SYNTHESIS AND EVALUATION OF NEW BISPHOSPHONATE-
FUNCTIONALIZED (METH)ACRYLATES FOR BIOMEDICAL
APPLICATIONS

by

Melek Naz Giiven

B.S., Chemistry, Bogazi¢i University, 2014

Submitted to the Institute for Graduate Studies in
Science and Engineering in partial fulfillment of
the requirements for the degree of

Master of Science

Graduate Program in Chemistry
Bogazig¢i University

2016



iii

To my family...



v

ACKNOWLEDGEMENTS

First of all, I would like to express my deepest gratitude to my thesis supervisor Prof.
Duygu Avci Semiz for her valuable guidance, advice and encouragement throughout my
research. I gained plenty of experience thanks to her endless support and attention since

my junior year.

I would like to express my thanks to my committee members Prof. Ilknur Dogan and
Prof. Funda Yagc1 Acar for generously giving their valuable time for reviewing the final

manuscript and for their constructive comments and suggestions.

I would like to thank dear members of Avci lab. Ece, Sesil, Tugge, Betiil, Mirag,
Seckin and Tiirkan for their help and supportive friendship. I also thank to Fatma for her

great contribution.

I wish to thank my dear friends especially Isil, Esra, Biisra, Erhan, Can, Bugra, Eren,
Furkan, Pelin, Seyma, Selen and Emre for their supportive and fun-filled company since

the day I met them.

I would also like to thank all members of Chemistry Department who were always

very helpful.

Finally, my greatest gratitude is extended to my mother, father and my sisters for

their endless love, support and understanding through my whole life.

This research has been financially supported by The Scientific and Technological
Research Council of Turkey (TUBITAK) [1147926].



ABSTRACT

In the first part of this work, new urea dimethacrylates functionalized with
bisphosphonate (la, 1b) and bisphosphonic acid (2a, 2b) groups were synthesized and
evaluated for dental applications. Monomers la and 1b were synthesized from 2-
isocyanatoethyl methacrylate (IEM) and two bisphosphonated amines (BPA1 and BPA2,
prepared by the reaction of 1,4-butanediamine and 1,6-hexanediamine with ethylidene
bisphosphonate, respectively). Selective cleavage of the bisphosphonate ester groups of 1a
and 1b was achieved using trimethylsilyl bromide (TMSBr) to give monomers 2a and 2b.
These acid monomers were found to be hydrolytically stable and have pH values (1.73 and
1.81) in the range expected for mild self-etching dental adhesives. Monomers were
copolymerized with 2-hydroxyethyl methacrylate (HEMA), triethylene glycol
dimethacrylate (TEGDMA) and bisphenol A-glycolate methacrylate (Bis-GMA) using real
time FT-IR with 2,2’-dimethoxy-2-phenyl acetophenone (DMPA) as photoinitiator.
Conversions obtained for the bisphosphonic acid monomer formulations were about the
same as the bisphosphosphonate formulations, but the polymerization rates were faster due
to hydrogen bonding. XRD spectrum of HAP treated with 2a/EtOH/H,0 solutions proved
formation of hydrolytically stable monomer Ca salts and CaHPO,.2H,0 (DCPD) induced
by demineralization. Also these monomers were found show no significant toxicity. All
these properties indicated that the synthesized monomers are suitable candidates for dental

materials.

In the second part of this work, four novel bisphosphonate-functionalized poly(B-
amino ester) (PBAE) macromers were synthesized through aza-Michael addition of 1,6-
hexane diol diacrylate (HDDA) or poly(ethylene glycol) diacrylate (PEGDA, M,=575),
and BPA1 or BPA2. The macromers were homo- and co polymerized with HEMA in the
presence of DMPA as photoinitiator to give biodegradable gels and their properties were
studied (degradation). The mass loss of the homopolymers were found to be similar and
around 53-69% at 37 °C in 1 day. It was shown that PBAE macromers can be used as
crosslinkers for the synthesis of HEMA hydrogels. These hydrogels showed higher and
mass loss than those made with PEGDA crosslinkers. These materials have potential in

tissue engineering applications.
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OZET

Bu caligmanin ilk béliimiinde, bisfosfonat (la, 1b) ve bisfosfonik asit (2a, 2b)
gruplari ile fonksiyonlandirilmig yeni iire-dimetakrilatlar sentezlenmistir. Monomer la ve
1b 2-isosiyanatoetil metakrilat (IEM)’1n iki bisfosfonat igeren amin (bunlardan BPA1, 1,4-
biitandiaminin BPA2 ise 1,6-hekzandiaminin etiliden bisfosfonat ile reaksiyonundan
hazirlanmig olmak {izere) ile reaksiyonundan sentezlenmistir. 1la ve 1b’nin bisfosfonat
gruplarinin trimetilsilil bromiir (TMSBr) ile segici kirilmasi 2a ve 2b monomerlerini
vermigtir. Bu asit monomerlerinin hidrolize dayanikli oldugu ve yumusak “self-etching”
dis yapigtiricilarindan beklenen pH degerlerine (1.73 ve 1.81) sahip olduklar1 bulunmustur.
Monomerler foto diferansiyel taramali kalorimetrede 2,2’-dimetoksi-2-fenil asetofenon
(DMPA) fotobaslaticis1 kullanilarak 2-hidroksietil metakrilat (HEMA), trietilen gikol
dimetakrilat (TEGDMA) ve bisfenol A-glikolat metakrilat (Bis-GMA) ile kopolimerize
edildi. Bisfosfonik asit monomer formiilasyonlarinin polimerlesme verimleri
bisfosfonatlilarinki ile benzer, fakat polimerizasyon hizlar1 hidrojen bagi yetenekleri
dolayisiyla daha yiiksektir. 2a/EtOH/H,0 ¢ozeltileri ile muamele edilmis HAP i XRD
spektrumu monomerin hidrolize dayanikli Ca tuzlar1 ve demineralizasyon sonucu
CaHPO4.2H,0O (DCPD) olusumunu kanitlamigtir. Ayrica bu monomerlerin énemli bir
toksisiteye sahip olmadiklar1 bulunmustur. Biitiin bu 6zellikler, sentezlenen monomerlerin

dis malzemeleri i¢in uygun adaylar oldugunu gostermektedir.

Caligmanin ikinci béliimiinde, bisfosfonat grubu igeren dort yeni poli(B-amino ester)
(PBAE) makromerleri 1,6-hekzan diol diakrilat (HDDA) veya poli(etilen glikol) diakrilat
(PEGDA, M,=575) ve BPA1 veya BPA2’nin Michael katilma reaksiyonu ile sentezlendi.
Makromerler DMPA fotobaglatici ile homo ve HEMA ile kopolimerlestirilerek
biyobozunur jeller elde edilerek 6zellikleri (bozunurluk) incelendi. Homopolimerlerin
kiitle kayiplar1 37 °C de iki giinde benzer ve 53-69% olarak bulundu. PBAE
makromerlerin HEMA hidrojellerinin sentezinde g¢apraz baglayict olarak kullanilabilecegi
gosterildi.  Bu hidrojeller PEGDA ¢apraz baglayicilari kullanilarak hazirlanmis
hidrojellerden daha yiiksek ve ayarlanabilir kiitle kayb1 gostermistir. Bu malzemeler doku

mithendisligi uygulamalarinda kullanilma potansiyeline sahiptirler.
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1. INTRODUCTION

1.1. Bisphosphonates

Bisphosphonates (BPs) are a class of therapeutic agents commonly used in the
treatment of bone diseases. Bisphosphonates were discovered in 1894 by the pharmacist
Theodor Salzer [1], but they have been used as therapeutic agents since 1960s when it was
found that inorganic pyrophosphate could prevent bone diseases by binding to

hydroxyapatite (HAP) and inhibits its dissolution [2].

Pyrophosphates are present in living organisms, they are byproducts of some
biological process such as hydrolysis of ATP to AMP. Despite strong binding ability to
HAP crystals due to their two phosphonate groups, pyrophosphates fail to inhibit HAP
dissolution because of their easy hydrolysis. BPs are stable analogs of pyrophosphates (P—
O-P backbone, Figure 1.1) and are suited to be adsorbed onto hydroxyapatite crystals, thus
prohibiting its dissolution. The replacement of the central oxygen atom in the
bisphosphonate structure with a carbon unit (P-C—P backbone) provides the

bisphosphonates resistance against hydrolysis compared to pyrophosphates [3, 4].

[ ] [ 11

o —I|° O Fl’_O O—P P—=0
O o} o R4 O
pyrophosphate bisphosphonate

Figure 1.1. Structures of pyrophosphate and bisphosphonate.



Bisphosphonates have two geminal substituents, R; and R;, attached to central
carbon atom, which provide variety for the activities for BPs. A hydroxyl group (-OH) or
an amino group (-NH) (compared to H) in the R1 chain increases binding to calcium
minerals. The presence of a nitrogen or amino group in the R2 chain enhances the anti-

resorptive potency and also affects binding to hydroxyapatite (HAP).

To date, eight bisphosphonates (Figure 1.2) with various side groups and binding
constants to hydroxyapatite are in clinical use. Bisphosphonates containing a basic primary
nitrogen atom in an alkyl chain as R, substituent (e.g., pamidronate and alendronate) are
more potent antiresorptive agents than those with other small substituents, e.g. etidronate
or clodronate. Also, the most potent antiresorptive bisphosphonates have a nitrogen atom
within a heterocyclic ring (e.g., risedronate and zoledronate). These variations in
antiresorptive potency occur due to the differences in the R, substituents, and influence the

biochemical activities of these drugs [2,5,6].

0 0 N I P
*Na ‘O‘H S:O- Na* aHO:Fl b\»O Na
HO’ OH 0O o 0O © %o RH
HO ‘Na'O-g_ p-O'Na* *NaO-p_ B-O Na*
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NH, “(CH,)4CHs
alendronate clodronate etidronate ibandronate
O O 0O O
ON -O\I I’ "N + -bN - \I I’_ - + O O O O
aH ~P.__p<O Na a'0-p__p-O Na *NaO-p_  h-O Na' ‘Na'O-g_ p-O Na*
oHo OH HO OH Ho "~ om o o
HO [ HC?S
NH, = N
| 1N )
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N Cl (LN
pamidronate risedronate tiludronate zolendronate

Figure 1.2. Eight clinically used BPs [6].



1.1.1. Biomedical Applications of BPs

The distance between the two deprotonated hydroxyls of the two phosphonates in
BPs (2.9-3.1 A) is similar to the distance between the two calcium-chelating oxygen atoms
in HAP [7]. Because of this, BPs are in an ideal situation for binding to the Ca®" in HAP
and hence showing a strong interaction to HAP-based tissues such as dentin, enamel and

bone.

The application areas of BPs vary from dental materials to bone targeting systems for
the delivery of therapeutic agents such as drugs and proteins or imaging agents (Figure
1.3). Due to BPs inhibition of HAP dissolution and bone resorption, they are used in the
treatment of many bone diseases such as osteoporosis, Paget's disease and bone metastasis
[8,9,10].

Enamel and dentin, the two types of dental tissues, have similar structure to bone.
Good adhesion between them and dental restorative materials is one of the main
considerations in dentistry [11]. BPs are used to achieve high affinity between tooth

surface and restorative materials.

BPs are also used in bone targeting for delivery of drugs. There are a number of
drug, protein, imaging agent ect. delivery strategies such as polymer scaffolds, liposomes,
dendrimers, micelles, hydrogels, peptides, and antibodies. However, bone targeting
delivery requires molecules that have high affinity to bone. Because of this conjugates of
BPs to small molecule drugs [12-15], imaging agents [16,17], proteins [18] and polymers
[19,20] are used for bone targeting [21]. Also BP coated surfaces improve bone formation

around implants and stabilize nanoparticles [22-25].
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1.1.2. Bisphosphonate Containing Molecules for Use in Dental Applications

Dental restorative composites are biomaterials which are composed of a mixture of
about 6088 wt% of inorganic fillers and 12-40 wt% of a polymerizable resin which in
turn consists of a mixture of crosslinking monomers, a photoinitiator system, and additives.
The main problems of dental restoratives are their polymerization shrinkage, wear due to
mechanical stresses, instability due to hydrolysis in the aqueous mouth environment and
lack of adhesion to tooth tissue [27,28]. To obviate the adhesion problem, efforts have
been made to include binding groups in filling composites but the main approach involves
the use of dental adhesives to achieve a strong, durable bond between a filling composite

and tooth tissue [29-32]. Self-etching adhesives are introduced as the best solution of this

problem [33].

Bone formation
around implants

Dental materials

Bone targeting

l

Delivery:
Imaging agents
Proteins

Drug molecules

Figure 1.3. Biomedical application areas of BPs [26].




1.1.2.1. Self-etching Dental Adhesives. Self-etching adhesives systems are used to achieve

a strong and stable bond between the dental tissues and dental filling materials [34]. These
systems are composed of three main groups: self-etching adhesive monomers, crosslinking
monomers and monofunctional co-monomers; in addition to these, some additives such as

photoinitiators, solvents and fillers can be used (Figure 1.4).
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Figure 1.4. Components of self-etching enamel-dentin adhesives [31].

The most important components of adhesive systems are the self-etching adhesive
monomers. These adhesive monomers are bifunctional molecules, they should have the
capability to etch the enamel and dentin and the capability to form bonds with the tooth
material. Also they should satisfy some requirements such as high rate of homo and
copolymerization; high mechanical properties; low volume shrinkage; low oral and
cytotoxicity and solubility in ethanol, water and the adhesive composition. Self-etching
adhesive monomers contain a polymerizable group, for example, a methacrylate group,
which can react both with the other monomers of the adhesive and the restorative material
by copolymerization, an adhesive group, such as a strong acidic group, to etch the dental

hard tissues and interact with the tooth substance, and a spacer group designed to influence



the solubility, flexibility and the wetting properties of the adhesive monomer (Figure 1.5)
[31,36].
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Figure 1.5. Components of self-etching enamel-dentin adhesive monomers [31].

Both the restorative composites and self-etching adhesive materials have been
intensively worked on to improve their performances by developing novel monomers.
Functional monomers with the ability to achieve a strong interaction with HAP have been
prepared.  Recently, monomers with bisphosphonic acid functional groups were
investigated for self-etching dental adhesive applications due to the strong affinity of these
groups for HAP [37-42]. Some examples of self-etching dental adhesive monomers
containing bisphosphonates are shown in Figure 1.6. [43,44]. Moreover, it was also

reported that bisphosphonates can inhibit enzymes (metalloproteinases) which degrade the

collagen network [45].

It is also reported that dental monomers with high rate of homo- and
copolymerization with other monomers in the formulation can constitute further
improvement in dental materials. Among the hydrogen bonding monomers investigated by
Jansen and Berchtold, monomers containing urea were found to be the most reactive
[46,47]. The high reactivities were explained by a hydrogen bonding-induced pre-
organization that brings double bonds close to each other, enhancing propagation. Also, a

reduction in termination rate may also be involved in the observed reactivity.
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Figure 1.6. Self-etching dental adhesive monomers containing bisphosphonates.

Recently, two monofunctional phosphonated urea methacrylates to be used as
reactive diluents for dental formulations were synthesized by our group (Figure 1.7) [35].
They were found to be more reactive than TEGDMA due to a combination of hydrogen
abstraction/chain transfer reactions stemming from the labile hydrogens and hydrogen
bonding caused by the urea linkage. Moszner et al. described synthesis of polymerizable
phosphonic acids bearing urea groups and showed that the presence of the urea group leads
to a significant increase in both rate of polymerization and shear bond strength to dental
tissues (Figure 1.8) [48].
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Figure 1.7. The structures of monofunctional phosphonated urea methacrylates previously

synthesized by our group.
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Figure 1.8. The structures of polymerizable phosphonic acids monomers bearing urea

groups synthesized by Moszner.

1.1.3. Bisphosphonate Containing Molecules and Hydrogels for Use in Drug and

Gene Delivery and Tissue Engineering

In recent years, injectible, photopolymerizable and degradable biomaterials have
gained in importance for many different applications such as drug and gene delivery and
tissue engineering [49-55]. Among these biomaterials, hydrogels have been more attractive
candidates since they are biocompatible, and also since they are capable of swelling to

several times their original size.

Hydrogels are generally composed of a crosslinked polymer system. Commonly,
synthetic monomers and polymers are used to synthesize hydrogels such as poly-(ethylene
glycol) (PEG), N-substituted acrylamides, 2-hydroxy ethyl methacrylate (HEMA), N-
vinylpyrrolidone (NVP) and poly-(lactic acid) (PLA) [56,57,58].

On the other hand, new biomaterials produced by attaching phosphorus-containing
building blocks to polymers have been investigated since this attachment can improve their
performance, adding desired properties such as biodegradability, hemocompatibility and

strong affinity for hydroxyapatite (HAP)-based tissues i.e. dentin, enamel, and bone.

Therefore, polymer-drug conjugates with bisphosphonic acid groups are expected to
both improve efficiency of drugs by increasing half-life of drugs in circulation and
solubility of drugs, and to decrease their toxicity. Bone-targeting drug conjugates based on
poly(ethylene glycol) and poly[N-(2-hydroxypropyl)methacrylamide] containing

alendronate as the bone targeting group were tested [59], a hydrogel prepared from a



copolymer of N-acrylpamidronate and N-isopropylacrylamide was used as scaffold for
mineralization of HAP [19] and bisphosphonate derivatives of cationic polymers such as
poly(I-lysine) and poly(ethylenimine) were tested for affinity to HAP [20] (Figure 1.9).
Also a hyaluronic acid hydrogel was synthesized with BPs covalently attached to the
matrix and its potential to be used in bone tissue engineering was observed (Figure 1.10)
[60]. Surface functionalization of a BP containing PEG polymer was investigated for
biomedical imaging and the method was extended to other inorganic nanomaterials of
interest in biomedical imaging and engineering to which recently synthesized BPs bind

very strongly [61].
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Figure 1.9. Structures of some bisphosphonic acid containing bone targeting

polymers [19,20].
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Figure 1.10. Hyaluronic acid hydrogel with BPs covalently attached to the matrix for using

in bone tissue engineering [60].
1.2. Poly (f-Amino Ester)s

Poly(B-amino ester)s (PBAEs) have been developed in recent years as potentially
very good biodegradable materials for use in gene [62] and drug [63-66] delivery and
tissue engineering [67-70] due to their pH sensitivity, biodegradability and high
biocompatibilities. It has been found by Langer et al. that in the synthesis of PBAEs made
from the Michael addition of diamines and diacrylates, a step-growth polymerization
process, if the diacrylate is used in slight molar excess, that will result in PBAEs with

acrylate end groups (Figure 1.11) [56,62,71,72].

2 \
n \)ko/\,o\/\o)k/ + m HN\__/NH

DEGDA PIPz
|
o) )
\/u\ o/\/O O/u\/\ N /\'
‘\/N\/\H/O\/\o NS
PBAE " m ©

Figure 1.11. Synthesis of PBAE crosslinkers [56].
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Polymerization of the macromers gives crosslinked and degradable networks which
can be used as scaffolds for tissue engineering. A library of 120 such diacrylate terminated
PBAE macromers were synthesized from reactions of various primary and secondary

amines with diacrylates by Anderson et al. (Figure 1.12)[73].

The large chemical diversity in PBAE structures provide materials with different
gelation or degradation profiles and elastic moduli as well as cell interactions [70]. PBAEs
show different degradation properties according to their hydrophilicity/hydrophobicity. For
example, the degradation profile of some PBAEs (from the library of 120
photopolymerizable macromers) proved that PBAEs containing hydrophilic ethylene
glycol units degraded faster than the other ones (Figure 1.13). Also, PBAEs from different
amines that polymerized with one specific diacrylate showed different degradation

behavior according to hydrophilicities of these amines (Figure 1.14) [73].
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and amines to produce a library of 120 photopolymerizable macromers [73].
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Figure 1.13. Degradation behavior of PBAEs synthesized from one amine and four
diacrylates [73].
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Figure 1.14. Degradation behavior of PBAEs synthesized from one diacrylate and

four amines [73].
In this work, we intend to attach bisphosphonate groups to PBAEs to improve their

properties, for the first time as far as we know.
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2. OBJECTIVES

In this study, the aim is to synthesize novel bisphosphonate- and bisphosphonic acid-
containing reactive monomers for biomedical applications. These monomers have potential
for use in dental materials as crosslinkers or dental adhesives; also possibly for use in bone

targeting delivery systems.

The bisphosphonic acid-containing monomers are expected to have high rate of
homo- and copolymerization due to their urea linkage which provides hydrogen bonding,
low polymerization shrinkage due to low concentration of double bonds, and will give

materials with high mechanical properties due to crosslinking abilities.

Furthermore, hydrogels made from bisphosphonate containing PBAE macromers are
expected to be biodegradable, hemocompatible and protein adsorption resistant, therefore

be suitable for tissue engineering applications.
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3. EXPERIMENTAL

3.1. Materials and Apparatus
3.1.1. Materials

Ethylidene bisphosphonate was prepared from tetracthyl methylene bisphosphonate
by the method of Degendardt [74]. 1,4-butanediamine, 1,6-hexanediamine, diethylamine,
paraformaldehyde, tetraethyl methylene bisphosphonate, p-toluenesulfonic acid (pTsOH),
1,6-hexane diol diacrylate (HDDA), poly(ethylene glycol) diacrylate (PEGDA, M, =575),
2-isocyanatoethyl methacrylate (IEM), 2-hydroxyethyl methacrylate (HEMA),
hydroxyapatite (HAP), trimethylsilyl bromide (TMSBr), 2,2-bis[4-(2-hydroxy-3-
methacryloyloxypropyloxy)  phenyl] propane (Bis-GMA), triethylene  glycol
dimethacrylate (TEGDMA) and photoinitiators 2,2°-dimethoxy-2-phenyl acetophenone
(DMPA) were purchased from Aldrich and used as received. 10-methacryloyloxydecyl
dihydrogen phosphate (MDP) was a gift from Ivoclar Vivadent. Dichloromethane
(CH,Clp), chloroform (CHCls), dimethyl formamide (DMF) and toluene were dried over
molecular sieves. All other solvents were obtained from Aldrich and used as received.
Roswell Park Memorial Institute (RPMI) 1640 medium (with I-glutamine and 25 mM
HEPES), penicillin-streptomycin and trypsin-EDTA were obtained from Multicell, Wisent
Inc. (Canada). Fetal bovine serum was provided by Capricorn Scientific GmbH
(Germany). Thiazolyl blue tetrazolium bromide (MTT) and phosphate buffered saline
(PBS) tablets were purchased from Biomatik Corp. (Canada). 96-well plates (treated) were
provided by Nest Biotechnology Co. Ltd. (China). NIH 3T3 mouse embryonic fibroblast
cells were given as a gift from the Kavakli Lab (Koc University, Istanbul, Turkey) for this
study.

3.1.2. Apparatus
'H, C and *'P NMR spectra were recorded on a Varian Gemini (400 MHz)

spectrometer with deuterated chloroform (CDCls), deuterated methanol (MeOD) and

deuterated water (D,0) as solvent, and tetramethylsilane as an internal standard. A Nicolet
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6700 FT-IR spectrophotometer was used for recording IR spectra. Combi Flash
Companion Teledyne ISCO Flash Chromatography was used for purification of
monomers. The interactions of monomers with HAP were studied by X-ray diffraction
(Bruker D8 Advance). The morphology of hydrogels were investigated by using a scanning
electron microscope (SEM) (ESEM-FEG) (FEI-Philips XI.30). Photopolymerizations were
carried out on a Thermo Scientifics Real-Time FT-IR ATR. Gel permeation
chromatography (Viscotek) was carried out with THF solvent using polystyrene standards.
Gel studies were performed with a photoreactor UV/18. Degradation studies were done
with VWR Incubating Mini Shaker. Thermogravimetric analysis was carried out with a TA
Instrument Q50.

3.2. Synthesis of Starting Materials

3.2.1. Synthesis of Ethylidene Bisphosphonate

Ethylidene bisphosphonate was prepared from tetracthyl methylene bisphosphonate
by the method of Degendardt [74]. In the first step, paraformaldehyde (0.26 g, 8.6 mmol),
and diethylamine (0.18 mL, 0.12 g, 1.6 mmol) were combined in 5 mL of methanol and
heated at 37 °C until clear solution is obtained. Then heat was removed and
tetraethylmethyl bisphosphonate (0.43 mL, 1.7 mmol) was added. The mixture was
refluxed for 24 h, then an additional 5 mL of methanol was added, and the solution was
concentrated under vacuum. Toluene (2.5 mL) was added and the solution was again
concentrated. This step was repeated to ensure complete removal of methanol from the
product and a yellow liquid product (tetracthyl (2-methoxyethane-1,1-diyl)

bisphosphonate) was obtained.

In the second step, the product of the first step, dry toluene (2.5 mL) and pTsOH (2
mg) were refluxed at 115 °C. Methanol was removed from the reaction mixture by a Dean-
Stark trap. After 16 hours, the solution was concentrated. The crude product was diluted
with 2.5 mL of chloroform and washed with water (2 x 0.4 mL). The chloroform solution
was dried over Na,SO,4 and concentrated. Yellow liquid product was obtained in 80%

yield.
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3.2.2. General Procedure for the Synthesis of Amines (BPA1 and BPA2)

Diamine (3.48 mmol) and ethylidene bisphosphonate (8.37 mmol) in dry DMF (25
mL) were mixed at room temperature for two days. After removal of DMF, the residue
was washed with petroleum ether and the amines were obtained as light yellow viscous

liquids in 80-90% yield.
BPA1

'H-NMR (400 MHz, CDCls, 8): 1.26 (t, *Jun= 7.2 Hz, 24H, CHj), 1.39 (m, 4H, CH,-CH,-
NH), 2.50 (m, 4H, CH,-NH), 2.61 (m, 2H, CH-P=0), 3.07 (dt, *Jis = 16.4 Hz, Jip= 6.0
Hz, 4H, CH,-CH-(P=0),), 4.12 (m, 16H, CH,-0-P=0) ppm.

13C NMR (101 MHz, CDCL, 8): 16.33 (CHj), 27.66 (CH,-CHy-NH), 37.44 (CH-(P=O)y),
45.69 (CH,-CH-(P=0),), 49.03 (CH,-NH), 62.54 (CH,-O-P=0) ppm.

FT-IR (ATR): 3491 (N-H), 2981, 2931 (C-H), 1444 (N-H), 1244 (P=0), 1014, 951 (P-O)

cm’.

BPA2

'H-NMR (400 MHz, CDCl;, 8): 1.29 (m, 4H, CHy), 1.32 (t, *Jun=7.2 Hz, 24H, CH3), 1.45
(m, 4H, CH,-CH,-NH), 2.55 (t, 4H, Juy = 7.2 Hz, CH,-NH), 2.62 (tt, *Jun = 5.6 Hz, Jup=
23.6 Hz, 2H, CH-P=0), 3.07 (dt, *Jun = 16.4 Hz, Jip= 6.0 Hz, 4H, CH,-CH-(P=0),), 4.17
(dq, *Jun= 7.2 Hz, Jyp= 24.0 Hz, 16H, CH,-0-P=0) ppm.

13C NMR (101 MHz, CDCL, 8): 16.30 (CHs), 27.24 (CH,-CH,-NH), 29.85 (CH,), 37.38
(CH-(P=0),), 45.70 (CH,-CH-(P=0),), 49.16 (CH,-NH), 62.54 (CH,-0-P=0) ppm.

FT-IR (ATR): 3492 (N-H), 2981, 2929 (C-H), 1443 (N-H), 1244 (P=0), 1014, 952 (P-O)

cm’™,
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3.3. Synthesis of Dental Materials
3.3.1. General Procedure for the Synthesis of Monomers 1a and 1b

To an ice-cold solution of either BPA1 or (1.73 mmol) in 12 mL of dry chloroform
under a stream of nitrogen, IEM (3.54 mmol, 0.5 mL) was added dropwise. The solution
was stirred at room temperature overnight under nitrogen and then extracted with 1 wt%
NaOH (2 x 10 mL), 1 wt% HCI (2 x 10 mL), and brine (2 x 10 mL). The organic layer was
dried over anhydrous sodium sulfate, filtered and evaporated under reduced pressure to
leave the crude product. The crude product was purified by reversed-phase flash
chromatography on C18, eluting with water/methanol (40/60) followed by evaporation of

solvents to give the monomers.
la: The pure product was obtained as a colorless viscous liquid.

'H-NMR (400 MHz, CDCls, 8): 1.26 (dt, *Jun = 7.2 Hz, Jupp= 6 Hz, 24H, CH;-CH,-0),
1.42 (m, 4H, CH,-CH,-N), 1.86 (s,6H, CH;-C=CHy), 2.90 (tt, *Juy = 6 Hz, Jyp= 23.6 Hz,
2H, CH-P=0), 3.30 (t, 4H, *Jiyy = 7.6 Hz, CH,-N), 3.42 (q, *Jun = 5.6 Hz, 4H, CH,-NH),
3.68 (dt, *Juy = 14 Hz, Jyp= 6.4 Hz, 4H, CH,-CH-(P=0),), 4.06 (m, 16H, CH,-0-P=0),
4.12 (m, 4H, CH,-0-C=0), 5.47 (s, 2H, CH,=C), 6.08 (5, 2H, CH,=C) ppm.

13C NMR (101 MHz, CDCl;, 8): 15.91 (CH3-C=CH,), 17.88 (CH3-CH,-0), 23.92 (CH,-
CH,-N), 36.11 (CH-P=0), 39.41 (CH,-N), 43.87 (CH,-CH-(P=0),), 45.93 (CH,-NH),
62.56 (CH,-0-P=0), 63.55 (CH,-0-C=0), 125.22 (CH,=C), 135.82 (CH,=C), 157.84 (O-
C=0), 166.95(N-C=0) ppm.

FT-IR (ATR): 3341 (N-H), 2981, 2930 (C-H), 1716, 1636 (C=0), 1636 (C=C), 1536 (N-
H), 1245 (P=0), 1016, 955 (P-O-Et) cm™.

1b: The pure product was obtained as a white solid. Mp: 99 °C

'H-NMR (400 MHz, CDCls, 8): 1.21 (m, 4H, CHy), 1.27 (dt, *Juu = 7.2 Hz, Jup= 5.2 Hz,
24H, CH;-CH,-0), 1.44 (m, 4H, CH,-CH,-N), 1.87 (dd, *Jn = 0.8 Hz, 6H, CH;-C), 2.83
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(tt, *Jun = 6 Hz, Jup= 23.6 Hz, 2H, CH-P=0), 3.19 (t, 4H, *Juyy = 7.6 Hz, CH,-N), 3.44 (q,
SJun= 5.6 Hz, 4H, CH,-NH), 3.69 (dt, *Jun = 14 Hz, Jup= 6.4 Hz, 4H, CH,-CH-(P=0),),
4.07 (g, 16H, CH,-O-P=0), 4.14 (t, 4H, CH,-O-C=0), 5.49 (s, 2H, CH,=C), 6.07 (s, 2H,
CH,=C) ppm.

3C NMR (101 MHz, CDCls, 8): 15.40 (CHs), 17.30 (CH;-CH,-0), 25.78 (CHy), 26.79
(CH-CH,-N), 34.52-35.81-37.1 (CH-P=0), 39.01 (CH,-N), 43.65 (CH,-CH-(P=0),),
46.78 (CHp-NH), 61.61-62.10 (CH,-O-P=0), 63.09 (CH,-0-C=0), 124.72 (CH,=C),
135.20 (CH,=C), 156.83 (0-C=0), 166.49 (N-C=0) ppm.

3P NMR (162 MHz, CDCl, 8): 22.39 ppm.

FT-IR (ATR): 3358 (N-H), 2981, 2930 (C-H), 1716, 1635 (C=0), 1635 (C=C), 1537 (N-
H), 1248 (P=0), 1018, 967 (P-O-Et) cm™.

3.3.2. General Procedure for the Synthesis of Monomers 2a and 2b

TMSBr (3.6 mmol, 6 eq.) was added to a solution of monomer 1a or 1b (0.6 mmol)
in dry DCM (1.2 mL). The mixture was stirred for 5 h at 30 °C. The solvent and the excess
of TMSBr were removed under reduced pressure. Methanol (1.2 mL) was added and the
mixture was stirred for 15 min. The solution was concentrated under reduced pressure and

the product was obtained.
2a: The crude product was obtained as white solid. (pH = 1.73 in 1 w% aqueous solution)

'H-NMR (400 MHz, MeOD, §): 1.46 (m, 4H, CH>-CH,-N), 1.82 (s, 6H, CH;-C=CH,),
2.56 (it, *Jun = 5.6 Hz, Jyp=23.2 Hz, 2H, CH-P=0), 3.26 (m, 4H, CH,-N), 3.37 (t, >JHH =
5.6 Hz, 4H, CH,-NH), 3.73 (dt, *Juy = 14.4 Hz, Jyp= 5.6 Hz, 4H, CH,-CH-(P=0),), 4.10
(t, *Jam = 5.6, 4H, CH,-0-C=0), 5.51 (s, 2H, CH,=C), 6.02 (s, 2H, CH,=C) ppm.

3P NMR (162 MHz, MeOD, §): 20.05 ppm.
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FTIR (ATR): 3284 (O-H), 2941, 2859 (C-H), 1697, 1676 (C=0), 1626 (C=C), 1557 (N-
H), 1159 (P=0), 985, 905 (P-0) cm™".

2b: The crude product was obtained as white solid. (pH = 1.81 in 1 w% aqueous solution)

"H-NMR (400 MHz, MeOD, §): 1.25 (m, 4H, CH,), 1.48 (m, 4H, CH,-CH,-N), 1.83 (s,
6H, CH;-C=CHb,), 2.59 (tt, *Juy = 5.6 Hz, Jyp= 23.6 Hz, 2H, CH-P=0), 3.23 (m, 4H, CH,-
N), 3.38 (t, *Juy = 5.6 Hz, 4H, CH,-NH), 3.75 (dt, *Juy = 14.4 Hz, Jyp= 6 Hz, 4H, CH,-
CH-(P=0),), 4.11 (t, *Juy = 5.2 Hz, 4H, CH,-0-C=0), 5.53 (s, 2H, CH,=C), 6.03 (s, 2H,
CH,=C) ppm.

3Ip NMR (162 MHz, CDCl, 8): 20.08 ppm.

FTIR (ATR): 3292 (O-H), 2936, 2860 (C-H), 1710, 1698 (C=0), 1628 (C=C), 1556 (N-H),
1160 (P=0), 989, 912 (P-O) cm’".

3.4. Interactions of Dental Monomers with Hydroxyapatite

HAP particles (0.1 g) were dispersed in 0.5 g of monomer/EtOH/H,0 (15/45/40 wt
%) solution under stirring. The monomer-coated HAP particles were isolated by
centrifugation after 24 h and washed first with ethanol and then with water and dried at
room temperature. The crystal phases on the monomer-coated HAP particles were
identified by a powder XRD operated under 40 kV acceleration, 40 mA current, and

scanning rate of 2° min™ for 26/0 scan [75].
3.5. Hydrolytic Stability
The hydrolytic stability of monomer 2b was investigated by '"H NMR measurement

of 5 wt % solution of monomer in methanol-d4/D,0 (1/1, v/v) after storage at 37 °C for 25
days.
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3.6. Synthesis of PBAE Macromers and Their Polymers

3.6.1. Synthesis of Poly(p-amino ester) (PBAE) Macromers

The diacrylates (HDDA and PEGDA) and amines (BPA1 and BPA2) were mixed at
molar ratios of 1:1 and 1.2:1 in 10 mL scintillation vials at room temperature overnight
while stirring. The viscous macromers were washed with petroleum ether or ether to

remove unreacted amines and diacrylates, and dried under reduced pressure.
3.6.2. Synthesis of PBAE Network Polymers

The macromers were mixed with the photoinitiator (DMPA, dissolved in 1wt%
methylene chloride) and the solvent was removed under reduced pressure. The
macromer/initiator mixture was placed into a Teflon mold (5 mm diameter x 0.25 cm
thick), covered with a mylar film and polymerized with exposure to UV light (365 nm) for
30 min. The polymer samples were weighed and placed in ethanol for 24 h to remove
unreacted macromers and initiators. After drying in a vacuum oven for several days to
reach constant weight, gel samples were weighed. The percentage of gelation was

calculated according to the following formula:

% Gelation = (.4) x 100 (3.1)

1

Where W; is the initial weight of the sample and Wy is the weight of the dried insoluble

part of the sample after extraction with ethanol.

3.6.3. Synthesis of HEMA Hydrogels

The PBAE crosslinked HEMA hydrogels were prepared by dissolving HEMA (0.2 g,
0.15 mmol) containing 10 wt% PBAE crosslinkers and 1 wt% Irgacure 2959 in deionized
water (1 mL). The mixtures were poured into Teflon molds (5 mm diameter x 0.25 cm
thick), covered with a mylar film and polymerized with exposure to UV light (365 nm) for

30 min. The polymer samples were weighed and placed in ethanol for 24 hours to remove
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unreacted macromers and initiators. After drying in a vacuum oven for several days to
reach constant weight, gel samples were weighed. The percentage of gelation was

calculated according to the formula (3.1).
3.7. Photopolymeriation

The photoinitiator (DMPA), as a solution in methylene chloride was added to the
dental monomers and macromers at different concentrations and the solvent was removed
in a vacuum desiccator. The polymerization behavior was monitored using real-time FTIR-
ATR spectroscopy. A drop of the monomer/initiator solution was placed directly on the
diamond ATR, covered with a mylar film and exposed to UV-irradiation with an Omnicure
1000 W mercury arc lamp at 320-500 nm. The conversion profiles were calculated from
the decay of the absorption bands of the double bond peak at 1635 cm™ with respect to the
C=0 peak at 1718 cm™, using peak height according to equation 3.2.

Abssample/Abssample

DC% = (1 - S i) x 100 (3.2)

3.8. Degradation

Degradation studies were carried out using the polymers as prepared above. The
polymer samples were submerged in PBS solution and placed on an orbital shaker at 37
°C. At each time point, samples were removed, dried, and weighed to determine the mass

loss. Degradation % calculated according to the following formula:

% Degradation = (W:A_, W

) x 100 (3.3)

1

where Wi is the initial weight and Wy is the final weight of the sample.
3.9. In Vitro Cytotoxicity Assay

NIH-3T3 cells were cultured in RPMI 1640 complete medium, supplemented with
10 and 1 % FBS and penicillin—streptomycin antibiotic solution, according to ATCC
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recommendations. Cells were grown in a 5 % CO2-humidified incubator at 37 °C.

Trypsin—EDTA was used for detachment of cells.

To evaluate the cytotoxicity of the polymers on NIH 3T3 cell line, thiazolyl blue
tetrazolium bromide (3-(4,5-dimethyl-thiazol-2yl)-2,5-diphenyltetrazolium bromide, MTT)
assay was performed. NIH 3T3 cells were seeded at a density of 1x104 cells/well in 96
well plates. The next day, the medium was removed and different concentrations of
synthesized polymers (10-100 uM) was added to cells with fresh culture medium. After 24
h incubation, the medium in each well was replaced with 150 pL culture medium and 50
pL of MTT solution (5 mg/mL) which forms purple formazan as a consequence of
mitochondrial activity of viable cells. The cells were then further incubated for 4 h.
Finally, ethanol:DMSO (1:1 v/v) solution was added to wells to dissolve formed formazan
crystals. Following gentle shaking of plates for 15 min, absorbance intensity at 600 nm was
measured with a reference wavelength of 630 nm using a microplate reader (BioTek
ELx800 Absorbance Microplate Reader). Cells without any treatment were used as
controls under the assumption of 100 % viability. Relative cells viability was calculated

according to the formula:

Asample

Y%viability = x100 (n =5) (3.4)

Acontrol

Statistical analysis of the polymers was performed using the non-parametric
Kruskal-Wallis test with Dunn's multiple comparisons post-test or Mann-Whitney test of
GraphPad Prism 6 software package (GraphPad Software, Inc., USA). Data were reported
as mean values + standard deviation (S.D.). All tests were two-tailed tests and the

differences between measurements were considered statistically significant if p < 0.05.
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4. RESULTS AND DISCUSSION

4.1. Synthesis and Characterization of Starting Materials (BPA1 and BPA2)

Ethylidene bisphosphonate was prepared from tetraethyl methylene bisphosphonate
by the method of Degendardt [74] (Figure 4.1). Then two secondary amines (BPA1 and
BPA2) for the synthesis of monomers were prepared from the reaction of 1,4-
butanediamine and 1,6-hexanediamine with ethylidene bisphosphonate in DMF at room
temperature for two days (Figure 4.2). After purification, they were obtained as viscous
liquids in high yield (80-90%). When the reaction was conducted at higher temperatures to
decrease the reaction time, the retro-Michael’s reaction was observed. According to the
literature, the length of the carbon chain between the amino and the methylene
bisphosphonic groups is of great importance and when a methylene group is present
between the amino group and the tetracthyl methylene bisphosphonate, temperatures even
a few degrees above 20 °C lead to the rapid formation of the retro-Michael’s reaction
products [76]. Both amines are readily soluble in polar (e.g. water, alcohols) and weakly
polar (e.g. chloroform and diethyl ether) organic solvents but insoluble in very non-polar

organic solvents (e.g. petroleum ether and hexanes) (Table 4.1).

Table 4.1. Solubilities of BPA1 and BPA?2 in selected solvents

Amines H,O MeOH Ether DCM Petroleum CHCl;
ether
BPA1 + + + + - +
BPA2 + =+ + + - £3

The structures of the synthesized amines were confirmed by 'H-, >*C-NMR and FT-
IR spectroscopy. The 'H NMR spectra of the amines showed complex peaks due to
phosphorus-hydrogen coupling and the nonequivalence of atoms within the geminal groups

attached to the prochiral phosphorus atom. For example, the single bisphosphonate proton



25

of BPA1 and BPA2 is observed as a doublet of triplet at 3.0 ppm due to proton and two
phosphorus coupling (Figure 4.3, 4.4). The BC NMR spectra of BPA1 and BPA2 are
shown in Figure 4.5. The triplet seen at 37.4 ppm is due to the methine carbon attached to
two phosphorus atoms. Other characteristic peaks are methyl protons at 16.3 ppm,
methylene protons attached to nitrogen and oxygen at 49.1 and 62.5 ppm. The FTIR
spectra of these amines contain absorption peaks of NH, P=O and P-O peaks at 3490,
1244, 1014 and 951 cm™, respectively (Figure 4.6, 4.7).
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4.2. Dental Materials
4.2.1. Synthesis and Characterization of Dental Monomers

The amines were subsequently treated with IEM at room temperature in dry
chloroform to give monomers la as a viscous liquid and 1b as a white solid with a melting
point of 99 °C (Figure 4.8). Monomers 1a and 1b are well soluble in water, methanol,
chloroform and THF but insoluble in diethyl ether (Table 4.2). The spectral data are in
agreement with the expected structure of the monomers. For example, the single
bisphosphonate proton is supported by the presence of a triplet of triplet at 2.83 (1b) and
2.90 (1a) ppm. The doublet of triplet at 3.63 and 3.69 ppm corresponds to methylene
protons attached to methine. The presence NH protons were confirmed by the presence of
a broad peak at 5.95 ppm (Figure 4.9, 4.10). In the *C NMR spectrum of 1b, the triplet
seen at 35.81 ppm is due to the methine carbon attached to phosphorus (Figure 4.11). In
the *'P NMR spectrum of 1b, the singlet seen at 22.39 ppm is due to phosphorus atoms.
(Figure 4.15). The FTIR spectra of each monomer showed NH stretching peaks of the urea
groups at approximately 3341 cm™ due to hydrogen bonding, the ester and urea carbonyl
stretching peaks at 1716 and 1636 cm™, the amide II vibration at 1536 cm™ and P=0 peak
at 1245 cm™ (Figure 4.12).

The silylation of monomers la and 1b with TMSBr and methanolysis of the silyl
ester groups provided the new bisphosphonic acid-containing urea dimethacrylates (2a and
2b) as white solids (Figure 4.8). Monomer 2b dissolves very well in water, while 2a is
slightly soluble in water) (Table 4.2).

Table 4.2. Solubilities of 1a, 1b, 2a and 2b in selected solvents.

Monomers H,O MeOH Ether DCM THF CHC13

1a + + - 'y + +
1b + + . + + +
2a - + - - . i

2b - + - - . _
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The 'H NMR spectra of monomers show the complete disappearance of
bisphosphonic ester peaks around 1.26 and 4.06-4.21 ppm (Figure 4.13, 4.14). In the *'P
NMR spectrum of 1b, the singlet seen at 20.03 ppm is due to phosphorus atoms (Figure
4.15). FTIR spectra of monomers show broad peaks in the region of 3000-2600 cm™ and
2300-2100 cm™ due to OH stretching, 1670-1600 cm™ due to OH bending and strong
peaks at 1652, 1610, and 1522 cm™ due to C=0, C=C, and NH stretching, respectively.
Also the strong bands at 998 and 915 cm’™ correspond to the symmetric and asymmetric
vibration of P-O (Figure 4.12).
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4.2.2. Acidity, Interactions with HAP, and Stability of Acid Monomers

The pH value of aqueous solution of monomer 2a (1 wt %) and 2b (1 wt %) was
found to be 1.73 and 1.81, indicating their enamel etching abilities. The higher pH value of

2b solution can be explained partially due to its higher molecular weight.

The interaction of monomers 2a and 2b with dental tissues and bone was
demonstrated by investigating their interactions with HAP as a model compound. The
monomer-treated HAP solutions were analyzed by XRD to observe the changes in the

crystal structure of HAP.

The obtained XRD patterns can be interpreted according to the adhesion—
decalcification mechanism proposed by Yoshida and coworkers [75]. According to this
mechanism, first, the decalcification of HAP is induced by monomer adsorption from the
aqueous solution. Then, calcium salts of monomers (CaMHP,) and CaHPO4.2H,0 (DCPD)
are deposited on HAP depending on their solubilities in water—ethanol solution. XRD
spectrum of untreated HAP was used as reference and to compare the performance of the
synthesized monomers, MDP, which has been shown to have excellent binding ability, was

used as a control monomer.

Upon treatment with monomer 2a/EtOH/H,O solution, HAP showed a new peak
around 26 = 5-8° which is assigned to Ca salts of monomer. These salts remained attached
to HAP even after being washed with ethanol and water, indicating their stabilities and
bonding performances. Also, a new peak was detected at 260 = 11.6° which was assigned to

deposited DCPD, indicating etching and demineralization (Figure 4. 16).
4.2.3. Photopolymerization Studies of Dental Monomers
The photopolymerization reactivity of the synthesized monomers was investigated

with Real-Time FT-IR experiments during their copolymerizations with commercial dental

monomers (Bis-GMA, TEGDMA and HEMA) using DMPA (2 mol%) as photoinitiator.
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First, formulations consisting of mixtures of Bis-GMA, TEGDMA and 1b at various
ratios were prepared. Figure 4.17 shows their photopolymerization results at 25 °C. It was
observed that addition of 1b to Bis-GMA:TEGDMA (50:50 mol%) mixture resulted in
gradual decreases in the double-bond conversion (DBC) with increasing fraction of 1b.
For example, Bis-GMA:TEGDMA mixture containing 20 mol % 1b showed the lowest
DBC (29 %). This is expected because the photopolymerization of multifunctional
monomers gives polymer networks where the chain mobility decreases and is reduced in

DBC.

Conversion also depends on the flexibility of monomers. Polar monomers with high
inter- and intramolecular forces decrease the flexibility of the system, increase Ty and
decrease DBC. It was observed that addition of 5 % 1b decreased DBC of Bis-
GMA:TEGDMA (50:50 mol%) mixture less than that of 1a (Figure 4.17). The reason for
higher conversion obtained with monomer 1b is due to its more flexible structure (hexyl

versus butyl groups) which increases the mobility of the system.

10MDP-HAP-EtOH-H,0

ML_,,.LJUWW
MJW

Figure 4.16. XRD patterns of HAP, MDP-HAP and 2a-HAP samples.
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Figure 4.17. Conversion-time plots for the photopolymerization of Bis-GMA, TEGDMA

and 1b in different concentrations.

To show the increase of flexibility of the systems with temperature,
photopolymerizations of Bis-GMA:TEGDMA (50:50 mol%) and Bis-GMA:TEGDMA:1b
(50:45:5 mol%) mixtures were also carried out at 40 °C. The slight improvement in DBC

values were observed for both systems, as expected (Figure 4.18).

We also investigated copolymerization of 1b with HEMA at 25 °C. Time-based
conversions showed that an increase of 1b leads to a faster reaction but also to a less
complete polymerization. For instance, the conversion decreases from 54% to 42% when

1b concentration was increased from 10 to 30 weight% (Figure 4.19).
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Figure 4.18. Conversion-time plots for the photopolymerization of Bis-GMA, TEGDMA
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Figure 4.19. Conversion-time plots for HEMA and copolymerization of HEMA and

1b with 90:10 w% and 70:30 w% ratios.



46

Bulk copolymerization of the synthesized bisphosphonic acid monomers, 2a and 2b,
with HEMA was studied to compare their reactivity in adhesive systems. The mixtures of
HEMA:2a and HEMA:2b (90:10, 70:30 mol %) were photopolymerized at 25 °C using
DMPA (1 w%) as photoinitiator. The following conclusions can be drawn: (i) the time
(tmax) Of the maximum polymerization rate (the slope of conversion-time curves) is reduced
compared to HEMA,; (ii) incorporation of bisphosphonic acid monomers into HEMA
lowered the conversions, proportional with their concentrations in the formulations. DBC
values followed the order 57.38 % for HEMA:2a (90:10 mol%), 57.65% for HEMA:2b
(90:10 mol%) and 70.15% for HEMA alone, respectively; (iii) conversions obtained for
the bisphosphonic acid monomer formulations were about the same as the bisphosphonate
formulations, but the polymerizations were about twice as fast (Figure 4.20). The higher
rate of polymerizations of the acid containing formulations can be explained by hydrogen
bonding due to bisphosphonic acid functionality which generates tri- or tetramethacrylates

with an enhanced propagation rate as well as reduction in termination rate.

80 -
70 -
-~ 60 -
X
< 50
g
2 40 -
>
> 30 - e TEMA 22 (90:10 W%)
S L0 - e IEMA :2b (90:10 w%)
@) e HEMA 22 (70:30 WY%)
10 - HEMA :2b (70:30 w%)
w=HEMA (100 w%)
- === JTEMA:MDP (90:10 w%)

0 1 2 3 4 5
Time (min)

Figure 4.20. Conversion-time plots for copolymerization of HEMA and acid

monomers (2a, 2b and commercial MDP).
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To investigate the effect of temperature on polymerization of the HEMA:2b
formulation, polymerization rates and conversions were measured at various temperatures
(25, 40, 80 and 120 °C) (Figure 4.21). The maximum rate of polymerization increases
with increasing temperature from 25 to 80 °C. On the other hand, the same formulation
shows decrease in the maximum polymerization rate as the temperature is increased from
80 to 120 °C because of the effect of hydrogen bonding on the rate of polymerization. This
was explained in the literature as; at high temperatures hydrogen bonded species behave
like regular (non-hydrogen bonding) diacrylates or dimethacrylates due to cleavage of
hydrogen bonds. Therefore, as temperatures increases the polymerization rate actually

decreases or is ameliorated with respect to what is found for regular (meth)acrylates [77].

80 -

70 A

60 -
&
e~ 50 -
N’
S 40 e JTEMA:2b (90:10 w%) - 25°C
= e HEMA:2b (90:10 w%) - 40°C
5 30 wmss HEMA :2b (90:10 w%) - 80°C
> e[ IEMA:2b (90:10 w%) - 120°C
£ 20
@)

10

0 ! o2 3
Time (min)

Figure 4.21. Conversion-time plots for copolymerization of HEMA and 2b at

different temperatures.
4.2.4. In Vitro Cytotoxicity of Dental Monomers

The cytotoxicity of the two dimethacylate 1b and 2b was tested on NIH 3T3 mouse

embryonic fibroblast cells using standart MTT assay and compared with commercial MDP
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since it has phosphoric acid functionality. Materials resulting in more than 80% viability |
are defined as non-cytotoxic according to ISO 10993-5 [78,79]. As seen in Figure 14 no

significant cytotoxicity was detected between 10-200 pg/mL in 24 h. Although the

standard deviation is a bit large, 2b is slightly more toxic with no dose dependency when

compared to MDP or 1b which is the phosphonate analogue of 2b. Overall, the new
bisphosphonated dimethcarylates are non-toxic with the tested range (Figure 4.22).

* @8 MDP
- | - b

125- ‘—l @8 2
g 100- :
£ 75
£
©
S 50-
T
O 251

0-

& S > ® >
N

Concentration (uM)

Figure 4.22. Viability of NIH 3T3 cells treated with MDP (10-methacryloyloxydecyl
dihydrogen phosphate) as reference and sample 1b and 2b after 24 hours incubation
measured with MTT. The data are expressed as mean + S.D. (n=15), (p <0.05(*), p<
0.01 (**), p<0.001 (***)and p <0.0001(****)).

4.3. PBAE Macromers and Their Polymers

4.3.1. Synthesis and Characterization of PBAE Macromers

Four diacrylate terminated poly(B-amino ester) macromers were prepared using the
solvent-free aza-Michael condensation of bisphosphonated amines (BPA1, BPA2) to
diacrylates (HDDA, PEGDA) (Figure 4.23). All macromers are well soluble in ethanol and
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chloroform, insoluble in hexanes and milky in water. Macromers synthesized from HDDA

are soluble in ether but macromers synthesized from PEGDA are not (Table 4.3).

Diacrylates and amines were chosen to provide different hydrophilicities to
investigate the effect of chemical structure on degradation properties. Diacrylate to amine
molar ratio and the reaction conditions such as catalyst, temperature and solvents were
changed to control the extent of polymerization and to try to avoid formation of
crosslinked polymers (Table 4.4). Bulk reaction with 1.2:1 ratio at room temperature gave
the best result for synthesis of the macromers. The macromers synthesized from HDDA
were washed with petroleum ether and the macromers synthesized from PEGDA were

washed with ether to remove unreacted diacrylates and amines.

Table 4.3. Solubilities of macromers in selected solvents.

Macromers Chloroform Ether | Acetone Ethanol Hexane Water
HDDA-BPA1 < + + + = +/-
HDDA-BPA2 + + + + < +/-
PEGDA-BPA1 + - + + - +/-
PEGDA-BPA2 + - + + , +/-

The structures of the synthesized macromers were confirmed using 'H-NMR
spectroscopy (Figure 4.24, 4.25, 4.26, 4.27). Their spectra show the maintenance of
acrylate peaks, the appearance of complex peaks due to phosphorus-hydrogen coupling and
the nonequivalence of atoms within the geminal groups attached to the prochiral
phosphorus atom. The average number of repeat units was calculated as n=1.5-3 and the
number average molecular weight was calculated as ca. 1500-3000 by using GPC. The
FTIR spectra of each macromer showed C=C peak at around 1620 cm™ and C=0 peak at
around 1725 cm™ (Figure 4.28, 4.29).
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4.3.2. Photopolymerization Studies of PBAE macromers

The photoinitiator (DMPA) was added to the macromers at a concentration of 1%
(w/w) by the addition of a 10% (w/v) solution of DMPA in methylene chloride and solvent
was removed in a vacuum desiccator. The polymerization behavior was monitored using
real-time FTIR-ATR spectroscopy at 25 °C. The decrease in the C=C peak (1635 cm™)
with respect to C=O peak (1718 cm™) was monitored during free radical
photopolymerization of macromers and the double bond conversion values were calculated

from equation (3.2).

It is seen that the macromers synthesized from PEGDA have higher double bond
conversion than the HDDA containing ones. This is expected because PEGDA’s oxygen
atoms in its backbone makes it more flexible than HDDA. It is also observed that BPA2
containing macromers showed higher DBC % as expected, because BPA2 has a longer
aliphatic chain, BPA2 containing macromers have higher molecular weight and higher

chain mobility which increases DBC % (Figure 4.30).
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Figure 4.30. Conversion-time plots for four macromers.
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The macromers were bulk photopolymerized into networks using ultraviolet light
exposure in the presence of DMPA (1 %) as photoinitiator at room temperature for 30 min.
The polymer samples were weighed and placed in ethanol for removing unreacted
macromers and initiators. After drying in a vacuum oven until constant weight has reached,
gel samples were weighed. The percentage of gelation was calculated according to the
formula (3.2) (Figure 4.31). The values were found to be similar, ranged from 54-70%, and
higher for PEGDA-based macromers.
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Figure 4.31. Gelation (%) values of four PBAE hydrogels.

4.3.4. Synthesis of HEMA Hydrogels

The PBAE crosslinked HEMA hydrogels were prepared using HEMA, 10 wt% PBAE
crosslinkers, 1 wt% Irgacure 2959 and deionized water. PEGDA (My = 575) crosslinked
hydrogels were also prepared for comparison under the same conditions. The mixtures were
poured into Teflon molds, covered with a mylar film polymerized with exposure to UV light
(365 nm) for 30 min. The polymer samples were weighed and placed in ethanol for 24 h to
remove unreacted macromers and initiators. After drying in a vacuum oven for several days
to reach constant weight, gel samples were weighed. The percentage of gelation was

calculated according to the formula 3.2 (Figure 4.32).
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Figure 4.31. Gelation (%) values of PHEMA hydrogels.

4.3.5. Degradation Studies

The degradation of the synthesized networks was investigated in PBS at 37 °C for 24
h. Since the soluble fractions due to unreacted macromers are removed before the tests, there
is no rapid mass loss initially. The rate of degradation depends on the chemical structure of

the macromers.

We observed that polymers formed from PEGDA-BPA2 showed the highest mass loss
(67% after 24 h), indicating highest degradation rate and the polymers formed from HDDA-
BPA1 showed the lowest mass loss (52% after 24 h). We expected that PEGDA containing
hydrogels should have higher mass loss than the HDDA containing ones due to their
hydrophilic backbone structure. Also hydrogels with BPA2 should have higher degradation
(%) than BPA1 because of their longer backbone chains that increase the flexibility and
molecular mass. Overall, these four macromers have very high degradation % due to their
bisphosphonate groups that make them very hydrophilic. Even after 24 hours they all show
more than 50% degradation (Figure 4.33).

Furthermore, degradation values of HEMA hydrogels synthesized from
HEMA:PEGDA, HEMA:PEGDA-ABP1 and HEMA:HDDA-ABP1 were calculated.
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Increasing degradations were observed when HEMA incorporated with BPA1 containing

macromers (Figure 4.34).
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Figure 4.33. The mass losses of four hydrogels in PBS at 37 °C after 24 h.
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Figure 4.34. The mass losses of PHEMA hydrogels.
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4.3.6. Scanning Electron Microscope (SEM) Images of Network Polymers

Morphological evaluations of hydrogels were performed by using a scanning electron
microscope (SEM) (ESEM-FEG) (FEI-Philips XL.30). The hydrogels were lyophilized
and then the fractured surface was sputter-coated with gold before observation. Figure 4.35
shows that the SEM images of two of the hydrogel samples before and after degradation in
PBS at 37 °C after 24 h. The images show that the hydrogels have more porous structure
after degradation. Also, it is observed that the hydrogel synthesized from more hydrophilic
macromer (PEGDA- BPA?2) has bigger pores than that of synthesized from HDDA-BPA1

macromer.
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Figure 4.35. SEM images of hydrogels from HDDA-BPA1 macromer A) before, B)
after degradation and PEGDA-BPA2 macromer C) before, D) after degradation.

4.3.7. Thermogravimetric Analysis (TGA) of PBAE Polymers

Thermal stabilities of the polymers prepared from PEGDA-BPA2 and HDDA-BPA2

macromers were inverstigated using TGA under nitrogen at 10 °C/minute (Figure 4.36).
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Polymers started to lose weight around 200 °C due to decomposition of ester groups and
then degraded gradually to give char yields of 9.7 and 14.6 % for polymer from PEGDA-
BPA2 and HDDA-BPA2 macromers, respectively.
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Figure 4.36. TGA curves of the polymers formed from HDDA-BPA2 and PEGDA-

BPA2 macromers
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S. CONCLUSIONS

In the first part of this work, the reactions of IEM with secondary bisphosphonated
diamines were used to prepare new bisphosphonated-urea-methacrylates and their
bisphosphonic acid derivatives. The pH values of the bisphosphonic acid monomers were
found to be in the range of mild self-etching adhesives. Although these monomers contain
ester linkages, they were found to be hydrolytically stable, which is an important property
for good shelf life and bonding reliability. Photopolymerization results indicated that all
monomers were able to homo and copolymerizable efficiently with Bis-GMA:TEGDMA
mixtures and HEMA. The bisphosphonic acid containing monomers showed higher rates
of polymerizations than bisphosphonate containing ones due to hydrogen bonding.
Incorporation of the synthesized monomers to Bis-GMA:TEGDMA mixtures or HEMA
lowered the conversions, proportional with their concentrations in the formulations due to
their crosslinking abilities. X-ray diffraction result of one of the bisphosphonic acid
monomers showed both dicalcium phosphate dehydrate formation due to decalcification
and monomer-Ca salt upon interaction with hydroxyapatite. =~ Overall, the synthesized
bisphosphonated-urea-methacrylate monomers have potential in dental composites and

their bisphosphonic acid derivatives are good candidates in self-etching dental adhesives.

In the second part of this work, new bisphosphonate-functionalized PBAE macromers
were successfully synthesized and photopolymerized to give network polymers. Although
degradation of PBAE networks were found to be very fast (53 - 69% over 24 hours),
HEMA networks obtained by incorporation of PBAE as crosslinkers show smaller
degradation rates controllable by the amount of PBAE macromers used. The ability to
tailor the degradation rate makes such networks suitable for wide range of tissue

engineering applications.
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