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ABSTRACT

Proposed master’s thesis focuses on mechanical and rheological properties of biodegradable
polymer-calcium phosphate bone cement composite reinforced with PCL (poly(e-
caprolactone)) and PCL-Pluronic polymer microfibers.

The theoretical part describes bone structure, evolution of bone cements and structural
additives. In the experimental part, synthesis and characterization of PLGA-PEG-PLGA
thermosensitive copolymer and o-tricalcium phosphate powder is depicted as well as
microfibers preparation technique. Copolymer aqueous solution was used to counteract the
paste limited injectability, where liquid to powder (L/P) ratio of 0.5 ml/g was used for all of
the samples. The two different mixing techniques were used in cement preparation to
modulate the sample’s porosity. PCL and PCL-Pluronic fibers used to reinforce the cement
were added in the amount of 1, 3 and 5 wt. % to the total mass of cement paste. Prepared
pastes were studied at the laboratory (23 °C) and under physiological conditions (37 °C) using
dynamical rheological analysis, with the aim to establish workability and setting of the paste.
Samples for the rest of the analyses were enabled to set at physiological conditions for the
duration of 10 days. Afterward, mechanical parameters like compressive strength, elastic
modulus and diametric tensile strength of dried and in some cases hydrated samples were
tested. Porosity was established using micro-computed tomography. Scanning electron
microscopy was used to study microstructure and fiber incorporation into a ceramic matrix.
Presence of fibers was semi-quantitatively studied using Fourier transformed infrared
spectroscopy. X-ray diffraction provided data about powder phase transformation and
mineralogical aspects of cement. Individual sample performances were evaluated and
compared.

As a result, addition of either hydrophobic PCL or amphiphilic PCL-Pluronic fibers into
polymer-phosphate cement slightly increased compressive strength where PCL-Pluronic
modified fibers performed better. Therefore was concluded, that polymer-phosphate bone
cement reinforced with microfibers is promising candidate for surgical practice.

KEYWORDS

calcium phosphate bone cement, a-TCP, PLGA-PEG-PLGA thermosensitive copolymer,
biodegradability, fiber reinforcement, mechanical properties, rheology,



ABSTRAKT

Tato diplomova praca sa zaoberda mechanickymi areologickymi vlastnostami
resorbovatelného polymér-fosfore¢nanového kompozitu na baze kostného cementu
vystuzeného mikrovlaknami z PCL (poly(e-kaprolakton)) a Pluronic-om modifikovanymi
PCL vlaknami.

Teoreticka Cast’ popisuje Struktiru kosti, vyvoj kostnych cementov a Strukturalne pridavky
(aditiva). V experimentélnej Casti je rozoberana syntéza a charakterizacia PLGA-PEG-PLGA
termosenzitivneho kopolyméru a a- modifikacie fosfore¢nanu vapenatého ako aj technika
pripravy mikrovlaken. Roztok kopolyméru bol pouzity pre zlepSenie obmedzenej
injektovatelnosti pasty s pomerom kvapalnej k praskovej faze (L/P) 0,5 ml/g pre vsetky
vzorky. Dve rozne techniky zamieSania pasty boli pouzité pre moznost kontrolovania
porozity pripravené¢ho cementu. PCL aPCL-Pluronic vldkna vyuzité ako vystuz boli
testované v troch roznych pridavkoch, ato 1, 3 a 5 hmotnostnych percent vlaken na celkovu
hmotnost’ pripravenej pasty. Pripravené pasty boli testované pomocou dynamickej reologickéj
analyzy na reometri pri laboratornej teplote (23 °C) a fyzologickych podmienkach (37 °C) so
zamerom stanovit’ spracovatelnost’ a tuhnutie pasty. Vzorkdm na ostatok analyz bolo
umoznené vytvrdzovanie pri fyziologickych podmienkach po dobu 10 dni. Po vytvrdeni boli
testované mechanické parametre ako su pevnost v tlaku, Youngov modul pruznosti a
pevnost’ v tahu Vv priemere vysuSenych a v niektorych pripadoch aj hydratovanych vzoriek.
Porozita vzoriek bola stanovena pomocou Roentgénovej pocitacovej mikro-tomografie.
Rastrovacia elektronovd mikroskopia bola vyuzitd na Studovanie mikroStruktury
a zabudovanie vlaken do keramickej matrice. Pritomnost’ vlaken bola semi-kvantitativne
stanovena pomocou Fourier transformovanej infracervenej spektroskopie. Difrakcia
Roentgénového ziarenia poskytla udaje o fazovom prechode prasku a jeho mineralogickom
zlozeni. Jednotlivé hodnoty, obdrzané z jednotlivych analyz, boli medzi sebou porovnané
a adekvatne diskutované.

Vysledkom prace je potvrdenie mierneho zlepSenia pevnosti v tlaku vzoriek vystuzenych
hydrofébnymi PCL alebo amfifilnymi PCL-Pluronic vlaknami pri¢om, PCL-Pluronic vladkna
poskytli lepSie vysledky. Preto bolo usudené, Ze polymér-fosforeCnanovy kostny cement
vystuzeny vlaknami je nadejnym kandidatom na uplatnenie v chirurgickej praxi.

KLUCOVE SLOVA
kostné cementy na baze fosforeCnanu vapenatého, ao-TCP, PLGA-PEG-PLGA

termosenzitivny kopolymér, biodegradovatelnost, vystuz vlaknami, mechanické vlastnosti,
reologia
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1. INTRODUCTION

Calcium phosphate bone cements have been well known for at least 30 years as a candidate
for bone regeneration applications. Their advantageous inorganic structure, strikingly
resembling bone minerals like hydroxyapatite, in vivo self-setting ability at physiological
conditions and the possibility of injectability make them a point of interest in the development
of novel resorbable bone cements. Possibility of use in the minimally invasive surgery
applications and treatment of bone-related complications e.g. fractures, osteoporosis, and
many others, make this material even more perspective candidate for bioimplantology.

Although some properties are advantageous and promising, others are not. Since calcium
phosphate cements are hydraulic bioceramics, their brittleness, and inferior mechanical
parameters compared to native bone, mainly low flexibility due to lack of collagen, are the
major factor, which has to be improved to ensure the best material’s performance. The rapid
setting of the bone cements i.e. transformation of the main constituent tricalcium phosphate to
calcium-deficient hydroxyapatite causes problems with paste’s injectability at low levels of
force. High solid content without the occurrence of separation demonstrates washout
resistance to body fluids soon after mixing, which is again undesirable. Although the cement
is made from bone minerals, its low porosity hinders cell growth on the material’s surface.
This slows down the bone regeneration even though building blocks for bone repair are
present.

To counteract these negative properties, the use of biodegradable polymeric additives
including polymer fibers increasing injectability behavior, reducing the brittleness and
increasing mechanical properties, is proposed as an alternative approach for bone cement
modification. Additives not only increase mentioned rheological and mechanical properties,
but their biodegradability works in favor of pore formation which increases osteoconductivity
of material, resulting in speeding up the healing process.

This thesis, therefore, observes mentioned mechanical and rheological properties of
polymer additives and fiber-modified bone cements, evaluating their performance and
discussing the effects of added constituents to develop composite material possessing desired
properties, which can be “tailor-made” for bone regeneration applications.



2. THEORETICAL PART

2.1. Bone

Skeleton and its constituents — bones, are supporting and protective part of vertebrate
organisms. Important functions of bones are namely production of red and white blood cells
in bone marrow, storage of minerals like calcium and phosphorus, structural support and
a possibility of mobility accompanied by the function of muscles. At birth, the human body is
comprised of over 270 bones but during development, some bones fuse together leaving the
adult human body with 206 bones [1][2].

2.1.1. Bone structure

Bones are made of bone cells and bone matrix. There are four distinct species of bone cells.
Osteoprogenitor cells are undifferentiated stem cells capable of turning into other bone cells
like osteoblasts, osteoclasts, and osteocytes. Osteoblasts are responsible for the synthesis of
organic components of the matrix and play a role in the deposition of inorganic minerals.
Osteoclasts function in bone resorption and in breaking down of the bone tissue to repair or
otherwise change bones. Lastly, osteocytes are the most common bone cells, regulating and
controlling the activity of osteoclasts and osteoblasts. The function of these cells is dynamic;
highly stressed parts of bones are remodeled or reinforced to handle more stress and vice
versa.

The bone matrix contains high inorganic content exceeding 50 % of bone’s weight.
Inorganic constituents are comprised mainly of calcium phosphates arranged into
hydroxyapatite crystals in shapes of slabs or plates. Mineral phases of bone are responsible
for toughness and strength of bone. Organic content of the matrix is predominantly made up
of collagen, which is responsible for bone‘s elasticity. Bone matrix is therefore highly durable
and tough yet flexible to a certain extent, making it optimal supporting material for living
organisms.

Tissue within the bone is woven in two main patterns, fibrous and lamellar. The fibrous
bone tissue is characterized by entangled collagen fibrils in the intercellular matter, lamellar
tissue shows a parallel arrangement of collagen fibrils, forming lamellas. These lamellar
structures form either cortical (compact) bones or cancellous (spongy) bones, each with quite
different characteristics [2].

Spongy bone Blood vessels in
(contains red bone marrow
marrow)

Blood stem
cell

Red blood cells

®

White blood cells

\ -
Compa‘ct bone (Q

Platelets

Figure 1: Femur diagram depicting compact bone, spongy bone and bone marrow [3].



Cortical bone, found in an outer layer of bones forms hard bone exterior. The primary
anatomical unit cell of cortical bone is osteon, which is a microscopic column made up from
lamelles. The entire outer layer is covered by dense collagen ligament called periosteum,
inside layer is covered by similar endosteum. Cancellous bone also called trabecular bone is
a less dense internal tissue of skeletal bone with a high surface area which forms an open
cell porous network. High surface area and porosity enable metabolic activities like calcium
exchange to take place and present pores contain a large number of blood vessels, often
containing red bone marrow which is responsible for production of red and white blood cells
as well as platelets [4]. Even though cortical bone is much denser than cancellous bone, it still
possesses some porosity represented by a network of canals and blood vessels of Haversian
systems [5].

To sum up, bones are highly complex as well as vital bodily structures and any
complications either external, structural or pathological may cause serious harm to the body
and its functions.

2.1.2. Complications

Fractures are the most common bone complications; average person suffers from two bone
fractures during their lifetime [6]. It is a medical condition in which there is a partial or
complete breakage due to an overload of mechanical stress on the continuous bone. In severe
cases, the bone may break or get crushed into several pieces leading to comminuted fracture
which causes serious healing complications. Other fracture complications include various
infections and so-called compartment syndrome; a blockage of blood flow to the local area
leading to oxygen deprivation and consecutive necrosis of affected tissues. Even though
bones possess high toughness, durability, and strength due to certain medical conditions such
as osteoporosis or bone cancer, minimal trauma injuries are possible and commonly referred
to as pathologic fractures [7].

Osteoporosis, from Greek, literally meaning “porous bones”, is a disease characterized by a
decrease of bone density. It is a major public health problem, affecting hundreds of millions
of people worldwide, predominantly elderly, especially postmenopausal women due to the
insufficiency of the hormone estrogen. The most commonly affected bones include vertebrae,
elbow, forearm, pelvis, hip, femur, and humerus [8]. Prevention of the early development of
osteoporosis includes lifestyle changes, proper diet, regular exercise, and fall prevention [9].

Infection of bone or osteomyelitis is classified by duration (acute or chronic), pathogenesis
(trauma, contiguous spread, hematogenous, surgical), site, extent, or type of patient. Main
causes of the condition are bacteria and to lesser extent fungi, depending on pathogenesis
namely Staphylococcus aureus, Streptococcus agalactiae, Escherichia coli or Mycobacterium
tuberculosis are recovered from affected tissue and blood. These pathogens cluster around
bone or bone defect (fracture) which is filled with hematoma and fibrous tissue, creating
a perfect breeding ground for the spread of the disease which is often complicated to treat,
treatment usually involves large doses of antimicrobial drugs and often surgery [10].

Surgical procedures are sometimes inevitable to solve cartilage or structural bone
problems. One of the most commonly performed procedures is total hip arthroplasty, which
the hip joint is repaired, remodeled or even completely removed and replaced by
endoprosthesis. Despite the fact that the procedure is quite common and with high success
rate, surgery is still invasive, and quite difficult. It requires removal of the femoral head from
the acetabulum, cutting the ball off using a power saw, and drilling a hole of adequate shape
into the femur to insert endoprosthetic metal shaft. During the procedure, small bone
fragments and bacteria may be unintentionally introduced to damaged bone, leading to
complications like osteomyelitis [11].
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2.2. Bone cements

Speeding up the recovery from various fractures, reduction or total eradication of infectious
growths in post-surgery patients, and better fixation of endoprosthetics are just a few
applications where properly modified, biocompatible, and possibly resorbable bone cements
propose a new and arguably better solution to bone damage.

2.2.1. PMMA cement

In today’s arthroplasty practice acrylic polymer called polymethyl methacrylate (PMMA)
bone cement is widely used to secure the endoprosthetic implant in the bone. Cement fixation
relies on the formation of a strong mechanical bond between cement and bone. PMMA bone
cement is applied to the smooth surface of the endoprosthesis in two to three-centimeter layer
to ensure a proper bond between bone and metal stem. Afterward, the endoprosthesis is
secured in the bone.

Although cement itself is sufficient enough for these applications, this solution is more
recommended to less active patients, patients over age 60 and patients with poor bone quality,
density or suffering from certain conditions like rheumatoid arthritis. Due to the application of
excessive amounts of stress to cement, the prosthesis may get loose or cement may wear
down leaving fragments which in turn cause inflammatory reaction [11]. Even though PMMA
is biocompatible, unfortunately, it’s not bioresorbable or bioactive and stays in body forever.
Some sources even claim that polymerization is said to kill osteocytes due to elevated
temperature during setting reaction [12] and monomer methyl methacrylate (MMA) is
considered to be irritant or even carcinogen [13].

H CHj CHs
N . L /
/C:C Free radical polymerization CH,—C

> n
H >:O —0
O\ O\
CHj3 CH,

Figure 2: Reaction schematic of methyl methacrylate polymerization to PMMA [56].

2.2.2. Calcium phosphate cement

Thanks to their advantageous biocompatibility, bioactivity, osteoconductivity, and possible
injectability, calcium phosphate cements (CPCs) are considered as an alternative replacement
for PMMA polymer cements. Injectability of CPCs presents a solution to surgeries by
introducing so-called minimum invasive surgery, where CPC paste is deposited to damaged
bone via syringe. CPCs also possess intrinsic microporosity due to the formation of
intergranular spaces while undergoing setting reaction [14].

Currently, CPCs are defined as a combination of one or more calcium phosphate powders
which, upon mixing with a liquid phase, form a paste, able to self-set and harden in situ at the
bone defect site [14]. The main mechanisms of self-setting reaction include dissolution and
reprecipitation. During dissolution calcium and phosphate ions are liberated from powder,
saturating solution until the solution reaches critical threshold supersaturation. Consecutively
reprecipitation begins, forming nuclei of a new phase. The growth of new phase continues
with the dissolution of reagents until their depletion. Determination of emergence of a new
phase is represented by a function of pH, dependent on the logarithmic concentration of
calcium or phosphate ions in solution. According to the saturated solutions pH value at 37 °C,
apatite phases for pH > 4.2, or brushite, known also as dicalcium phosphate dihydrate
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(DCPD) for pH < 4.2, may form [15]. Desirable apatite phases, namely hydroxyapatite (HA)
and analogous calcium deficient hydroxyapatite (CDHA) formed during said conditions are
main building blocks of bones which make them the perfect candidates for bone reparation.
Introduction of water to CPCs results in the formation of CDHA according to equation 1
forming desired bone mineral [16].
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Figure 3: Overview of main structural and morphological differences between apatitic and brushitic calcium
phosphate cements[55].

2.3. Calcium phosphates

Calcium phosphates (CPs) are the largest group of artificial bone replacements due to their
close resemblance to the mineral components of bone. Fine tuning the final cement
composition, geometrical properties of individual components, and resorption characteristics
of produced material leads to bone cement, possessing desired porosity and high mechanical
strength [17]. Most notable calcium phosphates are namely monoclinic a- and rhombohedral
[- phases of tricalcium phosphates (TCPs).

Although a- and B- phase both have the same chemical composition, structural variabilities
are present which affect density and solubility, in turn affecting the field of application. -
TCP is used mainly for preparing biodegradable bioceramics shaped as dense and macro-
porous granules and blocks, whereas the more soluble and reactive a-TCP is used mainly as a
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fine powder in the preparation of calcium phosphate cements. a- and B-TCP are currently
used in several clinical applications in dentistry, maxillo-facial surgery and orthopedics: p-
TCP is the component of several commercial mono- or biphasic bioceramics and composites,

and a-TCP is the major constituent of the powder component of various hydraulic bone
cements [18].

2.3.1. Structural characteristics

TCPs can be classified by their temperature stability into two groups, low-temperature
modification of B-TCP and high-temperature modifications represented by a-TCP and o’-
TCP. The o’- phase lacks practical interest due to stability only at temperatures above
1430 °C, cooling of o’-TCP results phase transition into metastable a-TCP. Composition and
temperature relation is depicted in the phase diagram in Figure 4 [18].
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Figure 4: Phase diagram of CaO- P,Os system [18].

As mentioned earlier, structural differences change solubility behavior and density of
tricalcium phosphate. Basic building blocks of TCPs are Ca®* cations and PO,> anions
arranged in two types of columns along [0 O 1] crystallographic direction; C-C representing
cation-cation columns and C-A representing cation-anion columns. Each C-C column is
surrounded by six C-A columns, and in turn, the C-A column is encircled by three C-C and
three C-A columns to the total number of six. C-C columns are quite distorted from the
straight line, as shown in Figure 5 on right [18][19].
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Figure 5: Schematic representation of the projections of the a-TCP, -TCP and o’ -TCP unit cells along the
[0 0 1] direction (top view on left) and fractional projections of the a-TCP, f-TCP and a’ -TCP unit cells on the
bc plane showing the disposition of constituent atoms in columns oriented along direction [0 0 1] (edge on view

on right): Ca®*, green; P°*, magenta; O, has not been represented for the sake of clarity. C-C, cation—cation

column; C-A, cation—anion column; A, A column; B, B column [18].

B-phase shows presence of two distinct C-A columns, A columns comprised of -P-Ca-Ca-P-
sequence and B columns with -P-Ca-Ca-Ca-P- sequence. Lack of C-C column in - phase,
and presence of A and B columns is responsible for differences in density and solubility due
to better stacking of A and B columns. Therefore, 3- phase is more densely packed meaning it
possesses higher theoretical density, as seen in Table 1, which in turn decreases solubility and
degradation rates in the physiological environment due to poor penetration of the solvent
medium. The same logic can be applied vice versa for a-TCP [18].

Table 1: Structural data of TCP polymorphic modifications [20][21].

Property Caz(P0,4), polymorph

p-Cas(PO4), a-Cas(POy), o'-Cas(PO4);
Symmetry Rhombohedral Monoclinic Hexagonal
Space group R3C P2,/a P65/mmc
a (nm) 1.04352(2) 1.2859(2) 0.53507(8)
b (nm) 1.04352(2) 2.7354(2) 0.53507(8)
c (nm) 3.74029(5) 1.5222(3) 0.7684(1)
o (°) 90 90 90
B(°) 90 126.35(1) 90
v (°) 120 90 120
Z 21 24 1
V (nm?) 3.5272(2) 4.31(6) 0.19052(8)
Vo (nm?3) 0.1680(2) 0.180(6) 0.19052(8)
D (g cm ™) 3.066 2.866 2.702

Structural characteristics of calcium phosphates are generally studied using X-ray diffraction
analysis (XRD), Fourier transformed infrared spectroscopy (FTIR) and Raman infrared
spectroscopy. More advanced methods e.g. neutron diffraction, X-ray absorption near edge
surface spectroscopy (XANES) and even solid state 3P magnetic-angle spinning nuclear
magnetic resonance (MAS-NMR) can also be used to obtain specific structural data. XRD
analysis in particular, is not only analytical method for determination of phase composition of
TCP powder but can be also used to study setting properties of prepared cement by evaluating
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conversion of a-TCP to hydroxyapatite (HA) or calcium deficient hydroxyapatite (CDHA)
respectively. The Figure 6 below depicts the similarities and differences in XRD
diffractograms of significant CP phases and HA [18][22].

1 (b}
‘ p-TCP
| L i il |JJ 1 RN AT lll |.. h
S 1 L]
& 10 15 20 25 30 35 40 45 50 55 60
- 26 (deg)
Fl . g
= a-TCP (c)
s 4
3
£
IJ a'-TCP ‘ H ‘
e ll W) I L LI (! |. ||||.|].|I||||
i B B i I B e e T o B 10 15 20 25 ) 35 40 45 50 55 60
5 0 15 20 25 30 35 40 45 50 55 60

2 Theta (%) 26 (deg)
Figure 6: XRD diffractograms depicting major TCP phases and comparison between b) a-TCP, c) HA[18][22].

Changes in molecular shape e.g. symmetric or anti-symmetric stretchings and bendings of
PO,> group, which occur after exposing the sample to infrared radiation, are studied using
FTIR and Raman spectroscopy. Data from FTIR and Raman analysis are shown in Table 2
[18][23].

Table 2: Main bands, their characteristic wavenumbers and intensities in IR and Raman spectra of TCPs [23].

Normal modes Free PO;~ (cm™ ') o-TCP p-1CP
IR(cm™') Raman (cm™') IR {em™") Raman (cm™ ")

Symmetric P-0O stretching, v, 938 954 (s) 954 (w, sh) 972 (s) 948 (s)

964 (s) 945 (s) 970 (s)
976 (s)

Symmetric P-0 bending doubly degenerate, v 420 415 (w) 421 (w) 419 (vw) 406 (m)
430 (w) 451 (w) 438 (vw) 442 (m)
454 (w) 458 (vw) 481 (m)
463 (w) 497 (vw)
471 (w)

Anti-symmetric P-0O stretching triply degenerate, v 1017 984 (s) 998 (s) 1025 (s) 1017 (w, br)
997 (s) 1012 (w) 1044 (s) 1048 (vs)
1013 (s) 1027 (w) 1066 (w, sh)
1025 (s) 1058 (w) 1083 (w, sh)
1039 (s) 1077 (w)
1055 (s)

Anti-symmetric P-0 bending triply degenerate, v, 567 551 (s) 563 (s) 544 (w, sh) 549 (w)
563 (s) 577 (s) 555 (s) 573 (w)
585 (s) 593 (s) 594 (w, sh) 547 (w)
597 (s) 610 (s) 609 (s) 609 (w)
613 (s) 620 (s)

Vs, very strong; s, strong; m, medium; w, weak; vw, very weal; sh, shoulder; br, broad.

2.3.2. Synthesis

Various synthetic routes are used to produce high-quality TCP powder, main of which include
the thermal transformation of precursor with defined calcium to phosphorus ratio, solid-state
synthesis from precursors, self-propagating high-temperature and combustion synthesis.
Thermal transformation technique makes use of previously obtained precursors e.g. CDHA,
amorphous calcium phosphate (ACP), and B-TCP, prepared by various synthetic routes, to
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thermally decompose to form an o-TCP powder. Generally speaking, for reaction to occur
according to equations below, the Ca/P molar ratio should be adjusted to 1.5. Deviations in
Ca/P molar ratio result in formation HA due to inappropriate stoichiometry [18]. CDHA
decomposes to B-TCP at temperatures above 800 °C. Heating the sample to temperatures
above 1200 °C results in decomposition of B- phase to a-TCP. According to Jokic, maximum
transformation can be obtained by heating the sample to 1500 °C for 2 hours [24]. Equation 2
represents the thermal transformation of CDHA into a-TCP. In truth, equation 2 is reverse of
setting reaction described in equation 1 mentioned above. Equation 3 describes the thermal
decomposition of ACP forming a-TCP and water [18].

Cag(HPO4)(PO4)5(OH) - 3a-— Cag (P04)2 + H20 T > 1150°C (2)
C39(PO4)6‘ n Hzo - 3a— Ca3 (P04)2 +n H20 (3)

The solid-state reaction between solid precursors is the preferred synthetic route in literature
reports. The synthesis is carried out obeying the general rules for solid-state reactions, i.e.
solid precursors are milled together to reduce particle size, increase the contact area and mix
them intimately. Wet milling is generally preferred. After milling, the mixture of powders
may be directly heated above the transformation temperature or pressed to improve contact
between particles. The recommended reaction temperatures varied between 1250 °C and
1500 °C, and the dwell time was between 2 and 48 h. Quenching of prepared powder is
recommended to stabilize metastable a-TCP and avoid reversion back to to B- phase.
Equations 4, 5, 6 and 7 below represent synthetic routes, possible reactants which can be used
for powder preparation and obtained reaction products [18].

CaC03 +2 CaHPO4 - o— Cag (P04)2 + COZ + Hzo (4)
3 CaCO3 + 2 NH,H,PO, — a — Cas(PO,), + 3 CO, + 3 H,0 + 2 NH; )
CaC03 + C32P207 - o — Ca3 (PO4)2 + COZ (6)
Calo (P04)6(OH)2 +2 CaHP04 -4 a— Cag (P04)2 + 2 Hzo (7)

Self-propagating high-temperature synthesis, as well as combustion synthesis, have also been
employed as powder preparation techniques. For self-propagating synthesis high-temp.
synthesis, pellets containing a mixture of CaO and P,Os powders in ratio 3:1 are prepared and
reacted in an argon atmosphere. Heat is provided by tungsten filament which heats sample
until the point of ignition at the bottom of pellet, initiating reaction, ultimately producing a-
TCP. Unfortunately, this method produces a-TCP powder containing significant amounts of
HA and B-TCP [25]. For combustion synthesis, a solution containing oxidizing agents
(nitrates), soluble calcium and phosphate salts with required Ca/P ratio and organic fuel such
as urea is burned forming desired powder product with a small particle size [26].

Introducing various ionic substituents results in change of thermodynamic relation between
a- and B- phases. Partial substitution of Ca by Mg, Sr or Zn cations increases the thermal
stability of B-TCP. In the interest of producing more pure a-TCP, such impurities have to be
removed [22][23]. Alternatively, partially substituting PO, for SiOy stabilizes a-phase. Thus,
doping with silicates has been employed to produce pure a-TCP [29].

2.3.3. Solubility, pH and biodegradability

As was discussed earlier, structural differences between a- and - phases of TCP are closely
linked to differences in solubility, density, and biodegradability. In general, lower the Ca/P
ratio, more acidic and soluble the calcium phosphate is, this logic can be applied vice versa.
Some of the listed calcium phosphates in Table 3 are brushite — dicalcium phosphate
dihydrate (DCPD, CaHPQO,4-2H,0), monetite — anhydrous dicalcium phosphate (DCPA,
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CaHPOQ,), octacalcium phosphate (OCP, Cag(HPO4)2(PO4)4-5H20), a-TCP (a-Caz(POs)2), B-
TCP (B -Caz(POy)2), HA (Caz0(PO4)s(OH),) and tetracalcium phosphate (TTCP, Cas(PO4),0)
[30].

Table 3: Solubility table of selected calcium phosphates [30].

Ca/P Compound —log K Solubility (mg L™ 1)
25°C 37 °C 25°C 37°C
1.0 CaHPO4-2H-0 6.59 6.73 87 74
1.0 CaHPO4 6.90 7.04 48 41
1.33 Cag(HPO4),(P0O,4)45H,0 96.6 98.6 0.025 0.018
1.5 o-Caz(PO4), 25.5 28.5 0.97 0.24
1.5 B-Cas(PO4), 289 29.6 0.20 0.15
1.67 Ca;p(PO4)s(0OH), 116.8 117.2  0.00010 0.000096
2.0 Cay(P0O,4),0 38-44 37-42 0.28-0.038 0.39-0.075

At physiological conditions of 37 °C and pH of 7.2 — 7.4, the concentration of dissolved Ca
and P species decreases in the order displayed in equation 8. This means, that at given
conditions, HA is a most stable polymorphic modification, therefore exists as a desired final
product of cement setting reaction [18].

TTCP > a — TCP > DCPD > DCPA > OCP > 3 —TCP > HA (8)
2.4. Cement additives

Even though CPCs are suitable for bone repair and bone regeneration applications, we are still
dealing with bioceramics, which are infamously known for their brittleness. To get around
this fact, a variety of additives are incorporated into cement to improve the performance of
such material. Additives are mainly used to improve the strength of the material by
introducing reinforcements into cement structure, the morphology of prepared cement e.g.
porosity modifiers. Rheological attributes can be adjusted to ensure the injectability of cement
paste, and the addition of antibiotics can diminish possible inflammatory reaction. Other
additives worth mentioning are growth directing polymer coatings enhancing cell growth on
CPC surface.

2.4.1. Fiber reinforcements

Brittleness is a major drawback of CPCs; cements mechanical properties are due to lack of
organic collagen phase inferior to native bone. The main cause for this brittleness is their low
resistance to crack propagation, which ultimately leads to catastrophic failure. The addition of
stiff and strong fibers for mechanical reinforcement of CPCs has become increasingly
popular. This way, loads can be transferred from the brittle matrix to the fibers, thereby
improving the toughness and ductility of the resulting composite by mechanisms such as
crack deflection, fiber bridging, and frictional sliding. Reinforcement can be provided by
inorganic e.g. carbon fibers or synthetic polymer fibers. Synthetic polymer fibers can be
divided further into non-resorbable and resorbable reinforcements, where resorbable fibers are
more advantageous for they can be “tailor-made” for application by adjusting the length of
fiber, strength, and most importantly their biodegradability. However, the challenge is the
incorporation of long fibers into CPCs in a homogeneous manner, therefore shorter fibers are
preferable [31][34].
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Non-resorbable fibers are represented by carbon fibers, carbon nanotubes, and non-degradable
polymer fibers such as polyaramides and polyamides. Carbon fibers have been used as
reinforcers in composite materials to provide them with high compression and tensile
strength, as well as stiffness. Studies show, that carbon fibers do not interfere with TCP
setting and fibers integrate into matrix reasonably well, which increases material’s mechanical
parameters [44]. Carbon nanotubes (CNTs), comprised of rolled-up graphene sheets with
hemispherical half-fullerene endcaps, were also investigated as potential reinforcing agents.
Mineralization of CNTs with HA and functionalization of CNTs with -OH, —COOH
functional groups showed even better interfacial bonding to the matrix, resulting in a
significant increase in mechanical properties [45][46].

a0 0
[l I
H-Ot1-Ory
b) H H
H H O (0]

’
n 0.5 to 1.5nm E >100nm

Figure 7: Structures of non-degradable reinforcements: a) para-polyaramide (top), b) polyamide PA6.6
(bottom), c) single-walled carbon nanotube, d) multi-walled carbon nanotube [34][47].

Fibers made from para-polyaramide also known by its commercial name Kevlar were
investigated as well. Kevlar is notoriously known for its high elastic modulus and high
resistance. Unfortunately, exceptional properties of these fibers make them quite expensive.
Unparalleled mechanical parameters of fibers demonstrably proven, that out of all the
reinforcing agents, p-polyaramide fiber composites perform the best [44]. Cheaper alternative
for polyaramides are polyamides, drawbacks are their inferior mechanical properties. But the
biggest disadvantage of non-resorbable fibers is precisely their non-resorbability. The
addition of non-resorbable fibers into resorbable cement matrices would result in fiber release
to the surrounding tissues, with the subsequent biocompatibility risks. The most critical case
would be for CNTSs due to their nanometer scale [34].

Resorbable polymer fibers used in fiber reinforced CPC composites belong to the family of
polyesters; polymer chain contains ester functional group emerging from the reaction of a
hydroxyl group of alcohol with a carboxylic acid group. These polyesters are insoluble in
water but they can degrade by the hydrolytic attack of the ester bond. Most commonly used
polymer fiber reinforcements are made from poly(levus-lactic acid) or PLLA, poly(lactic-co-
glycolic acid) or PLGA, and poly(e-caprolactone) or PCL.
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Figure 8: Chemical structures of biodegradable polymer reinforcements: a) PLLA, b) PLGA, c) PCL [34][35].

All of the mentioned polymer fibers are produced using electrospinning or centrifugal (force)
spinning. Fiber diameter is adjusted using different production (spinning) method,
concentrations of solution prior to electro spinning, and acceleration voltage. Centrifugal
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spinning produces fibers with micrometer sized diameter fibers. High voltage electrospinning
is capable of producing ultrafine nano-scale fibers in form of bundles. These tangled bundles
are then ground or cut to desired sizes and added to cement composition [32][33][34].

Biodegradability of these particular polymers is dependent on polymer crystallinity and
molecular weights. PLGA shows fastest degradation rates of the latter. Variations in the molar
ratio between constituents — poly(glycolic acid) and poly(lactic acid), are used for tuning the
rate of biodegradability. Therefore, PLGA is mainly used as short term CPC reinforcement
and can be used as porosity modifier to increase the total porosity of CPC [34][36]. On the
other hand, poly(e-caprolactone) (PCL) has the lowest degradation rates; it degrades almost
three times slower than poly(levus-lactic acid) (PLLA) [36]. Hence, PCL is used as a long
term reinforcement and PLLA stands on a middle ground between long and short term
reinforcements. To accommodate for the better reinforcing effect, different weight
percentages of fibers can be used, and consecutively certain mechanical properties of the
material can be improved to some extent. Modification of fibers using triblock copolymer
based on poly(ethylene glycol) and poly(propylene glycol) (PEG-PPG-PEG) commercially
known as Pluronic or Poloxamer, can be also used to improve wetting of fibers. Pluronic
molecules are amphiphilic; polymer contains both hydrophobic and hydrophilic properties.
This fact can be exploited for better incorporation of hydrophobic fibers into matrix resulting
in improvement of reinforcement capabilities of fibers. Sadly, Pluronic is non-degradable,
only water-soluble and exhibits toxicity at higher concentrations [38][48].
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Figure 9: Schematic of PEG-PPG-PEG copolymer showing hydrophilic and hydrophobic constituents [50].

On the other hand, introduction of degradable reinforcement into CPC is a double-edged
sword, has its advantages but also disadvantages. Reports show, that addition of fibers
positively influences flexibility, and work on fracture, rendering final CPC more resistant to
fracture and crack propagation. Degradation of fibers over time increases material’s porosity,
which is desirable for bone regeneration [34]. Pores formed like this are interconnected,
which is advantageous for the ingrowth of new bone, especially in long-term tissue interface
maintenance. However, materials containing interconnective pores are less able to contain
osteogenic cells, resulting in a longer period until the pore space has been filled with newly
formed bone [37]. While higher bone regeneration capabilities are desirable, due to increased
porosity mechanical properties are negatively affected. Long fibers may significantly alter
rheological aspects of CPC paste. This can cause trouble with cement’s injectability.
Hydrophobicity of fibers themselves presents a challenge due to their poor integration and
adhesion to calcium phosphate matrix. Also, unmodified fiber’s hydrophobicity results in
undesirable clumping of fibers. This is the main contributor of fiber inhomogeneity in CPCs.
These challenges have to be tackled to ensure composite’s best performance [34].
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2.4.2. Structural and rheological modification

As mentioned earlier, porosity is an important factor to consider when dealing with
osteointegration and consecutive bone regeneration. Desired morphology of CPC can be also
achieved using suitable additives, also known as porogens. One of many candidates is sodium
hydrogen carbonate, otherwise known as baking soda — NaHCO3;. NaHCO3 in small weight
percentage is homogenized in a powder phase of cement and instead of pure water, a slightly
acidic agqueous solution of monosodium phosphate (NaH,PO,) functions as the liquid phase.
Mixing of the components initiates decomposition of sodium bicarbonate to CO, which
creates bubbles, forming voids and pores [41].

Another way to create pores is a mechanical route; creation of pores while mixing.
Thorough mixing or whipping of the cement paste with appropriate tool introduces bubbles of
air into the paste which cannot escape once paste has solidified. Unfortunately, drawbacks for
these methods are the same; pores diminish mechanical parameters and therefore affect the
final performance of the material.

To perform a minimum invasive surgery, cement paste requires also a good degree of
injectability. As soon as the water is added to a-TCP powder setting reaction starts, and
workability of paste gradually decreases. Supplementing CPC with polymeric additives
appears as a promising strategy to tune injectability of the paste. Variety of additives have
been investigated, namely hydrogels based on collagen, gelatin, carboxymethylcellulose,
hyaluronic acid, chitosan, synthetic PEG and many others. For its thermo-responsive behavior
and washout resistance, already mentioned Pluronic has been investigated as well. Drawbacks
already mentioned are its non-degradability and toxicity [38][49]. Addition of biodegradable
and thermosensitive copolymer similar to PEG-PPG-PEG, but based on hydrophobic
poly(lactic acid), and poly(glycolic acid) as well as hydrophilic poly(ethylene glycol) (PLGA-
PEG-PLGA) triblock copolymer, is proposed as an alternative solution to control paste’s
injectability. PLGA-PEG-PLGA copolymer exists as a free-flowing solution at room
temperature and undergoes gelation at physiological conditions to a three-dimensional
network, the so-called hydrogel. This fact can be used in combination with TCPs to enhance
injectability due to advantageous thixotropic behavior of copolymer with prepared CPC paste.
Another useful advantage of triblock copolymer is its non-toxicity, and complete
biodegradability; copolymer is fully degradable in Krebs cycle to its acidic constituents and
subsequently to carbon dioxide and water [38][39].

Figure 10: Reaction schematic of PLGA-PEG-PLGA copolymer synthesis [40].

20



The PLGA-PEG-PLGA triblock copolymer was prepared via conventional ring-opening
polymerization (ROP) method in a bulk under nitrogen atmosphere. Poly(ethyleneglycol)
(4 mmol), lactide (83 mmol) and glycolide (28 mmol) were homogenized at 130 °C followed
by injecting tin octanoate (Sn®* bis(2-ethylhexanoate)) (0.1 mmol). Reaction proceeded for 3
hours. Product was purified from unreacted monomers by dissolving in cold water and
heating the solution up to 80 °C. Precipitated polymer was separated by decantation and dried
in vacuum oven at 30 °C until the constant weight [40].

2.4.3. Anti-inflammatory agents and polymer coatings

In order for the material to function as a drug carrier, it must possess the ability to incorporate
a drug either physically or chemically, retain the drug until it reaches the specific target site,
and gradually deliver the drug to affected tissue in a controlled manner over time. Fortunately,
all of these criteria are well met by CPCs [42].
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Figure 11: Various application approaches of CPCs [42].

In addition to acting as an appropriate bone substitute, CPCs can also be used for local drug
delivery for treatment of different skeletal diseases such as bone tumors, osteoporosis, and
osteomyelitis. The porous structure of CPC functions as a vessel for drugs, which are
gradually released during material’s degradation. Treatment of osteomyelitis in particular is
provided via incorporation of antibiotics such as vancomycin, and gentamicin into cement.
These antibiotics are currently used for treatment of musculoskeletal disorders. Alas, it has
been reported that incorporation of vancomycin in higher concentrations influences composite
mechanical parameters, and decreases compressive strength of CPC composite [42][43].

Polymer coatings have long been recognized as a powerful tool to control and steer cell
responses — adhesion, proliferation, and differentiation. Use of polydopamine (PDA) proposes
a novel approach of forming such a layer via oxidative self-polymerization of dopamine at
slightly basic conditions. This layer is responsible for better adhesion of cells to the surface
while secondarily increasing photoprotection and metal cation sequestering [51].

21



2.5. Applications of calcium phosphate cements

Biodegradable bone cements have significant potential with respect to the fields of dentistry,
craniofacial and maxillofacial surgery, orthopedics, traumatology, vertebroplasty, and
kyphoplasty procedures as well as drug carriers. Advantageous properties e.g.
biocompatibility, bioactivity, osteoconductivity, mouldability of paste and nontoxicity make
them perfect candidates for mentioned applications [52].

The use of CPCs for craniofacial applications seems logical, as there is little or no stress
generated under these conditions. Moreover, the ability to mold the material at placement is
an enormous advantage from a cosmetics standpoint. Commercially available product
BoneSource™ has been successfully employed in craniofacial applications. The product is
based precisely on calcium phosphates which undergo transformation into HA [53]. In
stomatological applications, CPCs were tried as root canal fillers and for pulp capping [54].
Distal radius fractures, hip fractures, tibial plateau fractures, and many other bone
complications were successfully treated with CPCs. Vertebroplasty and kyphoplasty are two
surgical procedures that recently have been introduced to medically manage of osteoporosis-
induced vertebral compression fractures. Particularly, both procedures aim to augment the
weakened vertebral body, stabilize it and/or restore it to as much of its normal height and
functional state as possible. Both procedures involve the injection of a self-setting paste of
calcium orthophosphate cement into the fractured vertebral body, which resulted in faster
healing [52].

As seen in this short review, properly modified calcium phosphate bone cement finds many
uses in today’s clinical applications. Therefore, improving the properties even further and
looking for more novel strategies to enhance the paste’s performance is a viable strategy for
future research.
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Figure 12: Schematic of kyphoplasty procedure [57].
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3. GOAL OF THE WORK

The aim of this thesis is to verify if the addition of biodegradable polymer fiber
reinforcements positively influences mechanical properties of porous cement pastes without
negatively affecting rheology which is closely linked to paste’s injectability.

The novelty of work resides mainly in use of biodegradable polymer fibers in conjunction
with biodegradable, thixotropic, and thermosensitive PLGA-PEG-PLGA copolymer used
to enhance injectability of paste. Degradation of the mentioned copolymer, as well
as thorough mixing of cement paste during sample preparation, introduces pores into
cement’s structure, improving its osteoconductivity. Nonetheless, pores and voids diminish
the mechanical properties of cement. Therefore, the use of degradable reinforcements based
on PCL and Pluronic modified PCL fibers, is proposed as a solution to weak mechanical
properties.

The thesis deals with:

o a literature review of polymer fiber reinforced calcium phosphate bone cements

e synthesis and characterization of cement constituents i.e. a-TCP powder, PLGA-PEG-
PLGA copolymer, and reinforcing PCL and Pluronic modified PCL fibers

e preparation of cement samples with various degrees of porosity and fiber content

e analysis of mechanical, rheological, structural and morphological properties of cement
samples

e evaluation of reinforcing, setting and rheological behavior of cement pastes,
comparisons of sample performances

o elaboration of obtained data, and devising optimal fiber content for bone cement
application

The outcome of the work should bring a better understanding of reinforcing capabilities
of PCL and modified PCL fibers. Due to use of reinforcements, results are expected to show
certain improvement of cement strength in compression and tensile domain; decrease
in cement brittleness. These factors are the main driving force for the topic of the thesis
as well as further research, and implementation of this particular cement into surgical practice.
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4.2.

4.3.
4.3.1.

EXPERIMENTAL PART
Chemicals

Poly(ethyleneglycol) (PEG M,, = 1500 g-mol™) supplied by Fluka (Switzerland)
Glycolide (GA 2=99.9 %) purchased from Polysciences (PA, USA)

D,L-Lactide (LA >99.9 %) purchased from Polysciences (PA, USA)

Tin octanoate (Sn"' 2-ethylhexanoate 95 %) supplied by Sigma-Aldrich (MO, USA)
Calcium carbonate (CaCO3; 299%) supplied by Sigma-Aldrich (MO, USA)

Calcium hydrogen phosphate (CaHPO, =98%) supplied by Sigma-Aldrich (MO,USA)
Poly(e-caprolactone) (M., = 45000 g-mol™) supplied by Sigma-Aldrich (MO, USA)
Poloxamer 188, commercial name Pluronic® F-68 (M, = 8350 g-mol™) supplied by
Sigma-Aldrich (MO, USA)

Chloroform supplied by Merck (NY, USA)

Ethanol (96%) supplied by Merck (NY, USA)

Isopropyl alcohol supplied by VWR (Austria)

Ultrapure water (Type | H,O according to 1ISO3696)

Liquid nitrogen (LINDE company, Brno)

Equipment

OHAUS Adventurer Pro, analytical Balance (Germany)

HIRSCHMANN Labopette 1000 pl, micropipette (Germany)

MERCK Direct-Q 3 UV, ultrapure water purification system (MA, USA)
CHRIST Epsilon 2-10D LSCplus, lyophilizator (Germany)

XENOX Roti, speed-stirring mixer (Germany)

MMM GROUP CO2cell 50, laboratory incubator (Germany)

SICCO Star-Desiccator, cabinet desiccator (Germany)

HORIBA LA-950, laser scattering particle size distribution analyzer (Japan)
AGILENT 1260 Infinity, liquid chromatograph (HPLC GPC/SEC) (CA, USA)
RIGAKU MiniFlex 600, X-ray diffractometer (Japan)

BRUKER Hyperion3000/Vertex 70V, FTIR spectrometer (Germany)
INSTRON 8874 bi-axial tabletop servohydraulic testing system 25 kN/100 Nm (UK)
LEICA EM ACE600, sputter coater (Germany)

TESCAN MIRA3 XMU, scanning electron microscope (Czech republic)
BRUKER GE phoenix v|tome|x L240, micro-computed tomograph (Germany)
TA INSTRUMENTS ARES-G2, rotational rheometer (DE, USA)

Synthesis of input materials
PLGA-PEG-PLGA thermosensitive copolymer

Thermosensitive PLGA-PEG-PLGA copolymer was prepared according to article
by Michlovska et. al. Reaction schematic can be found in Figure 10 [40]. The obtained crude
copolymer was purified by water. After being completely dissolved, the polymer solution was
heated to 80 °C to precipitate the polymer product and remove water-soluble low-molecular
weight polymer and unreacted monomers. The purification process was repeated three times.
The residual water in the precipitated copolymer was left over night in lyophilizator at —70 °C
and freeze dried until the constant weight.
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4.3.2. a-tricalcium phosphate powder

a- phase of tricalcium phosphate powder used in experiments was synthesized
via conventional solid state synthesis at 1400 °C from CaCO3 and CaHPO, precursors. Ratio
of CaCOj3 to anhydrous CaHPO, was adjusted to 2:1. Air quenching was used to prevent
transformation of a- to B- phase. Obtained block was dry milled in planetary mill for 15
minutes at 450 rpm. Powder was then sieved for 30 minutes using 40 um sieves [38].

4.3.3. PCL and PCL-Pluronic modified reinforcing fibers

Polymer fibers were supplied by InoCure I.t.d. The short fibers were prepared using modified
wet electrospinning technology on InoSpin device. PCL in 20 wt. % and Pluronic F-68 in 1
wt. % were dissolved in mixture of chloroform:ethanol (9:1) until homogeneous solution was
obtained. Wet electrospinning apparatus (InoSPIN, InoCure) consisted of needle electrode
(Gauge 20) delivering the polymeric solution (0.15 ml/min) and wet collector. Wet collector
was made of isopropyl alcohol stirred bath (400 rpm) which was grounded. Needle was
connected to high voltage power supply generating electrostatic field with 30 kV potential.
The distance between collector and electrode was 10 cm. The formed fluffy bundles of fibers
were cut to short clumps using ultrasound (5 min, 75%, Misonix ultrasonic homogenizer) and
the resulting dispersion was sieved using 250 um analytical sieve (Spartan, FRITSCH sieve
shaker). The short fibers were collected using vacuum filtration to 0.48 um membrane
(Millipore). Sterilization was performed using 20 min irradiation by UV light.

4.4. Sample preparation

At first, PLGA-PEG-PLGA copolymer was dissolved in ultrapure water with weight
percentage concentration of 15 %. Ultrapure water was used to prevent other additives
to interact with setting mechanisms. To avoid the formation of a hydrogel, which occurs
at elevated temperatures, dissolution was carried out in the refrigerator at 4 °C. Homogeneity
of the liquid phase was ensured using magnetic stirrer for at least three days. Completely
dissolved polymer was afterwards ready to use. Liquid to powder ratio, L/P, was determined
to be 0.5. This means, for every gram of liquid phase, twice as much powder was used.
Powder phase was weighed on analytical balance, the same applied to fiber reinforcements.
During the experiments, different weight percentages of reinforcing fibers were used
to evaluate their reinforcing effect. Addition of fibers has been adjusted to the total mass
of cement paste. Fibers were at first manually homogenized in a liquid phase, and then the
rest of the powdered a-TCP was added and thoroughly mixed by spatula — dense samples,
or using the XENOX Roti speed-stirring mixer — porous samples, for 1 minute totally.
Prepared cement paste was consecutively transferred to 5 ml syringe and injected to 6x11
mm, 6x2 mm or 10x4 mm molds secured in silicone mold on Petri dishes. Prepared samples
were readily transferred into incubator warmed to 37 °C equipped with a tray filled with
demineralized water and covered up with glass water bath dish. After completing setting in
the incubator, samples were removed from the incubator and their molds, optionally
sandpapered to desired dimensions, and analyzed using methods below.
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Figure 13: Image of prepared copolymer solution and samples with different dimensions.

4.5. Description of samples

Master’s thesis deals with different cement compositions, types of fibers and mixing
techniques. In the experiments, denomination dense and porous is used for differences in
porosity. Dense samples were mixed with spatula whereas porous samples were mixed with
XENOX Roti speed-stirrer. Different types of fibers and fiber contents were used for sample

preparation. Description of said samples is specified in Table 6.

Table 4: Description of samples.

Sample Number

Sample Description

Sample labeling

1 Spatula mixed control sample Dense control

2 Spatula mixed sample + 1 wt. % PCL-PLU Dense PCL-PLU 1
3 Spatula mixed sample + 1 wt. % PCL Dense PCL 1

4 Speed-stirred control sample Porous control

5 Speed-stirred sample + 1 wt. % PCL-PLU Porous PCL-PLU 1
6 Speed-stirred sample + 3 wt. % PCL-PLU Porous PCL-PLU 3
7 Speed-stirred sample + 5 wt. % PCL-PLU Porous PCL-PLU 5
8 Speed-stirred sample + 1 wt. % PCL Porous PCL 1

9 Speed-stirred sample + 3 wt. % PCL Porous PCL 3

10 Speed-stirred sample + 5 wt. % PCL Porous PCL 5

4.6. Sample characterization

4.6.1. X-ray diffraction analysis

The hardened sample was removed from the mold and ground with a pestle in a ceramic
mortar to fine powder. The powdered sample was spread on a glass sample holder in an even
manner and inserted into a sample slot in RIGAKU MiniFlex 600 X-ray diffractometer.
The analysis was conducted from 5 to 50 ° 26 at a maximum of 40 kV of voltage and 15 mA
of current. Obtained data were used to establish mineralogical and crystalline compositions
of samples, as well as the transformation kinetics of a-TCP to CDHA and HA respectively.
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4.6.2. Fourier-transform infrared spectroscopy

Ground sample was placed on an ATR crystal of BRUKER Hyperion3000/Vertex 70V FTIR
spectrometer and secured using torque screw. Sample compartment was evacuated and
analysis was conducted using MIR ATR (mid-infrared attenuated total reflectance) method
with 4 cm™ resolution, scanning time of 32 and range from 4500 to 800 cm™. FTIR spectra
were used mainly to confirm the presence of polymer fibers in sample.

4.6.3. Mechanical analysis

Samples for mechanical testing were removed from mold and sandpapered to obtain smooth
and parallel surfaces. Afterward, samples were measured using caliper ruler to establish
sample dimensions. Next, the prepared sample was placed onto a compression testing device
and measurement was started. Loading rates of 1 mm/min were used for compressive strength
analysis; 0.5 mm/min was used for diametric tensile strength measurements. In total, 5 testing
samples were tested and values were averaged to increase the reliability of measurement. Data
from measurements e.g. compressive strengths, elastic moduli and diametric tensile strengths
were calculated and stress-strain curves were produced.

4.6.4. Scanning electron microscopy

Samples for scanning electron microscopy were roughly ground in a ceramic mortar with
pestle while submerged in liquid nitrogen. Ground samples were then transferred onto a SEM
target equipped with carbon tape. Before measurement, samples were coated with thin layer
of graphite enabling the charge to escape from sample. Measurement was done on TESCAN
MIRA3 XMU scanning electron microscope with acceleration voltage ranging from 5 kV to
10 kV. Secondary electron (SE), and backscattered electron (BSE) detectors were used. SEM
analysis provided morphological information about samples structure with an emphasis on
fibers in the cement matrix.

4.6.5. Micro-computed tomography

Samples with dimensions of 6x2 mm were mounted into scanning chamber, and analyzed
with X-ray tomograph. Resolution was set to 8 um. Analysis provided 3-D image of sample,
images of cross sections were exported and using ImageJ software pore size distribution was
calculated.

4.6.6. Dynamic rheological analysis

Samples for rheological testing were prepared on spot before measurement the same way as
described in the sample preparation section. TA INSTRUMENTS ARES-G2 rotational
rheometer was prepared for measurement and equipped with plate-plate geometry and Peltier
plate for temperature control. Measurement gap was set to 1000 pm. Distilled water was
added into the top plate solvent trap reservoir to prevent drying of the sample during
measurement. Bone cement sample was placed onto a Peltier plate and secured in place using
top plate geometry. Excess material was removed using a spatula. Analyses were conducted
for 1 hour at a temperature of 23 °C and 4 hours for 37 °C. Analysis at 23 °C was used to
establish workability of paste and analysis at 37 °C provided data about paste’s setting in
physiological conditions.
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5. RESULTS AND DISCUSSION
5.1. Characterization of input materials
5.1.1. PLGA-PEG-PLGA thermosensitive copolymer

Prepared and purified polymer was analyzed using gel permeation chromatography and
dynamical rheological analysis. Number-average molecular weights were found to be equal to
5600 g-mol™ and index of polydispersity (PDI = M,/M,) to 1.094 respectively. PDI value is
quite close to 1 which represents quite narrow molecular weight distribution. Overview of
exact values, as well as standard deviations from two trail runs, is shown in Table 4.

Table 5: Molecular weight and polydispersity indices of PLGA-PEG-PLGA copolymer obtained from gel
permeation chromatography.

Mn PDI
Trial run 1 5.63x10° 1.092
Trial run 2 5.60x10° 1.096

Sol-gel transition data were obtained from the rheological analysis. Storage (G") and loss
(G"") modulus versus temperature plot is depicted in Figure 14. Two significant crossovers of
curves have been observed. The first crossover was found at 33 °C, and the second crossover
at 40 °C. This means that the polymer solution increases its viscosity at 33 °C, which can be
interpreted as a formation of “flower-like” micelles which form the hydrogel. At higher
temperatures above 40 °C, phase-separation, and dehydration of micelles occurs. Hence two
phase transitions, sol-to-gel, and gel-to-sol occur [38].
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Figure 14: Rheology curves of PLGA-PEG-PLGA aqueous solution depicting visco-elastic properties.

28



5.1.2. a-tricalcium phosphate powder

The particle size distribution was obtained using laser scattering analyzer in ethanol
suspension. Particles ranged from 3.905 to 7.697 um in diameter with the most abundant
fraction being 5.867 um corresponding to 48.3 % of a total number of particles. Mean,
median, mode size and standard deviation of particles were established. List of individual
fractions and their distribution, as well as significant statistical data, are depicted in Table 5
and scattering plot is found in Figure 16 respectively.

Table 6: Abundance of individual fractions of a-TCP powder.

Number Diameter [pm] g [%0] Under Size [%0]
44 3.905 0.191 0.191
45 4.472 3.249 3.440
46 5.122 22.607 26.047
47 5.867 48.347 74.395
48 6.720 23.708 98.100
49 7.697 1.900 100.000
Mean 5.500
Median 5.479
Mode 5.490
Standard deviation 0.614
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Figure 15: Laser scattering particle size distribution of a-TCP powder.

XRD analysis of a-TCP powder provided diffraction patterns which were evaluated and
studied. Diffraction pattern in Figure 16 was established as a baseline for pure TCP. Changes
in intensity of significant peaks during setting and hardening reactions were evaluated, and
correspond to the transformation of TCP to CDHA. Significant diffraction peaks for pure
monoclinic crystalline TCP are at 12.06, 14.02, 15.16, 22.20, 24.10, and 30.74 ° of 26 [38].
FTIR analysis of powder showed dominant absorbance peaks at 1022 and 962 cm™
wavenumbers. These peaks are interpreted according to Table 2. Region around 1022 cm™
corresponds to anti-symmetric P-O triply degenerate stretching and peak at 962 cm™
corresponds to symmetric P-O stretching [23]. FTIR spectrum is found in Figure 16.
Illustrative example of a-TCP powder morphology is displayed on SEM image in Figure 18.
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Figure 16: XRD diffractogram of pure, unreacted a-TCP powder.
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Figure 17: FTIR spectrum of pure, unreacted a-TCP powder.
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Figure 18: SEM image of pure, unreacted a-TCP powder.

5.1.3. PCL and PCL-Pluronic modified reinforcing fibers

Scanning electron microscope images of polymer fibers in Figure 19 showed that fibers exist
in forms of bundles, not just the individual fibers. This is a result of electro spinning of the
fibers, which produces a non-woven, randomly distributed fiber structure or bundle.
Consecutive ultrasonic grinding and shredding of fibrous structure, provided cut fiber bundles
with average size of 250 um, which were used for the experiments. Diameter of individual
fibers ranged from 2 to 10 um.
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Figure 19: SEM images of polymer fibers.

FTIR analysis in Figure 20 and its spectral analysis provided information about fiber
structure. The characteristic absorption bands at around 2942 and 2865 cm™ are related to C-
H stretching vibration of hydrocarbon of PCL. The band at 1724 cm™ is ascribed to the
stretching vibration of carbonyl groups (C=0) of PCL. The characteristic absorption bands in
the fingerprint region of 958-1468 cm™ are attributed to the deformation of —CH,— chain of
PCL [59].

FTIR spectra of fibers overlapped with varying intensities, indicating that there are no
observable structural differences between two types of fibers possibly due to low Pluronic
content according to article [60].
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Figure 20: FTIR spectra of polymer reinforcing fibers.
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5.2. Evaluation of rheological behavior and injectability

Rheological studies provided information about the setting of cement paste and injectability.
Oscillatory time sweep measurement was used to establish materials transformation in time.
As seen in Figures 21, 22 and 23 below, curves followed the same rising trend indicating
setting and toughening of the paste which is to be expected due to the transformation of a-
TCP to CDHA. Change in slope with addition of fiber reinforcements was observed. Setting
of control paste was therefore faster than of the reinforced counterparts. The addition of
polymer fibers increased the storage modulus (G’) and consecutively stiffness of the paste.
Significant differences between rheological performances of PCL-Pluronic and PCL
reinforced pastes were not observed.
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Figure 21: Time sweep rheological curves of dense samples at 23 °C.

With the addition of more fibers, even higher increase in storage modulus was observed for
both types of fibers. Lower values of initial storage modulus were obtained for PCL-PLU
reinforced samples compared to PCL reinforced ones. Differences are within the margin of
error, which could be caused by more thorough mixing of the paste during preparation.
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Figure 22: Time sweep rheological curves of PCL-Pluronic reinforced porous samples at 23 °C.
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Figure 23: Time sweep rheological curves of PCL reinforced porous samples at 23 °C.

Higher fiber additives e.g. 5 wt. %, started with even larger initial values of storage modulus.
5 weight percent addition of both types of fibers proved too difficult to inject via syringe.
Fibers prevented the flow of the paste i.e. increased the storage modulus and stiffness, the fact
is supported by the image in Figure 24. Therefore, 5 wt. % fiber additives were deemed
unsuitable for use in surgical practice and focus was targeted more on lower fiber contents.

34



Figure 24: Failure of injectability for samples with 5 wt. % fiber additive.
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Figure 25: Time sweep rheological curves of reinforced porous samples at 37 °C.

Rheological studies at 37 °C showed similar trends. Maximum storage modulus was reached
at around 3 hours and 30 minutes mark for all the tested samples with minor deviations within
margin of error. This means, that fibers did not greatly interfere with paste setting. The
decrease in storage modulus of reinforced samples at 37 °C is explained precisely by the
addition of fibers which are softer than the ceramic matrix. Setting reaction transforms a-TCP
to CDHA,; this solidifies the paste and is the dominant component responsible for final
toughness. Addition of fibers, therefore, produces composite which in turn has lower storage
modulus.
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5.3. Mechanical properties testing

Mechanical testing was performed on INSTRON 8874 testing machine. Compression strength
(CS) tests were conducted on dry cylindrical samples with 6 mm in diameter and 9 mm of
height. The compression rate was set up to 1 mm/min. CS values were calculated as the
maximum stress a sample could withstand before fracture, divided by sample surface area in
millimeters squared. Elastic moduli (E) were evaluated from stress-strain curves. Stress-strain
curve contained linear onset. This region contained the most linear gains, therefore was used
to establish Young’s elastic modulus using the linear regression method. The values
containing average values and standard deviations of CS and E for each set of dense and
porous samples are found in Tables 7 and 8. Representative stress-strain curves of dense and
porous samples, as well as the comparison of CS and E with corresponding error bars, are
displayed in Figures 26, 27, 28, 29, 30 and 31.
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Figure 26: Representative stress-strain curves of dense samples.

As seen in Figure 26, deformation of material starts with a transient non-linear stage
explained by insufficient flatness of contact surfaces. Curve then follows a linear slope until
deformation reaches a critical value of proportional limit, rapidly exceeding maximum
withstandable stress resulting in a catastrophic fracture. The jagged curve before maximum
load, obtained for dense control sample, can be explained by cracking of material near defects
or pores present in the material’s structure.

Table 7: Summary of average compressive strengths, elastic moduli, and their standard deviations of dense

samples.
Sample Average CS St. Dev CS Average E St. DevE
[MPa] [MPa] [GPa] [GPa]
c gﬁ.’}';'él_ 5.3 +0.58 0.54 +0.19
IEEIL\IJSVEt.Plcg;o- 4.87 +0.98 0.38 1015
DEV';'t.S'lz OF/’OCL 4.96 +0.35 0.42 £0.14
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The addition of 1 wt. % of both types of polymer fibers resulted in a slight decrease in the
average compressive strength of samples. Statistical analysis of samples did not confirm
significant differences in results. Fibers tended to clump together during sample preparation.
Therefore, the mixing of cement paste with spatula seemed to be an inefficient way of
homogenizing them in a ceramic matrix, resulting in possibly lower compressive strengths.

Ceramics in general, are brittle materials. This especially applies to bone cements. Samples
possess low values of elastic modulus due to their intrinsic porosity. Interestingly yet, a
decrease of elastic modulus values of dense samples signifies some degree of fiber reinforcing
capabilities. High scattering of values resulting in large standard deviations, might be
explained by inhomogeneous distribution of pores. T-test analysis did not prove any
statistically significant differences due to large scattering of obtained values. Moduli are
therefore considered as an indicative values.
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Figure 27: Graphical representation of average compressive strengths of dense samples.
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Figure 28: Graphical representation of average elastic moduli of dense samples.
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Due to higher potential inhomogeneity of fibers in dense samples, the focus of the thesis was
directed more on porous samples mixed with XENOX Roti speed-stirring mixer. The
assumption of better osteointegration and cell growth on the material’s surface with
increasing sample porosity was also one of the factors of an emphasis on porous samples in
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Figure 29: Representative stress-strain curves of tested porous samples.
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The same conclusions about curve shapes can be applied for porous samples as well.
Transient non-linear initial stage, linear slope and ultimate strength before fracture can be
observed from curves in Figure 29.

Table 8: Summary of average compressive strengths, elastic moduli, and their standard deviations of porous

samples.
Sample Average CS St. Dev CS Average E St. Dev E
P [MPa] [MPa] [GPa] [GPa]
POROUS
CONTROL 331 +0.17 0.43 10.14
POROUS PCL-
PLUWt. 1 % 3.69 +0.67 0.43 +0.24
POROUS PCL-
PLU wt. 3 % 4.7 +0.79 0.45 +0.14
POROUS PCL-
PLU Wt. 5 % 3.77 +0.38 0.40 +0.07
POROUS PCL - o - e
wt. 1%
POROUS PCL
wt. 3% 3.90 +0.65 0.45 +0.12
POROUS PCL » o050 " om
wt. 5%

With the addition of polymer fiber reinforcements, a slight increase in ultimate strength of the
material is observed. The maximum increase in compressive strength for porous samples was
observed for samples with 3 wt. % of PCL-Pluronic reinforced and 5 wt. % of PCL fiber
reinforced samples respectively. Statistical analysis of obtained values proved significant
difference for mentioned samples. Increasing the fiber content in the ceramic matrix follows a
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rising trend. Deviation from this trend is found in sample reinforced with 5 wt. % PCL-
Pluronic fibers. This anomaly might be explained by large quantity of fibers, and their
insufficient homogeneity in the ceramic matrix. Inhomogeneity has been detected with SEM
analysis. Nonetheless, all of the reinforced sample values possess quite a large compressive
strength standard deviation. This might be the contribution surface flaws and of pores
introduced by thorough mixing which are not uniform, and their distribution influences
maximum compressive strength.
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Figure 30: Graphical representation of average compressive strengths of porous samples.
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Figure 31: Graphical representation of average elastic moduli of porous samples.

Comparison between modified PCL-PLU and PCL fiber additives shows a slight increase in
compressive strengths as well. Namely, the 3 wt. % fiber additive shows a significant
increase, supported by T-test statistical analysis. This can be attributed to the amphiphilic
nature of modified PCL-Pluronic fibers, resulting in possibly better fiber into matrix
incorporation compared to hydrophobic PCL fibers.
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According to Panzavolta et al. in article [32] values of elastic moduli are expected to decrease
with the addition of polymer reinforcements, rendering material more ductile. Present
macropores introduced via speed-stirring mixing reduce the elastic modulus values as well.

Observed E is, therefore, quite low. However, decrease in elastic modulus with a higher fiber
content of porous samples in this thesis was not overwhelmingly observed. Due to the large
scattering of values, statistics proved no significant differences in elastic moduli values.
However, again, standard deviations for elastic moduli are quite high, therefore elastic
modulus values are considered just as an apparent or indicative value.

To establish tensile strengths of the most promising samples, disc samples with a diameter
of 10 mm and a height of 4 mm were prepared and tested using so-called Brazilian test or
diametrical tensile strength test. The Brazilian test is a simple indirect testing method to
obtain the tensile strength of brittle materials. The compression induces tensile stresses
normal to the vertical diameter, which are essentially constant over a region around the center.
The indirect tensile strength is therefore calculated based on the assumption that failure
occurs at the point of the highest tensile strength i.e. at the center of the sample. The
suggested formula for diametrical tensile strength (DTS) is displayed in the equation 9 below,
where F is maximum applied load before crack, d is the diameter of disc sample and h is the
thickness of the sample. Stress-strain curves were produced using diametric strain — the ratio
between crosshead displacements and sample diameter, and diametric stress.

2-F
O't(DTS) = m (9)
The tests were conducted in a dry state and wet state to simulate the performance of the
material at physiological conditions. Dry samples were removed from the incubator after 10
days and dried in a desiccator, whereas wet samples were kept in distilled water tempered to
37 °C until the mechanical tests.
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Figure 32: Representative diametrical stress-strain curves of tested dry porous samples.
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Figure 33: Representative diametrical stress-strain curves of tested wet porous samples.

As seen in Figures 32 and 33, after the maximum stress was reached, crack passing through
the entire testing body occurred. Control samples seemed to have just one interconnected
crack, propagating from either top or top and bottom part of sample, splitting sample into two
pieces, while reinforced samples showed one main crack with branching. Small changes in
linear slopes have been observed, indicating certain low degree of reinforcing capabilities.

Figure 34: Observance of cracks for porous control sample (left), PCL-PLU 1 wt. % reinforced samples (two in
the middle) and PCL-PLU 3 wt. % (right).

Table 9: Summary of average diametrical tensile strengths and their standard deviations of dry and wet porous

samples.
DRY WET
Sample Average DTS St. Dev DTS Average DTS St. Dev DTS

[MPa] [MPa] [MPa] [MPa]

C'?NRT%?L 3.18 +0.50 1.82 +£0.19
PSESVL\’/E Ef/(')- 3.33 +0.60 1.91 +0.25
nggxf g f/(')- 2.8 £0.22 1.87 +0.44
POROLS PCL 2.80 +£0.63 166 £0.26
PRt 3.08 £0.49 191 £021
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Nonetheless, a statistically significant decrease in diametrical tensile strength has been
observed for 3 wt. % PCL-Pluronic reinforced samples. Performance of samples in
compressive and tensile domain differ as well. This applies especially for samples reinforced
with 3 wt. % PCL-PLU fibers. The phenomenon might be explained by the different nature of
tests. Compression induces force which closes pores. Fibers possess some elasticity and
deform under load, which in turn increases compressive strength due to better distribution of
stresses in the material. Diametrical tensile strength tests open the pores, some of which can
be filled with polymer fibers. Used polymer fibers seemed to have low tensile strength,
diminishing the tensile strength of the material. Nonetheless, compressive strength is more
important parameter for bone cement applications.

From obtained values, it is possible to state that samples kept in distilled water at
physiological conditions performed worse compared to dry porous samples, the decrease is
most obvious from Figure 35. Water possibly softens ceramic matrix causing it to become
more brittle, resulting in fracture at lower stresses. Statistical analysis did not prove any
significant changes in DTS values for wet samples. Addition of fiber reinforcements,
therefore, did not have an observable effect on samples performance in diametrical tensile
strength domain.
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Figure 35: Graphical representation of average diametrical tensile strengths of porous samples.
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5.4. Microstructure analysis

Microstructure and fiber integration were observed using the TESCAN MIRA3 XMU
scanning electron microscope. Observance of microstructure proved transformation of a-TCP
to CDHA as expected. No unreacted grains of o-TCP powder remained, therefore was
concluded, that a-TCP underwent total or almost total transformation to CDHA after 10 days
of setting at 37 °C in incubator. The emergence of well developed needle-like and plate-like
CDHA crystals was detected. Needle-like crystals were attributed to rapid hydrolysis of fine
a-TCP particles. Plate-like particles started crystallizing from coarser particles of a-TCP
powder [38]. Mixing had apparently also a slight influence on crystal morphology. Samples
hand-mixed with spatula contained more plate-like crystals as seen on the left side in Figure
36 below compared to image of speed-stirred samples on right.
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Figure 36: Microstructure of dense (left) and porous (right) sample.
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Presence and identification of fiber reinforcements was most notable using detector for back-
scattered electrons. Due to their structure, fibers are mainly made up from carbon and oxygen
polymer chains while ceramic matrix contains calcium and phosphorus atoms. Ca and P have
much higher atomic weight than C and O. Therefore, back-scattered electrons are deflected by
atomic nuclei much more. This produces contrast, increasing detection intensity, and proved
to be better identification technique for fiber reinforcements. In the Figure 37, it is possible to
observe this phenomenon with comparison to secondary electron and back-scattered electron
detectors. Fibers in Figure 37 are therefore of darker color while ceramic matrix is much
lighter in color.
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SEM MAG: 5.00 kx | View field: 55.4 ym 10 ym SEM MAG: 5.00 kx = View field: 554 yum 10 ym
Est. Beam: 14.0 pA Det: SE Performance in nanospace Est. Beam: 134.0 pA Det: BSE Low Energy Performance in nanospace

Figure 37: SEM images of same spot with secondary electron (left) and back-scattered electron detectors (right).
Fibers are dark fibrous structures; ceramic matrix is displayed as light spiky grains.
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Integration of polymer fibers into ceramic matrix was investigated. Crack interfaces of 3 wit.
% reinforced samples used for DTS tests were studied under SEM. Fiber reinforced
composite failure modes were studied, nonetheless, very low degree of fiber fractures and
fiber pull-outs were detected. Only small amount of CDHA crystals seem to adhere to the
present fibers resulting in poor fiber-ceramic matrix adhesion. This might cause poor stress
transfer during mechanical testing, diminishing/not improving mechanical properties.
Therefore, it was concluded that fiber reinforcing capabilities are quite low.
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Figure 38: SEM images of DTS samples, 3 wt. % PCL (left) and PCL-PLU (right) reinforced samples.
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Potential fiber inhomogeneity has been detected using SEM imaging in Figure 39. Clumping
of fibers during sample preparation and insufficient homogenization resulted in bundles of
fibers inside ceramic matrix. Fiber inhomogeneity in cement paste during sample preparation
could contribute to uneven fiber distribution from sample to sample. This fact contributes to
the high scattering of obtained values of mechanical properties.

SEM HV: 10.0 kV WD: 8.90 mm AR MIRA3 TESCAN| SEM HV: 10.0 kv WD: 8.90 mm IR MIRA3 TESCAN
SEM MAG: 100 x View field: 2.77 mm 500 ym SEM MAG: 500 x View field: 554 ym | 100 pm
Est. Beam: 43.0 pA Det: SE Performance in nanospace Est. Beam: 43.0 pA Det: SE Performance in nanospace

Figure 39: SEM images of present fiber inhomogeneity.
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5.5. Determination of porosity

Porosity was measured using micro-computer tomography (micro-CT). Due to advanced
nature of method and device’s high operation cost, only 4 samples were analyzed, A — Dense
control sample, B — Porous control sample, C — Dense 1 wt. % PCL-PLU reinforced sample
and D — Porous 1 wt. % PCL-PLU reinforced sample. Pore distribution from micro-CT
analysis and images of samples themselves are displayed in Figures 40 and 41.
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Figure 40: Pore distribution of tested samples A: Dense control sample, B: Porous control sample, C: Dense 1
wt. % PCL-PLU fibers reinforced sample, D: Porous 1 wt. % PCL-PLU fibers reinforced sample.

As seen in the Figure 40 above, the mixing of control sample with speed-stirring mixer did
indeed increase the porosity of the sample compared to spatula mixing. Porous sample pore
size compared to dense sample also increased; distribution of pores changed and larger pores
emerged. This finds its applications in osteoconductivity but unfortunately, higher porosity
had a negative effect on mechanical properties as seen from mechanical tests. Addition of
polymer fibers did not have a significant influence on dense samples porosity. However,
polymer fibers are biodegradable and after they undergo degradation, pores are left in their
place. Fiber addition to speed-stirred sample somehow hindered porosity observed via micro-
CT. Tangled bundles of fibers seem to close pores during the mixing; nonetheless, fibers
should still increase the porosity of material after they are degraded away. For illustrative
purposes cross sections of tested samples are displayed in Figure 42.
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Figure 41: Porosity of tested samples.

Figure 42: Micro-CT images of samples A: Dense control sample, B: Porous control sample, C: Dense 1 wt. %

PCL-PLU fibers reinforced sample, D: Porous 1 wt. % PCL-PLU fibers reinforced sample.
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5.6. FTIR analysis

Fourier transformed infra red spectroscopy is a complementary method, used to establish the
presence and characteristic vibrations of functional groups. For the purpose of the thesis, this
method was used for semi-quantitative determination of fiber content as well as presence of
fibers.
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Figure 43: FTIR spectra of dense samples compared to a-TCP spectrum.

Comparison of pure a-TCP infrared spectrum to dense samples spectra showed different
responses. Stretching at around 3500-3000 cm™ was attributed to the presence of —OH groups
present in CDHA and degradation products of thixotropic PLGA-PEG-PLGA. Peaks at 1757
and 1189 cm™ were identified as the presence of carbonyl group probably originating from —
CO-O- ester group and/or acidic —-COOH group. This was to be expected, due to degradation
of PLGA-PEG-PLGA copolymer to biodegradable polyethylene glycol, lactic and glycolic
acids, or not yet degraded copolymer chain containing ester bonds. For fiber reinforced
samples slightly higher peak stretching at 1612 cm™ was observed. This stretching was
attributed to carbonyl group from polymer fibers. A new peak at 870 cm™ was identified as
HPO, group stretching emerging in the spectrum from the reaction of a-TCP with water to
CDHA respectively.

Porous samples with varying fiber contents showed similar spectra which more or less
overlapped and contained all the observed and discussed peaks found in dense samples as
well. Higher absorbance the values of control sample at —OH stretching might be explained
by the use of more material for analysis. The significant peak at 1724 cm™ as well as small
peaks in the fingerprint region emerged with presence of fiber reinforcements in samples.
These peaks were identified as PCL peaks enclosed in Figures 44 and 45 for comparison.
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Figure 44: FTIR spectra of porous PCL-PLU reinforced samples with pure fiber spectrum for comparison.
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Figure 45: FTIR spectra of porous PCL reinforced samples with pure fiber spectrum for comparison.
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As discussed earlier, FTIR can be used for semi-quantitative analysis. Analysis for this
particular instance is based on the relation of 1724 cm™ peak absorbance, corresponding to
PCL fiber, which changes with fiber content. Plotting these values results in absorbance to
fiber content relation displayed in Figure 46; this might be used for quantitative analysis as
a calibration curve. Coefficients of determination (R?) were established, nonetheless, for
quantitative analysis values of R? are expected to be 0.999. Therefore, the presence of
fibers was proved but fiber content is considered just semi-quantitative. Better
homogeneity of fibers in the sample and use of the same quantity of sample for analysis
can improve the sensitivity of the measurement.

45603 3,0E-03 -
4,06-03 *
25E-03
3,5E-03
3,0E-03 2,0E-03 -
' g R*=0,971
= 2,5E-03 £
'E 'E 15E-03 A
8 7 - g
-EQ.DE 03 -5
1,56-03 1,0E-03 -
1,0E-03 4
5,0E-04 -
5,0E-04
0,0E+00 T T T T T 1 0,0E+00
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Fiber content [%] Fiber content [%]

Figure 46: Semi-quantitative absorbance to fiber content relation of 1724 cm™ peak for PCL-PLU reinforced
samples (left) and PCL reinforced samples (right).
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5.7.  Setting kinetics and specification of crystalline composition

XRD analysis provided information about the transformation of a-TCP to CDHA, as well as
phase crystalline composition of tested samples. Obtained data were evaluated on the basis of
peak intensity using the external standard method according to an article by Ginebra et al.
[58].

Phase change from a-TCP to CDHA was studied and setting kinetics established. As seen
in Figure 47, with increasing reaction time, intensities for characteristic peaks of unreacted o-
TCP at 12.10, 14.02, 15.16, 22.20, 24.10, and 30.74 ° 26 decrease and apatite peaks appear
with increasing intensity. This proves the transformation, and it is possible to establish o-TCP
to CDHA conversion according to equations 10 and 11 below, where w; is weight fraction of
a-TCP in time t, I is peak intensity in time t, Iy is peak intensity of unreacted a-TCP, Mcpna
and M,.tcp is mass attenuation coefficient in cm?/g.

[tMcpua
= 10
Wt Mg —tcp lo—1t (Mg —1cp —McpHA ) ( )
R, = % 100 (11)
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Figure 47: Diffraction patterns of samples with different setting times and pure a-TCP as a reference,

Intensity variations of the most dominant peak at 30.74 ° 26 were used to produce R;. Plotting
R against setting time produced so-called the extent of conversion. After 1 day, conversion
reached 78 %, indicating rapid dissolution and transformation of fine a-TCP particles. Rate of
conversion gradually decreased in time. After 10 days of setting at physiological conditions in
the incubator, conversion reached 92 %. 10 days of setting time was therefore, considered as
optimal setting time and used in experiments.
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Figure 48: Extent of conversion as a function of setting time.

As seen in Figures 49, 50 and 51, diffraction curves of prepared samples do indeed overlap.
Transformation, therefore, came through, and polymer fibers did not interfere with the setting
of cement paste, at least not in mineralogical sense. For reference, diffractogram of a-TCP is
also included in Figures. It is possible to observe, that characteristic peaks for a-TCP are
missing or are greatly repressed in case of peaks at 22.20 and 30.74 26 °. This indicates the
total or almost total transformation of a-TCP to CDHA.
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Figure 49: XRD diffractograms of dense samples with a-TCP diffractogram for reference.

In reinforced samples, the emergence of peaks at 21.36 and 23.66 20 ° has been observed.
Because PCL and PCL-PLU modified fibers are semi-crystalline polymers, they scatter the X-
rays which show in diffractograms. These peaks were therefore, identified as reinforcing
fibers. Interestingly, intensities of these two peaks are directly correlated to fiber content. Due
to PCL fiber’s slightly more semi-crystalline nature than its modified counterpart, intensities
of two corresponding fiber contents are higher for PCL reinforced samples. This fact is most
observable for porous samples with varying fiber content. Nonetheless, detected fiber
inhomogeneity from individual sample to another sample can also explain this observed
phenomenon.
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Figure 50: XRD diffractograms of porous samples reinforced with PCL-PLU fibers.
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Figure 51: XRD diffractograms of porous samples reinforced with PCL fibers.
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6. CONCLUSION

The aim of the work was to evaluate mechanical and rheological aspects of biodegradable
fiber reinforced phosphate cement. It has been found that polymer fibers do indeed interfere
with paste rheological properties, increase in initial storage modulus with higher fiber content
was confirmed, but fibers did not interfere final product of setting. Whenever fiber content
exceeded 3 wt. %, paste proved to be too difficult to inject via syringe, while losing its
potential application in surgical practice.

Two types of sample mixing techniques were tested — spatula mixing and speed-stirring
mixing. Porosity and pore distribution did in fact increase for speed-stirred “porous” samples,
compared to spatula mixed “dense”. This finds applications in osteoconductivity domain,
where cells are prone to adhere better to the porous material. However decrease in porosity
with addition of fiber reinforcements was observed. Homogeneity of fibers inside the ceramic
matrix also increased in porous samples.

Performance of PCL and PCL-Pluronic modified fibers was tested as well, and PCL-
Pluronic modified fibers showed slightly better performance at lower additions compared to
PCL fibers, possibly due to their amphiphilic nature.

Mechanical properties of reinforced cement samples showed a slight increase in
compressive strength domain, namely for samples reinforced with 3 wt. % PCL-Pluronic
modified polymer fibers. Diametrical tensile strength tests were conducted, but obtained
results and consecutive SEM images of crack surfaces proved that all the fiber reinforcement
capabilities were quite low. Samples performed better in the dry state compared to the wet
state; the wet ceramic matrix was more brittle and fibers did not have a significant effect on
mechanical parameters under physiological conditions. Due to higher porosity of porous
samples, observed clumping of fibers, and possible fiber inhomogeneity originating from
sample preparation were mechanical properties greatly impaired.

Setting kinetics was established and the transformation of a-TCP to CDHA was proved.
After 10 days of setting under physiological conditions 92 % of a-TCP already transformed to
CDHA. The statement was supported by XRD diffractograms and images from SEM. This
setting time was reproduced for every sample with varying fiber content. Due to fiber semi-
crystalline nature, peaks at 21.36 and 23.66 ° 20 were observed and their intensities were
correlated to fiber content. FTIR analysis also proved fiber presence in sample structure.
Absorbance for characteristic peaks of PCL at 1724 cm™ was directly correlated to fiber
content, serving the purpose of semi-quantitative analysis.

In conclusion, the increased fiber content did in fact decrease paste injectability and only a
slight increase in mechanical parameters was observed. A most promising candidate for
surgical practice seems to be 3 wt. % PCL-Pluronic modified fiber additive where significant
statistical increase in compressive strength was recorded. However, poor matrix-fiber
adhesion was recorded as well. Different fiber type, fiber morphology or size and fiber
homogeneity in the ceramic matrix might provide better reinforcing capabilities than tested
PCL and PCL-Pluronic fibers. However, for temporary fixation of bone defect, injectable and
biodegradable calcium phosphate cement paste still seems to be a better alternative than
PMMA counterpart, at least from the biological and long term stand point.

Lastly, further research into the topic is required, especially to mechanical parameters,
porosity, in vivo behavior and injectability, to fine-tune properties and performance of this
material.
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8. ABBREVIATIONS

PMMA — poly(methyl methacrylate)

MMA — methyl methacrylate

CPC — calcium phosphate cement

DCPD — dicalcium phosphate dihydrate (brushite)
HA — hydroxyapatite

CDHA — calcium deficient hydroxyapatite

TCP — tricalcium phosphate

XRD — X-ray diffraction analysis

FTIR — Fourier transformed infrared spectroscopy
XANES — X-ray absorption near edge surface spectroscopy
MAS-NMR - magnetic angle spinning nuclear magnetic resonance
ACP — amorphous calcium phosphate

DCPA — anhydrous dicalcium phosphate (moneite)
OCP — octacalcium phosphate

TTCP — tetracalcium phosphate

CNT — carbon nanotubes

PLLA — poly(levus-lactic acid)

PLGA — poly(lactic-co-glycolic acid)

PCL — poly(e-caprolactone)

PCL-PLU — poly(e-caprolactone) modified with Pluronic
ROP — ring-opening polymerization

PDA — polydopamine

MIR-ATR  — mid-infrared attenuated total reflectance
SEM — scanning electron microscopy

micro-CT — micro-computed tomography

SE — secondary electrons

BSE — backscattered electrons

PDI — polyidispersity index

M, — number-average polymer molecular weight
My, — mass-average polymer molecular weight
G’ — storage dynamic modulus

G” — loss dynamic modulus

q — individual fraction distribution

CS — compressive strength

E — Young’s elastic modulus

DTS — diametrical tensile strength
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