lawrence radiographic stage of OA; VAS, Visual Analogue Scale.

FIGURE 8.3 Preoperative anteroposterior X-ray of the right hip joints of two patients: (a)
patient 2; (b) patient 4.

had hip flexion contracture with limited flexion up to 80°-90° and internal rotation
up to 5° accompanied by pain. The patient walked with a limp on the right lower
limb. It was the first THA for all of these patients. Men had high blood pressure and
diabetes, and women had no comorbidities.
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Examples of binarized images of cross sections of a digitally extracted
reconstruction of a bone sample (patient 1) in the shape of a cylinder, determined
for the quantitative analysis of micro-CT, have been presented in Figure 8.4. For
comparison, cross sections from a similar location were compiled before and after
embedding the spikes of the prototype MSC-Scaffold.

Comparison of binarized images of cross sections of the bone sample analysed
before (Figures 8.4a—f) and after (Figures 8.4g—1) the mechanical embedding of the
MSC-Scaffold prototype reveals changes in the microarchitecture of the subchondral
trabecular bone caused by the embedding of the MSC-Scaffold spikes. For binarized
images of the cross sections of the bone sample after mechanical embedding of the
MSC-Scaffold spikes, making a comparison of the cross sections located at suc-
cessive levels representing the elements of the trabecular bone spaced successively
every 0.5 mm from the reference level (Figures 8.4g-1), a decrease in the extent of the
densified area of the subchondral trabecular bone can be observed with an increase
in the distance from the reference level.

Figures 8.5—-8.8 show, respectively: subchondral trabecular bone relative area BA/
TA, subchondral trabecular bone in the heads of the femur of patients with osteoar-
thritis, determined based on microtomographic imaging before and after the MSC-
Scaffold embedding, expressed as percentage points of change in BA/TA value
caused by embedding the MSC-Scaffold spikes into the bone, corresponding to these
changes, calculated values of the density, and compressive strength of the subchon-
dral trabecular bone (before and after embedding of the MSC-Scaffold). The values
of all measured and calculated values are given in Table 8.2.

The BA/TA values of the subchondral trabecular bone in micro-CT analysed
femoral head specimens before the MSC-Scaffold embedding varied from 38.7% for
patient 3 to 58.4% for patient 1, but did not change significantly within the volume
of each analysed sample (the changes in BA/TA values did not exceed 1.5% in each

(a)‘(b‘(c‘(d'(e'(f‘
@‘('(‘0'('(‘
FIGURE 8.4 Quantitative micro-CT analysis of the microarchitecture of femoral head bone
specimens before and after mechanical embedding of the MSC-Scaffold prototype. Views
of cross sections of bone specimens below the reference plane: before the MSC-Scaffold
embedding: (a) 0 mm, (b) 0.5 mm, (¢) ] mm, (d) 1.5 mm, (¢) 2 mm, (f) 2.5 mm; and after

the MSC-Scaffold embedding: (g) 0 mm, (h) 0.5 mm, (i) 1 mm, (j) 1.5 mm, (k) 2 mm, ()
2.5 mm; bar = 2 mm.
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values in micro-CT analysed femoral head specimens removed during THA from patients
with OA before and after the embedding of the MSC-Scaffold prototype, at various levels of
the section below the reference plane.
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FIGURE 8.6 Changes in the relative area values of the subchondral trabecular bone (BA/
TA, bone area/total area ratio) in femoral head specimens analysed at different levels below
the reference plane.

sample). The calculated mean subchondral trabecular bone density p, and the mean
compressive strength of the subchondral trabecular bone S before MSC-Scaffold
embedding varied from 1.34 + 0.01 g/cm? and 14.9 + 0.7 MPa for patient 3, respec-
tively, to 1.49 + 0.01 g/cm? and 27.8 + 0.7 MPa for patient 1.

After the MSC-Scaffold embedding, BA/TA values were significantly higher and
varied from 62.4% for patient 3 to 83.0% for patient 1 at the level just below the reference
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FIGURE 8.7 Changes in subchondral trabecular bone volumetric density p, values in
femoral head specimens analysed at different levels below the reference plane.

plane, while the corresponding calculated subchondral trabecular bone density p,, for
the reference plane ranged from 1.53 to 1.71 g/cm?, and the predicted compressive
strength of the subchondral trabecular bone ranged from 32.8 to 54.1 MPa.

The subchondral trabecular bone density p, relative change at the level below the
reference plane was from 11.1% to 14.4%, while the subchondral trabecular bone
compressive strength S relative change at the level below the reference plane was
from 75.3% to 88.6%.

The BA/TA values then decreased at the next levels and the decrease rate varied
from 4.2 p.p. to 18.3 p.p. per I mm, while the subchondral trabecular bone density
p, relative change and the subchondral trabecular bone compressive strength S rela-
tive change varied from 6.1% to 10.0% and from 34.3% to 86.2%, respectively. Such
a decrease rate can be observed on average up to 2.0 mm depth below the refer-
ence plane. The BA/TA values decrease rates are different in each analysed femoral
head sample and the curves of best fit were estimated for each patient individually
(Figure 8.6). As can be seen in Figure 8.6, the particular best-fit curves of the BA/
TA decrease reach a plateau at the level of 1.5 to 3.0 mm below the reference plane.
Below these levels, the changes in subchondral trabecular bone BA/TA, the relative
change in subchondral trabecular bone density p,, relative change, and compressive
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FIGURE 8.8 Changes in the compressive strength S values of the subchondral trabecular
bone in analysed femoral head specimens due to the initial embedding of the MSC-Scaffold
at different levels below the reference plane.

strength of subchondral trabecular bone S are minor (below 5 p.p.), up to 3.1% and
up to 17.8%, respectively.

Based on this, the spatial extent of subchondral trabecular bone densification due
to the initial embedding of the MSC-Scaffold prototype was established and it is
marked with an asterisk in Table 8.2.

It should be underlined that the BA/TA values of the subchondral trabecular bone
of the femoral head specimens presented in Table 8.2 are mean values, calculated
from the three BA/TA measurements: the (middle) cross section at a given level below
the reference plane and the two adjacent slices (located above and below 0.5 mm
from this median section); these BA/TA values are, as it is known [19,22], equal to
the bone relative volume BV/TV values (at a given level below the reference plane).
The values assessed here with micro-CT subchondral trabecular bone relative area
(BA/TA) in femoral head specimens removed during THA from patients with OA
are between 38.7% and 58.4% and correspond to the data provided by other research-
ers’ research reported in the literature, e.g.: 60.2% [8,9], 32.7% to 59.7% [23]. The
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values of the mean calculated subchondral trabecular bone density p, also corre-
spond to data provided by other authors [24,25].

Since the value of bone strength cannot be measured in patients in vivo, therefore,
the empirical relationships linking bone density with its biomechanical properties
(such as bone strength or Young’s elastic modulus) have been determined in labora-
tory biomechanical examinations carried out on bone preparations from different
anatomical locations in the skeleton. A review of published scientific papers on this
issue is included in the work by Fleps et al. [21]. It is known that the volumetric den-
sity of subchondral trabecular bone can be treated as the key parameter because its
values can be assessed in humans in vivo in various localizations in the skeleton, for
example, utilizing quantitative computed tomography (QCT, pQCT).

Due to these laboratory biomechanical studies and the published results of these
studies, one can now use these known empirical relationships and calculate (with
acceptable accuracy) the values of specific bone biomechanical parameters based on
the values of bone density measured at various anatomical locations in the skeleton
in a given patient. Therefore, we have used the empirical formula (8.1) established in
[20,21] to determine the values of subchondral trabecular bone strength S based on the
assessed values of subchondral trabecular bone density p, in examined femoral heads.

The changes in the subchondral trabecular bone relative area BA/TA values
before and after embedding of the MSC-Scaffold prototype differed between anal-
ysed femoral head specimens from OA patients. Detailed medical characteristics of
each patient have been included in the study [26].

Based on the results of the study in individual patients, it can be concluded that the
highest (approximately 14%) density of subchondral trabecular bone directly under
the MSC-Scaffold was obtained in patients (patient 1 and patient 2) with higher base-
line BA/TA and the calculated bone density. The high baseline bone quality in these
patients is probably due to a normal baseline bone density compared to other authors
with OA [9]. Differences in the spatial extent of subchondral trabecular bone densi-
fication due to the initial embedding of the MSC-Scaffold prototype between these
cases can be noticed, with a definite advantage in the male patient 1 (2.5 mm vs.
1.5-2 mm).

In all patients, the change in BA/TA 1 mm below baseline was similar and ranged
from 12.5 to 16.3 p.p. Interestingly, the highest change in density was obtained at the
level of 1 mm in the patient with the lowest initial density (patient 3).

The performed pilot study of the micro-CT assessment and analyses of the MSC-
Scaffold embedding in the human femoral subchondral heads of patients with OA
determined the range of effect of the subchondral trabecular bone densification, tak-
ing into account different initial bone densities. Densification of the subchondral
trabecular bone in the examined femoral heads caused by embedding of the MSC-
Scaffold spikes results in an increase in the mechanical strength of the bone. In the
case of surgical treatment using the innovative entirely non-cemented resurfacing
endoprosthesis with the MSC-Scaffold, based on the results presented here, it can
be expected that the improvement in the mechanical properties of the subchondral
trabecular bone located below the surgically inserted MSC-Scaffold will determine
the initial stability of the femoral component of the resurfacing endoprosthesis. The
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limitation of this study was the small sample size (four femoral heads of patients with
OA treated with THA) and the lack of a control group due to the difficulty in finding
patients of the appropriate age and sex categories with healthy bone within the femo-
ral head. More research is needed in this area to verify the results of the pilot study.

ki

The embedding of the MSC-Scaffold in subchondral trabecular bone causes the
change in its relative area (BA/TA) ranging from 18.2% to 24.7% (translating to the
calculated density p, relative change from 11.1% to 14.4%, and the predicted com-
pressive strength S relative change from 75.3% to 122.7%) regardless of its initial
density (before the embedding).

The densification of the subchondral trabecular bone due to the initial embed-
ding of the MSC-Scaffold gradually decreases with the increasing distance from the
apexes of the MSC-Scaffold spikes, while the spatial extent of the densification of the
subchondral trabecular bone ranged from 1.5 to 2.5 mm.

It may be suggested (despite the limited number of examined cylindrical bone
specimens from femoral heads) that the impact magnitude of the initial surgical
embedding of the MSC-Scaffold in the trabecular bone of the femoral head may be
a factor determining the long-term maintenance of this innovative MSC-Scaffold in
the bone, and thus the joint resurfacing endoprosthesis embedded in the periarticu-
lar bone through the MSC-Scaffold. The results indicate that the greater the extent
of the subchondral trabecular bone biostructure densification, the greater the bone
mechanical strength, thus resulting in better conditions for the postoperative func-
tioning of the MSC-Scaffold fixation in the periarticular bone. Increased mechanical
strength of the subchondral trabecular bone prevent the possible implant migration
during postoperative limb loading.

It can be suggested (despite the limited number of examined femoral head speci-
mens) that the size of the influence of the MSC-Scaffold’s initial embedding on sub-
chondral trabecular bone may be a factor in its maintenance. It seems that the deeper
this effect of subchondral trabecular bone densification, the better the strength of
subchondral trabecular bone and, consequently, the better postoperative embedding
of the MSC-Scaffold in the bone should be expected. The increased strength of the
subchondral trabecular bone can prevent the undesirable migration of implant during
the postoperative limb loading.

The team received approval from the Bioethics Committee of the Poznan
University of Medical Sciences to conduct (by 2024) an extended programme of clin-
ical diagnostic tests and quantitative microtomographic tests on the heads of human
femurs of patients with osteoarthritis (OA) of the hip qualified for surgical treatment
using the THA method using long-stem hip endoprostheses.
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9 Summary, conclusions,
and final remarks

Initial research tasks within the planned research schedule included: (1) identification
and experimental selection of appropriate technology for the manufacturing of the
prototype MSC-Scaffold, ensuring biomimetic, completely cement-free fixation
(anchoring) of components of joint resurfacing endoprostheses in the periarticu-
lar bone; (2) the development of initial design and the technological guidelines for
the manufacturing of the first prototype of a biomimetic resurfacing endoprosthe-
sis intended for experimental surgical treatment of osteoarthritis, along with (3) the
design and manufacturing of preprototypes of such MSC-Scaffold and prototypes
of such endoprostheses, intended for further stages of bioengineering research and
in vivo pilot study in experimental animals.

During the surgical implantation of a prototype resurfacing arthroplasty endo-
prosthesis implanted in the bone in an entirely non-cemented way using the MSC-
Scaffold, the spikes of the MSC-Scaffold are inserted into the intertrabecular space
of the periarticular trabecular bone (it is the initial surgical fixation of a resurfacing
endoprosthesis component in bone); therefore, it was crucial to adjust the geometric
structural features of this scaffold to the characteristic dimensions of the intertrabec-
ular microstructure of the pore space of the periarticular trabecular bone constituting
the interconnected system of marrow cavities.

Design guidelines for the manufacturing of the MSC-Scaffold have been devel-
oped based on the analysis of the so-called structural compatibility of the tested
design variants of the MSC-Scaffold with the periarticular trabecular bone of the
animal femoral head. To this end, parameters such as the implant-bone contact area
increase factor and the trabecular bone marrow lacunae and the spikes’ coincidence
index were defined, and based on the microscopic study of the trabecular bone tissue
taken from the swine femoral heads and for various shapes and arrangements of the
MSC-Scaffold spikes, we have analysed the changes in the values of the proposed
parameters. Based on these studies, we have proposed to use in the prototype MSC-
Scaffold for resurfacing arthroplasty endoprostheses the concentrically arranged
pyramid-shaped spikes with a square base of a side length of 0.50 mm.

CAD models of the MSC-Scaffold preprototypes have been developed in the form
of their representative fragments related to the target shape of the femoral compo-
nent of the hip resurfacing arthroplasty endoprosthesis, as well as CAD models of
the prototypes of a hip endoprosthesis for total hip arthroplasty and the working
prototype of partial resurfacing knee arthroplasty endoprosthesis for implantation in
experimental animals.

To evaluate the possibility of manufacturing the MSC-Scaffold that ensures
non-cemented fixation of the components of resurfacing endoprostheses in the
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periarticular bone, we have made preprototypes of this scaffold and prototypes of
endoprostheses using various methods:

* Dby stereolithography (from Accura SI 10 resin on the Viper Si2 SLA printer
by 3D Systems),

e by the method of precision wire-cut electrical discharge machining and
die-sinker electrical discharge machining (made of 40H steel hardened to
45 HRC, on the Robofil 290 EDM machine manufactured by the Swiss
company Charmilles),

* Dby selective laser melting (powders of Ti-6Al-7Nb and Ti-6Al-4V alloys on
ReaLizer SLM 100 and ReaLizer SLM 250 machines by MTT Technologies
Group, Germany),

* in addition, in other related and commercially available additive technolo-
gies such as selective laser sintering and electron beam melting.

Based on the analysis of the technological possibilities of that time (the mid-2000s),
we have acknowledged and confirmed, based on the prototyping, that the manufac-
turing of the MSC-Scaffold for fixation in the periarticular bone of components of
joint resurfacing endoprostheses, and being an integral part of those endoprostheses,
is not possible without the use of additive manufacturing technologies. Further pro-
totyping within these technologies revealed several unacceptable defects in the pre-
prototypes manufactured. The requirements for the manufacturing of elements with
uniform density and with mechanical properties comparable to those made of homo-
geneous materials directed our attention to the technology of selective laser melting
(SLM). Based on our experimental comparative research and the data available in the
literature, SLM technology was found to be suitable for the manufacturing compo-
nents of prototype biomimetic resurfacing endoprostheses with the MSC-Scaffold.

We have developed design guidelines for the most favourable geometric features
of the MSC-Scaffold for resurfacing endoprostheses, taking into account the SLM
technological guidelines, as well as the shaping and finishing machining guide-
lines. We have prepared CAD documentation for the design of the prototypes of the
resurfacing endoprosthesis, which included technological handles and technological
allowances for shaping and finishing (grinding and lapping) of both components of
the prototype hip joint endoprosthesis.

We have also analysed the issues of post-production processing (using abrasive
blasting technology) of the bone-contacting surface of the prototype MSC-Scaffold
for entirely non-cemented resurfacing endoprostheses manufactured using SLM
technology. We have identified difficulties in removing the micro-residues adhering
to the surface of the MSC-Scaffold in the form of not fully melted particles of the
alloy powder, and variously shaped splatted forms. It required the development of
nonstandard technological tasks for their removal, especially from the hard-to-reach
areas around the base of the MSC-Scaffold spikes. As a result of the carried out tests,
we have developed an effective variant of post-production treatment with a developed
abrasive mixture and we have identified the appropriate parameters of such treatment
of the prototype MSC-Scaffold of innovative resurfacing endoprostheses manufac-
tured in the SLM technology.
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We have evaluated the possibility of the formation of the structural and
pro-osteoconductive potential of the interspike space of the prototype MSC-Scaffold.
The research aimed to determine the technologically achievable conditions for bio-
mimetic structural-osteoconductive functionalization of its microgeometric struc-
tural features, which ultimately allowed for the improvement of the conditions for the
subsequent osseointegration of the prototype MSC-Scaffold with periarticular tra-
becular bone tissue. The analysis was carried out based on a proposed set of param-
eters for evaluation of the pro-osteoconductive functionality of the MSC-Scaffold
manufactured prototype.

We have compared the microgeometric features of the CAD models for the proto-
type MSC-Scaffold and the prototypes manufactured on that basis using SLM tech-
nology, which allowed for a precise correction of the technological limitations thus
identified. The study was carried out on a prototype of an entirely non-cemented
hip resurfacing arthroplasty endoprosthesis with the MSC-Scaffold by measuring
the effective height of its spikes using a confocal microscope and by structurally
assessing samples representing different geometric variants of the prototype MSC-
Scaffold fragments for both components of the prototype resurfacing endoprosthesis.
In the CAD model samples of two series of modelled prototype MSC-Scaffold frag-
ments, the nominal height of the MSC-Scaffold spikes and the shape of the spikes
were alternatively and independently altered, thus verifying the changes of the MSC-
Scaffold geometric features as assumed in CAD models on the prototypes produced
based on the said CAD models using SLM technology.

The results of the investigation led to the conclusion that the values of the effective
height of the MSC-Scaffold spikes of the prototype hip endoprosthesis manufactured
using SLM technology based on CAD models designed according to the technologi-
cal guidelines of the research project No. 4T07C05629 were significantly lower than
the effective height value of the spikes in above-mentioned CAD models (by 48 + 9%
in the case of the femoral component of the prototype of an entirely non-cemented
hip resurfacing endoprosthesis and by 51 + 9% for the acetabular component of the
prototype of the same endoprosthesis), which significantly reduces the structural
and osteoconductive potential of the interspike space of the manufactured prototype
MSC-Scaffold.

Based on the structural evaluation of the samples representing different geomet-
ric variants of the fragments of the prototype MSC-Scaffold for both components of
the prototype resurfacing endoprosthesis, it was found that altering the shape of the
MSC-Scaffold spikes in the CAD model, and leaving the nominal height of the spikes
unchanged, allows for having some control over the structural and osteoconductive
potential of its interspike space by increasing (by approximately 20%) the effective
height of these spikes in the SLM prototypes. The most beneficial effect of influenc-
ing the structural and osteoconductive potential of the interspike space of the MSC-
Scaffold can be achieved by modifying the geometric features of the spike structure,
including both the change of their nominal height and their shape in the CAD model.

The obtained results allowed for revising the constructional assumptions of
the primary prototype of the MSC-Scaffold and provided key information on the
need to compensate for the identified technological limitations of selective laser
melting when establishing design directives, i.e. a method of improving structural
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pro-osteoconductive functionality to properly design subsequent prototypes of
the knee and hip joint resurfacing endoprostheses (partial and total) with the
MSC-Scaffold.

Initial biological evaluation under the conditions of a ten-day human osteoblasts
culture on preprototypes of the MSC-Scaffold carried out after structural-osteo-
conductive functionalization of their interspike space confirmed that the adjacent
spikes of the MSC-Scaffold constitute an osteoconductive surface for osteoblasts.
Fluorescent microscopic images taken after ten days of culturing human osteoblasts
on the MSC-Scaffold preprototype showed the formation of interconnected cyto-
plasmic processes of osteoblasts on the surface of the MSC-Scaffold preprototypes,
indicating a tendency to create a three-dimensional intercellular network that is a
characteristic element of the biostructure of the lamellar bone tissue of which the
trabeculae of the trabecular bone are built. The MSC-Scaffold spikes provide an
osteoconductive surface for proliferating and spreading osteoblasts.

Pilot surgical implantation in an animal model (swines of the Polish Large White
breed) of structurally functionalized MSC-Scaffold preprototypes did not show
postoperative implant loosening, migration, or other possible early complications.
Histopathological evaluation of the peri-spike bone tissue revealed that: (1) most of the
interspike space of the MSC-Scaffold preprototype was occupied with newly formed
and remodelled (mineralized) bone tissue, ensuring the primary biological fixation
of the MSC-Scaffold preprototypes in the periarticular trabecular bone and (2) to
improve contact with bone, the surface of the MSC-Scaffold should be physicochemi-
cally modified with calcium phosphates to obtain a surface that is to some extent
biochemically mimetic with respect to the native bone biomineral (hydroxyapatite).

Therefore, the study of the calcium phosphate (CaP) modification of the bone-
contacting surface of the MSC-Scaffold preprototypes by electrochemical cathodic
deposition of calcium phosphates was undertaken — suitable for the geometrically com-
plex bone-contacting surface. Attempts to modify this method, initially carried out at
constant current densities, were satisfactory, i.e. it was confirmed that the deposition
of the calcium phosphate coating on the bone-contacting surface of the MSC-Scaffold
preprototypes can be controlled by regulating the current density. The increase in the
osteoinductive potential of the bone-contacting surface of the CaP-modified proto-
type MSC-Scaffold was confirmed in an experimental pilot study of this scaffold in
an animal model (in swine of the Polish Large White breed) and osteoblasts cultures.
After the structural-geometric functionalization of the MSC-Scaffold, it was observed
that the results of the calcium phosphate modification of the bone-contacting surface
of the MSC-Scaffold prototypes performed during the potentiostatic cathodic deposi-
tion process showed a much higher reproducibility compared to the results of the CaP
modification performed during the galvanostatic electrochemical cathodic deposition
process. In the further study on the CaP modification of the bone-contacting surface
of the MSC-Scaffold preprototypes carried out during the potentiostatic electrochemi-
cal cathodic deposition process, the task was to determine the most appropriate range
of conditions for this process. The tests were carried out for electric potential values
ranging from -9 to -3 V. It was found that the appropriate conditions for this process
were largely influenced by the geometric features of the MSC-Scaffold prototype, i.e.
mainly by the distance between the spikes. In the case of insufficient space between the
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MSC-Scaffold spikes, it has been observed that the calcium phosphate deposits were
located between the spikes and not on their lateral surface.

Based on the characteristics of the physicochemical properties of the coating
manufactured on lateral surface of spikes of the MSC-Scaffold preprototypes — in
terms of structural (EDS) and morphological (SEM) properties and the study of mass
growth of the preprototypes caused by the deposition of the calcium phosphate coat-
ing on the surface — it was found that the electric potential range of the process from
—5.25 to —4.75 V ensures a good quality CaP modification of the bone-contacting
surface of a variant of the MSC-Scaffold preprototype characterized by an interspike
distance of 350 um. In addition, the effect of preceding acid-alkali treatment was
investigated using a range of electric potential values determined to allow the coat-
ings on the lateral surface of the MSC-Scaffold spikes to achieve a Ca/P molar ratio
corresponding to the Ca/P values in native bone hydroxyapatite. The characterization
of the CaP coating properties was extended to include surface EDS mapping and
quantitative crystal phase analysis (XRD). For variants of the MSC-Scaffold preprot-
otypes subjected to acid-alkali treatment, an increase in the degree of coverage of the
lateral surface of the spikes and greater uniformity of surface coverage were found.
This treatment also prevents the formation of microcracks on the surface in contact
with the bone of the MSC-Scaffold and increases the degree of coverage of the lateral
surface of the spikes. The Ca/P molar ratios of the deposits on the lateral surface of
the spikes in all these modified preprototypes were consistent with the value of the
Ca/P molar ratio in native bone hydroxyapatite, and on the bone-contacting surface
of the prototype MSC-Scaffold subjected to acid-alkali treatment, there were lamel-
lar and needle crystals of calcium phosphate deposited.

The relatively best results of CaP modification on the bone-contacting surface of
the MSC-Scaffold preprototypes have been obtained in the potentiostatic process
of electrochemical cathodic deposition carried out at an electric potential of —5.00
V, that is, biomineral coverage was obtained with values of the Ca/P molar ratio of
deposits similar to this value of the ratio of native bone hydroxyapatite and the high-
est mean mass growth of the coating and the highest degree of coating of the lateral
surface of the spikes (even for prototypes modified without the preceding acid-alkali
treatment). The numerous microcracks observed in the MSC-Scaffold preprototypes
modified in the electrochemical cathodic deposition process conducted at an electric
potential of =5.00 V without acid-alkali treatment were eliminated by the applying
of this preceding treatment. It finally guaranteed the relatively highest homogeneity
compared to the preprototypes modified at other values the electric potential of the
electrochemical cathodic deposition process, falling within a predetermined range
of this potential.

Evaluation of the results of a ten-day culture of human osteoblasts in preprototypes
of the MSC-Scaffold — unmodified and with a calcium phosphate-modified surface —
shows that the factors which have a significant impact on the enzymatic activity
of alkaline phosphatase (and thus on mineralization) are the distance between the
prototype MSC-Scaffold spikes and applying modification with a layer of calcium
phosphate on the bone-contacting surface of the MSC-Scaffold spikes.

Evaluation of the biointegration of these prototypes of the MSC-Scaffold
implanted into the knee joint of swine carried out eight weeks post-implantation
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indicated that most of the interspike space of the MSC-Scaffold was occupied with
newly formed and rebuilt mature bone tissue, and in the 3D images of the bone-
implant specimens reconstructed using computed microtomography and taken eight
weeks post-implantation, we have detected an approximately 12% increase in bone
trabeculae in the interspike spaces for the calcium phosphate surface-modified pre-
prototypes as compared to preprototypes with a non-modified surface.

Based on the numerical simulations of the influence of the geometric features
of the MSC-Scaffold on the distribution of mechanical stress in the periprosthetic
bone, where the MSC-Scaffold partially embedded in the periarticular bone was
mechanically loaded, we have determined the most important geometric features of
the MSC-Scaffold, ensuring a physiological load transfer from the MSC-Scaffold to
the peri-implant bone. The results indicated that the following geometric structural
features of the MSC-Scaffold had an impact on the stress level in the bone around
the MSC-Scaffold spikes: (a) the distance between the bases of adjacent spikes
a, (b) the vertical angle of spikes f, and (c) the height of the spikes’ spherical cap
h. Distribution of Huber-von Mises-Hencky reduced stress in the area around the
implant, it was found that the vertical angle of spikes 8 and the distance between the
bases of the adjacent spikes a are the key geometric features that determine the cor-
rect design of a suitable prototype of the MSC-Scaffold for innovative non-cemented
resurfacing endoprostheses. The influence of the height of the spherical cap /4 of the
spikes of the MSC-Scaffold is of secondary importance.

Further research aimed to develop and validate a numerical model that allows
for the design of the prototype MSC-Scaffold that ensures biomimetic fixation of
components of the new generation of non-cemented resurfacing endoprosthesis
of the hip joint (and other joints). The quantitative micro-CT evaluation of bone
biostructure carried out during the laboratory study of the mechanical embedding
of the prototype MSC-Scaffold in the heads of swine femurs allowed analysis of
the changes observed in bone density that occur directly under the embedded
MSC-Scaffold. Following the analysis, we have made the initial numerical model
of the subject of the study more realistic by introducing an insert simulating the
densified bone material under the embedded MSC-Scaffold. This modification of
the initial numerical model of the studied mechanical process led to a significant
improvement in convergence between the results of the laboratory and simulation
tests: the calculated value of the fraction of variance unexplained (FVU) index
for the compared studies increased significantly to 0.02, indicating a very good
convergence; thus, the experimental validation of the modified numerical model
of the problem studied was carried out (i.e. mechanical loading of the prototype
biomimetic MSC-Scaffold initially and partially embedded in the periarticular
bone).

The structural biomimetism of the prototype MSC-Scaffold ensures physiologi-
cal, uniform surface transfer of the mechanical load from the spikes of the MSC-
Scaffold to the trabeculae of the periarticular trabecular bone — it was confirmed
based on the analysis of HMH reduced stress maps obtained based on a simulation
study of the embedding process using a modified and validated numerical model of
the subject of the study. Since we have used a well-known and widely recognized
method of validating numerical problems that is applied to many problems in the
mechanics of intraosseous implants (the method combines experimental research and
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numerical analyses), the results obtained from a numerical simulation analysis of the
distribution of stress in the periarticular bone around the mechanically loaded par-
tially embedded prototype MSC-Scaffold, performed using a validated numerical
model, can be considered as reliable. Thus, it can be stated that the modified numeri-
cal model accurately reflects the mechanical behaviour of the examined implant-
bone system in the early postoperative period. Controlled loading of the innovative
non-cemented resurfacing arthroplasty endoprosthesis with the MSC-Scaffold by
the patient in the early postoperative rehabilitation period enables the bone tissue to
ingrow into the interspike spaces of the MSC-Scaffold and ensures the final biologi-
cal fixation of the implant in the bone (which is achieved by bone tissue ingrow and
osseointegration with CaP-modified MSC-Scaffold surface).

So, it can be concluded that: (1) the resulting validated numerical model of the
considered problem can be used in the bioengineering design of a new type of
entirely non-cemented biomimetic fixation of the components of resurfacing arthro-
plasty endoprostheses in the periarticular bone, replacing degenerative or traumati-
cally damaged synovial joints, and (2) the early postoperative biomechanical load
capacity (loadability) of the articular surface of the non-cemented resurfacing endo-
prosthesis with MSC-Scaffold can be considered the crucial design criterion for such
innovative endoprostheses.

To demonstrate in a pilot experiment on an animal model that the innovative MSC-
Scaffold allows for an entirely non-cemented and biomimetic fixation of the compo-
nents of resurfacing arthroplasty endoprostheses in the periarticular trabecular bone,
the CAD model of the working prototype of partial resurfacing knee arthroplasty endo-
prosthesis for swine was developed using reverse engineering methods. The working
prototypes of partial resurfacing knee arthroplasty endoprosthesis were manufactured
in SLM technology according to the developed CAD model, and the bone-contacting
surface of the MSC-Scaffold spikes was modified by depositing a calcium phosphate
coating, and then the endoprostheses were implanted in the knee joints of ten swine of
the Polish Large White breed. Radiological, histopathological, and microtomographic
examinations were performed on bone-implant specimens harvested after eight weeks.
In the postoperative clinical examination of the operated knee joints of the above ani-
mals, the clinical stability of these joints was good and very good (mean score of 4
on the 5-point Likert scale). Postoperative radiological examinations have indicated
good implant fixation (radiolucency less than 2 mm) with no signs of implant migra-
tion. The interspike spaces in the MSC-Scaffold of the implanted prototype implants
were occupied with the ingrown bone tissue. Histological specimens obtained from
bone-implant samples harvested from operated animals eight weeks after implanta-
tion (according to the protocol approved by the Local Ethics Committee in Poznan)
indicated the presence of newly formed trabecular bone tissue in the spaces between
the MSC-Scaffold spikes, with the trabeculae in contact with the spikes. According to
the quantitative microtomographic analysis, it was found that the highest percentage of
bone tissue ingrowth in the space between the spikes occurs at a distance of 2.5-3.0 mm
from the base of the spikes. The experimental pilot implantations in ten swine of the
working prototype of partial resurfacing knee arthroplasty endoprosthesis have indi-
cated that it was possible successfully and without the use of cement to anchor the
components of resurfacing arthroplasty endoprostheses in the periarticular bone using
the innovative biomimetic MSC-Scaffold.
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Pilot studies have also been carried out on human femoral heads (with the approval
of the Bioethics Committee of the Poznan University of Medical Sciences), including
a quantitative microtomographic evaluation of the impact of the mechanical embed-
ding of the MSC-Scaffold concerning the density and compressive strength of the
subchondral trabecular bone of femoral heads from four patients with osteoarthritis
treated surgically using long-stem hip endoprostheses. Using microcomputed tomog-
raphy, the microarchitecture of the subchondral trabecular bone was analysed before
and after the mechanical embedding of the MSC-Scaffold in the heads of the human
femoral bone. There were differences in bone volume density in the heads of the
femurs of individual patients with osteoarthritis who underwent surgery. The embed-
ding of the MSC-Scaffold in the subchondral trabecular bone allowed the obser-
vation, using microtomographic digital reconstructions of the examined bone, of a
change in the ratio of the subchondral trabecular bone area to the total area (BA/
TA) ranging from 18.2% to 24.7% (translating to the relative change of the calculated
density p, relative change from 11.1% to 14.4%, and the relative change of the pre-
dicted compressive strength S from 75.3% to 122.7%) regardless of its initial density
(before the embedding). Due to the mechanical embedding of the MSC-Scaffold,
the density of the subchondral trabecular bone gradually decreases with increasing
distance from the tops of its spikes, while the spatial extent of the densification of
the subchondral trabecular bone ranged from 1.5 to 2.5 mm (which is about half the
height of the spikes of the MSC-Scaffold). Therefore, we can conclude, despite the
limited number of human femoral heads subject to study, that: (1) the magnitude of
the impact of the initial surgical embedding of the MSC-Scaffold on the subchondral
trabecular bone of the femoral head appears to be a factor determining the long-term
maintenance of this innovative MSC-Scaffold (and of the resurfacing endoprosthesis
fixed in the periarticular bone via this MSC-Scaffold) also in the case of reduced
bone volume density of the femoral head; (2) the greater the extent of the subchondral
trabecular bone densification, the greater the mechanical strength of the bone, thus
resulting in better conditions for the postoperative functioning of the fixation of the
MSC-Scaffold in the periarticular bone. The suggestions formulated here obviously
require verification in a larger sample of human femoral heads obtained from post-
operative material from patients with hip osteoarthritis treated with THA using long-
stem hip endoprostheses (the team received approval from the Bioethics Committee
of the Poznan University of Medical Sciences to carry out such extended research
by 2024).

CONCLUSIONS AND FINAL REMARKS

e the prototype of the hip joint resurfacing arthroplasty endoprosthesis with
the MSC-Scaffold, designed and manufactured using SLM technology of
titanium alloy powder, fixed in the periarticular bone without the use of
cement via the MSC-Scaffold (Figure 3.31) constitutes fundamental bio-
engineering progress as compared to the early demonstration prototype
of the hip joint resurfacing arthroplasty endoprosthesis manufactured of
chromium steel by die-sinker electrical discharge machining (Figure 3.15)
for the patent held by the author of the concept of this endoprosthesis (P.
Rogala) before starting the above-mentioned research projects;
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e the structural biomimetism of the developed prototype of the MSC-Scaffold
for fixation in periarticular bone of the components of the new-generation
non-cemented hip and knee endoprostheses causes the biomechanical loads
acting on the articular surface of the innovative endoprosthesis to be trans-
ferred as stresses almost uniformly to the trabeculae of the periarticular
trabecular bone — so we can expect that the occurrence of the undesirable
effect of the so-called stress shielding around intraosseous implants will be
significantly reduced in these innovative endoprostheses;

* a pilot experimental study carried out on an animal model (hip joints and
knee joints of swines of Polish Large White breed) has proven the effec-
tiveness of entirely non-cemented fixation in the periarticular bone of
components of resurfacing arthroplasty endoprostheses via a biomimetic
prototype of the MSC-Scaffold developed by our team; the evaluation of
the MSC-Scaffold biointegration with the periarticular bone, carried out
eight weeks post-implantation, has shown that the majority of the interspike
space of the MSC-Scaffold was occupied with the ingrown, newly formed,
and mineralized bone tissue, i.e. it was demonstrated that the MSC-Scaffold
allows for the so-called biological fixation of the components of resurfacing
endoprostheses in the periarticular bone;

e the resulting validated numerical model of the considered problem (par-
tially embedded in bone prototype MSC-Scaffold mechanically loaded) can
be used in the bioengineering design of a new type of entirely non-cemented
biomimetic fixation in the periarticular bone of the components of resur-
facing arthroplasty endoprostheses replacing degenerative or traumatically
damaged synovial joints;

e the early postoperative biomechanical load capacity (loadability) of the
articular surface of the non-cemented resurfacing arthroplasty endopros-
thesis with MSC-Scaffold can be considered the crucial design criterion for
such innovative endoprostheses (because controlled loading of the innova-
tive non-cemented resurfacing arthroplasty endoprosthesis by the patient
in the early postoperative rehabilitation period enables the bone tissue to
ingrow into the interspike spaces of the MSC-Scaffold and ensures the final
biological fixation of the implant in the bone);

e we have completed bioengineering preclinical research for the development
of a biomimetic prototype of the MSC-Scaffold for a new generation of
entirely non-cemented resurfacing arthroplasty endoprostheses, and thus it
was prepared the next stage of clinical surgical research in humans was
prepared, including experimental surgical treatment of damaged knee and
hip joints using prototype resurfacing endoprostheses with the biomimetic
MSC-Scaffold.

kesk

In our opinion, the new generation of entirely non-cemented resurfacing arthroplasty
endoprostheses for the hip and other joints, whose components are fixed in the periartic-
ular bone via the biomimetic prototype MSC-Scaffold, developed by the bioengineering
and clinical research team in Poznan, Poland, is going to be the first generation of bio-
mimetic resurfacing arthroplasty endoprostheses and biomimetic endoprostheses at all.
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Appendix 2
Letter of thanks from the

Rector of the Poznan University
of Technology, Poland

A letter of thanks from the Rector of the Poznan University of Technology and the
Dean for the bioengineering team for many years of research and teaching activi-
ties in the field of biomedical engineering at the Poznan University of Technology
(addressed to the head of the team).
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POZNAN UNIVERSITY OF TECHNOLOGY

Prof. Teofil Jesionowski
Rector

Poznan, 16" of June 2022

Professor

Dr hab. Eng. MD, PhD Ryszard UKLEJEWSKI

Dear Professor,

please accept sincere thanks for your active and constructive research and teaching cooperation in
the field of biomedical engineering with the Faculty of Mechanical Engineering (previously Faculty of
Mechanical Engineering and Management) and the Facuity of Chemical Technology of the Poznan
University of Technology.

Initiated by you, Professor, since 2005 together with a bioengineering and clinical-orthopaedic
scientific team, active research and teaching activities, connected an academic centers: Poznan
University of Technology, Poznan University of Medical Sciences and the Kazimierz Wielki University in
Bydgoszcz. Research cooperation in the field of biomedical engineering has resulted in numerous
research projects, published research articles, patents and doctorates, conducted in cooperation with,
among others, employees of the Poznan University of Technology. Today’s very important achievement
of the team's work is the latest research monograph “Prototype of a biomimetric scaffold connecting with
the bone the components of a new generation of cementless surface joint endoprostheses - design,
bioengineering research and pilot experiments on animal model” by Ryszard Uklejewski, Piotr Rogala,
and Mariusz Winiecki.

You have also promoted four doctors in the field of engineering sciences, and a lot of masters and
engineers. Of particular importance for the Poznan University of Technology, especially for strengthening
the academic staff of the Faculty of Mechanical Engineering PUT in the field of biomedical engineering,
is the public defense of the distinguished doctoral thesis by M. Sc. Adam Patalas (an assistant at the
Faculty of Mechanical Engineering PUT) carried out under your, Professor, guidance in the Warsaw
University of Technology in the field of biomedical engineering, in June 2022.

Let us emphasize the participation of the Professor in creating the field of Biomedical engineering
at the Faculty of Mechanical Engineering PUT as one of the first in Poland.

Dear Professor,

thank you for your and your team cooperation as well as research and teaching work. We are
deeply convinced that it will be continued in the coming years on many other different levels.

Yours faithfully
Dedly/ Rector

of Faculty of Mechanical Enginiriqu\/ 3 of Poznan University of Technology
V4 ,,' y I%
Wiyl e g —

5 M. Sklodowska-Curie Square, 60-965 Poznan, Poland, tel.: +48 61 665 3537, 61 833 3881, fax: +48 61 665 3770
e-mail: rektor@put.poznan.pl, www.put.poznan.pl
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