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ABSTRACT

(BIS)PHOSPHONATE FUNCTIONALIZED POLYMERIC MATERIALS FOR
BIOMEDICAL APPLICATIONS

This work describes synthesis, characterization, and evaluation of (bis)phosphonate
functionalized monomers, macromers and crosslinkers as well as their polymers and
crosslinked networks for biomedical applications such as tissue engineering scaffolds, dental
materials and targeted drug delivery. Various synthetic approaches were explored for
incorporation of (bis)phosphonate functionality and tailoring of these materials’ properties
such as degradation rate, mechanical moduli, mineralization ability, water solubility and
hydroxyapatite affinity. In the first part, three novel phosphonate/phosphonic acid
functionalized poly (B-amino ester) (PBAE) macromers with varying levels of hydophilicity
were synthesized and homo- and copolymerized with poly(ethylene glycol) diacrylate
(PEGDA) to fabricate networks with tunable degradation and mechanical properties. The
second part reports synthesis of three novel phosphonic acid containing poly (amido amine)
macromers and their homo- and copolymerization with 2-hydroxyethyl methacrylate to
obtain hydrogels showing composition-dependent swelling, degradation and mineralization.
In the third part, two different types of bisphosphonate/bisphosphonic acid functional
thermoresponsive polymers were synthesized (i) by copolymerization of three novel
bisphosphonate functionalized acrylamide monomers containing different alkyl chains with
N-isopropyl acrylamide, (ii) alendronate functionalization of a copolymer of NIPAM and 6-
acrylamidohexanoic acid. In the last part, alendronate was incorporated into two carboxylic
acid containing polymers (ibuprofen functionalized alkyl a-hydroxymethacrylate and 6-
acrylamidohexanoic acid based polymers) via covalent and non-covalent interactions to

enhance their hydroxyapatite affinity.

The materials synthesized here have potential for (mostly bone-related) biomedical
applications such as tissue engineering and targeted controlled drug delivery; and the
methods can be used to fabricate more such materials, tailoring their properties to fit the

desired application.
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OZET

BiYOMEDIKAL UYGULAMALAR iCiN (BiS)FOSFONAT
FONKSIYONLANDIRILMIS POLIMERIK MALZEMELER

Bu ¢alisma, (bis)fosfonat fonksiyonlandirilmis monomerlerin, makromerlerin, ¢apraz
baglayicilarin ilaveten bunlarin polimerlerinin ve ¢apraz bagli polimerlerin sentezini,
karakterizasyonunu ve degerlendirilmesini raporlamaktadir. (Bis)fosfonat fonksiyonel
grubunu eklemek ve malzemelerin bozunma hizi, mekanik modiilleri, mineralizasyon
yetenegi, suda ¢oziiniirliik ve hidroksiapatit ile etkilesim egilimini kontrol edebilmek igin
cesitli sentetik yaklasimlar arastirilmustir. Ik béliimde, farkli hidrofilik &zellikte ii¢ yeni
fosfonat/fosfonik asit fonksiyonlu poli(3-aminoester) makromer sentezlendi ve ayarlanabilir
bozunma ve mekanik 6zelliklere sahip jeller elde etmek igin homopolimerlestirildi ve
poli(etilen glikol) diakrilat (PEGDA) ile kopolimerlestirildi. ikinci boliimde, fosfonik asit
iceren U¢ yeni poli (amido amin) makromerin sentezi ve sisme, bozunma ve
mineralizasyonlar1 kompozisyona bagl hidrojeller elde etmek amaciyla bu makromerlerin
homo- ve 2-hidroksietil metakrilat ile kopolimerizasyonlar1 raporlandi. Ugiincii béliimde,
bisfosfonat/bisfosfonik asit fonksiyonlu iki farkl ¢esit 1s1ya duyarli polimer sentezlendi: (i)
farklr alkil zincirlerine sahip bisfosfonat fonksiyonlu {i¢ yeni akrilamid monomerinin N-
izopropil akrilamid (NIPAM) ile kopolimerizasyonu, (ii) NIPAM ve 6-akrilamidohekzanoik
asit kopolimerinin alendronat ile fonksiyonlandirilmasi. Son olarak, hidroksiapatit
afinitelerini arttirmak i¢in iki karboksilli asit iceren polimere (ibuprofen fonksiyonlu alkil a-
hidroksimetakrilat ve 6-akrilamidohekzanoik asit bazli polimerler) alendronat kovalent ve

elektrostatik etkilesimler yoluyla eklenildi.

Bu tezde sentezlenen malzemeler doku miihendisligi ve hedefle yonelik kontrollii ilag
salimi gibi biyomedikal (daha ¢ok kemik ile iliskili) uygulamalar i¢in kullanilma
potansiyaline sahiptir. Kullanilan metodlar bu tiir baska malzemelerin iiretiminde ve

bunlarin 6zelliklerini hedeflenen kullanima uygun olarak ayarlayabilmekte kullanilabilir.
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1. INTRODUCTION

1.1. Developments in Biomaterials

Biomaterials are defined as substances engineered to interface with biological systems
to evaluate, treat, augment, or replace any tissue, organ, or function of the body [1].
Developing new biomaterials is important for improving the quality of living in a society
where life expectancy is increasing. Biomaterial science which is the combination of
medicine, biology, chemistry, tissue engineering and materials science, helps in the
treatment of many illnesses caused by increase in the average lifetime. Cardiovascular
applications such as artificial arteries and heart valve prostheses, and orthopedic implants
dominate the market. In addition to that, technological advancements in the diagnosis of
diseases or healing, and rising demand for plastic surgery are other driving forces in the
growth of the biomaterials market [2]. According to a report prepared by Markets and
Markets, the global biomaterials market is expected to reach USD 207 billion by 2024 which
is almost two times bigger than the market size of 2019 [3].

The biomaterial concept is not new, it existed even in prehistorical times. For instance,
in ancient Phoenicia carved dog or calf tooth was tied with gold wires to neighbouring teeth
to mimic the lost one [4]. In the 1900s remarkable success was achieved thanks to the
improvements in material science and surgical techniques (Figure 1.1). To give an example,
the first total hip replacement prosthesis surgery was performed in 1938. Over the past few
decades, biomaterials have broadened their applications from contact lenses and therapeutic
medications to biosensors and medical equipment. Main application areas of biomaterials
can be classified as orthopedic, dental, cardiovascular and ophthalmologic applications,
tissue engineering, drug delivery, wound healing, organ implantations, bioelectrodes and
sensors [5, 6]. Although the application area stays the same, materials are replaced with the

newer ones to get better performance.



Acrylics for corneal First blood vessel Experimental total
replacements replacement heart replacement

1938  1940s 1946 1952 1958 1970s 2000s
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replacement in joint replacement cement in total hip replacement Nanoscale materials

Figure 1.1. History of biomaterials. Adapted from [6].

The fundamental prerequisite of a material to function as a biomaterial is
biocompatibility which can be defined as the ability to perform with an appropriate host
response during a specific application [1]. In other words, a biomaterial should be nontoxic
unless it is specifically designed to be so. The bio prefix of biomaterials remarks to
biocompatible, rather than biological [7]. Furthermore, it is important to note that
biocompatibility of a material depends on its surrounding tissue, hence the end-use

application.

To meet the requirements of various applications, diversified materials such as metals,
ceramics, composites, and polymers are utilized [8]. Different atomic arrangement and
bonding of each substance cause different physical, chemical, and mechanical properties
which are determinants to decide a material’s role as a biomaterial. To give an example, a
strong and rigid material that can be used as a hip joint is improper for heart valve leaflet
which must flex 60 times per minute without tearing [8]. As seen from the Table 1.1,
polymers which are long molecules synthesized by repeating of small units, have a wide
range of application areas [9]. Flexibility in their synthesis enables them to have diverse
physical, chemical and mechanical properties. Moreover, modification of polymers with
functional groups is widely used to obtain smart, sophisticated, and multifunctional systems

which are demanded in the last two decades.



Table 1.1. Advantages, disadvantages, and main application areas of materials. Adapted

from [5,6].
Class of the Advantages Disadvantages Main Application
Material
Polymers
Nylon, silicones, *Resilient *Not strong Reconstructive surgery,
PTFE *Easy to *Deform with time | prosthesis in
fabricate cardiovascular devices,
opthalmology, wound
healing, bioelectrodes,
drug delivery
Metals
Titanium, stainless | *Strong *May corrode Orthopedic and dental
steels, Co-Cr alloys, | *Tough *High density implants,  stents  for
gold *Ductile cardiovascular surgeries
Composites
Various *Strong *Difficult to make | Hard tissue and joint
combination *Tailor-made replacement applications
Ceramics
Aluminium oxide, *Inert, *Brittle Orthopedic and dental
carbon, *High modulus, | *Difficult to make | implants, musculosketal
hydroxyapatite *Compressive | *Poor fatigue system, drug delivery
strength resistance

Other than chemical composition, biomaterials can be classified based on their
interaction with the living body. During the 1960s and 1970s, biomaterials were preferred to
be inert to prevent toxic reactions. The first generation of biomaterials only contributed
structural support. After 1980s the knowledge regarding biological mechanisms has
increased and the trend of choosing material has shifted from inert to active. Today materials
are designed to interact with the body in a positive manner and even stimulate healing

process [10]. Innovative smart biomaterials which are able to alter their properties in



response to stimuli offers many potential to broaden the boundaries of modern medicine
[11]. Montoya et. al divided the materials into four categories which are inert, active,
responsive, and autonomous regarding their interaction level with the environment and the
ensuing biological responses (Figure 1.2). This classification represents how smart material
is. Active materials can release a one-way bioactive therapy, but limited control on release
might cause burst effect which is the main limitation of these materials. Responsive materials
release specific therapeutic agents after sensing a stimulus such as mechanical stress, surface
charge, temperature, pH level or a specific molecule. Autonomous materials, smartest ones,
are self-sufficient. Such technologies are able to anticipate a defect at the earliest stage,
communicate its presence outside of the body, and handle before observing any harmful

outcome [12].
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Figure 1.2. Four categories of materials regarding to their interactions. Reprinted from
[12].

1.2. Poly(p-amino ester)s (PBAEs) and Poly(amido amine)s (PAAS)

1.2.1. Biodegradable Polymers

The evolution in biomedical technologies such as tissue engineering, regenerative
medicine and drug delivery applications causes a shift from biostable biomaterials to
biodegradable ones [1]. The long-term biocompatibility problems, which can be defined as



foreign body response, and the requirement for a second removal surgery of permanent
biomaterials bring about an interest in the development of new biodegradable polymers.
Biodegradable polymers whose degradation products are nontoxic have an active
biocompatibility which must be proved over time. Moreover, the continuous changes in the
properties of biodegradable polymer and degradation time should be in harmony with the
healing or regeneration process [1,12]. The chemical, physical, mechanical and biological
properties should match the requirements of the application. The wide scope of applications
creates an urgency to develop custom designed polymers with tailored features for the
desired function. Synthetic polymers have some advantages over natural polymers in
flexibility in chemistry such as adjustable hydrophobicity, monomer type, degradation rate
and time. On the other side, excellent biocompatibility and ability to mimic native cellular

environments are the benefits of natural polymers [13].

Biodegradable polymers can be classified into hydrolytically and enzymatically
degradable based on their cleavable bonds. Most of the natural polymers degrade in the
presence of an enzyme. On the other hand, the polymers containing esters, anhydrides,
carbonates, acetals, amides, urethanes and phosphates undergo hydrolysis. The
characteristics of these polymeric families are shown in the Table 1.2. Degradation rates of
these polymers can vary 12-fold from hydrolytically unstable (polyphosphazenes) to very
stable (polyamides, rate constant 10*® s). Furthermore, degradation rate constant of
polyanhydrides changes between 10-3to 10° depending on polymer chemistry [14] . Erosion
mechanism of the polymer family which is affected by water diffusion and monomer
solubility has also an important impact on its function as a biomaterial [15]. To illustrate,
bulk eroding materials in which fast water diffusion causes mass loss throughout the whole
material are preferred for utilization in tissue engineering applications requiring porous
structures, whereas surface erosion is promoted for drug delivery applications since the

control of the release kinetics is easier when degradation occurs only at the surface [14].



Table 1.2. The properties of different polymer families. Reprinted from [14].

Polymer Applications Advantages Disadvantages
Polyphosphazenes Tissue Synthetic flexibility, Complex synthesis
engineering Controllable

Vaccine adjuvant

mechanical properties

Polyanhydrides Drug delivery Significant monomer Low-molecular
Tissue flexibility, weights, Weak
engineering Controllable mechanical
degradation rates properties
Polyphosphoesters Drug delivery Biomolecule Complex synthesis

Tissue

engineering

compatibility, Highly
biocompatible

degradation products

Polycaprolactone

Tissue

engineering

Highly processable,
Many commercial

vendors available

Limited degradation

Polyurethanes

Prostheses
Tissue

engineering

Mechanically strong,
Handle physical

stresses well

Limited degradation,
Require
copolymerization
with other polymers

Polylactide

Tissue
engineering

Drug delivery

Highly processable,
Many commercial

vendors available

Limited degradation,
Highly acidic
degradation products

Polycarbonates

Drug delivery
Tissue
engineering

Fixators

Chemistry-dependent
mechanical properties,

Surface eroding

Limited degradation,
Require
copolymerization
with other polymers

Polyamides

Drug delivery

Conjugatable side
group, Highly
biocompatible

degradation products

Very limited
degradation, Charge
induced toxicity




1.2.2. Synthesis of PBAEs and PAAs

Poly(B-amino ester)s (PBAEs) and poly(amido amine)s (PAAS) are important classes
of biodegradable synthetic polymers that have been investigated as transfection vectors, drug
and protein delivery vehicles and tissue engineering scaffolds due to their cationic nature,
pH sensitivities, nontoxic degradation products and high biocompatibilities [16]. PBAEs are
synthesized via aza-Michael addition of primary amines or secondary diamines to diacrylates
by step-growth polymerization. This reaction does not produce any side products. After
removing unreacted starting materials by precipitation, the resultant polymers can be stored
in cold conditions [17]. Furthermore, the synthesis can be carried out without adding
solvents, catalysts or in the absence of sophisticated protecting group strategies. The solvent,
if any, influences molecular weight and reaction time. To give an example, the usage of THF
instead of DCM results in lower molecular weight [18]. Moreover, solvent-free procedures
occur faster than the formulations using solvent since the higher monomer concentration
allows an increase in temperature which decreases the viscosity and facilitates the reaction
[19]. In the presence of water PBAEs are degradable to diols, bis(f-aminoacids), and
poly(acrylic acid) chains under physiological conditions by cleavage of ester linkages due
to hydrolysis. Hydrophilicity of the polymer accelerates the degradation rate of PBAE since
swollen chains enable water diffusion [20].

)
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R R R R
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Figure 1.3. Synthesis of PBAEs.



PAAs are synthetic tert-amino polymers which are easily synthesized via aza-Michael
type polyaddition of primary or bis-secondary amines to bisacrylamides. The reaction gives
the highest molecular weight in protic solvents such as water or alcohols and it is mostly
affected by the reactant concentration since the aza-Michael addition is an equilibrium
reaction [21]. In aqueous medium, reaction temperature and time balance should be adjusted
carefully to prevent the hydrolytic cleavage of amide bonds. Moreover, it is stated that CaCl;
can be added as a catalyst to improve the incorporation of less reactive amines and it does
not disturb the biological activity of PAA [22]. The polymers can be purified by dialysis and
the resultant product is soluble in water and in organic solvents such as chloroform, dimethyl
sulfoxide, and alcohols. On the other hand, amphoteric PAAs containing acid functions as
side substituents which are carboxylic, sulfonic or phosphonic groups dissolve only in water.
During the synthesis of amphoteric PAAs a base is required to activate the acid

functionalized amines [21].

(e} O (e} O
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| H H | & H H 1
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| H H | N H H R

diacrylamide seconday amine PAA

Figure 1.4. Synthesis of PAAs.

Since the synthesis procedure is tolerant to various types of amines and bisacrylates or
bisacrylamides, PBAEs and PAAs have highly diversified functional groups.
Biodegradability and biological properties of them can be arranged by changing the nature
of starting materials, their hydrophobic/hydrophilic balance, and the amount of charged
groups on them. In addition, further reactions to incorporate additional functionalities can
be performed for specific purposes. To illustrate, in a recent work of our group,
bisphosphonate was incorporated into side chains of PAA macromer to investigate the

potential of its hydrogel in bone tissue engineering [23]. Furthermore, the chain end group



which has an impact on the final application can be tailored by changing the ratio of
components. Acrylate terminated macromers which are easily prepared using acrylate-
acrylamide/amine molar ratios > 1 can be crosslinked to be utilized in tissue engineering
application whereas amine end capped polymers have potential for gene delivery
applications [24, 25].

1.2.3. Tissue Engineering Applications of PBAEs and PAAs

Hydrogels which are 3D networks of hydrophilic polymers represent a valuable class
of biomaterials. They are capable of holding large amounts of water, thus giving them
physical properties comparable with biological tissues; this minimizes the tissue damage and
inflammatory responses. Their interconnected porous structures make them good candidates
for tissue engineering scaffolds [26]. Tissue engineering aims to develop artificial tissues
and organs that can repair individual tissue defects. An ideal tissue engineering scaffold
should mimic the extracellular matrix, support and direct cell growth, diffuse oxygen and
nutrients and provide mechanical support. Scaffold degradation kinetics should match the

requirements of the application [27].

Flexibility in PBAE and PAA chemistry make them preferable materials in hydrogel
design. PBAE and PAA macromers can be easily crosslinked to obtain biodegradable
networks by free radical polymerization (using photo [28-30]) or thermal [31, 32] initiator)
thanks to their polymerizable end groups. The influence of starting materials’ chemistry and
their ratio on final network properties such as swelling capacity, mass loss profile,
mechanical strength, degree of crystallinity, and cellular interaction were investigated to
estimate their potential in tissue engineering [30, 33-38]. The first combinatorial library of
120 PBAE macromers was developed using twelve amines and ten diacrylates (diacrylate
molar ratio of 1.2). After the photopolymerization of the macromers, degradation times (< 1
day to minimal mass loss in three months) and mechanical properties (~4 to 350 MPa) of
networks were collected to have a database for the rapid screening of properties for further
studies [20]. Brey et al. selected three macromers from the library and synthesized them by

altering the starting materials’ ratio. It was found that increasing the diacrylate to amine ratio
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decreases the molecular weight and the molecular weight affects the mechanical properties,
degradation times and biological properties of final networks. Networks based on lower mass
macromers have higher compressive and tensile moduli and slower degradation rates.
Additionally, the attachment and spreading behaviour of Saos-2 cells on these materials is
better than gels containing larger molecular weight macromers [39].

It is known that functionalization of a surface by bioactive groups such as tripeptide
arginine-glycin-aspartic acid (RGD) improves the biological properties of synthetic
materials [40]. Nonetheless, despite its good cell adhesion, peptide usage requires complex
synthesis and causes high production expense. Utilization of biomimetic functional groups
such as agmantine can overcome the insufficient cell adhesion and proliferation problems of
synthetic hydrogels in a cost-efficient way [28, 29, 31, 41, 42]. To illustrate, biological
studies of the hydrogels formed by agmatine containing PAA-Jeffamine-PAA triblock
copolymers confirmed excellent cell adhesion compared to the glass control when the
polymer concentration is increased at fixed molecular weight (JPJ-4) or remained constant
by varying the molecular weights of polymers [29]. Martello et al. synthesized 2-
hydroxyethylmethacrylate (HEMA) hydrogels cross-linked with RGD-mimicking PAA by
changing monomer ratio and reaction time to investigate the effect of these parameters on
final properties for tissue engineering. They observed 208 % higher cell proliferation onto
the PAA based hydrogels and shorter chains showed better performance due to the stiffness
of the surface. Interestingly, increment in the HEMA concentration did not affect biological
properties despite the antifouling character of HEMA [43]. Likewise, it is shown that
incorporation of phosphonate, bisphosphonate or their acidic forms into polymer structure

can enhance cell adhesion and osteoblast differentiation [44].

Recently, phosphorous containing PBAEs and PAAs have been synthesized by our
group to examine the effects of these functional groups on degradation rate, toxicity, and
cell interaction of the final networks. For instance, PBAEs based on phosphonated amine
and different diacrylates (HDDA, BDDA, HDEDA) provide a more favorable matrix for
Saos-2 cell attachment than nonphosphonated ones as shown in Figure 1.5. It is also

indicated that other than functionalization, hydrophobic hydrophilic-balance of structure and
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stiffness are significant factors on biological properties [45]. Besides, inclusion of anionic
groups in PBAE or PAA polymers through amino acid like structures is a strategy to obtain
new pH sensitive zwitterionic polymers having promoted biodegradation properties
compared to traditional ones. Glycine containing zwitterionic PBAE was synthesized to
form hydrogels whose swelling, degradation and release behaviour can be controlled by pH
[46].

HDDA-PA HDDA-A1 HDEDA-PA HDEDA-A1
'?‘2 a g 3 3 -a'b\
Wo—k,-(-cr\lu\/\go-mtor\\\ . ) o | 7
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Figure 1.5. Cell attachment of Saos-2 cells on PBAE films. Reprinted from [45].

In-situ forming, injectable gels have gained importance in biomedical applications
since the flowing form of solution allows to completely fill a cavity with minimal invasive
procedures. Other than photocrosslinking, Michael type addition [47-50], ionic crosslinking
[51], and pH/thermoresponsive behaviour [52-54] are common methods to prepare PBAE-
PAA injectable hydrogels. In advanced applications of injectable hydrogels, drugs, proteins
or growth factors can be encapsulated safely and released in a controlled manner to
encourage the healing process [54, 55]. For instance, PAA polymeric nanoparticles were
synthesized to encapsulate proteins by UV-induced crosslinking without involving of
organic solvents, harsh mechanical stress or sonication which are harmful to biomolecules
[56]. Trigger-responsive PBAE macromers with acid sensitive (containing ketal bonds) and
reduction responsive (having disulfide bonds) diacrylates were photopolymerized to obtain
protein encapsulated hydrogels providing control over the release of protein in response to

external conditions [57].
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1.2.4. Gene Delivery Applications of PBAEs and PAAS

Gene delivery shows great promise to treat genetic diseases, cancer and AIDS by
transferring encoded genes into a patient for therapeutic protein production [58].
Development of safe and efficient gene delivery vectors is essential to achieve success in
clinical applications. Viruses are viral vectors that have high transfection efficiency, but they
are not safe in terms of toxic side effects, non-specific cell targeting and immune responses.
Cationic polymers are promising alternatives to viral vectors due to having properties such
as simple manufacturing, various chemical modifications, large cargo capacity, low
immunogenicity and good stability. They can form self-assembly complexes (polyplexes)
with negatively charged DNA thanks to electrostatic interactions. The overall positive
charge of polyplexes facilitates their cellular uptake via endocytosis thanks to the
interactions between complex and negatively charged cellular membrane. The cationic

polymer mediated gene delivery is illustrated in Figure 1.6 [59].

Therapeutic DNA Cationic polymer

Nuclear v~

Traffickin \‘
- , Endosomal
4 p Escape
Gene K

Expression 4

Nucleus
Endosomal Swelling &
Destabilization

< H,0
Polyplex 8 ’ —y P
+ Endocytosis : g

Proton sponge

* Endosome effect

Figure 1.6. Cationic polymer mediated gene delivery. Reprinted from [59].

Buffering capacity, which is the capacity of polymer to bind protons when the pH in
the endosomes decreases from pH 7.4 to 5.1, is an important property of polymeric vectors
[60]. Polyethyleneimine (PEI) has been widely studied as non-viral gene delivery vector
because its high pH-buffering capacity enables the endosomal escape which is a necessity to
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transfer DNA successfully to the nucleus. Nevertheless, despite its high transfection
efficiency, high molecular weight PEI is very toxic due to the lack of biodegradability [61].
Degradable PBAEs and PAAs containing tertiary amines for DNA binding are less toxic
substitutes for PEI in gene delivery applications. As mentioned before, the structures of
PBAE and PAA can easily have high diversity by using different primary amines. Thus,
functional groups such as alcohol [58, 62—-64] amine [60, 65] or positively charged agmatine
[66, 67] or nicotinamide [68] can be incorporated to the structure to obtain multifunctional
vectors. The structure-function relationships were examined by preparing polymer libraries
to understand the influence of small changes in structure on DNA binding capability,
colloidal stability, buffer capacity, and toxicity of polymer vectors [58, 62, 69, 70]. Zugates
et al. showed that end modification of PBAEs is an efficient way to improve its efficiency.
They used 5-amino-1-pentanol containing polymer whose success was demonstrated in a
previous study [71] and best results were achieved with primary diamine end cappings. They
noted that even a single carbon and functional group alterations in the terminal groups can
have an important impact on the result [62]. Other than hydroxyl functionalized side chains
and amine functionalized end groups, guanidinium conjugated polymers have shown
enhanced transfection efficiency [72]. Therefore, PAA copolymers containing both
agmatine and 4-aminobutanol [66] or y-aminobutyric acid [67] were synthesized to find the
optimal combination. Interestingly, in both studies the copolymer containing 80 % agmatine
groups and 20 % alcohol or carboxyl groups showed the best transfection efficiency with the

lowest cytotoxicity.

In recent years, incorporation of disulfide bonds to get reducible PBAEs and PAAS
has gained attention because the formed polyplexes are stable in extracellular environment
where the concentration of reducing enzyme such as glutathione is 100-1000 times lower
than inside the cell. Thus, reducible disulfide bond can degrade and release the cargo only
after reaching intracellular environment. To illustrate, Liu et al. designed disulfide
containing PBAEs with folate and lactobionic acid to improve efficiency while reducing the
side effects. The synthesized polymeric vectors have potential in targeted cancer gene
therapy thanks to the synergistic effect of GSH triggered degradability improved cellular
uptake as a result of ligand receptor interaction [73]. It was indicated that disulfide

containing PBAEs have better transfection efficiency and lower cytotoxicity than
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hydrolytically degradable ones [74]. On the other hand, the stability of disulfide needs to be
investigated. Elzes et al. showed that the degradation and stability of PAAs can be controlled

by varying the steric hinderance adjacent to disulfide bond [75].

Combining two widely used nonviral gene delivery agent families, PEI and PBAE or
PAA, dramatically improves the gene transfection efficiency of the resultant polymeric
vector though the low molecular weight PEI is used [76, 77]. Huang et al. mentioned that
the star polymer composed of PEI (800 Da) and PBAE (5.2kDa) exhibited similar
transfection but reduced toxicity compared with high molecular weight PEI (25kDa) [78].
In a recent study of our group, bone targeting transfection agents were synthesized from
branched PEI (1.8 kDa) and PAA containing (bis)phosphonic acid and 5-amino 1-pentanol
at various ratios. The polymers have selectivity in transfection for osteosarcoma cell lines
because of (bis)phosphonic acid. Also, the best combination (0.7 alcohol: 0.3 alendronate)
showed similar transfection efficiency as FUGENE with lower toxicity as shown in Figure
1.7 [79].
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1.2.5. Drug Delivery Applications of PBAEs and PAAs

The usage of drugs in chemotherapy has some challenges such as low solubility and
short half-life of drugs and nonspecific cell interactions causing toxicity. To solve this
problem, drugs can be chemically attached to a water-soluble polymer through a cleavable
linker or physically incorporated into a self-assembly system thanks to hydrophilic,
hydrophobic, or electrostatic interactions [80]. Figure 1.8. al-4 represents the common drug
loading methods to hydrogels and a5 shows schematic illustration of polymeric micelle
formation where the hydrophobic drug is carried in the hydrophobic core part and the
hydrophilic block of amphiphilic polymer (outer shell-corona) determines micelle’s
solubility, stability and biocompatibility. The most common polymers used for the
hydrophilic part are poly(ethylene glycol), poly(N-vinylpyrrolidone) and  poly(2-
hydroxyethyl methacrylate) while materials for the hydrophobic segment are poly(propylene
oxide), poly(D,L-lactide), poly(lactide-co-glycolide), poly(e-caprolactone), poly(p-amino
ester) and poly(amido amine) [81]. The prolonged circulation time and nano-size structure
of polymeric micelles facilitate the accumulation of drug in tumor tissue or inflammation
site where vascular permeability is increased and lymphatic drainage is diminished which is
defined as the enhanced permeability and retention (EPR) effect [82].

The EPR effect helps to concentrate the polymeric micelles in the tumor site but to get
successful therapeutic responses drugs should be released efficiently [83]. Figure 1.9
highlights the prevalent release mechanism of drugs from hydrogels. To clarify, release rate
depends on pore size when the drug is encapsulated physically. For example, while fast
release is observed from the hydrogels having larger pores than the drug’s size, drug release
rate depends on degradation for the situations in identical pore and drug dimension. In
addition, the swelling ratio determines the release kinetics in hydrogels possessing small
mesh size. Osmotic pressure increases after large volume of water enters the hydrogel
resulting in a boost of the diffused drug amount [84]. Direct degradation of the polymer and
cleavable covalent linkages are other strategies preferred in the treatment of long-term
diseases where a slow and controlled degradation profile is desired. The typical degradation

mechanism of hydrogels involves hydrolysis and enzyme activity.
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Microstructural adjustment of polymeric micelles can be altered by external stimuli
such as pH, temperature, ionic strength, light, or presence of an enzyme [85, 86]. Among
these responses, pH responsiveness is the most utilized one because the pH of the
extracellular matrix of tumor (pH= 6.5) and even intracellular compartments such as
endosomes and lysosomes (pH= 4-6) are more acidic than blood and normal tissues (pH=
7.4). Therefore, the design of polymeric micelle systems based on PBAEs and PAAs which
have a pKy value around 6.5 is a rapidly growing area for therapeutic drug delivery
applications [82, 87-91]. For example, a cytotoxic peptide combined PEG-PBAEs self-
assembled into a micelle like structure where PBAE block as hydrophobic core and PEG as
hydrophilic corona. This micelle can stabilize the conjugated peptide in core and prevent
enzyme degradation besides chemotherapeutic drug DOX can be loaded into the micelles
and released under acidic medium to kill cancer cells. The synergistic cancer treatment with
DOX loaded peptide micelles could more efficiently restrain tumor growth than DOX loaded
polymer micelles and peptide micelles [92]. An interesting esterase and pH sensitive study
was done by combining mesoporous silica nanoparticles with PBAESs as shown in Figure
1.10. It was aimed that the low pH and high esterase concentrations in cancer cells assist the
release process of cargos. The release efficiency which is around 20 % at pH 7.4 reaches to
80 % at pH 4 and 70 % in the presence of esterase enzyme [93].
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For the last few decades, many researchers have focused on disulfide containing
polymeric micelle systems in which the disulfide bonds are damaged in intracellular matrix
of tumor cells where the glutathione concentration is 100-1000 times higher than
extracellular matrix [94-97]. The first study for DOX release from a pH and reduction dual
responsive micelle was designed by the copolymerization of PEG and PBAE containing
disulfide bonds in the main chain by Chen et al. As represented in Figure 1.11, self-
assembled particles can demicellize at high reducing molecule (DTT) concentration and in
acidic medium [98]. Moreover, pH and redox responsive PBAE or PAA hydrogels can also
be fabricated for controlled drug delivery. By choosing a variety of starting materials with
different hydrophobicity, swelling, degradation and release profiles can be tailored [99, 100].
In a recent study of our group, a simple one-step synthesis of PBAE hydrogels with no side
products was studied. The therapeutic cargo was easily loaded in the hydrogel by adding the
drug molecule into the precursor mixture. The cargo molecule was released in a controlled
matter depending on external pH and redox triggers and the activity of released molecule

was tested by photodynamic therapy [100].
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1.3. (Bis)phosphonate Containing Biomaterials

Phosphorous-containing groups (PCG) such as phosphonates, phosphonic acids and
bisphosphonates have been widely used in monomer modifications because their special
properties extend the application areas of resultant polymers. Materials which involve PCG
have been used in industry as corrosion and deposit inhibiting agents due to their strong
binding ability to metal surfaces [101-103] Additionally, complex formation property of
PCG makes them possible dispersants [104,105]. In recent years, they have also been
considered as candidates for flame retardant materials due to the formation of a protective
coating which prevents oxygen transport toward the burning area [106]. Although there are
different applications of this kind, biomedical applications of PCG are explained in detail in
this thesis. Biodegradability, hemocompatibility and protein adsorption resistance make
them useful in various bioapplications [107, 108]. They are mostly preferred in bone
targeting systems, bone tissue engineering scaffolds and dental materials due to the strong

interactions with Ca?* in hydroxyapatite [109-111].
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1.3.1. Bone Targeting by Conjugation to (Bis)phosphonates

Phosphorus containing groups, especially bisphosphonates have high affinity to Ca2*
ions, in other words, they are remarkably selective to bone tissue rather than other tissues.
They have effects on osteoblast and osteoclast cells which are responsible for the formation
of new bone and breaking down of old bone. Therefore, they are widely used in the
treatments of bone diseases such as osteoporosis, Paget’s disease, and osteolytic tumors.
There are commercially available bisphosphonate drugs in the market such as alendronate,
clodronate, etidronate, ibandronate, pamidronate, risedronate, tiludronate and zoledronate
[112]. Other than the management of osteoarticular disorders, bisphosphonates have been
conjugated to drugs [113-117], proteins [118,119] and imagining agents [120,121] to target
these molecules to bone tissue where specific targets are rare. The bisphosphonate drug
conjugation is based on chemical modification and the linker between bisphosphonate and
drug should be stable during systemic circulation and also be labile at the treatment site to
release the drug. In addition, conjugation can change the pharmacological activity of
conjugated drugs due to the modifications in reactive groups during linking but the drug
needs to be released in its free form. Therefore, the efforts to develop new targeted
conjugation systems to diminish drug’s toxicity and to upgrade its bioavailability at the
desired site continue. To illustrate, Xie et al. designed a differentially degradable dual
conjugate prodrug as shown in Figure 1.13 [122]. EP4 is associated with bone forming and
growth activity but the direct usage of EP4 agonist as a bone anabolic drug is impractical
due to its side effects such as vasodilation and gastrointestinal disturbance [123]. In this
study, EP4 agonist and alendronate are linked via a peptide linker which is cleaved by
esterase to release EP4 agonist and alendronate can be liberated via the action of cathepsin
K enzyme (Cat K) which is released by osteoclasts to cleave collagen matrix when they
travel on the bone surface during bone resorption [124]. They observed that although 50 %
of EP4 agonist was degraded before reaching bone, the adherent conjugate released both
drugs at a maintained rate. They concluded by mentioning the necessity of further
stabilization of the ester bond to enhance system’s stability [122]. Furthermore, although
other molecules such as D-aspartic acid octapeptide, polymalonic acid and tetracycline have
affinity to bone, bisphosphonates’ affinity can be adjusted by changing the other two
substituents connected on geminal carbon. The hydroxyl or amine group (R') enhances
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binding to bone whereas R? provides pharmacological properties. Bisphosphonates which
are chemically bonded with a hydrazine functionalized linker with diverse spacer length and
hydrophilicity were synthesized to investigate their binding affinity, drug conjugation and
pH sensitive drug release capacity. It was observed that the cleavage of hydrazone bond
formed after drug conjugation depends on pH. The release at lower pH environment such as
bone resorption area and site of wound healing is much faster than release at physiological
pH [125].

COE£t 0, OH™=.,
2 YF-OH-

M :
i R R oy s
o} QJ}( = N Wk

H OH ===

o R Q |
0 Catk

o Peptide linker Bisphosphonate (ALN)

t (Binds to bone)
Esterase \
CO.H / o 'DH‘.'- .
a8 H 2 /\/;T;OHH B
M | HN OH-- |
N 2!
F o N"ﬁr Ao o=bon. |
H H | [
g OH o] R OH == |
OH ‘
EP4 agonist o Peptide

Bisphosphonate

(bone anabolic)
(bone resorption inhibitor)

Figure 1.13. Structure of differentially degradable dual conjugate prodrug. Reprinted from
[122].

Polymers offer the opportunity to combine different functionalities into a nanoscale
material, thus (bis)phosphonate conjugated polymers are widely used to conjugate drugs,
imaging agents or proteins to deal with the limitations of low molecular weight drugs [126—
129].  Living/controlled polymer synthesis methods such as atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) are the
most common ways for the preparation of block copolymers with low polydispersity index.
A wide range of functional monomers can be reacted, or reactive chain ends can be modified
for versatile biomedical applications. For example, ATRP synthesis of polymers including
bone tissue targeting alendronate and cell binding N-hydroxysuccinimide group was
synthesized to evaluate the binding of cells to a target tissue. They remarked the designed
polymer significantly increased cell attachment and enhance healing in bone injury site
[130].
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Also, the EPR effect provides passive targeting of polymers via the phosphorous
group’s targeting to skeleton which is the most common organ affected by metastatic cancer
[131]. Moreover, noncovalent associations of macromolecular structures such as
hydrophobic or electrostatic interactions facilitate the chance of carrying different molecules
[132,133]. Self-assembly behaviour of well-defined phosphonic acid-based amphiphilic
polymers synthesized from only one monomer was studied for potential hydrophobic drug
loading and delivery applications [134]. Likewise, a zwitterionic poly(ammonium
bisphosphonate (meth)acrylate)-g-PEO copolymer was produced after removal of ethyl
groups on the phosphonates by using bromotrimethylsilane without cleavage of ester bonds.
Zwitterionic copolymers assembled into aggregates in water because of electrostatic
interchain interactions, the formed core-shell nanoparticles are candidates of bone targeting
drug carriers [135]. A sophisticated bone targeting system based on alendronate modified
polyethylene glycol was designed to anchor on the surface of methotrexate loaded calcium
phosphate as illustrated in Figure 1.15. Bone targeting ability was verified by comparing the
intensity of fluorescently labelled alendronate functionalized nanoparticles with carboxylic
acid functionalized ones. Calcium phosphate is an acid sensitive material that dissolves and
releases the loaded drug in acidic environment. Accordingly, the model drug was released
much more in cancer metastasis site than in physiological conditions because cancer cells

create acidic medium around themselves [136].
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1.3.2. Bone Tissue Engineering Applications

Bone tissue can regenerate itself but regeneration capacity of the bone is insufficient
in cases of large defects or multiple fractures. There is a risk of rejection and infection in
allograft (tissue graft from a donor of the same species) and xenograft (tissue graft or organ
transplant from a donor of a different species) applications that can be used in such cases.
Autografting, in which the patient's own tissue is used, is the gold standard for bone defect
repair; however, it has disadvantages such as the difficulty in placing the transplanted bone
in irregular damaged areas. Bone tissue engineering is a promising method that can solve
these problems [137,138] Therefore, development of scaffolds which can mimic the
properties of bone by accelerating the formation of hydroxyapatite and facilitating osteoblast

attachment is very important.

Bone is a composite material consisting of an organic protein component collagen
which is the scaffold for the inorganic mineral component, hydroxyapatite
[Ca10(PO4)s(OH),] [139]. Mineralization plays an essential role in bone growth [140]. The
anionic amino acids such as glutamate, aspartate and phosphoserine in the extracellular

matrix of bone serve as nucleation points for the binding of Ca* ion, induce mineralization
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and promote the transformation of amorphous calcium phosphates into stable, crystalline,

mature bone apatite as shown in Figure 1.16 [141-143].

lons

Figure 1.16. Representation of calcium phosphate nucleation and growth on anionic group

functionalized surfaces. Reprinted from [144].

Inspired by the process the natural mineralization process of bone extracellular matrix,
negatively charged functional groups such as carboxylate [145-149], sulfonic acid [150-
153] and (bis)phosphonic acid [154-161] are incorporated into polymers and networks used
in bone tissue engineering scaffolds to mimic nucleation of apatite-like phases. To illustrate,
vinyl phosphonic acid, one kind of phosphoprotein-like small molecule was
photocrosslinked with methyl acryl containing collagen to develop uniformly mineralized
collagen hydrogels. Enhanced mechanical properties showed the successful binding between
CaP minerals and network and simulate the stiffening process of bone formation [139]. Dey
etal. synthesized poly(vinylphosphonic acid-co-acrylic acid) via free radical polymerization
as a potential candidate to mimic binding ability of bisphosphonates to divalent metal ions
and at the same time eliminating side effects associated with bisphosphonate drugs. The
maximum calcium chelation capacity of copolymer was investigated with 30 mol% VPA
content which offers the best structural mimic of bisphosphonate and promote mineralization
[162]. In a recent work of our group, of bisphosphonic acid-functionalized dimethacrylates
were used as crosslinkers in poly(2-hydroxyethyl methacrylate) ()0HEMA) hydrogels to
investigate the effect of functionalization on properties such as mineralization, swelling and

mechanical properties. The influence of crosslinker structure on mineralization, improved
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mechanical properties after mineralization and self-recoverability of hydrogels swelled in
CacCl; solution imply that the designed crosslinkers have potential in bone tissue engineering
scaffolds [163]. An injectable double network hydrogel for bone tissue engineering was
designed using thermal sensitive carboxylic acid containing gellan gum and
photopolymerizable crosslinkers, poly(ethyleneglycol) methyl ether methacrylate (PEGMA)
and poly (ethyleneglycol) diacrylate (PEGDA) with the incorporation of 2-
methacrylamidoethyl dihydrogen phosphate monomer to regulate the formation of
hydroxyapatite. Although the mechanical properties of the network were decreased as the

MDP concentration increased, mineralization capacity was observed to be enhanced [164].

Figure 1.17. SEM images of bisphosphonic acid-functionalized dimethacrylate crosslinked
HEMA hydrogels. Reprinted from [163]. (Further permission related to figure excerpted
should be directed to ACS).

In vitro mineralization capacity of a polymer or network is investigated by immersing
it in simulated body fluid (SBF) with similar ion concentrations to human plasma. However,
it is a slow process, soaking in highly concentrated Ca?* and subsequently HPO4? solutions
[165-167] can be a method to accelerate it. The process is usually characterized by FTIR,
TGA, SEM and XRD. For example, the hydroxyapatite formation on PAA cryogels
functionalized by 5-amino-1-pentanol and alendronate was carried out by following the

increase in intensity of peaks corresponding to HAP phosphate which are at 1016 (vz PO
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mode), 559, 600 (va PO mode) and 964 cm™ (v1 PO mode). It was noticed that the changes
in IR spectrum became more visible with increase in alendronate concentration [23].
Mineralization of a phosphorylated star shaped block copolymer with the structure shown in
Figure 1.18 was tested by incubating the hydrogel in SBF for 8 weeks. After observing
formation of massive needle shaped hydroxyapatite crystals in SEM images, further in vivo

mineralization studies were confirmed by alizarin red staining [168].

Figure 1.18. Schematic illustration of the system (a), before (b) and after (c) SEM images
of phosphorylated injectable hydrogel incubated in SBF. Adapted from [168].

Other than chemical functionality, various parameters such as pH, temperature, salt
and polymer concentration and polymer architecture have an influence on nucleation and
growth of different calcium phosphate phases [144,149]. Griffin et al mentioned that the
initial pH of hydrogels which was adjusted to either 7 or 11 has an important impact on
formed calcium phosphate minerals on commercially available Pluronic 127 gels in terms of
crystal phase, its size and morphology. Highly crystalline, millimeter-scale brushite
(CaHPO4.2H,0) crystals grow on gels at pH 7 whereas nanoscale particles of calcium
hydrogen phosphate hydrate (Cag(HPO4)2(PO4)4(H20)s like hydroxyapatite form in
composites at pH 11 [169]. Also, the mineralization of an injectable hyaluronic acid hydrogel
is promoted thanks to premineralization treatment done by soaking Ca?* solution. The
clusters of bisphosphonate and Ca?* ions which is formed ex vivo act as a nucleation point

and support mineralization as shown in Figure 1.19 [142].
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Adapted from [142].

Another prerequisite of bone tissue engineering materials is promoting cell adhesion
and osteogenic activities. It is known that osteoconductivity (ability to encourage and
support new bone formation) and osteoinductivity (ability to induce differentiation to an
osteoblast-like lineage) are improved on mineralized polymer scaffolds compared to
unmineralized ones [141]. Addition of chemical functionalities such as (bis)phosphonate
groups is also a strategy to enhance cell attachment and osteogenic potential of scaffolds [44,
45, 170-173]. To illustrate, although PEG based hydrogels are widely used in biomedical
applications, their low cell attachment rate due to the formation of a hydrated layer
discouraging the adsorption of adhesion proteins is a drawback. Dadsetan et al demonstrated
that incorporation of phosphate moiety developed cell attachment, proliferation and
differentiation of osteoblast precursor cells in a dose-dependent pattern. [174]. In a recent
study, the HAP formation ability and osteogenic activity capacity of PEGDA hydrogels were
enhanced by using a phosphonated siloxane macromere [175]. While phosphonate groups
are known as hydrophilic, the carbon containing ethyl groups and the connection part to
siloxane have an effect to increase hydrophobicity and adjust the required balance for

mentioned bioapplications in this study.
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Over the past years, formation of supramolecular hydrogels by reversible bonds such
as hydrogen bonds, metal ligand coordination, ionic, hydrophobic and host-guest
interactions have intensified in the biomedical field in an effort to overcome the recovery
problem of permanent networks after a damage. [108, 110, 177]. The reversible dynamic
physical bonds enable the design of self-healing materials, in addition to providing a proper
environment for cell encapsulation [178, 179]. The hydrogels formed by non-covalent ligand
coordination between (bis)phosphonate groups and cation containing particles such as Mg?*,
Ca?* and Fe®*" have also attracted increasing interest [180—184]. For example, alendronate
functionalized poly (2-oxazoline)s was crosslinked with calcium using reversible physical
bonds and self-healing properties of the robust networks were showed by rheology method.
The amount of alendronate, the side chain’s flexibility and polymer’s polarity are the factors
effecting gel formation [184]. As exhibited in Figure 1.20, bisphosphonate Ca?* coordination
bonds are quite strong. Bisphosphonate functionalized hydrogels can fix the mold’s shape
when swelled in calcium solution, however, samples soaked in sodium solutions swelled

back to their original shape after rinsing with water [176].

The incorporation of inorganic materials such as calcium silicates or calcium
phosphates is a way to improve mechanical properties and mimic the composite structure of
bone [185]. For example, hydrogels formed bisphosphonated hyaluronan reinforced by the
addition of bioglass content. Besides, they have self-healing ability as well as mineralization
capacity in SBF [182]. As shown in Figure 1.21. the interaction between drug loaded
magnesium silicate nanoparticles and bisphosphonated polysaccharide was used to design a

self-healing and pH responsive hydrogel which can be injected in tumor specific
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environment for local controlled drug delivery application. The kinetics of physically
crosslinked hydrogel formation was studied by rheology. As seen in Figure 1.21 a and b,
liquid to gel transition was observed in the presence of magnesium silicate nanoparticles
(represented as blue balls) whereas the storage modulus did not become larger than the loss
modulus with the control sample including silica nanoparticles (represented as black balls)
[186].
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Figure 1.21. Rheology kinetic experiments of composite hydrogels formed by dynamic
interaction between MgSiOs and bisphosphonate. Adapted from [186].

In last years, physically and covalently dual crosslinking has also been a method to
obtain better mechanical properties compared to traditional chemically crosslinked networks
and self-healing property like physically crosslinked networks as well as adhesiveness to
mineral surfaces. Dual crosslinked hydrogels can be used in bone tissue engineering
scaffolds and bone adhesive glues [187]. For instance, a method for the formation of in situ
assembly self-healing hydrogel was developed based on the dynamic metal bisphosphonate
coordination bonds between calcium phosphate coated silk fibroin and bisphosphonate
linked polysaccharide [188]. This reversible character enabled injectability as seen in Figure
1.22. Also, the self-healing property of hydrogels were tested visually. They were cut into
pieces and it observed that the pieces joined together in few minutes. Photocrosslinkable
groups on polysaccharide were polymerized after the dynamic hydrogel structure to promote

mechanical properties. They declared that the hydrogel formed by protein fibers, calcium
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phosphate minerals and polysaccharide glue can be an effective scaffold without addition of

extra growth factors.
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Figure 1.22. Formation of dual crosslinked hydrogels (a), their self-healing (b) and
injectability (c) properties. Adapted from [188].

1.3.3. Dental Applications

Dental adhesives have been broadly used in dentistry to enhance the bonding quality
between the composite resin restorations and dentin. Dental adhesive formulations consist
of monofunctional comonomer, crosslinking monomers, cosolvent, initiator and additives.
Total-etch and self-etch adhesives are the two types of materials currently available on the
market. Total-etch systems require initially a phosphoric acid treatment, washing and air-
drying steps whereas self-etch systems do not need a separate etching step [189]. The self-
etch adhesive formulation involves acidic monomers functionalized with groups such as
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phosphonic [190-192] and bisphosphonic [193, 194] acids which can dissociate in the
presence of water, etch dental tissue, simultaneously improve the infiltration of the adhesive
into demineralized surface as well as form a strong bond between dental tissue and the
composite [189]. In other words, the acidic part of the monomer binds the tooth substance
while polymerizable part forms an insoluble crosslinker network with other components
which prevents bonding failure. The ‘Adhesion-decalcification’ concept explains the
correlation between the bonding performance of the adhesives and the chemical stability of
the monomer-Ca salts formed with the interaction of the acid monomer and HAP [195].
Therefore, small changes such as polarity, spacer length and hydrophilicity in the monomer
structure can induce noteworthy differences in their adhesive performances [196, 197]. For
example, the presence of sulfur atom in the structure enhances the solubility of monomers
by increasing the chain flexibity which improves the adhesive properties of the formulation
[198].

Desired properties of adhesive monomers are high rate of free radical polymerization,
ability to form strong bonds with tooth tissue and sufficient stability in the mouth
environment [193]. Methacrylates and methacrylamides have sufficient reactivity to obtain
high-rate polymerization, nonetheless, methacrylates are not stable under aqueous
conditions due to hydrolysis of ester groups. Furthermore, components bearing urea groups
provides hydrogen bonding induced pre-organization that brings double bonds close to each
other and increases rate of polymerization. Besides, urea derivatives can chelate metals and
promote chemical bonding to dental tissue [199, 200]. Extensive research has focused on
designing a new monomer which is highly reactive and stable as well as has strong affinity
to HAP [201]. For instance, in a previous work of our group, the first
bisphosphonate/bisphosphonic acid containing urea dimethacrylates were synthesized and
their polymerization rates interactions with synthetic HAP were investigated [201]. A
different approach for self-etching adhesives was studied by Salimando et al by synthesizing
well-defined copolymers containing phosphonic acid and polymerizable groups as shown in
Figure 1.23. Although acidic monomers are commonly used for adhesive applications,
formulations with polymerizable acidic polymers are quite limited. The influences of well-
controlled chemical structure and variety of functional groups on final properties were

searched in detail [202]. Other than self-etching adhesive applications, phosphonic acid
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functionalized copolymers can be utilized as antibiofouling coatings to inhibit bacterial
adhesion. Phosphonic acid containing monomer ensures the immobilization on tooth enamel

by binding HAP while the other PEG based monomer manages bacterial resistance [203].
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Figure 1.23. Polymerizable acidic polymers for self-etch adhesives. Reprinted from [202].

Tooth enamel is known as the hardest tissue in human body, consisting of 96%
inorganic materials. Thus, shortage of living cells causes insufficient self-repair ability of
tooth enamel. Dental caries is one of the most widespread diseases in the world [204]. It
starts once demineralization caused by acid producing bacteria dominates in the dynamic
demineralization-remineralization balance in the mouth. Before the cavitation forms, a
subsurface lesion which can be remineralized is present. However, in most cases natural
remineralization is inadequate [205]. Therefore, there is a great interest to design strategies
to repair low level dental caries. Utilization of polymers which support biomineralization
such as acid functionalized ones is a way to achieve it [206-209]. To illustrate, phosphonate
terminated PAA dendrimer was synthesized which has a similar structure and self-assembly
behaviour to amelogenin, the major enamel protein and plays a vital role in the
biomineralization of tooth enamel. It encouraged in situ remineralization, also organized the
size and shape of hydroxyapatite at the same time the functional groups provided strong
dendrimer tooth binding capacity (Figure 1.24) [210]. Furthermore, alendronate

functionalized polyacrylic acid was synthesized to mimic non-collagenous proteins and act
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as a nucleation point for mineralization. Zinc ions were used as antibacterial agents to inhibit
the cariogenic bacteria activity and are designed to be released in acidic caries medium. The

positive effect of alendronate on mineralization in artificial saliva was demonstrated [211].
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Figure 1.24. Schematic demonstration of the adsorption of PAMAM-PO3H> on the surface
of tooth enamel. Reprinted from [210].
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2. OBJECTIVES AND SCOPE

The aim of this study is to synthesize novel monomers, polymers and crosslinked
networks with (bis)phosphonate functionality and evaluate their properties for bone related

biomedical applications such as tissue engineering and targeted drug delivery.

The first two chapters cover the studies about photopolymerizable, pH sensitive and
degradable macromers. In the first project, phosphonate incorporated poly(3-aminoester)
macromers with varied hydrophobicity were synthesized and homo- or copolymerized with
PEGDA to prepare networks with different mechanical properties. In the second project,
poly (amido amine) macromers containing adjustable amount of phosphonic acid were
designed and their pH and ion sensitive hydrogels providing structure dependant
hydroxyapatite nucleation were fabricated by homo- or copolymerization with 2-
hydroxyethyl methacrylate. The following two chapters focus on polymers showing
enhanced interaction with Ca®" ion due to bisphosphonate groups. In the third project,
bisphosphonate functionalized acrylamides were synthesized and used to produce block
copolymers with N-isopropyl acrylamide via RAFT polymerization technique to investigate
the effect of polymer structure on thermoresponsive behaviour. In the last project,
alendronate was electrostatically or covalently incorporated into polymer via post
polymerization modification and HAP affinity of resultant polymers were evaluated to

explore their potential for dental materials and controlled release applications.

In summary, in this thesis the influences of phosphonate based functional groups and
hydrophobicity on properties such as degradation rate, mineralization capacity, aqueous
behaviour and HAP affinity were investigated to analyze their potential as biomaterials.
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3. STRUCTURE-PROPERTY RELATIONSHIPS OF NOVEL
PHOSPHONATE-FUNCTIONALIZED NETWORKS AND GELS
OF POLY(B-AMINO ESTERS)

This chapter is published as: Altuncu, S., F. Demir Duman, U. Gulyuz, H. Yagci Acar, O.
Okay and D. Avci, “Structure-property relationship of novel phosphonate-functionalized
networks and gels of poly (B-amino esters)”, European Polymer Journal, Vol. 113, No.
April, pp.155-164, 2019.

3.1. Introduction

pH sensitivity, biodegradability and high biocompatibility make poly(B-amino esters)
(PBAES) important biomaterials with many potential applications including drug and gene
delivery and tissue engineering, where their degradation should be tuned to match tissue
regeneration rates. Although PEGDA hydrogels are one of the most widely studied
biomaterials due to their biocompatibility and bioinertness, they have very slow degradation
in vivo and hence are unsuitable for long-term implant applications. Therefore, it is desirable
to adjust their degradation by functionalization to match tissue regeneration rates. In this
part, we have synthesized novel phosphonate functionalized PBAE macromers through
Michael addition of a new difunctional phosphonated secondary amine and three different
diacrylates with various hydrophilic/hydrophobic properties. The macromers were then
copolymerized with PEGDA, to form gels with tunable degradation and mechanical
properties. We focus on the effect of the chemical structure of PBAE macromers on gel
properties such as swelling and degradation. Moreover, for the first time in the literature, we
have also studied the mechanical properties of the gels as a function of the type and the

amount of the macromers.
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3.2. Experimental

3.2.1. Materials and Methods

4,9-dioxa-1,12-dodecanediamine,  diethyl  vinylphosphonate,  1,6-hexanediol
diacrylate (HDDA), poly(ethylene glycol) diacrylate (PEGDA, M, = 575 Da), 1,6-
hexanediol ethoxylate diacrylate (HDEDA), tris(trimethylsilyl) phosphite (TMSBr), 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and 2,2-dimethoxy-2-phenylacetophenone (DMPA)
were commercially available from Aldrich Chemical Co. and were used as received.
Roswell Park Memorial Institute (RPMI) 1640 medium (with L-glutamine and 25 mM
HEPES), penicillin/streptomycin (pen-strep) and trypsin-EDTA were purchased from
Multicell, Wisent Inc. (Canada). Fetal bovine serum (FBS) was obtained from Capricorn
Scientific GmbH (Germany). Thiazolyl blue tetrazolium bromide (MTT) and phosphate
buffered saline (PBS) tablets were provided by Biomatik Corp. (Canada). The 96-well plates
were purchased from Nest Biotechnology Co. Ltd. (China). NIH 3T3 mouse embryonic
fibroblast cells were a kind gift of Dr. Halil Kavakli (Department of Molecular Biology and

Genetics, Koc University, Istanbul, Turkey).

1H, 13C and 3P NMR spectra were measured with a Varian Gemini 400 spectrometer
using deuterated chloroform (CDCl3) or methanol (MeOD) as solvent. Chemical shifts ()
were reported as ppm downfield from tetramethylsilane (TMS) as an internal standard.
Coupling constants (J) were given in hertz (Hz). IR spectra were obtained on a Thermo
Scientific Nicolet 6700 FTIR spectrometer in the range of 4000-650 cm™. Potentiometric
titrations were carried out using a WTW Inolab 720 pH meter and WTW SenTix 41 epoxy
pH electrode at room temperature. Glass transition temperatures (Tg) of the macromers and
gels were determined by using a differential scanning calorimeter (DSC, TA Instruments,
Q100). The samples were analyzed at a heating rate of 10 °C/min and in a temperature range
of -90-200 °C. Degradation studies were done using a VWR Incubating Mini Shaker
operating at 37 °C and 200 rpm.
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3.2.2. Synthesis of Phosphonate Functionalized Diamine (PA)

For the first method, 4,9-dioxa-1,12-dodecanediamine (0.5 g, 0.52 mL, 2.45 mmol)
and diethyl vinylphosphonate (0.84 g, 0.79 mL, 5.15 mmol) were mixed at room temperature
for two days. The mixture was washed with hexane to remove unreacted diethyl
vinylphosphonate and the pure product was obtained as colorless liquid in 85% yield. For
the second method, 4,9-dioxa-1,12-dodecanediamine (0.5 g, 0.52 mL, 2.45 mmol) and
diethyl vinylphosphonate (0.80 g, 0.75 mL, 4.89 mmol) were mixed in water (1.5 mL) at
85 °C for 45 min. After removal of water, the mixture was washed with hexane to remove
unreacted starting materials and the pure product was obtained as colorless liquid in 74%
yield. *H-NMR (400 MHz, CDCls, §): 1.31 (t, 3Jun = 8 Hz, 12H, CHa), 1.60 (m, 4H, CHo-
CH2-NH), 1.74 (quint, 3Jun = 8 Hz, 4H, CHy), 1.94 (m, 4H, CH»-P=0), 2.68 (t, 3Jun = 8 Hz,
4H, CH,-NH) 2.88 (m, 4H, CH,-CH2-P=0), 3.40 (t, 3Jun = 8 Hz, 4H, CH-0), 3.45 (t, 3Jun
= 4 Hz, 4H, CH,-0), 4.09 (m, 8H, CH2-0O-P=0) ppm. *C-NMR (100 MHz, CDCls, §):
16.35, 16.41 (d, CHs), 25.68, 27.07 (d, CH2-P=0), 26.30 (CH), 29.93 (CH2-CH2-NH),
43.23, 43.25 (d, NH-CH2-CH2-P=0), 46.86 (CH2-NH), 61.51, 61.58 (d, CH.-O-P=0), 69.09
(CH2-0), 70.63 (CH2-O) ppm. 3'P-NMR (162 MHz, CDCls, 8): 30.47 ppm. FTIR (ATR):
3503 (N-H), 2935 (C-H), 1236 (P=0), 1022, 954 (P-O) cm™.

3.2.3. Synthesis of PBAE Macromers

For the first method, the diacrylates (PEGDA, HDEDA or HDDA) and PA were mixed
atamolar ratio of 1.1:1, 1.2:1 and 1.3:1 in 10 mL vials at room temperature for 4 days while
stirring. If the stirring was stopped due to an increase in viscosity, a very small amount of
dichloromethane (DCM) was added to the mixture and removed under reduced pressure after
the reactions. The macromers were obtained as colorless viscous liquids in 78-85% yield
after washing with petroleum ether (HDEDA and HDDA-based ones) or diethyl ether
(PEGDA-based ones) to remove unreacted diacrylates, PA or monoaddition products; and
dried under reduced pressure. For the second method, PA (0.5 g, 0.94 mmol) and DBU (0.14
0, 0.14 mL, 0.94 mmol) were mixed in MeOH (1 mL). Then PEGDA (0.65 g, 0.58 mL, 1.13
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mmol) was added and the mixture was stirred at room temperature for 12 h. After removal
of MeOH, the residue was washed with diethyl ether to remove unreacted diacrylates, PA or

monoaddition products; and dried under reduced pressure to give the product in 32-35 %.

To obtain dealkylated macromers, TMSBr (3.6 mmol) was dropwisely added to a
solution of macromers based on HDDA and PEGDA (corresponding to 0.6 mmol
phosphonate) in dry DCM (1.2 mL) in an ice bath under nitrogen. The mixture was stirred
for 10 h at 30 °C. The solvent and unreacted TMSBr were removed under reduced pressure.
The residue was stirred with methanol (1.2 mL) for 15 min. The solution was concentrated
under reduced pressure to give pure products. Dealkylated macromers M1-d and M3-d

obtained as light-yellow solid in 67 % and 63 % yield respectively.

3.2.4. pKp Measurements

The pKjy values of the macromers were determined by titration method. 50 mg of
macromer was dissolved in deionized water to give a final concentration of 1.0 mg/mL. The
pH of the macromer solutions was set to pH 2.0 using 2 M HCI and titrated to pH 11 with
0.1 M NaOH solution. The pH of solutions was measured after each addition using a pH
meter (WTW Inolab pH 720) at room temperature. The pKjy value was determined from the
inflection point of the titration curve which responds to the pH value where 50% of

protonated amine groups are neutralized.

3.2.5. Synthesis of PBAE Networks

A 10 % (w/v) DMPA solution in DCM was added to a macromers M1, M2, M3
(HDDA, HDEDA, PEGDA based macromers respectively) and PEGDA mixture (80:20 or
50:50 w% PEGDA:macromer) to give a final concentration of 1 w% DMPA. After the

removal of the solvent in a vacuum oven, the mixture was placed into a vial and polymerized
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in a photoreactor containing 12 Philips TL 8W BLB lamps, exposing it to UV light (365 nm)
for 30 min. For comparison, the macromers alone were also polymerized under the same
conditions. The polymer samples thus formed were weighed and immersed in ethanol for
approximately 12 h to remove unreacted components. After drying in a vacuum oven until

constant weight, the samples were weighed again (final mass).

PEGDA and phosphonic acid functionalized PBAE macromer (M1-d and M3-d)
mixtures with weight ratios of 50:50 and 80:20 were dissolved in water at total water
concentration of 75 wt%. Irgacure 2959 (2 wt% of total monomer weight) was added as a
photoinitiator and the mixtures were polymerized using the same procedure with PBAE gels.
Unreacted species were removed by immersing ethanol and water, then the swollen samples
were lyophilized. The gel fraction Wy, that is, the fraction of insoluble polymer, was

calculated from the initial and final mass of the gel specimens.

3.2.6. Swelling Studies

Swelling studies were conducted by immersing dry gel samples (45+15 mg) into PBS
(pH 7.4) solution at 37 °C. The samples were removed from the solution at pre-determined
time intervals, blotted on filter paper and the swollen weight was measured. The increase in
the weight of the samples was recorded as a function of time until equilibrium was reached.
The degree of swelling (Q) was calculated using the equation:

_ Ws-wd
T wd

0 x 100 (3.1)

where Ws and Wq refer to the weight of swollen and dry samples respectively. The average
data obtained from triplicate measurements were reported. The standard deviations were less
than 5.2%.
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3.2.7. Degradation Studies

In vitro degradation of the gel samples as prepared above (45+£15 mg, initial mass)
were carried out in PBS (pH 7.4) solution at 37 °C on a temperature-controlled orbital shaker
constantly agitated at 200 rpm. At various time (2 days, 1, 2 and 4 weeks) points, three
samples were removed, lyophilize and weighed (final mass). The mass loss was calculated

from the initial and final mass values.

3.2.8. Mechanical Analysis

Mechanical properties of PBAE gels in equilibrium with PBS solution were
determined through uniaxial compression measurements on a Zwick Roell test machine
using a 500 N load cell in a thermostated room at 23 + 2 °C. The cylindrical gel samples
were cut into cubic samples with dimensions 3x4x4 mm. Before the tests, a complete contact
between the gel specimen and the metal plate was provided by applying an initial
compressive force of 0.01 N. The tests were carried out at a constant cross-head speed of 1
mm.min~1. Compressive stress is presented by its nominal value onom, Which is the force per
cross-sectional area of the undeformed gel specimen, while strain is given by ¢ which is the
change in the specimen length with respect to its initial length. Young’s modulus E of the
hydrogels was calculated from the slope of stress-strain curves between 10 and 15%
compressions. For reproducibility, at least three samples were measured for each gel and the

results were averaged.

3.2.9. Invitro Cytotoxicity Assay

NIH 3T3 cells were used to evaluate the cytotoxicity of the degradation products of

the prepared gels. The cells were cultured in RPMI 1640 complete medium supplemented
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with 10% (v/v) FBS and 1% (v/v) pen-strep in 5% CO>-humidified incubator at 37 °C and
passaged every 2-3 days. For the cytotoxicity assay, the cells were seeded at a density of 10*
cells/well in RPMI 1640 complete medium into 96-well plates and incubated at 37 °C in 5%
CO. atmosphere until 60-80% confluency. Then, the degradation products of the hydrogels
in different concentrations ranging between 10-200 pg/mL were introduced into the wells.
After 24 h further incubation, the cell viability was assessed using MTT colorimetric assay
by the addition of 50 uL of MTT solution (5 mg/mL in PBS) into each well with 150 pL of
culture medium and incubated for 4 more hours. The purple formazan crystals formed as a
result of mitochondrial activity in viable cells were dissolved with ethanol:DMSO (1:1 v/v)
mixture. Each sample’s absorbance at 600 nm with a reference reading at 630 nm was
recorded using a BioTek ELX800 microplate reader (BioTek Instruments Inc., Winooski,
VT, USA). Cells which were not exposed to degradation products of gels were used as
controls. 100% viability was assumed for the control cells; hence the relative cell viability

was calculated from equation (2):

Absorbancesampie

Cell viability (%) = x 100 (n=4) (3.2)

Absorbancecontrol

3.2.10. Statistical Analysis

Statistical analysis of the degradation products was conducted by using nonparametric
Kruskall-Wallis one-way analysis of variance followed by multiple Dunn’s comparison test
of GraphPad Prism 6 software package (GraphPad Software, Inc., USA). All measurements
were expressed as mean values + standard deviation (SD). p < 0.05 was accepted as

statistically significant difference (n=5).
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3.3. Results and Discussion

3.3.1. Synthesis and Characterization of Phosphonate Functionalized Diamine and
PBAE Macromers

A novel phosphonate-functionalized secondary diamine (PA) was synthesized via
solvent-free aza-Michael reaction between 4,9-dioxa-1,12-dodecane diamine and diethyl
vinylphosphonate (Figure 3.1). The molar ratio of the diamine to diethyl vinylphosphonate
was fixed at 1:2.1 to fully end-modify the amine and reaction was conducted at room
temperature for two days (method 1). The product was obtained as a colorless viscous liquid
in high yields (85 %). However, shortening the reaction to 45 minutes at 85 °C using water
as solvent also produced good results (method 2), similar to refs. [212-214]. It was reported
that water activates the aza-Michael addition between amines and diethyl vinylphosphonates
by both hydrogen bonding between water and phosphonate group and water and the amine
[212]. PA is highly soluble in polar (water, ethanol) and weakly polar solvents (chloroform,
diethyl ether), but insoluble in non-polar organic solvents (hexane) (Table 3.1).
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Figure 3.1. Synthesis of PA and PBAE macromers M1, M2, and, M3 derived from HDDA,
HDEDA, and PEGDA, respectively.
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Table 3.1. Solubilities of PA and the synthesized macromers.

Amine/Macromer | CHCIs H20 | Petroleum | Diethyl | Hexane | Ethanol
ether Ether
PA + + + + - +
M1 + - - - - +
M2 + +/- - - - +
M3 + + - - - +

The structure of PA was confirmed by H-, 13C- and 3!P-NMR and FTIR spectroscopy.
For example, *H NMR spectrum of the amine shows the characteristic peaks of methyl
protons at 1.31 ppm, methylene protons adjacent to phosphorus at 1.94 ppm and methylene
protons adjacent to nitrogen at 2.68 and 2.88 ppm (Figure 3.2). The small shoulders of peaks
at 1.94 and 2.88 ppm are probably due to the small amount of diadduct (6 %) formation
resulting from a slight excess of diethyl vinylphosphonate (2.1 mol) used compared to 4,9-
dioxa-1,12-dodecane diamine (1 mol). This side product, which is a tertiary amine, was not
isolated since it will not undergo reaction with diacrylates used for PBAE synthesis. The
13C NMR spectrum of PA showed a doublet at 25.68, 27.07 ppm due to the carbon attached
to phosphorus (Figure A.1). The FTIR spectra of PA showed absorption peaks of NH, P=0
and P-O at 3503, 1236, 1022 and 954 cm* (Figure A.3)

Three PBAE macromers with different backbone structures were synthesized (Method
1 in experimental section; later method 2 [215] was applied to shorten the reaction time, but
results from here on refer to macromers produced using method 1) from the step-growth
polymerization of three diacrylates (HDDA, HDEDA and PEGDA) and PA to evaluate how
chemical alterations affect final properties of the resultant networks (Figure 3.1). The
diacrylate: PA molar ratios were used as 1.1:1, 1.2:1 and 1.3:1 in order the obtain macromers
with different molecular weights (Table 3.2). In the following, the macromers derived from
HDDA, HDEDA and PEGDA are abbreviated as M1, M2, and M3, respectively. The
hydrophilicity of the macromers increases in the order of M1 < M2 < M3. Their water-
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solubilities are highly dependent on the diacrylate they were synthesized from, e.g., M3 is

soluble, M1 is not soluble, and M2 is slightly soluble, as expected from the order of their
hydrophilicities (Table 3.1).
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Figure 3.2. 'H NMR spectra of PA and M3 (PEGDA:PA mol ratio of 1.1:1).

The structures of PBAE macromers were confirmed using *H NMR spectroscopy

(Figure 3.2). The peaks at 5.8-6.5 demonstrate the maintenance of the acrylate terminal
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groups, and the average number of repeat units (n) of the macromers was calculated via
comparison of the areas of the acrylate protons (labeled as k and m at 5.8-6.5 ppm) to
phosphonate ester (labeled as b at 1.3 ppm or f, h at 3.4 ppm) protons, and was found as 5.0
(Mn ~ 6300), 85 (Mn ~ 7000) and 4.6 (M, ~ 4400) for M3, M1 and M2 macromers
respectively, prepared at 1.2:1 diacrylate: PA ratio. These molecular weights were higher
than those obtained for their bisphosphonated analogues because of lower steric hindrance
of the PA [216]. FTIR spectra of the macromers show peaks at around 1020 and 950 cm™

corresponding to the P-O stretching vibrations of phosphonate groups (Figure 3.3).
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Figure 3.3. FTIR spectra of M3, xI-M3-0 and xI-M3-0.8.

Two phosphonic acid functionalized macromers (M1-d and M3-d) with different
hydrophobicity were synthesized by the dealkylation of the phosphonate groups by
trimethylsilyl bromide (TMSBr). The molar ratio of the phosphonate to TMSBr was fixed at

6:1 and reaction was conducted at 30 °C for 10 h to achieve full deprotection. The acidic
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macromers were obtained as water soluble solids in 63-67 % yields. The structure of the
dealkylated macromers were confirmed by *H NMR and FTIR spectroscopy as shown in
Figure 3.4. The complete disappearance of ethyl peaks of the phosphonate groups supports
the dealkylation process. Also, the methylene protons adjacent to nitrogen shifted downfield
due to formation of quaternary ammonium salts. The FTIR spectra of TMSBr treated
macromers show broad peaks in the region of 3200-2600 cm™* because of the OH stretching
(Figure A.4).

Figure 3.4. *H NMR spectra of M1-d and M3-d.

The solubility of PBAEs depends on solution pH due to tertiary amines in their
structures. The abundance of these amine groups also gives PBAEs high buffer capacity.
Therefore, PBAESs can be used as pH-responsive biodegradable polymers with tunable pH
transition point for drug and gene delivery carriers. Their pH sensitivity can be modified by
changing the diacrylates and the amines [217, 218]. In order to investigate the effect of
PBAESs’ structure on their pH sensitivities acid-base titration method was used (Figure 3.5).
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All the studied polymers exhibited pH buffering capacities with slightly different buffering
regions. The pKp values of M1, M2 and M3 macromers with the lowest, medium, and
highest hydrophilicity, respectively, were found to be 5.5, 5.7 and 6.1, indicating effect of
hydrophilicity on the pKp values. The electron donating alkyl groups lead to high electron
density on the nitrogen atom and hence decrease pKp, however oxygen atoms on HDEDA
and PEGDA-based macromers are electron withdrawing, hence partially cancel the effect of
alkyl groups. Similar behavior was observed by Song et al. [218]. As shown in Figure 3.5b,
the plateaus indicating the buffering capacity are influenced by the dealkylation process. The
phosphonic acid containing macromers, especially M3-d, do not show a distinct plateau
region due to the increased hydrophilicity [218]. Continuous deprotonation of phosphonic

acid groups with an increase in pH might be another reason of not observing wider plateau.
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Figure 3.5. Titration curves of macromers.

PBAES have low (sub-ambient) T4 due to their highly flexible structures resulting from
the long ethylene glycol or alkyl chains in their backbones and lack of rigid side groups
[219]. The T4’s of macromers were found to be -56, -59 and -60 °C for M3, M2 and M1
macromers (Table 3.2).
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Table 3.2. PA: diacrylate ratios, number of repeat units (n), number average molecular

weights (Mn) and Tg of the macromers.

Macromer PA:diacrylate na Mn? Tq (°C)
ratio
M1 1:1.1 9.2 7500 -
M1 1:1.2 8.5 6960 -60
M2 1:1.2 4.6 4360 -59
M3 1:1.1 7.1 8700 -
M3 1:1.2 5.0 6280 -56
M3 1:1.3 4.1 5250 -

Icalculated from *H NMR spectra

3.3.2. Synthesis and Characterization of PBAE Networks

The mechanical properties of biodegradable polymers usually deteriorate in parallel
with the biodegradation after the polymer is implanted in the body; hence their use in load-
bearing applications is problematic. To address this problem, novel biodegradable polymer
designs are investigated where the degradation rate can be tuned by minor modifications of
structure. For example, Safranski et al. investigated thermo-mechanical properties of semi-
degradable poly(p-amino ester)-co-methyl methacrylate networks under simulated
physiological conditions [219]. These networks showed improved mechanical properties

during degradation.

The PBAE macromers synthesized in this work can be used to prepare gels with
different hydrophilicities and hence, different degradation and loss profiles affecting their

mechanical properties. These macromers can also control the hydrophilic/hydrophobic
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properties of gels they are incorporated into. To investigate these features, copolymers of
the synthesized PBAE macromers with PEGDA were prepared by free radical
polymerization under UV light using DMPA as photoinitiator. For comparison, the reactions
were also conducted in the absence of the PEGDA cross-linker. In the following, the gel
compositions were designated as xI-Mi-w, where Mi denotes type of the macromer (i =1, 2,
or 3 for HDDA, HDEDA, and PEGDA, respectively), w is the weight fraction of PEGDA in
the comonomer feed (Table 3.3). For instance, xI-M1-0.80 presents the gel formed from
HDDA macromer in the presence of 80 w% PEGDA, while xI-M1-0 denotes the gel obtained
by homopolymerization of HDDA macromer (M1). After removal of unreacted macromers
in ethanol, the gel fractions Wy were obtained as 53-98%. To understand the effect of anionic
character on the final properties of hydrogels, copolymers of the dealkylated PBAE
macromers with PEGDA were fabricated. The hydrogels based on phosphonic acid

functionalized macromers were obtained with a gel fraction W, between 81 and 92%.

FTIR analysis of the gel networks confirmed the presence of P=0 and P-O peaks at
1244, 1024 and 952 cm™! (Figure 3.3). Glass transition temperatures T4 of PBAE networks
with w < 0.50 were around -50 °C, similar to those of the macromers they were synthesized
from (Table 3.3). The networks with a higher PEGDA content, i.e., at w = 0.80 showed
increased Tg (ca. -20 °C) due to higher crosslink density resulting from the lower molecular
weight of PEGDA (M, = 570 Da). However, the networks with 50% PEGDA showed two
Tg values (-28 and -52 °C for xI-M1-0.50; -50 and -40 °C for xI-M3-0.50) (Table 3.3). This
behavior is interpreted as due to block copolymer structure and the two T4 values correspond
to the respective ones of PBAE and PEGDA, showing the heterogeneity of the components.



Table 3.3. Gel compositions, gel fraction Wy, degree of swelling Q, and Tg values.

Network Wy (%) Q (%) Tq (°C)
xI-M1-0 64.5+2.6 - -53
xI-M1-0 * 53+4.2 - -
xI-M1-0.50 93.2+0.1 38.8+3.3 -52, -28
xI-M1-0.80 91+2.2 31.3+4.0 -21
xI-M2-0 65.9+3.1 - -
xI-M2-0 * 79.8+2.4 - -
xI-M2-0.50 66.8+2.5 34.5+2.0 -
xI-M2-0.80 86.2+1.1 28.6+2.1 -24
xI-M3-0 81.3+4.8 - -51
xI-M3-0 * 95.6+1.3 - -
xI-M3-0.50 91.0+1.0 51.6+3.0 -50, -40
xI-M3-0.80 97.8+0.3 31.4+0.6 -20

*In the synthesis of macromers, diacrylate:amine molar ratio was used as 1.1:1.

50

3.3.3. Swelling of Networks

The gel networks (xI-Mi-w) were swollen in PBS (pH 7.4) to observe the influence of
macromer molecular weight, amount and hydrophilicity of the macromer on their swelling
behavior before and after degradation (Figure 3.6). Before degradation, swelling degrees
were low (28.6-51.6%) because both the macromer and PEGDA components of the networks

are crosslinkers. Moreover, the amount of the macromer does not influence the swelling
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percentages except xI-M3-0.50. The presence of HDEDA vs. HDDA in the backbone of the
PBAE macromer was found to not make an important difference in swelling; indicating that
the hydrophilicities of the phosphonate-functionalities and PEGDA determine the swelling.
However, when PEGDA-based PBAE macromer is used, the increased amount of PEGDA
does make a difference, leading to the exception of xI-M3-0.50. This assertion is confirmed
by the data of networks with 20 w% PBAE macromers (w = 0.80), where the swelling
percentages were found to be similar to those of the 50% (w = 0.5) samples, the M3 sample
showing only slightly higher swelling, since it aquires slightly higher amount of PEGDA
with respect to M1 and M2 samples.
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Q (%)

Figure 3.6. Swelling percentages (Q) of the gels before and after degradation for 2 weeks.

The degradation of the gels (xI-Mi-w) over time have been monitored by the time-
dependent swelling measurements. After degradation in PBS for 2 weeks, the swelling
degree of degraded gels increased compared to those of non-degraded ones with the same
composition (Figure 3.6). While xI-M3-0.50 gel swelled 51.6% initially, after 2 weeks of
degradation its swelling percentage was found to be about 143.7%. The swelling of the
degraded gels increases with an increase in both PBAE content and its hydrophilicity, which
also determines degradation rate of the gels. An explanation is that degradation destroys the
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integrity of the hydrogel and enhances the penetration of water into the gel. This explanation
was checked using mechanical tests conducted on virgin and degraded gels, as will be

discussed later.

3.3.4. Degradation of Networks

Tissue-engineering scaffolds should both guide the proliferating cells to form new
tissue and disappear when their job is completed. Therefore, the degradation rate of the
scaffold should be tuned such that it turns slowly into a porous matrix into which molecules
can diffuse, cells enter, adhere, proliferate and interconnect; and breaks apart at the
appropriate time. Hence it is important to investigate degradation behavior of any new

candidates for tissue-scaffold materials.

Figure 3.7 shows degradation of the PBAE gels (xI-Mi-w) in PBS (pH 7.4) at 37 °C.
The dependence of degradation rate on PBAE structure is clearly evident. The gels formed
from more hydrophobic PBAE macromer degrade slower; degradation rates were found to
increase in the following order: xI-M1 < xI-M2 < xI-M3, in accord with the order of the
increase of hydrophilicity. For example, xI-M3 and xI-M1 gels degraded 80% and 15%,
respectively, within 2 days. The degradation of xI-M2 gels was completed in 6 days, and xI-
M3 gels in 3 days. The more hydrophobic xI-M1 network has lower water uptake and
undergoes slower cleavage of ester linkages compared to the other gels. Therefore, this trend
was also consistent with the swelling behavior (after 2 weeks), which is an indirect method
for measurement of degradation. It was also observed that the gels formed using low
molecular weight PBAE macromers of the corresponding chemical structure have
significantly lower degradation rate, e.g., the lower molecular weight xI-M3 gel prepared at
a PA: diacrylate ratio of 1:1.2 had less degradation (80.4%) than the higher molecular weight
one, 96.7%, formed at a ratio of 1:1.1. This behavior is due to more hydrolyzable linkages

in the macromer and low crosslinking density.
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Figure 3.7. The mass loss of PBAE gels and PEGDA-PBAE copolymers in 2 days, 1 week
and 2 weeks in PBS.

In order to tune degradation properties of PEGDA gels, PBAE macromers were
copolymerized with PEGDA at different ratios. By changing the structure
(hydrophilic/hydrophobic properties and molecular weight) of the macromers, gels with
mass losses ranging from 12.0 % to 47.9 % in 2 weeks were obtained (Figure 3.7). The mass
losses of gels obtained from M1 macromer with the highest hydrophobicity showed
significant acceleration after 2 days. We conjecture that the water uptake for these was
initially slow due to their hydrophobicity but became faster with increased diffusion of water
due to formation of the first pores, which in turn accelerated the degradation. However, the
hydrophilic character of oxygen containing macromers M2 and M3 enhances their water
uptake resulting in fast degradation from the beginning. For example, the mass loss of xI-
M1-08 reached 26% starting from 2.5% and xI-M3-0.8 reached 32% starting from 8%; in 4
weeks.

The degradation of PEGDA hydrogels crosslinked with dealkylated macromers (xl-

Mi-w-d) were investigated in water and in 0.2 M CaCl; solution for 2 days as shown in
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Figure 3.8a. The mass loss of xI-M3-0.8 control hydrogel (fabricated in the presence of
water) is 16.6% which is two times higher than the degradation of bulk network prepared
with the same composition (degradation profile is shown in Figure 3.7). Addition of water
during hydrogel formation causes larger pores that may increase water diffusion and
accelerate mass loss. However, phosphonic acid presence did not lead to an increase in
degradation. The zwitterionic nature caused by the positive charge of tertiary amines in the
backbone and negative charge on phosphonic acid may cause this outcome. On the other
hand, the effects of larger pores as well as dealkylation on swelling percentages of 20 w%
macromer containing hydrogels were clearly observed as shown in Figure 3.8b.
Nevertheless, a noticeable shrinkage in CaCl, was not examined. It was expected that the
interaction between phosphonic acid groups and Ca?* ions form physical crosslinking which
induces shrinkage but the formed zwitterionic group overcomes the anionic nature of
phosphonic acid group. In addition, when the phosphonate amount reached to a certain level
we could observe a noticeable change. The mass losses of xI-M3-50 hydrogels (for control
and xI-Mi-w-d) are lower in CaCl> solution than in water, but this effect was not observed
for xI-M3-0.8 hydrogels. Degradation slows down in the presence of divalent metal ion
because the interaction between unpaired electrons of oxygen in the backbone of PBAE and
Ca?* increases crosslink density.
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Figure 3.8. (a) The mass loss and (b) swelling of dealkylated PBAE hydrogels in water and
0.2 M CaCl solution.
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The surface morphologies of the networks (xI-Mi-w) were examined at various
degradation percentages by SEM (Figure 3.9). The SEM images showed a smooth surface
before degradation, which became porous and rough after degradation. The xI-M3-0
network prepared without PEGDA comonomer after 80% degradation showed a sponge-like
appearance with interconnected pores. However, the copolymer network xI-M3-0.80 with
15% degradation showed smaller pore size. These observations demonstrate that porosity
of the networks upon degradation can be controlled by changing the PBAE content and

structure.

Figure 3.9. SEM images of networks: xI-M3-0 before (a) and after 80% degradation (b);
xI-M3-0.80 before (c) and after 15% degradation (d).

In order to determine degradation mechanism of the networks xI-Mi-w, NMR and
FTIR spectra of the degradation products of two of the PBAE networks, xI-M3-0 and xI-
M2-0, were investigated after full degradation in water. FTIR spectrum of the degradation
products of xI-M3-0 showed i) formation of a peak at 3481 cm™ (due to OH groups), ii)
broadening and decreasing intensity of C=0 peak and formation of a new broad peak at 1594
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cm? (Figure 3.10). *H NMR spectrum of the same sample indicated that the integral of the
peak at 4.25 ppm due to the methylene protons adjacent to the ester (COOCH?>) is decreasing
and a new peak at 3.6 ppm, due to the methylene adjacent to hydroxyl group (HOCH>) is
increasing. According to these results, we can say that networks degrade via hydrolysis of
the multiple ester groups on the backbone into small molecule diols, bis(b-amino acids) and

poly(acrylic acid) kinetic chains as reported in the literature [20, 37, 220].
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Figure 3.10. FTIR spectra of PA, M3, xI-M3-0 (before degradation) and xI-M3-0 (after 2

days of degradation in water).

3.3.5. Mechanical Properties of PBAE Networks

Mechanical properties of the gels (xI-Mi-w) in their equilibrium swollen states were
investigated by uniaxial compression tests. Figure 3.11a shows stress-strain curves of the
gels prepared at PEGDA weight fractions w of 0.80 (solid curves) and 0.50 (dashed curves).

At w = 0.80, the gels sustain 25+2% compressions under around 6 MPa stresses, with a
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maximum fracture stress of 7.4+0.8 MPa observed for xI-M2 gel. Decreasing the weight
fraction w from 0.80 to 0.50 slightly increases the fracture strain while fracture stress
decreases to 4+1 MPa indicating that incorporation of a larger amount of macromer into the
gel network deteriorates their ultimate mechanical properties. Figure 3.11b presenting
Young’s moduli E of the gels reveals that, at w = 0.80, E is independent of the type of the
macromer and remains at 27 MPa. The moduli of the hydrogels 2- to 3-fold decrease upon

increasing the amount of macromer and the largest decrease was observed in xI-M2 gels.
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Figure 3.11. (a) Stress-strain curves of the gels at w = 0.80 (solid curves) and 0.50 (dashed
curves). (b) Young’s moduli E of the gels formed at w = 0.80 (dark red) and 0.50 (dark

yellow).

Mechanical tests were also conducted on the gel specimens subjected to various
degradation times up to 4 weeks. Typical stress-strain curves of virgin and 2 weeks-degraded
xI-M3 and xI-M1 gels at w = 0.50 are shown in Figure 3.12a while Figure 3.12b compares
their moduli at various degradation times. The tests revealed that the strain at break remains
almost unchanged during the course of degradation up to 2 weeks while both the fracture
stress and the modulus decrease. This decrease was significant at w = 0.50 indicating that

increasing amount of macromer also increases the degradation rate of the gels. Moreover,
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the more hydrophobic xI-M1 gel degraded slightly slower than the less hydrophobic xI-M3

gel which is in accord with the previous results.
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Figure 3.12. (a) Typical stress-strain curves of virgin and 2 weeks-degraded xI-M3 and xI-
M1 gels formed from PEGDA and HDDA, respectively. w = 0.50. (b) The modulus E of
gels at various degradation times.

Because both the degree of swelling Q of the hydrogels and their moduli E change
during degradation, direct evidence of the change in the network structure can be obtained
from their effective cross-link densities ve. According to the theory of rubber elasticity,
Young’s modulus E of an affine network is related to its cross-link density ve by refs [293,
294]. The relationship between Young’s modulus and cross-linked density can be found

from the formula;

E=3v, RT(VZ)]/?’(VS)Z/3 (3.3)
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where v and v,are the volume fractions of cross-linked polymer just after the gel
preparation and at the state of the measurements, respectively, R and T are in their usual
meanings. Although the gels were prepared under solvent-free condition, the presence of

unreacted macromers after gelation acting as a diluent leads to a decrease of v below unity.
For the following calculations, we estimated v as equal to the gel fraction Wg. Moreover,

v, was calculated from the degree of swelling Q as:

v,=(1+Qd,/d,)" (3.4)

where d is the density of water (1 g mL™) and d is the polymer density measured as 0.82 g
mL?1. By substituting Q and E values into egs 3.3 and 3.4, we estimated the cross-link
density e of the gels at various times. Figure 3.13a shows the variation of 1. of xI-M1 and
xI-M3 gels with the degradation time. The fraction of degraded network chains calculated as
1- v /vep, Where e, is the initial cross-link density at time = 0, is shown in Figure 3.13b.
During the first two weeks, the crosslink density of the gels with w = 0.80 does not change
much (filled symbols), and even remains unchanged for the M1 gel with the highest
hydrophobicity. In contrast, e of the gels with w = 0.50 rapidly decreases while the fraction
of degraded network chain increases. After 2 weeks, around 20 and 30% of the network
chains contributing to the gel elasticity are lost in xI-M1 and xI-M3 gels, respectively. These
results show the significant effect of both the type and the amount of the macromers on the
degradability of the gels.



60

(a) (b)

4000 03

! mol m*

w3000 0.2

1

e xX-M3

O xl-M1 01

2000

/

=]
—
%]
= L
=%
[}
—

2
I

o

o

S
1

Fraction of degraded network chains

||||||||||||[]_[]
2 3 4

Time [ weeks Time | weeks

Figure 3.13. The cross-link density 1. of the hydrogels (a) and the fraction of degraded
network chains, 1- ve /ve,, (b) both plotted against the degradation time. Empty symbols:

w = 0.5, filled symbols: w = 0.8.

3.3.6. In Vitro Cytotoxicity of Polymer Degradation Products

The cytotoxicity measurement is an important step to determine the biocompatibility
of a material for biomedical applications. The cytotoxicity of the degradation products of
PBAE gels was investigated on NIH 3T3 cells using MTT cell metabolic activity assay
(Figure 3.14). Following ISO standard 10993-5 [295], the cells in RPMI-1640 culturing
medium was used to evaluate if there is a cytotoxic response to degradation products. Cells
cultured under normal conditions without any material were used as a control. There was
no significant difference between toxicities (cell viability > 80%) of PBAE degradation
products at any concentrations against NIH 3T3. These values were also found not to be
significantly different than those of control, indicating the synthesized PBAE gels as non-

toxic materials.
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Figure 3.14. The effect of degradation products on cell viability of NIH 3T3 mouse
embryonic fibroblast cells. Cells were treated with different concentrations of the products
for 24 h. The cell viability test was performed by MTT assay (xSD; n =5; p < 0.05

compared with all concentrations).

3.4. Conclusions

We demonstrated that novel phosphonate-functionalized secondary diamines with
different spacers can be easily synthesized by Michael addition reaction and can be used for
the synthesis of novel phosphonate-functionalized PBAEs. The phosphonic acid
functionality can be achieved via selective cleavage of phosphonate groups by TMSBr and
macromers with zwitterionic nature can be obtained. It was observed that by changing the
PBAE structure it is possible to obtain homo- and copolymeric gels of different swelling,
degradation and mechanical properties. Swelling percentages of PEGDA gels before
degradation were independent of the PBAE crosslinker identity but after degradation
increased with an increase in PBAE crosslinker content and was dependent on the type of
crosslinker. The degradation rates of PBAE gels were controlled by the hydrophilicity (M1
< M2 < M3) and molecular weight of the PBAE macromer. Their degradabilities are about
two to ten times higher than that of PEGDA gels containing 20 and 50 w % of PBAES in
two days. Mechanical tests reveal that PBAE gels prepared at a PEGDA weight fraction of
0.80 sustain 25+2% compressions under around 6 MPa stresses. Decreasing PEGDA weight

fraction slightly increases the fracture strain while fracture stress decreases to 4+1 MPa
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indicating that incorporation of a larger amount of macromer into the gel network
deteriorates their ultimate mechanical properties. The results also show that the extent of
decrease of the gel cross-link density during degradation correlates strongly and positively
with increasing amount and hydrophilicity of the PBAE macromers. The cytotoxicity study
of the degradation products on NIH 3T3 mouse embryonic fibroblast cells supports the
biocompatibility of these materials for biomedical applications. Overall, these three PBAE
macromers and their homo- and copolymers show promise to be used as scaffolds for tissue

engineering applications.
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4. PHOSPHONIC ACID-FUNCTIONALIZED POLY(AMIDO
AMINE) MACROMERS FOR BIOMEDICAL
APPLICATIONS

This chapter is published as: Altuncu, S., E. Akyol, M. N., Guven, G. Demirci, H.
Yagci Acar and D. Avci, “Phosphonic acid-functionalized poly (amido amine)
macromers for biomedical applications”, Journal of Biomedical Materials
Research-Part A, Vol. 108, No. 10, pp.2100-2110, 2020.

4.1. Introduction

Hydrogels, which are 3D networks of hydrophilic polymers capable of holding large
amounts of water or biological fluids, hence resembling in some respects biological tissue,
have great potential for biomedical applications in fields such as drug delivery systems,
biosensors, self-healing materials and tissue engineering. Synthesis of biodegradable
hydrogels with tunable properties such as nanopore size, mechanical properties and
degradation times are important. Poly(amido amine)s (PAAS) are a promising class of
synthetic biocompatible and biodegradable polymers used for hydrogel synthesis. The use
of various types of amines and bisacrylamides with different substitutent groups during PAA
synthesis enables incorporation of additional functionalities; the biodegradability of the
PAAs can be arranged by changing the nature of starting materials, their
hydrophobic/hydrophilic balance and the amount of charged groups on them. These
properties can carry over to their hydrogels, too. Therefore, in this part, novel phosphonic
acid-functionalized poly(amido amine) (PAA) macromers are synthesized through aza-
Michael addition of 2-aminoethyl phosphonic acid or its mixture with 5-amino-1-pentanol
at different ratios onto N,N’-methylene bis(acrylamide) to control the amount of phosphonic
acid functionality. The macromers were homo- and copolymerized with 2-hydroxyethyl

methacrylate at different ratios to obtain hydrogels with various hydrophilicities. We expect
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to combine advantageous properties of phosphonic acid group such as mineralization,
mechanical and cell adhesion with biodegradability and biocompatibity of PAAs to obtain
degradable hydrogels. The effect of the macromer structure on hydrogels’ swelling,

biodegradation and mineralization properties were evaluated.

4.2. Experimental

4.2.1. Materials and Methods

N,N'’-methylene bis(acrylamide) (MBA), 5-amino-1-pentanol (AP), 2-aminoethyl
phosphonic acid (AEPA), 2-hydroxyethyl methacrylate (HEMA), 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) and all solvents were purchased
from Aldrich Chemical Co. and used as received. Dulbecco's Modified Eagle Medium
(DMEM) (with I-glutamine and high glucose (4.5g/1)), penicillin/streptomycin (pen-strep),
fetal bovine serum (FBS) and trypsin-EDTA were purchased from Diagnovum,
Ebsdorfergrund (Germany). Thiazolyl blue tetrazolium bromide (MTT) was provided by
Gold Biotechnology (USA). Phosphate buffered saline (PBS) tablets were provided by BBI
Life Sciences (China). 96-well plates were purchased from Nest Biotechnology (China).
NIH 3T3 mouse embryonic fibroblast cells and Saos-2 human osteosarcoma cells were a
kind gift of Dr. Halil Kavakli (Department of Molecular Biology and Genetics, Koc
University, Istanbul, Turkey). U-2 OS human bone osteosarcoma epithelial cells were a kind
gift of Prof. Devrim Gozuacik (Department of Molecular Biology, Genetics and

Bioengineering, Sabanci University, Istanbul, Turkey).

'H NMR spectra were recorded with a Varian Gemini 400 MHz spectrometer at
ambient temperature in deuterated solvents. FT-IR spectra were obtained with a Nicolet 380
FT-IR spectrometer (Thermo Scientific) equipped with an attenuated total reflection (ATR)
element. Potentiometric titrations were carried out using a WTW Inolab 720 pH meter and
WTW SenTix 41 epoxy pH electrode at room temperature. The thermal transitions were
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verified by differential scanning calorimetry (DSC) with the DSC Q100 apparatus (TA
Instruments) using heating rate of 10 °C min~* under nitrogen. Degradation studies of the
hydrogel samples were performed using an incubator shaker (VWR) operating at 37 °C and
200 rpm. The morphologies of the hydrogel samples were examined using scanning electron
microscopy (SEM) (FEI-Philips XL30) under an accelerating voltage of 7.0 kV after sputter
coating of the lyophilized samples with a gold layer. The EDX analysis was used to identify
the elemental composition of materials. Thermogravimetric analysis (TGA) studies were
performed under nitrogen with a TGA STA 6000 (Perkin Elmer) using a heating rate of 10

°C minL.

4.2.2. Synthesis of PAA Macromers

Three PAA macromers were prepared by combining MBA with AP and/or AEPA at
mol ratios MBA:AP:AEPA of 1.1:1.0:0, 1.1:0.7:0.3 and 1.1:0:1.0; and were denoted as
PAAO, PAA30 and PAA100, respectively. The synthesis was carried out using a total
concentration of 1.5 M in water/methanol mixture (v/v= 1/3) for the two/three starting
compounds; at 50 °C for 3 days. For example, for the synthesis of PAA30, first AEPA was
neutralized with potassium hydroxide by stirring a mixture of AEPA (265.1 mg, 2.12 mmol)
and potassium hydroxide solution (0.13 g, 2.33 mmol in 2.5 mL water) at room temperature
for one hour. Then, AP (0.51 g, 4.95 mmol) and MBA (1.2 g, 7.78 mmol) dissolved in 7.5
mL methanol were added to the solution under nitrogen atmosphere. The solution was stirred
at 50 °C for 3 days and then methanol was removed under reduced pressure. The solution
was then diluted with water and dialyzed using a membrane with a molecular weight cut-off
of 1000 in distilled water to remove the unreacted components. The macromer was obtained
as a white solid in 47 % yield after lyophilization. The synthesis of PAAO and PAA100
follow the same procedure, without AEPA or AP. The yields of the products were 52 and
44 %, for PAAO and PAA100, respectively.
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4.2.3. pH-sensitivity of PAA Macromers

PAA macromers (50 mg) were dissolved in deionized water at a concentration of 1.0
mg/mL and the pH of the solution was adjusted to around 2.0 using 2.0 mol/L of HCI
solution. Then the solution was titrated with 0.1 mol/L NaOH solution at increments of 0.5
mL until pH 11.0. The pH values of the solution were monitored by a pH meter (WTW

Inolab pH 720) at room temperature.

4.2.4. Synthesis of PAA and PAA-crosslinked HEMA Hydrogels

HEMA and PAA macromer mixtures with weight ratios between 72:28 to 0:100
(HEMA: PAA) were dissolved in water at total monomer concentration of 25 w %. Irgacure
2959 (1 w % of total monomer weight) was added as a photoinitiator and the mixture was
polymerized in a syringe by exposure to UV light (365 nm) for 30 min in a cylindrical
photoreactor (inner radius 15 cm, height 30 cm) containing 12 Philips TL 8W BLB lamps
on the perimeter. The hydrogel samples (diameter: 4mm, length: 7mm) were dried in
lyophilizer and weighed (W1). The samples were then immersed in ethanol (12 h) and in
ultrapure water (24 h) to remove unreacted components. The samples were lyophilized and

weighed again (W>). The gelation percentage (GP) was calculated as

GP = 22 x 100. 4.1)
w;

1

4.2.5. Degradation of Hydrogels

Each lyophilized hydrogel was weighed as Wi and then immersed in PBS (pH 7.4) or
0.5 M CacCl: solution at 37 °C. After the incubation at 37 °C for 1, 2 and 4 weeks, the samples
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were removed, rinsed with water, freeze-dried and re-weighed as Ws. The degradation % was

calculated according to

Degradation (%) = % x 100. 4.2)

4

4.2.6. Swelling of Hydrogels

The dry hydrogel samples were weighed (W) and immersed in PBS (pH 5) or 0.5 M
CacCl; solution at 37 °C. The samples were removed from the swelling medium after 24 h,
blotted on filter paper and weighed (Ws). The swelling % was calculated using the following
equation

Ws—W;

Swelling (%) = % 100. 4.3)

4.2.7. Mineralization of Hydrogels

The hydrogels were mineralized using two different methods. In the first method, the
samples were immersed in simulated body fluid (SBF) [221] for a period of four weeks,
replacing the solution with a fresh one in every two days, rinsed with ultrapure water and
lyophilized. In the second method, the samples were immersed in a 5xSBF solution prepared
as described in literature [222] for 2 days, replacing the solution with a fresh one after one
day. The samples were then immersed in ultrapure water for 24 h by refreshing the water in

6 h and lyophilized.
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4.2.8. Invitro Cytotoxicity Assay

NIH 3T3, U-2 OS and Saos-2 cells were used to evaluate the cytotoxicity of the
degradation products of the prepared gels. The cells were cultured in DMEM complete
medium supplemented with 10% (v/v) FBS and 1% (v/v) pen-strep in 5% COz-humidified
incubator at 37 °C and passaged every 2-3 days. For the cytotoxicity assay, the degradation
products of the hydrogels in different concentrations ranging from 12.5-200 pg/mL by serial
dilution in 100 ul were introduced into 96-well plates. Then, the cells were seeded at a
density of 15x10° cells/well in 100 ul DMEM complete medium and incubated at 37 °C in
5% CO; atmosphere. After 48 h further incubation, the cell viability was assessed using MTT
colorimetric assay by the addition of 50 pl of MTT solution (5 mg/mL in PBS) into each
well with 150 pL of culture medium and incubated for 4 h. The purple formazan crystals
formed as a result of mitochondrial activity in viable cells were dissolved with ethanol:
DMSO (1:1 v/v) mixture. Each sample’s absorbance at 600 nm with a reference reading at
630 nm was recorded using a Synergy — H1 microplate reader (BioTek Instruments Inc.,
Winooski, VT, USA). Cells which were not exposed to degradation products of gels were
used as controls. 100% viability is assumed for the control cells. The relative cell viability

was calculated from equation (4.4).

Absorbancesgmple

Cell viability (%) =

x100 (n=4) (4.4)

Absorbancecontrol

4.2.9. Statistical Analysis

Statistical analyses of the degradation products were conducted by using ordinary one-
way ANOVA analysis of variance followed by multiple Dunnett’s comparison test of
GraphPad Prism 8.3.0 software package (GraphPad Software, Inc., USA). All measurements
were expressed as mean values + standard deviation (SD) based on 4 replicas. p < 0.05 was
accepted as statistically significant difference.
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4.3. Results and Discussion

4.3.1. Synthesis and Characterization of the PAA Macromers

Three biodegradable PAA macromers were synthesized by aza-Michael addition of
primary amines (AEPA and/or AP) and MBA as shown in Figure 4. 1. Herein we selected
AEPA and AP alone and both together to react with MBA to investigate effect of phosphonic
acid functionality on material properties. The molar ratio of the MBA to amines was fixed
at 1.1:1 to obtain acrylamide terminated products which can be used as crosslinkers. AEPA
was first activated towards aza-Michael addition by neutralization with potassium
hydroxide. The solvent was selected as methanol: water (3:1 v/v) because potasium salt of
AEPA being soluble only in water and methyl bisacrylamide highly soluble in methanol, all
three macromers are soluble in the mixture. Also, it is known that the presence of water
facilitates efficiency of the aza-Michael reaction by activating both the amine and the

acrylamide through hydrogen bonding [223].

NH, o o o o o o
-~ CH,OHIH,0 Jk/\ /\)l\ Jl\/\
N N 3 2!
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| H H || + s + 5 N'('\N N N)’(\N N’\)LN)'\N
- 50°c | H H HM™ H H/MH |
P=0
Ho o k* 2
HO E)
HO O K
MBA AEPA AP

MPAAO n=9.7 m=0
MPAA30 n=5 m=1.
MPAA100 n=0 m=1

Figure 4.1. Synthesis of PAA macromers.
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Table 4. 1. Compositions, number average molecular weights (My), yield and and Tg of the
macromers

Macromer | AEPA:AP AEPA:AP Mp? Yield | AEPA | Tq

in feed (mol) | in macromer (mol) | (g/mol) | (%) w%) | (°C)

PAAO 0:1.0 0:1.0 2650 52 0 1
PAA30 3.0:7.0 2.6:7.4 1943 47 11 15
PAA100 | 1.0:0 1.0:0 2946 44 42 64

2Calculated from *H NMR spectra

The composition and properties of the macromers are given in Table 4.1. The
macromers were designated as PAAw, where w is the mol fraction of AEPA in the feed. The
macromers were obtained as white solids in 44-52 % yields. They are highly soluble in polar
(water, ethanol) solvents. Their structures were confirmed by 'H-NMR and FTIR
spectroscopy. For example, as seen in Figure 4.2, *H NMR spectra of all macromers show
the characteristic peaks of acrylamide double bond protons at 5.65 (b) and 6.10 (a) ppm. The
peak at 1.88 (g) ppm (in the spectrum of PAA100) belongs to methylene protons adjacent to
phosphorous. This peak shifted from 1.88 to 1.56 (g) ppm in the spectrum of PAA30,
indicating that PAA100 has zwitterionic structure. The peaks at 1.14 (j), 1.31 (k) and 1.37
(i) ppm (in the spectrum of PAAOQ) are ascribed to the methylene protons of AP. The peaks
at 4.44 and 4.51 (c and n) ppm are the characteristic methylene (at the end and middle of the
macromer) peaks of the MBA. The AEPA: AP mol ratio in the macromer (2.6:7.4) was found
to be similar to the AEPA:AP mol ratio (3.0:7.0) in the feed (PAA30). The molecular
weights and average number of repeating units of PAA macromers were calculated using
'H-NMR by integrating acrylamide double bond protons at 5.65 and 6.10 ppm with respect
to AP peaks at 1.14-1.37 ppm and/or AEPA peak at 1.56 ppm (Table 4.1). The FTIR spectra
of the macromers (Figure 4.3) show strong peaks at around 1631 and 1528 cm™ due to C=0
and NH stretching. Also, the peaks at 1043 and 963 cm™ corresponding to the symmetric
and asymmetric vibrations of P-O are present in the spectra of PAA30 and PAA100.
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Figure 4.2. 'H-NMR spectra of PAAO, PAA30 and PAA100.
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Figure 4.3. FTIR spectra of PAAO, PAA30 and PAA100.

The thermal properties of the macromers have been investigated using DSC, and their
Tg's have been determined as 1, 15 and 64°C for PAAO, PAA30 and PAA100, respectively

(Figure 4.4). We observed that incorporation of AEPA on the macromer structure increases



72

Tg. This increase can be explained by a decrease in the mobility of the macromer chains

significantly due to electrostatic interactions of AEPA side groups.

a) Temperature (°C)
20 40

® PAA30
* PAAO

b)

Temperature (°C)

20 40 60 80

Figure 4.4. DSC curves of PAA macromers (a) PAA30 and PAAO and (b) PAA100.

The pH sensitivity of PAA macromers was evaluated by the acid-base titration, as
shown in Figure 4.5. The pH value increased gradually with the addition of NaOH solution,
reaching a plateau in the pH range of about 5.8-7.8 for PAAO and PAA30, which is
characteristic for poly(amido amine)s as seen in the literature [224, 225]. The plateaus in the
titration curves (Figure 4.5) indicate the buffering capacities of PAAO and PAA30 in the
physiologically relevant range of pH 6-7.4. When the pH is below the pKp of the macromer
the protonation of the tertiary amine groups occurs, whereas the same deprotonates when the
pH is above the pKj. It is also shown that the pH-responsiveness plateau is influenced by the
composition or hydrophilicity of the macromers. The wider plateau of PAAO indicates its
better pH-responsive performance, whereas PAA100 with higher hydrophilicity does not

show a distinct plateau region.
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Figure 4.5. Acid-base titration curves of the 1 mg/mL aqueous solutions of PAAO, PAA30,
and PAA100.

4.3.2. Synthesis of PAA and PAA-crosslinked HEMA Hydrogels

PAA macromers were used as crosslinkers in different amounts for the preparation of
HEMA hydrogels as potential biomaterials and to investigate the effect of phosphonic acid
functionalization on the final properties of the materials. Table 4.2 summarizes initial
compositions and gelation percentages of the synthesized hydrogels. The samples are named
as H-PAAX-y% where “H” stands for hydrogel, PAAx indicates crosslinker, x is the mol%
of AEPA in PAA (in the feed) and y stands for weight% of PAAX. The syntheses were
carried out successfully and the gelation percentage (GP) values of the hydrogels steadily
decreased from 87% to about 72% when the phosphonic acid functionalized component was

increased to 50% but did not decrease further when the ratio was increased towards 100%.
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Table 4.2. Composition of PAA networks.

Hydrogels HEMA:PAA | HEMA:AP:AEPA | Gelation

(W %) (W %) (%)

H-PAA0-50% 50 : 50 50:18.8:0 87
H-PAA30-50% 50:50 50:13:5.8 72
H-PAA30-75% 25:75 25:20:8.7 75
H-PAA30-100% 0:100 0:26.5:11.6 72
H-PAA100-28% 72:28 72:0:11.6 80
H-PAA100-50% 50:50 50:0:21.2 74

4.3.3. Swelling and Degradation Studies of Hydrogels

Mass swelling percentages of the synthesized hydrogels were studied in 0.5 M CaCl;
and two different buffers with pH 5 and pH 7.4. Swelling percentages of hydrogels after
24h are shown in Figure 4.6; they range from about 400% to about 950%. The hydrogels
reached equilibrium very fast, in a period of the order of 15 minutes. In general, both
molecular structure and molecular weight of the macromers are expected to affect the
swelling properties of gels obtained from them. For example, the hydrogel with 50 w % of
PAA30 (Mn =1943) is observed to show slightly higher water uptake than the corresponding
PAAO (Mn = 2650)-crosslinked hydrogel at pH 7.4, indicating that the anionic character of
the crosslinker dominates over the crosslink density. The incorporation of PAA30 into the
hydrogel was increased to investigate the effect of the concentration of the phosphonic acid
functionality. As seen from Figure 4.6, the equilibrium swelling percentages are almost same

for all compositions probably due to relatively insignificant amount of phosphonic acid
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functionality (5.8, 8.7 and 11.6 w %). The hydrogel prepared from PAA100 showed the
highest swelling at pH 7.4 because of the highest charge or hydrophilic property. In this
figure, the clearest trend is the higher swelling values in the more acidic medium (pH 5) at
lower AEPA concentrations and its steady decrease with increase of the same. The high
swelling comes from the increase in total charge due to the protonation of the amine groups,
whose effect is increasingly ameliorated by the zwitterionic nature of the AEPA
functionality attracting the chains together electrostatically. For example, the hydrogel with
50 w % of PAA100 is observed to show the lowest water uptake among all the hydrogels.
When the hydrogels were immersed in 0.5 M CaClz solution, exchange of potassium ions
with calcium is expected. The interaction between phosphonic acid groups and Ca?* ions
may form physical crosslinking [162, 163]. However, it was observed that phosphonic acid
content in the hydrogel needs to reach a certain level to observe a noticable shrinkage. The
hydrogel (H-PAA100-50%) containing the highest AEPA (21.2 w %) swelled 45.8 % less
in CaCl> solution compared to PBS.

1000 ~ m PBS
W CaCl,
EmpHS

800 4

600 -

Swelling (%)

400 4

200 A

H-PAAD-50% H-PAA30-50% H-PAA30-75% H-PAA30-100% H-PAA100-50%

Figure 4.6. Swelling percentages of PAA hydrogels after 24 h. All the experiments were
carried out in triplicates (n=3) and mean average values with standard error (£SD) were

represented in the error bars.
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The degradation of the hydrogels with 50 w % of PAAO and PAA30 crosslinkers were
investigated in PBS (pH 7.4) for 4 weeks, including the case with pre-treatment by
immersion in 0.5 M CaCl> solution (Figure 4.7) It is seen that the degradations for both
hydrogels are similar and around 20 % after 4 weeks if not pre-treated with the CaCl>
solution. PAA degradation occurs by hydrolytic cleavage of amide bonds [17]. Therefore,
the control hydrogels synthesized from the higher molecular weight macromer (PAAO) are
expected to degrade faster because of the higher amount of amide linkages between the
crosslinks. However, the hydrophilic character of the anionic group in the hydrogels
synthesized from PAA30 macromer compensates this effect, explaining the similar
degradations for the two hydrogels as seen in Figure 4.7a. For the pre-treated samples, one
might expect similar degradation since their swelling was the same, and the water content
would determine the effect of hydrolysis. Less degradation of the acid containing hydrogels
than the control one shows that H-PAA30-50% forms chelates with Ca?* ions whereas the
control hydrogel does not. The Ca2*-phosphonic acid complex acts as a second crosslinked

network and slows down the mass loss [142].

Figure 4.7b shows the SEM micrographs of the PAA30 hydrogel before and after
degradation. The SEM micrograph of degraded H-PAA30-50% shows that the hydrogel
seems to have degraded choosing an orientation somehow. The oriented pattern of

degradation may prove its homogeneity.

4.3.4. Mineralization of Hydrogels

The mineralization abilities of the synthesized hydrogels were evaluated in two ways:
(@) immersion in SBF for 4 weeks, (b) immersion in 5xSBF for 2 days. SBF was chosen
because it closely mimics the ionic concentrations and pH typically observed in plasma
[149]. Hence, formation of apatite like structure on a scaffold in SBF indicates its capacity
for bone tissue engineering applications. However, the mineralization was slow under SBF

conditions. Therefore, 5xSBF with higher concentrations of Ca?" and HPO4> was used to
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increase rate of mineralization. Before soaking in the mineralization solutions, some of the
hydrogels were immersed in 0.2 M CaClz solution to exchange potassium ions bound to
phosphonic acid groups with calcium, expecting acceleration of mineralization because of

increase in Ca?* release from the polymer [296]. Mineralization of the hydrogels was studied
by using SEM, FTIR and TGA.
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Figure 4.7. (a) The degradation of H-PAA0-50% and H-PAA30-50% hydrogels in pH 7.4;
(b) SEM micrographs of H-PAA30-50%, (b) before and (c) after 4 weeks degradation.

SEM micrographs of H-PAA0-50% (control) and H-PAA30-50% after soaking in SBF
for 4 weeks are presented in Figure 4.8, together with the associated FTIR spectra.
Suprisingly, the control hydrogel containing only AP groups showed mineral layers (Figure
4.8b) and its FTIR spectrum showed strong peaks at 1002 and 548 cm corresponding to P-
O bond, similar to HAP. The control hydrogel's (H-PAA0-50%) better mineralization



78

performance might be explained with the observation in the literature that not only
polyanions, but also polycations such as linear PEI have a strong influence on CaP
mineralization [226]. LPEI accelerates the transformation brushite (CaHPO4,2H20) (DCPD)
to HAP by acting as a proton acceptor, which takes up the protons released from either the
calcium phosphate precipitate during the phase transformation or from ions present in
solution during a presumed, but so far not directly observed, dissolution—reprecipitation
process [227]. For H-PAA30-50 % hydrogels, we could not observe any CaP formation
unless we immerse the hydrogels in CaCl: solution before mineralization (Figure 4.8c and
4.8d). The premineralization treatment making CaP formation possible for H-PAA30-50 %
hydrogels probably formed limited nucleation points on phosphonic acid groups which
support mineralization [142, 147]. EDX was used to determine the elemental composition
of the inorganic complex shown in Figure 4.8e. The stoichiometric ratio of Ca/P was
calculated as 1.67 which is same with theoretical value of HAP. Additionally SEM mapping
analysis demonstrates the deposition of Ca, P and O atoms on this part.

. " N~
(a) ~— IVARLAV 7 H-PAA30-50%
o N AW !

. TN W vy AT
~ I WA H-PAR30-50%-4w SBF
A «vl /

e ettt T A H-PAA30-50%-4w SBF
. *‘1\//\“/\ after CaCl, treatment

|
.
| A 7\ H-PAA0-50%-4w SBF

V[

3000 2000 1000

Wavenumbers (cm™)

Figure 4.8. () FTIR spectra of H-PAA30-50% before (top); and H-PAA30-50% and H-
PAAO0-50%, treated as labeled, with HAP inset, (b—d) SEM micrographs of the top three

cases listed in (a), in order, (e) x8000 and mapped image of (d).
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Studies in 5xSBF did give results in 2 days, confirming the importance of the ion
concentration in SBF. For studies in 5xSBF, hydrogels with three different compositions of
PAA30 (50%, 75% and 100%) were used. This way we also evaluated the effect of matrix
structure (concentration of phosphonic acid and AP) on formation of apatite-like phases on
a hydrogel. These hydrogels have increasing concentration of both AEPA and AP (5.8, 8.7
and 11.6 w % AEPA and 13, 20 and 26.5 w % AP). The mineralized samples were
characterized by FTIR analysis (Fig 4.9a). The FTIR spectra of the PAA30-100% hydrogels
contained two broad peaks at around 1015 and 556 (P-O) cm™* which is related with HAP.
The TGA thermograms of HPAA30-100% before and after mineralization show the initial
weight loss around 100 °C due to removal of water, the main weight loss between 200 and
400 °C because of main chain degradation and char yield at 600 °C (Figure 4.9b). The char
yield of the hydrogels after mineralization were higher (27%) than those (19%) of before
mineralization, confirming mineral deposition. SEM images of these hydrogels showed
mineral layers (Figure 4.9d and ). FTIR spectrum of the hydrogel samples synthesized with
PAA30-75% also showed an apatite-like mineral (Figure 4.9a). However, the hydrogel
samples prepared from PAA30-50% showed no noticable mineralization, with no change in
FTIR spectrum after mineralization (Fig 4.9a). Surprisingly, the hydrogels (H-PAA100-
50%) containing only AEPA showed no mineralization, either.

From the results given above, it can be concluded that macromer concentration and
its composition is very important for mineralization. The AEPA:AP ratio in H-PAA30-100%
homogel is the most proper one due to hydrophilicity and architecture for mineralization.
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Figure 4.9. (a) FTIR spectra of samples as labeled, after 2 days treatment in 5xSBF, (b)
TGA thermograms of H-PAA30-100% before and after the same treatment, (c and d) SEM
micrographs of the same, before and after treatment, (e) x5000 image of (d).

4.3.5. Cytotoxicity of PAA Hydrogels

To evaluate cytotoxicity of the degradation products a dose dependent study was
performed on NIH 3T3, U-2 OS and Saos-2 cells using the standard MTT assay (Figure
4.10). Based on ISO 10993-5, the cell viability above 80% is defined as noncytotoxic and
between 80 and 60 as weakly cytotoxic [295]. Viability of all type of cells treated with
degradation products were above 75%, indicating that degradation products showed no
significant toxicity on NIH 3T3, U-2 OS and Saos-2 cells.
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Figure 4.10. The effect of degradation products on cell viability of (a) U-2 OS, (b) Saos-2
human osteosarcoma cells, (¢) NIH 3T3 mouse embryonic fibroblast cells. Cells were
treated with different concentrations of the products for 24 hr. The cell viability test was
performed by MTT assay (xSD; n = 5; p < .05 compared with all concentrations).

4.4. Conclusions

It was shown that phosphonic acid functionalized primary amines can be used for the
synthesis of novel phosphonic acid-functional PAA macromers and these macromers can be
incorporated into hydrogels by homo- or copolymerization with HEMA at different ratios to
control the phosphonic acid concentration, thus hydrophilicity. The T4 of the PAA
macromers increased with incorporation of phosphonic acid on the macromer structure.
Swelling of the hydrogels is mostly governed by the amount of phosphonic acid in their
structures, pH of the medium and CaCl>-pre-treatment. The degradability of hydrogels
decreases when they are pre-treated with CaCls, due to the presence of Ca®*-phosphonic acid
complex, parallel to their swelling behaviour. It was observed that small changes in
composition of the hydrogels can influence the generation of hydroxyapatite-like mineral
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phases. While hydrogels prepared from only AP functionalized macromers promote
mineralization, the hydrogels obtained from only AEPA functionalized ones have no apatite
nucleation ability. The hydrogels which have both AP and AEPA in their structures showed
different mineralization abilities depending on their ratios, probably due to hydrophilicity.
The pre-treatment of hydrogels with CaCl> increases the capacity of the hydrogels for
mineralization. The degradation products of these new materials showed no toxicity on cells
and therefore they can be considered as potential candidates in various biomedical

applications.
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5. BISPHOSPHONATE FUNCTIONALIZED MONOMERS AND
THEIR CONTROLLED POLYMERS

5.1. Introduction

Polymers obtained through free radical polymerization (FRP) are produced with a
broad mass distribution. Living/controlled radical polymerization (LRP) techniques allow
synthesis with greater control over molar mass and polydispersity providing well defined
end groups and architectures such as block and star polymers [228]. The ability to produce
well-defined polymers thanks to LRP can improve the understanding of the relationship
between the structure and property which is important to obtain more efficient sophisticated
materials. The technique used in this chapter is reversible addition-fragmentation chain
transfer (RAFT) polymerization. It has an advantage over the other LRP techniques due to
its tolerance of many functionalities in monomer like -OH, -AHA, -NRzand -SOsH. RAFT
provides reversible deactivation of propagating radicals via degenerative chain transfer
[229]. The general mechanism is illustrated in Figure 5.1. Thiocarbonylthio compounds
which are known as chain transfer agents (CTA) are used to control radical polymerization.
RAFT process starts like conventional FRP where a radical is created from an initiator (Step
1). Oligomeric radicals react with the highly reactive C=S bond of CTA and the radical
intermediate can fragment to form a reinitiating R radical (Step 2). The initial concentration
of the initiator should be low to initiate most of the reinitiating R radicals (Step 3). This
radical reacts with monomers and polymer chains (P radical) grow and reversibly add to
another thiocarbonylthio group. The main step of RAFT (main equilibria) is established
between the propagating polymeric radical and dormant macroCTA (Step 4) and the
intermediate radical 4 can fragment in either direction [228, 230]. In a well-designed RAFT
process, the rate of chain equilibration is faster than propagation, so the degree of
polymerization for each side (n and m) are almost similar [231]. As a result, uniform chain
growth and narrow polydispersity can be obtained. The possibility of termination reactions
is limited because of the low concentration of propagating radical chain thanks to rapid

interchange in the chain transfer step. However, it can still occur via coupling or
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disproportionation when monomer conversion is high (Step 5). Therefore, the
thiocarbonylthio chain end can be preserved by ending the polymerization at moderate
conversion and the living chain end can be reacted with another monomer to form block

copolymers [230].
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Figure 5.1. General mechanism of RAFT polymerization. Reprinted from [228].

The efficiency of a CTA depends on the structures of R and Z groups (Figure 5.2).
The R group must be a good leaving group and be an effective reinitiating species. Steric
factors, radical stability and polar effects have an influence on the leaving/reinitiating
capacity of an R group. For example, increased radical stability enables the R group to be a
good leaving group, but they may have negative effects on the reinitiating capacity. The Z
group modifies the addition and the fragmentation rates. It should activate the C=S bond
during the radical addition and give minimal stability to formed radical to facilitate
fragmentation. For instance, the most reactive CTAs such as dithioesters (Z= alkyl or aryl)
and trithiocarbonates (Z= SR) allow the preparation of low dispersity polymers from more
activated monomers (MAM) where the double bond is conjugated to an aromatic ring, a
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carbonyl group or a nitrile. The radicals of MAM which are less reactive in radical addition
do not add efficiently to less reactive CTAs (where Z= OR, NRR). Low rates of the addition
of a monomer to the CTA and high rates of fragmentation of adduct radical increase the
radical concentration in the system and polymerization occurs like a conventional FRP [228],
[231]. Therefore, R and Z groups should be selected by taking into consideration of the
reactivity of the monomer being polymerized. Guidelines for selection of CTAs is given in
Figure 5.2.
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Figure 5.2. General structure and guidelines for selection of CTAs. Dashed line shows
partial control. Adapted from reviews [232, 297].

As mentioned in the introduction part, phosphorous containing polymers have found
various applications in different fields. Phosphorous incorporated polymers can be
synthesized by direct (co)polymerization of phosphorous based monomers or by post
modification of polymers using a phosphorous based moiety. In order to obtain the polymers
with controlled architecture and molecular weight as well as well-defined and

functionalizable end groups, different LRP techniques were used in the polymerization of
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phosphorous containing monomers [106, 134, 233, 234]. A mini review giving the examples
of nitroxide-mediated polymerization (NMP), atom transfer radical polymerization (ATRP)
and RAFT polymerization of phosphorous containing monomers was written by Xu et al.
[235]. David et al. showed the inhibiting effect of the phosphorous atom in the ATRP process
due to the complex between phosphorous and copper ions, which causes poor monomer
conversion [298]. A large variety of monomers including methacrylate (functionalized with
phosphonate [234,236,237] a-hydroxy phosphonate [238], difluorophosphonylated group
[239], amino bisphosphonate [240], phenylphosphonic acid [241]), methacrylamide (bearing
a long alkyl chain and phosphonate [134], alendronate [242]) and acrylamide (containing
phosphonate [243] and tetraethyl aminomethylbisphosphonate [244]) were (co)polymerized
via RAFT polymerization since this technique is tolerant of a wide variety of functionalities.
However, addition of phosphonated moiety into copolymer structure can be limited because
of the lower reactivity of phosphonated monomers than commonly used monomers [299].
The RAFT polymerization method allows polymerizations to be carried out in different
reaction conditions; therefore, polymerization kinetics-condition relationship can be
considered in detail. For example, the effect of solvent polarity on RAFT polymerization
kinetics of an aminobisphosphonated methacrylate was investigated. Polymerization with
low dispersity and high rate was observed when using polar solvents and conversion

decreased in less polar solvents [240].

Vinylphosphonic acid (VPA) was the first example of a monomer containing
unprotected phosphonic acid to be prepared by RAFT/MADIX (when the CTA is xanthate)
polymerization [245]. Block copolymers of PVPA with low molecular weights were
polymerized but a large amount of VPA remained at the end of the reaction [246]. Addition
of 0.5 equivalents of NaOH increased the polymerization rates and the final conversion, yet
in the presence of 1 equivalent of NaOH polymerization was retarded [247]. It is also
possible to produce phosphonic acid versions of these polymers by hydrolysis of
phosphonate esters [134, 236, 240, 243, 248]. Introduction of phosphorous based groups
after LRP polymerization of a convenient monomer is another strategy to achieve
phosphorous containing polymers [130, 249]. For example, aminobisphosphonate moieties
were incorporated into polymers obtained by RAFT polymerization of protected amine

monomers via Kabachnik-Fields and Moedritzer-Irani reactions [250]. On the other hand,
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phosphonate and bisphosphonate functionalized CTAs or ATRP initiators can be used to
polymerize appropriate monomers [251, 252]. Dufils et al. showed that rate of vinyl acetate
polymerization is not affected by the phosphonate moieties in CTA even polydispersity

index values were lower than 1.4 [253].

Thermoresponsive polymers which undergo volume-phase transitions in solution
triggered by changes of temperature have been extensively investigated for biomedical
applications such as sensors, drug delivery and tissue engineering [254-256]. Polymers
showing lower critical solution temperature (LCST) alter their hydrophilicity and undergo a
soluble to insoluble transition above the critical temperature. Below LCST polymer chains
form hydrogen bonds with water, which enables solubilization of polymer. Above LCST
hydrogen bonding between polymer chains is favored, as a result polymer chains become
hydrophobic and collapse. LCST is an entropically driven action [257]. The change of
physical state can be observed with the bare eye. Thus, the temperature at which the polymer
solution becomes cloudy is called the cloud point. Poly(N-isopropylacrylamide) (PNIPAM)
is one of the most widely studied thermoresponsive polymer because its LCST is around 32
°C, being close to human body temperature [258]. Salt ion concentration, pH of the solution,
molecular weight and composition of polymer are the factors that can affect the LCST of

polymers [257].

Adjustment of the LCST of a polymer can be accomplished by copolymerizing with
different monomers altering the overall hydrophilicity of the polymer. Addition of
hydrophilic groups into a thermoresponsive polymer increases the LCST due to the stronger
interaction with water compared to the original homopolymer, whereas; hydrophobic ones
decrease the LCST [259]. In addition, pH or ion sensitive components can be combined with
thermoresponsive polymers to enrich polymer properties. For example, thermosensitive
polymers based on poly(N-n-propylacrylamide), P(NNnPAAm), bearing phosphonated
groups were synthesized and phosphonated ester groups were hydrolyzed. The LCST of
polymers increased from 22 °C to 25.6 °C with the addition of phosphonic acid content.
Also, the influences of temperature and pH were investigated to understand complexing

properties of polymers for nickel cations. It was observed that the best sorption capacities
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were achieved at temperatures around LCST where polymer-polymer interaction is boosted
and composes a core, but the phosphonate rich segment remains soluble because of its higher
hydrophilicity and becomes more accessible for metallic cations [260]. The effect of
architecture on sorption properties of this polymer was also studied and no significant
differences were observed [261]. Furthermore, well-defined NIPAM based diblock
copolymers containing carboxylic azo groups were synthesized by Ren et al. The LCST of
the polymer was measured as 32 °C (pH=7), 31 °C (acidic medium) and 34 °C (basic
medium) because of the solubility of carboxylic azo block. Surprisingly, the cloud point of
carboxylic acid terminated polymer disappeared under basic conditions because of the
electrostatic repulsion of the end groups. Addition of calcium ion induced chain
entanglement of polymeric micelles because of the complex formation between Ca?* and

COO and macroscopic phase separation occurred [262].

Amphiphilic block copolymers containing a permanently water-soluble hydrophilic
block and a thermoresponsive block are frequently used in injectable systems for biomedical
applications thanks to their liquid-gel phase transitions. At the temperatures lower than
LCST, the polymer is dissolved in water, whereas at higher temperatures the
termoresponsive block becomes water insoluble that trigger micelle formation [256, 263,
264]. Copolymer composition, block length and architecture are the main determinants of
the micellization process [265, 266]. Therefore, development of well-defined polymers
produced by CRP is important to evaluate the structure property relationship. The free-
standing micelle structures can form physical micellar gels when the polymer concentration
is sufficiently high [267-270]. The repulsive interactions between the soluble polymer
chains of diblock amphiphilic copolymers can cause gelation [271]. However, the critical
gelation concentration of symmetrical triblock copolymers (hydrophobic outer block) is
much lower than the concentration of the diblock copolymers (around 30 w% polymer [272])
because in the first case, hydrophobic outer blocks can be placed in different micelle cores
besides the interaction of hydrophilic part [270]. For example, triblock copolymers were
synthesized via ATRP using thermoresponsive PNIPAM as hydrophobic outer blocks and
O-phosphorylethanolamine containing poly (acrylic acid) as a water-soluble inner block.
The rheological measurements indicate that physical gels can form at temperatures between

32-45 °C at polymer concentrations lower than 2 w% depending on PNIPAM block length,
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substitution degree of phosphonic acid group and polymer concentration [143].
Mineralization capacity of phosphonic acid containing PNIPAM based injectable polymers
were investigated to evaluate their potential for bone tissue engineering [143, 273, 300].
Calcium phosphate particles such as HAP and B-tricalcium phosphate have been combined
with in-situ gelling hydrogel systems to provide better osteoconduction and promote
mineralization [274, 275].

The aim of this chapter is synthesizing new thermoresponsive polymers with
bisphosphonate and bisphosphonic acid functionality as alternative to synthetic polymers
used in bone tissue engineering. For this reason, we have synthesized new acrylamide
monomers with different hydrophilicities (propyl, octyl and octadecyl groups) and
bisphosphonate groups. They were copolymerized with NIPAM via FRP and RAFT
polymerization. Also, a carboxylic acid containing NIPAM copolymer was functionalized
with alendronate to obtain bisphosphonic acid groups in polymer structure. We focus on the
relationship between the structure of polymers and their aqueous behaviour. The
hydrophilicity of incorporated functionality as well as Ca?*-bisphosphonic acid interaction
can have influence on LCST and potential mineralization properties of polymers.

5.2. Experimental

5.2.1. Materials and Methods

Tetraethyl ethenylidenebis(phosphonate) was prepared according to the literature
procedure described by Degenhardt and Burdsall [276]. 6-acrylamidohexanoic acid (AHA)
was synthesized as described in the literature [277]. 4-((((4-carboxybenzyl)
thio)carbonothioyl)thio)butan-1-ylium (chain transfer agent-CTA) was synthesized
previously [301] and purified by column chromatography on silica gel using petroleum
ether- ethyl acetate (50:50 v/v) as eluent for this work. NIPAM and 2)2'-

azobis(isobutyronitrile) (AIBN) were crystallized from hexane before use. Dichloromethane
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(DCM) (Merck) was dried over molecular sieves. Tetraethyl methyl bisphosphonate, propyl,
octyl and octadeyl amine, acryloyl and methacryloyl chloride, trimethylsilyl bromide,
triethyl amine, tris(trimethylsilyl)phosphite (TMSP), N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC-HCI), N-hydroxysulfosuccinimide sodium salt
(Sulfo NHS) and all other reagents and solvents were obtained from Aldrich and used as

received without further purification.

The chemical structures of monomer and polymers were confirmed by nuclear
magnetic resonance (*H, 3C, 3P NMR) and FTIR spectroscopies. NMR spectra were
recorded on a Varian Gemini (400MHz). FTIR spectra were collected by Thermo Scientific
Nicolet 380 spectrometer in the range of 4000-400 cm™. Polymers were analyzed by size
exclusion chromatography (SEC) at room temperature in NMP as an eluent, with a setup
consisting of UV and refractive index detector (Shimadzu Corporation, Kyoto, Japan) and
PSS GRAM column as stationary phase. Narrowly distributed polystyrene standards (PSS,
Mainz, Germany) were used to calibrate SEC. UV—vis absorption spectra were recorded on
a Perkin Elmer Lambda UV/vis Spectrometer. Quartz cuvettes with path length of 1 cm were
used. Number average molar masses were calculated by end group analysis in acetonitrile

by using the equation
MpV=¢.c.d.E? (5.1)

where E is the extinction of trithiocarbonate chromophore group. The molar extinction
coefficient € is 16500 L/mol cm at 307 nm in acetonitrile. Cloud points of polymers were
determined using a Cary 50 UV-Vis spectrometer equipped with a single cell Peltier
thermostat. Turbidimetry measurements were carried out on 3 and 10 g/L polymer solutions
prepared in D20 at a wavelength of 600 nm during heating and cooling from 20 to 50 °C
with 0.5 °C /min rate. Differential scanning calorimetry (DSC) was used to determine the
glass transition temperatures (Tq) of the polymers. Samples (5-10 mg) were sealed in
aluminium pans and heated under nitrogen atmosphere from 20 to 120 °C with a scanning

rate of 10 °C min™t.
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5.2.2. Synthesis of Bisphosphonate Functionalized Amines (Al, A2, A3)

The relevant amine (propyl, octyl or octadecyl amine, 1 mmol) and tetraethyl
vinylidene bisphosphonate (1.1 mmol) were mixed at room temperature for one day.
Octadecyl amine reaction was done in dry DCM due to solubility reasons.

Al: 'H NMR (400 MHz, CDCls): 0.89 (t, ®Jun = 7.2 Hz, 3H, CH3-CH>), 1.32 (t,
3Jun = 7.2 Hz, 12H, CH3-CH2-0), 1.48 (m, 2H, CH2-CH3), 2.54 (t, 3Jun = 7.2 Hz, 2H, CHo-
N), 2.53 (m, 1H, CH-P=0), 3.11 (m, 2H, CH2-CH-(P=0)>), 4.17 (m, 8H, CH2-O-P=0) ppm.
A3: 'H NMR (400 MHz, CDCls): 0.86 (t, *Jun = 6.8 Hz, 3H, CH3-CHy), 1.24 (s, 32H, CH.-
) 1.33 (m, 12H, CH3-CH-0), 2.56 (t, 3Jun = 7.2 Hz, 2H, CH2-N), 2.63 (m, 1H, CH-P=0),
3.12 (m, 2H, CH2-CH-(P=0)z), 4.17 (m, 8H, CH,-O-P=0) ppm.

5.2.3. Synthesis of Bisphosphonate Functionalized Acrylamides (M1, M2, M3)

To a mixture of functionalized amine (3.02 mmol) and triethylamine (0.57 mL, 4.08
mmol) in anhydrous DCM (8 mL) under nitrogen, acryloyl chloride (0.47 mL, 4.83 mmol)
or methacryloyl chloride (0.39 mL, 4.83 mmol) was added dropwise in an ice bath. The final
mixture was stirred at room temperature for 2 h. After addition of water (2 mL) to terminate
the reaction, chloroform (20 mL) was added and the organic phase was extracted with water
(3x5 mL), HCI (3x5 mL) and NaHCOz (3x5 mL). The organic phase was dried over
anhydrous Na>SOs, filtered and evaporated. The crude product was purified by reverse phase
flash chromatography on C18 using MeOH-water as eluent.

M1 (50:50 MeOH-water, 54%): *H NMR (400 MHz, CDCls): 0.88 (t, 3Jun = 8 Hz,
3H, CH3-CHy), 1.32 (m, 12H, CH3-CH-0), 1.55 (m, 2H, CH,-CHj3), 3.47 (m, 3H, CHa-N,
CH-P=0), 3.81 (m, 2H, CH2-CH-(P=0)>), 4.16 (m, 8H, CH»-O-P=0), 5.65 (d, 3Jun = 12 Hz,
1H, CH1H>=CH), 6.32 (d, 3Jun = 16 Hz 1H, CH,=CH), 6.52 (q, *Jur = 8 Hz, 1H, CH1H>=CH)
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ppm. 3P NMR: 19.5, 20.61 (main peak), 21.25 ppm. FTIR (ATR): 2987 (C-H), 1649 (C=0),
1613 (C=C), 1496 (NH), 1246 (P=0), 1014, 950 (P-O) cm™*. M2 (60:40 MeOH-water, 53%):
'H NMR (400 MHz, CDCls): 0.87 (t, 3Jun = 6.4 Hz, 3H, CH3-CHy), 1.26 (s, 10H, CHo-
CHs), 1.33 (m, 12H, CH3-CH,-0), 1.54 (m, 2H, CH2-CHs), 3.48 (m, 3H, CH,-N, CH-P=0),
3.81 (m, 2H, CH2-CH-(P=0),), 4.17 (m, 8H, CH,-O-P=0), 5.67 (d, 3Jun = 8 Hz, 1H,
CH1H2=CH), 6.34 (d, 3Jun = 16 Hz 1H, CH,=CH), 6.53 (q, *Jun = 12 Hz, 1H, CH1H,=CH)
ppm. 3P NMR: 18.01, 18.77 (main peak) ppm. FTIR (ATR): 2921, 2852 (C-H), 1651
(C=0), 1614 (C=C), 1544 (NH), 1250 (P=0), 1020, 967 (P-O) cm™. M3 (100:0 MeOH-
water, 47%): *H NMR (400 MHz, CDCl3): 0.87 (t, 3Jun = 6.8 Hz, 3H, CHz-CHy), 1.25 (s,
30H, CH2-CH3), 1.33 (m, 12H, CH3-CH,-0), 1.52 (m, 2H, CH2-CH3), 3.49 (m, 3H, CHa-N,
CH-P=0), 3.80 (m, 2H, CH,-CH-(P=0),), 4.17 (m, 8H, CH2-0-P=0), 5.67 (d, 3Jun = 7.6
Hz, 1H, CH1H,=CH), 6.34 (d, 3Jun = 14.4 Hz 1H, CH=CH), 6.53 (q, 3Jun = 8 Hz, 1H,
CH1H2=CH) ppm. 3P NMR: 20.96, 21.51 (main peak), 22 ppm.

5.2.4. Synthesis of Copolymers of NIPAM and M1/M2/M3

Random and block copolymers of NIPAM and bisphosphonated acrylamides (M1, M2 and
M3) were synthesized using FRP and RAFT polymerization as described below.

5.2.4.1. Synthesis of random copolymers of NIPAM and M1/M2/M3, P(NIPAM-co-Mx).
NIPAM and M1/M2/M3 were dissolved in dioxane at different mol ratios
(INIPAM]/[monomer] = 95:5, 90:10 and 70:30) by adjusting the concentration as 2M. The

reactions were carried out at 65 °C with 2 mol % AIBN after freeze-pump-thaw cycles. The

obtained polymers were purified by precipitation into diethyl ether. Yields were calculated
as 39, 28, 9% respectively at 5, 10, 30 % of phosphonated monomer concentration.

5.2.4.2. Synthesis of homopolymers of NIPAM by RAFT polymerization, PNIPAM
(macroCTA). The mixture of NIPAM (200 or 100 eq), CTA (1 eq) and AIBN (0.1 eq, added

from 1 g mL™* stock solution) was dissolved in benzene adjusting 30 w% concentration. The
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solution was deoxygenized by 3 freeze-pump-thaw cycles and placed into a preheated oil
bath at 65 °C. The polymerization was conducted for 3 hours and quenched by opening the
tube to the air. The polymer was purified by precipitation into diethyl ether. After drying in
vacuum oven, it was dissolved in water and lyophilized. The yield was calculated to be 74%.

5.2.4.3. Synthesis of block copolymers of PNIPAM and Mx by RAFT polymerization,
PNIPAM-b-PMx and PNIPAM-b-P(NIPAM-co-Mx). Block copolymer synthesis was
carried out with two different procedures. In the first procedure, functionalized monomer
(50 eq) and macroCTA, (PNIPAM), (1eq) were dissolved in trifluoroethanol. AIBN (0.2 eq)
was added from a stock solution in trifluoroethanol (1 g mL™). After 5 freeze-pump-thaw

cycles, solution was stirred at 70 °C for 25 h. In the second procedure, the second block was
designed as a copolymer. Thus, the mixture of functionalized monomer and NIPAM
(INIPAM]/[monomer] = 90:10, 70:30 and 50:50, 50 eq. in total) was dissolved in
trifluoroethanol containing macroCTA (1 eq) and AIBN (0.4 eq). After 5 freeze-pump-thaw
cycles, solution was stirred at 68 °C for 22 h. The polymers were purified by precipitation
into diethyl ether. After drying in vacuum oven, they were dissolved in water and
lyophilized. Yields were calculated as 17 % for the first procedure and 21, 37 and 17 % for
the second procedure ([NIPAM]/[monomer] = 90:10, 70:30 and 50:50 respectively).

5.2.5. Dealkylation of Bisphosphonate Functionalized Monomers and Polymers

TMSBr (0.37 mL, 2.8 mmol) was added dropwise to an ice-cold solution of monomer
or polymer (corresponding to 0.7 mmol phosphonate group) in dry DCM (2 mL) under
nitrogen. After stirring 5 h at 30 °C, excess TMSBr was removed under reduced pressure.
Methanol (3 mL) was added and the mixture was stirred for 30 min. The solvent was

evaporated and the crude product was analyzed without any purification.
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5.2.6. Synthesis of 6-acrylamidohexanoic acid (AHA)

Acryloyl chloride was added dropwise to a mixture of 6-aminohexanoic acid and
sodium hydroxide in water at 0 °C. After stirring 1 h in an ice bath and 2 h at room
temperature, the mixture was acidified to pH 1. The precipitated white solid in water was
dissolved in ethyl acetate and the aqueous phase was extracted with ethyl acetate. After
evaporation of the total organic phase, 6-acrylamidohexanoic acid (AHA) was purified by

recrystallization from ethyl acetate and the yield of AHA monomer was calculated as 42 %.

5.2.7. Synthesis of Copolymers of NIPAM and AHA

Copolymerization of 6-acrylamidohexanoic acid (AHA) and NIPAM were carried out
using standart freeze-pump-thaw method via free radical polymerization. Monomers were
dissolved in EtOH at [NIPAM]/[AHA] to 60:40 ratio by adjusting the concentration as 40
w%. The solution was stirred at 65 °C for 4h. After precipitating in warm water, yield of
P(NIPAM-co-AHA) was calculated as 84 %.

To prepare the block copolymer, 6-acrylamidohexanoic acid (AHA) (100 eq),
macroCTA (PNIPAM) (1 eq) and AIBN ([CTA]o/[AIBN]o = 5) were dissolved in
trifluoroethanol adjusting 40 w% concentration. After 5 freeze-pump-thaw cycles, the
solution was stirred at 70 °C for 8 hours. The polymer was precipitated into warm water.
The yield of PNIPAM-b-PAHA was calculated to be 56 %.

5.2.8. Functionalization of P(NIPAM-co-AHA) with Bisphosphonic Acid

Bisphosphonic acid functionality was added to polymers using two different synthetic
ways. In the first method, oxalyl chloride (0.29 g, 0.19 mL, 2.27 mmol) in dry DCM (1.5
mL) was added dropwise to carboxylic acid containing copolymer solution (60 mg
corresponding to 0.32 mmol COOH) in an ice bath under nitrogen. 10 drops of DMF solution
(0.1 mL DMF in 0.5 mL dry DCM) was added as catalyst to the cold mixture and the mixture



95

was stirred for 5 h. The solvent was evaporated and tris(trimethylsilyl)phosphite (0.39 g,
0.433 mL, 1.30 mmol) was added onto the formed acid chloride in dry THF (0.3 mL). The
mixture was stirred at room temperature for 2 h. After removal of THF, the residue was

stirred in MeOH (1.5 mL) for 2 h. The product was purified by dialysis against water.

The second method is based on carbodiimide chemistry approach. carboxylic acid
containing copolymer (40.7 mg corresponding to 0.12 mmol COOH), EDC.HCI (29.1 mg,
0.15 mmol) and NHS-Sulfo (32.9 mg, 0.15 mmol) were stirred in water (0.6 mL) under
nitrogen for 30 min in an ice bath and extra 3h at room temperature. A few drops of DMF
(0.1 mL) were added to increase the copolymer’s solubility. Then, alendronate (ALN) (82.3
g, 0.25 mmol) was dissolved in water by adjusting the pH to 8-9 and added dropwise in two
aliquots to ice-cold activated copolymer solution. The pH of the mixture was maintained at
8-9 and the reaction was stirred for 1 h in an ice bath and overnight at room temperature.
The product was purified by dialysis against water.

5.3. Results and Discussion

5.3.1. Synthesis and Characterization of Bisphosphonate Functionalized Acrylamides

Three new bisphosphonate-functionalized secondary amines with different
hydrophilicities were synthesized to be used in monomer synthesis as shown in Figure 5.3.
These amines (A1, A2 and A3) were prepared using tetraethyl vinylidene bisphosphonate as
a Michael acceptor which was reacted with propyl, octyl or octadecyl amine by aza-Michael
addition at room temperature. Amines having different length of alkyl chains were chosen
to investigate the hydrophobicity effect on both LCST and potential mineralization capacity
of the resulting structures. Tetraethyl vinylidene bisphosphonate was used in 1.1 times
excess amount to ensure full functionalization. The structures were confirmed using *H

NMR spectroscopy. It was observed that the peaks have a complex structure due to the



96

phosphorus-hydrogen coupling. For example, the methine proton formed after the reaction
in the Al structure is seen as a triplet of triplet at 2.6 ppm, and the methylene proton attached
to nitrogen is seen as a triplet of doublet at 3.15 ppm (Figure 5.4). The synthesized amines
were used without any further purification since the extra tetraethyl vinylidene

bisphosphonate does not give any side reaction during monomer synthesis.

In the next step, each of these three amines were reacted with acryloyl chloride in the
presence of triethyl amine (TEA) in dry DCM to form acrylamides M1, M2 and M3 which
were purified by reverse flash chromatography on C18 column using MeOH-H>O as eluent.
The monomers (M1, M2 and M3) were obtained as light-yellow liquids in 45-55 % yields.
They are well soluble in MeOH, THF, ether, DCM, hexane but solubility in water changes

depending on the alkyl chain. For example, M1 is soluble in water but M3 is insoluble.
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Figure 5.3. Synthesis of bisphosphonate functionalized amines (Ax) and acrylamides (MXx).
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Figure 5.4. 'H NMR of Al and M1.

The spectral data are in agreement with the expected structure of the monomers. For
example, the olefinic protons of M1 are between 5.67 and 6.53 ppm in *H NMR (Figure 5.4).
The single bisphosphonate proton is a broad triplet of triplet, however these peaks overlap
with the peaks due to methylene protons adjacent to nitrogen. *C and 3P NMR spectra of
monomers are shown in Figure 5.5. The methine proton is observed as a triplet at 32 ppm.
The peak corresponding to phosphorus is seen at 18.8 ppm in 3P NMR of M1. The FTIR
spectra of each monomer show expected peaks both from bisphosphonate and acrylamide
groups. The intensity of peaks between 2850 and 2950 cm™ corresponding C-H vibration
also increases for longer alkyl chains (Figure A.6). Methacrylamides of functionalized
amines were also synthesized using the same procedure but purification of the monomers
was not successful. Therefore, polymerization reactions of only acrylamides were carried

out.



98

29 27 25 23 21 19 17 15 13 11

l L

wh ﬁ:‘ll

Wl ' “.. A .m[‘!r OV b il v l

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 5.5. 3C and P NMR of M1.

It is known that bisphosphonic acid has high affinity to Ca?* ions and dynamic
coordination bonds can be formed between them. Therefore, the monomers were then
silylated by trimethylsilyl bromide (TMSBr), and then the silyl ester groups were removed
by methanolysis to obtain bisphosphonic acid-functionalized monomers. However, a
decrease of both bisphosphonate ester and olefinic protons was observed in NMR
characterization (Figure A.7). Fully dealkylation of similar monomer structures obtained by
Michaelis-Arbuzov reaction was reported in literature [302]. However, Galaka et. al have
also experienced a similar problem during some monomer dealkylation and claimed a new
method needs to be developed for this transformation [278]. Therefore, we decided to carry

out dealkylation reaction using TMSBr on polymers to protect polymerizable double bonds.
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5.3.2. Synthesis and Characterization of Polymers

Novel thermoresponsive copolymers of bisphosphonate functionalized acrylamides
and NIPAM were synthesized to investigate the relationship between structure and
thermoresponsive behaviour. In addition to FRP technique, RAFT polymerization was also

used to obtain narrow mass distribution.

5.3.2.1. Copolymers of NIPAM and M1/M2/M3 by FRP, P(NIPAM-co-Mx). Copolymers
of NIPAM and bisphosphonated acrylamides were synthesized by free radical

polymerization using AIBN as the initiator. Polymerization reactions were carried out in
different solvents such as MeOH and dioxane and monomer concentrations (1, 2, 4 and 6
M). At high concentrations, reactions are in tendency to crosslink in a short time. Therefore,
concentration is adjusted to 2 M and AIBN amount is determined as 2 mol %. The reaction
temperature was raised from 60 to 70 °C to increase the reactivity of the monomers, thus,
dioxane was used as solvent due to the low boiling point of MeOH. However, high
conversions could not be achieved in 23 h (conversion were calculated as 22%). The
copolymer ratio was calculated by integrating the methylene protons of phosphonate ester
groups at 4.21 ppm with respect to methine proton of NIPAM at 3.96 ppm. For example, the
ratio was calculated as 3 and 8 mol % for the copolymers with 5 and 10 mol % M1 in feed.
It was observed that precipitated particles become dust like rather than solid when the
amount of bisphosphonated acrylamide is higher, however the calculated ratio is comparable
with the feed ratio. In the FTIR spectra of the copolymer (Figure 5.7) peaks at 975 and 1029

cm? correspond to the symmetric and asymmetric vibration of P—O.

Joj\/ o I
o =
T ™ono

65°C, dioxane
EtO _OEt

EtO"11 1 OEt EtO, i _OEt
© 0 EtO"uI LI OEt
0O O

PNIPAM-co-PMx

Figure 5.6. Synthesis of P(NIPAM-co-Mx) by FRP.
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Figure 5.7. *H NMR spectra of P(NIPAMgo-c0-M110) and P(NIPAMgs-co-M1s). FTIR

spectra of copolymers and M1.

5.3.2.2._Block copolymers of PNIPAM and M1/M2/M3 by RAFT. RAFT radical
polymerization method was chosen to control the molar masses and polydispersity index

values. First homopolymers of NIPAM was prepared by RAFT polymerization and used as
macroCTA for the second block. 4-((((4-carboxybenzyl)thio)carbonothioyl)thio)butan-1-
ylium was used as a chain transfer agent (CTA) which enables the end group analysis in
molar mass determination. The NIPAM to CTA and AIBN ratio was varied to obtain
polymers with controlled molecular weights. ([CTAJo/[AIBN]o = 10, [NIPAM]o/[CTA]o =
100 and 200). PNIPAM is soluble in cold water, chloroform, acetone and various alcohols
such as methanol and trifluoroethanol. The resulting polymer was characterized by *H NMR
(Figure 5.9).
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Figure 5.8. Synthesis of PNIPAM by RAFT polymerization.

The number average molar masses were determined by *H NMR, UV-vis spectroscopy
and SEC. As seen in the *H NMR spectrum, CTA has characteristic signals for both end
groups (aryl protons for R group, methyl protons for Z group). The number average molar
mass (Mn) can be calculated by integrating these characteristic end group protons with
respect to methine proton of NIPAM at 3.99 ppm. However, it was only possible to calculate
MaNMRR (with respect to R group of CTA, at 7.96 ppm) because the methyl proton of the Z
group overlapped with methyl protons of NIPAM. The number average degree of
polymerization (DP) values were found to be 171 and 98, close to the targeted values. The
thiocarbonyl group of the Z group is a strong UV-chromophore showing maximum
absorbance at 307 nm and an extinction coefficient € in the order of 16500 L.mol™* cm™ in
acetonitrile. Number average molar mass M»"Y was calculated as shown in Table 5.1 by
using the equation MyYV= e.c.d.E?, where E is the extinction of trithiocarbonate
chromophore group. It is assumed that the extinction coefficient of the chromophore is the
same in CTA and the polymer. The molar masses and poly dispersity index values (PDI) for
PNIPAM blocks were determined by SEC using NMP as eluent (Table 5.1). Low PDI values
(1.2) indicated well-controlled chain growth. In addition, close molar mass estimations
calculated by NMR and UV-vis spectroscopies show that the Z group of CTA is active which

is important for further polymerization reactions.
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Figure 5.9. *H NMR spectrum and UV-vis measurements of PNIPAM.

Table 5.1. Characterization of PNIPAM polymers.

MpNMR-R | DPNMR | (MUY MnSEC PDI | [CTA]o/[AIBN]o
(kg/mol) (kg/mol) | (kg/mol)
PNIPAM200 20 171 22 24 1.2 10
PNIPAM100 11 98 16 11 1.2 10

For the synthesis of second block, firstly M1 was polymerized alone in the presence

of macroCTA (PNIPAM) and AIBN by adjusting the ratio as [CTA]o/[AIBN]o = 5 and
[M1]o/[CTA]o =50. After purification the yield was calculated as 17 %. The resultant
polymer was characterized by *H NMR (Figure 5.11) and the degree of polymerization for
the second block was calculated by integrating the methylene protons of phosphonate ester
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groups at 4.17 ppm with respect to methine proton of NIPAM and aryl protons of CTA's R

group. DP was found as 2 which is 25 times less than targeted.

o O~__NH
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PNIPAM-b-PM1

Figure 5.10. Synthesis of diblock copolymer of NIPAM and M1.
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Figure 5.11. *H NMR spectrum of PNIPAM-b-PM1.

The low reactivity of the monomer can be explained by the labile methine proton.
Wang et. al have found that N-acryl pamidronate monomer forms only oligomers when the

amount of initiator is less than 5 mol %. Moreover, they mentioned the possibility of
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termination of free radicals by the bisphosphonate group [273]. In addition to this, the
sterically hindered polymerizable double bond in its structure might cause the second block
to be very short. The polymerization of less hindered acrylamides containing phosphonate
was also reported in different conditions [244, 279]. Therefore, as a second method, it was
decided to synthesize the second block as a copolymer of NIPAM and synthesized
monomers as shown in Figure 5.12. PNIPAM_-b-P(NIPAMy-co-My) notation is used for the
polymers where z, y and x show theoretical mol percentages of monomers used in the
synthesis. Monomer based on octadecyl amine was not used in further reactions due to the
low reactivity and solubility in water caused by the long alkyl chain. Degree of
polymerization for the functionalized monomer was calculated by integrating the methylene
protons of the phosphonate ester groups at 4.17 ppm with respect aryl protons of the R group.
The percentage of bisphosphonate-functionalized monomer in the copolymer was calculated
by comparing the integrals of ¢ and b peaks shown in Figure 5.13. As seen from the *H NMR
spectra, the intensity of the peak at 4.17 ppm corresponding to the monomer increases with
an increase in M2 incorporation into the polymer. Nevertheless, M2 incorporation into the
copolymer is around 50 % of the targeted amount. It can be concluded that bisphosphonate

groups probably terminate the free radicals during reaction and result in low conversions.

" 0 CTA
\M:\NJJ\% + HNJ\? m:::Br?“ /\/\SJL m/ COOH
1 g i s
)\ TFE 68°C

EtOL _OEt
EtO"l1 11 OEt
hou EtOL P _OEt

EtO” 11 11 OEt
o O

PNIPAM-b-P(NIPAM-co-M1)

PNIPAM-b-P(NIPAM-co-M2)
X: 50, 30, 10
y: 50, 70, 90

Figure 5.12. Synthesis of block copolymers (PNIPAM-b-P(NIPAM-co-Mx).
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Figure 5.13. *H NMR spectra of the copolymers PNIPAM20-b-(NIPAMy-co-M2y) y:x
45:5, 35:15, 50:50 respectively from bottom to top.

The number average molar masses of the polymers were determined by the same
methods described above and the results are shown in Table 5.2. According to *H NMR,
NIPAM incorporation for each polymer was different and calculated repeating unit of
NIPAM could give inconsistent results than feed ratio when bisphosphonate functionalized
monomer ratio was high. This problem causes lower M,NMR-R values than expected. M"Y
values are calculated as the highest number average molar masses which show that some of
the Z end groups of CTA were lost as a result low [CTA]o/[initiator]o ratio. The CTA to
AIBN mol ratio was determined as 2.5 for successful polymerizations. Lower ratios were
not preferred since this causes high dispersivity. Polydispersity index values determined by
SEC are also shown in Table 5.2. When this value is higher than 1.3, it indicates that

polymerization is not carried out in a controlled way.
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Table 5.2. Characterization of block copolymers (PNIPAM-b-P(NIPAM-co-Mx).

MoNVMRRT MW [ MnSEC | PDI [ [CTAJo/[AIBN]o
(kg/mol) | (kg/mol) | (kg/mol)
PNIPAM:200-b-M1s0 19 42 27 1.2 5
PNIPAM200-b- 32 46 31 1.2 2.5
(NIPAMas-c0-M2s)
PNIPAM:200-b- 22 47 32 1.3 2.5
(NIPAM3s-c0-M215)
PNIPAM:200-b- 20 not 31 14 1.25
(NIPAMso-c0-M2s0) measured
PNIPAMz00-b- 15 33 13 1.3 2.5
(NIPAM3s-co-M11s)

5.3.3. Dealkylation of Bisphosphonate Functionalized Polymers by TMSBr

The bisphosphonate functionality can be converted to bisphosphonic acid groups by

using TMSBr which is a selective method for phosphonate esters and ensures that the ester

or amide bonds in the molecule are not damaged. Therefore, synthesized polymers were

subjected to a deprotection process by using excess TMSBr which was followed by

methanolysis to make a correlation between hydrophilicity of functional group and LCST.

'H NMR examination of the product showed the disappearance of phosphonate ester protons.

However, 3P NMR spectrum of this product did not show a phosphorus peak (Figure 5.15).

A retro Michael reaction might be the reason for this unexpected result [280]. A stability

problem of the acrylamide bond can also be the reason because the same reaction was

successfully done for urea dimethacrylates by our group.
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Figure 5.15. *H NMR and 3P NMR spectra of the polymer before (below) and after

(above) dealkylation.

5.3.4. Synthesis and Characterization of Copolymers of NIPAM and AHA

Since the hydrolysis of the bisphosphonate groups could not be achieved via the

TMSBr reaction, incorporation of bisphosphonic acid groups by post-polymerization
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modifications was decided as an alternative method. For this purpose, firstly a carboxylic
acid-functionalized acrylamide (6-acrylamidohexanoic acid, AHA) was synthesized from
the reaction of 6-aminohexanoic acid and acryloyl chloride in the presence of NaOH in water
as shown in Figure 5.16. The monomer was purified by recrystallization from ethyl acetate
and it was obtained as white solid in 42 % yield. AHA is soluble in highly polar (MeOH,
DMF) and not soluble in slightly polar (DCM) solvents. The structure was confirmed by *H
NMR and FTIR spectroscopies. The olefinic protons are seen at 5.7 and 6.2 ppm in *H NMR
(Figure 5.17). FTIR spectrum of the monomer shows strong peaks at 1695 and 1542 cm™
due to C=0 and NH stretching (Figure 6.9).

NaOH o
HzN/\/\/\IrOH y N©O — VLN/\/\/\[ro'Na+
o o water H o
/ / AIBN (o] NH
o (o] >
HN
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OH
OH

\|/ Y COOH
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Figure 5.16. Synthesis of AHA monomer and its polymerization with NIPAM via FRP and
RAFT polymerization.

The random copolymer of NIPAM and AHA was synthesized using 1 w% AIBN as
the initiator in EtOH adjusting the concentration 40 w %. For block copolymers, the CTA to
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AIBN mol ratio was determined as 5. The polymerization rate was quite fast, the yield was
calculated as 84 % in 4 h for free radical polymerization and 56 % in 8 h for RAFT
polymerization after purification by precipitating into water in which AHA is soluble. The
polymers are MeOH and DMF soluble, but water insoluble eventhough monomers are water
soluble. For example, 3 g/L polymer solution needs to be shaken for one day to become
soluble. The resulting polymer was characterized by *H NMR (Figure 5.17) and FTIR. The
peak at 2.3 ppm corresponding to methylene protons next to carboxylate group is relatively
sharper than other peaks as it is far from the backbone. The degree of polymerization of the
AHA monomer on block copolymers was calculated by integrating the methylene protons
adjacent to amide nitrogen at 3.15 ppm with respect to methine proton of NIPAM. The
polymer has good agreement between targeted and the NMR and GPC calculated molecular
weights with low polydispersity of 1.1, indicating well-controlled polymerization. The FTIR
spectrum of polymer showed peaks at 1710 and 1634 cm™ due to carbonyl stretching of
carboxylic acid and amide groups. Also, the peaks corresponding to NH and C-O stretching
are present at 1539 and 1242 cm™ (Figure 5.20a).

Table 5.3. Characterization of PNIPAM-b-PAHA.

MaNMRR T MqSEC | PDI | [CTAJ/[AIBN]o

(kg/mol) | (kg/mol)

PNIPAMz00-b-PAHAS0 20 18 11 5
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Figure 5.17. *H NMR spectra of AHA monomer and PNIPAM-b-PAHA.

5.3.5. Bisphosphonic Acid Incorporation to P(NIPAM-co-AHA)

The bisphosphonic acid incorporation to copolymer structure was studied using two
different methods (Figure 5.18). In the first method, the bisphosphonic acid functionalized
polymer, tmsp-P(NIPAM-co-AHA), was prepared in two steps: i) synthesis of the acid
chloride derivative by reaction of the polymer and oxalyl chloride and ii) reaction of the acid
chloride derivative with TMSP. The product was purified by dialysis to remove H3POs. The
polymer became water soluble after treatment. In the second method, bisphosphonic acid
functionalized polymer, ale-P(NIPAM-co-AHA), was also prepared in two steps: i) reaction
of copolymer with Sulfo NHS in the presence of EDC-HCI to form unstable reactive o-
acylisourea ester intermediate and ii) reaction of the intermediate with sodium alendronate.

The product was dialysed to remove unreacted starting materials.
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Figure 5.18. Synthesis of tmsp-P(NIPAM-co-AHA) and ale-P(NIPAM-co-AHA).

The resultant polymers were characterized by *H NMR as shown in Figure 5.19 and
FTIR spectroscopy (Figure 5.20a and A.8). The formation of peaks at 2.02 and 3.44 ppm
indicates alendronate incorporation when the method based on carbodiimide chemistry used.
In addition, the peak corresponding to methylene protons adjacent to amide carbonyl showed
a downfield shift after modification. The intensity of the band representing AHA carbonyl
stretching diminished noticeably; furthermore, the intensity of the NH peak increased
relatively to the amide carbonyl band. Also, thermal properties of copolymers were
investigated using DSC. Tq4 of the copolymer was determined as 110 °C but after ALN
addition no Tg could be found until 140 °C. Surprisingly, NIPAM’s methine and methyl
protons as well as methylene protons next to amide of AHA disappeared in the *H NMR
spectrum of the product obtained by the other method (tmsp-P(NIPAM-co-AHA)). Amides
are stable groups but the acidity of bisphosphonic acid might catalyze amide hydrolysis
during dialysis. Therefore, FTIR spectrum of the product was also considered before
purification and did not show any peak at 1539 cm™ corresponding to amide NH (Figure
A.8). As a result, we deduced that TMSP modification is not a proper method for the amide
included structures, hence the second method (using EDC/NHS) was studied for block

copolymers.
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Figure 5.19. *H NMR spectra of P(NIPAM-co-AHA) after bisphosphonic acid

modification.
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Figure 5.20. (a) FTIR spectra of ale-P(NIPAM-co-AHA) (above) and P(NIPAM-co-AHA)
(below) (b) DSC curves of copolymers.
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5.3.6. Aqueous Solution Properties of Polymers

5.3.6.1. Aqueous solution behaviours of PNIPAM homopolymers. Aqueous solution

behaviours were studied to investigate the effect of polymer structure on LCST values.
Cloud points of the synthesized polymers were determined using a Cary 50 UV-Vis
spectrometer equipped with a single cell Peltier thermostat. Although heating and cooling
curve repetitions give consistent results, the cooling curve shifts almost 2 °C compared to
the heating curve. 1 °C hysteresis, which occurs in the inter-chain association and
dissociation process due to additional hydrogen bonds formed in the collapsed state, can be
seen also in PNIPAM [258]. The reason of the high shift could not be understood for this
system and cloud points are given in terms of heating curves. The cloud point values of
PNIPAM200 and PNIPAM 100 solutions (10 g/L) were measured as 27.2 and 24.5 °C which
are lower than the generally known value for PNIPAM (32 °C) due to the concentration of
polymer solution and hydrophobic end groups of CTA. When the polymer chain is shorter
the hydrophobic end group effect becomes very strong. The cloud points for PNIPAM
increased to 30.6 °C and 28.1 °C in dilute solutions (3 g/L).

Table 5.4. Cloud points of block copolymers of NIPAM and Mx (10 g/L concentration).

Polymer BP (mole %) Cloud point (°C)
PNIPAM200 - 27.2
PNIPAM200-b-P(NIPAM45-c0-M2s) 1.0 29.1
PNIPAM 200-b-P(NIPAM35-C0-M2i5) 2.5 28.6
PNIPAM200-b-P(NIPAMs0-c0-M2s0) 8.0 27.8
PNIPAM200-b-M1s9 1.2 27.9
PNIPAM 200-b-P(NIPAM35-co-M1;5) 0.7 27.8
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5.3.6.2. Aqueous solution behaviours of PNIPAM-b-P(NIPAM-co-Mx) polymers. As seen

in Table 5.4, cloud points were measured between 27.8 and 29.1 °C after incorporation of
second block that induces 0.6 and 1.9 °C increase in cloud points. The ethyl groups in
bisphosphonate structure and alkyl chains in monomer structure cause hydrophobicity while
the presence of oxygen increases hydrophilicity. Cloud point of PNIPAM showed a small
increase with the incorporation of 1.2 % bisphosphonate functionalized monomer
(PNIPAM200-b-M1s0). However, the addition of NIPAM during the formation of second
block is different for other polymers which makes the comparison between bisphosphonate
ratio and cloud points not possible that can be the reason of lack of order. According to H
NMR integrals of PNIPAM:o0-b-P(NIPAMz3s-c0-M215), during the second block formation
incorporated NIPAM amount is very small. Therefore we can compare PNIPAM:q0-b-M1so
and PNIPAM2o-b-P(NIPAM3s-c0-M215 and conclude that increase in bisphosphonate
addition increases cloud points. Figure 5.21 demonstrates the transmittance to temperature
curves of block copolymers synthesized from the same monomer at different ratios as well

as different monomers at equal ratios.
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Figure 5.21. Turbidimetry studies of block copolymers of NIPAM and Mx.
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5.3.6.3._ Aqueous solution behaviours of PNIPAM-b-PAHA and ale-PNIPAM-b-PAHA
polymers Turbidimetry measurements of PNIPAM-b-PAHA based polymers were carried

out on 3 and 10 g/L polymer solutions prepared in D>O or in 0.02M CaCl; solutions. The
polymer solutions were placed on a shaker for one day to obtain homogenous solutions since
the water solubility of PNIPAM200-b-PAHA100 and solubility of modified polymers in CaCl;
solution are low. After modification cloud points increase dramatically as shown in Table
5.5. Percent transmittance of PNIPAM-b-PAHA decreases from 100 % to 98.5 % (orange
line) in the arranged temperature range with a constant slope as shown in Figure 5.22.
However, when the solution was prepared in CaCl, solution, a sharp transition from
transparent to opaque was observed (orange dashed line). Cloud points of ALN-PNIPAM20o-
b-PAHA100 were found to be more than 6 °C higher than relevant PNIPAM (PNIPAM2q0)
due to the hydrophilic effect of the anionic group. In the presence of Ca?*, a decrease in
transmittance is observed earlier as expected. It is not shown but the transitions are not

reversible when Ca?* ion is present in the system.

Table 5.5. Cloud points of PNIPAM-b-PAHA (3 g/L polymer concentration).

Polymer Cloud points (°C) Cloud points after CaCl:
(°C)
3g/L 10 g/L 3g/L 10 g/L
PNIPAM200 30.2 27.2 NM* 27.4
PNIPAM200-b-PAHA100 - - 26.5 25.7
ale-PNIPAM200-b-PAHA100 36.7 35.6 35.3 -

*Not measured

To better understand structural and dynamic properties of the synthesized polymers,
dynamic light scattering measurements were done. The experiments were performed at
scattering angle © =173° (backscattering detection mode) with a high-performance particle

sizer equipped with He-Ne laser, and a thermoelectric Peltier element for temperature
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control. Aqueous polymer solutions were prepared in water and CaCl; solutions (0.02M) at
10 g/L concentrations and measured in temperature steps of 1 °C with equilibration time of
2 minutes. Particle sizes of PNIPAM20-b-PAHA100 and ale-PNIPAM2go-b-PAHA100 are
around 90 and 20 nm at starting temperature (15 °C). PNIPAM-b-PAHA polymer shows a
different trend than the modified polymer in water. The decrease in the average diameter
indicates that the polymers are shrinking between 15 °C and 30 °C which results in an
increase in the refractive index of particles and increase mean count rate. ale-PNIPAM200-b-
PAHA100 shows a large increase in mean count rate and average diameter around 36 °C. This
trend is also seen in PNIPAM at LCST due to polymer structure transition from random coil
to condensed globule. The refractive index of the condensed globule structure is larger than
that of the random coil structure. As seen in the right column in Figure 5.23, in 0.02M CacCl;
solution, shrinkage of the polymers was observed again for PNIPAM2go-b-PAHA 100 but
around LCST a sharp increase in the average diameter was detected for both polymers due
to the synergetic effect of thermosensitive block and Ca?*-anionic group interaction. The
increase in the count rate as seen in ale-PNIPAM2-b-PAHA100 indicates particle
aggregation. At higher temperatures, also reduction of particle size was observed which
might be induced by water expulsion due to Ca?*-anionic group interaction between polymer

chains.
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Figure 5.22. Turbidimetry studies of PNIPAM-b-PAHA.



117

a) b) I
{_.-.
.
— — 103] |
= 8 £ | Dm Q
= c = LTI 2
5 2 ! 3
s} X + \ =
210t 0w L
o e L - B - il
(] "'-..__.__ 3 =) p‘ 3
(0] e he] () ?|| ©
@ 2 & Il 2
9] —— o .|
< T 2 e |
a-—-l-'. 1024 ""'-.
101 T T T T T T T T T T T T T "”I‘"'I‘1'1"”I"”I”"I‘"'r”"]"”l””l”"I""f”"T
15 20 25 30 35 40 45 50 55 60 65 70 75 80 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Temperature (°C) Temperature{"€)
- r T T T T T T T T T T T
c d .
) .’?-‘= ) T ....-.-—
— I —_ -
= 0 £ ‘
£ ! g m 5
6 ’10 3 6 k ] g
£ | > ©104 " 10° 3
£ / g £ ! 0z
o o © - . —+
5107 =~ o ! ol
] + 3 o I =~
[<T] I gel Qo | o
o / 2 o “ 2
o . 4 9 T | =
3: [ -if .-:-. L] 102 3: . ., -....-_-T
S R
T T T 101 LAR AR RARRS RN MRS RN R AL RN RS LARRE RARAR RARAN | 102

15 20 25 30 35 40 45 50 55 60 65 70 75 80
Temperature (°C)

AL ‘ T
15 20 25 30 35 40 45 50 55 60 65 70 75 80
Temperature (°C)

Figure 5.23. Average diameter and count rate vs temperature graphs of 10 g/L solutions of
PNIPAM200-b-PAHA 100 (above) and ale-PNIPAM200-b-PAHA100 (below) (a,c) in water and
(b, d) in 0.02 M CaCl; solution.

5.4. Conclusions

In this chapter, the synthesis and characterization of three novel bisphosphonate
functionalized monomers containing different alkyl chains were reported. These monomers
were copolymerized with NIPAM at different ratios using FRP and RAFT polymerization
to investigate the effect of polymer structure on LCST of polymers in aqueous solution. In
addition, bisphosphonic acid functionality was incorporated into carboxylic acid containing
NIPAM based polymers via post polymerization modification to understand the influence of
hydrophilicity of this group on thermoresponsive behaviour of polymers in water and in

CaCl> solution. Polymers showed cloud points between 27.8 and 36.7 °C depending on their
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structure, interactions with Ca?* and polymer concentration. The cloud point around body
temperature implies that bisphosphonic acid containing thermoresponsive polymers can be

candidates to be used for bone related biomedical applications.
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6. ALENDRONATE INCORPORATION INTO CARBOXYLIC
ACID POLYMERS

6.1. Introduction

Bisphosphonic acids show significant bone selectivity rather than other tissues due to
their high affinity to Ca®* ions which make them preferable for dental materials, bone
targeting systems and the treatment of bone diseases. Polymers are good options to combine
bisphosphonic acids with different units like drugs, proteins and imaging agents to enhance
their therapeutic uses by diminishing limitations and toxicity. Therefore, design of polymers
containing alendronate holds great promise in bioapplications related with bone. In this
chapter, two carboxylic acid containing homopolymers were synthesized using ibuprofen
functionalized alkyl a-hydroxymethacrylate and 6-acrylamidohexanoic acid via free radical
polymerization. Alendronate, a widely used bisphosphonic acid derivative was incorporated
into them by electrostatic interaction or covalent bonds formed through activated esters.
These polymers are expected to have good interactions with hydroxyapatite. As such, they
have potential to be utilized in bone targeting drug delivery systems or remineralization for

the therapy of dental caries.

6.2. Experimental

6.2.1. Materials and Methods

Ibuprofen functionalized polymer (p-MA-IBU) was synthesized according to the
procedure prepared by our group (M.S. thesis of Burcu Balaban, under preperation). 6-
acrylamidohexanoic acid (AHA) was synthesized as described in the literature [277]. 2,2’-
azobis(isobutyronitrile) (AIBN), trifluoroacetic acid (TFA), N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC-HCI), N-hydroxysulfosuccinimide sodium salt
(Sulfo NHS), N,N’-dicyclohexylcarbodiimide DCC and solvents were purchased from

Sigma-Aldrich or Merck and used without further purification. Sodium alendronate was a
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gift from DEVA A.S. The chemical structures of polymers were confirmed by *H NMR
(Varian Gemini 400 MHz) and FTIR (Thermo Scientific Nicolet 380) spectroscopies. The
molecular weights were determined by gel permeation chromatography (GPC) (Malvern
Viscotek) with DMF as eluent using polystyrene standards. The morphologies of the
polymer samples were examined using scanning electron microscopy (SEM) (FEI-Philips
XL30) under an accelerating voltage of 7.0 kV after sputter coating with a platinium layer.
Thermogravimetric analysis (TGA) studies were carried out under nitrogen with a

PerkinElmer STA 6000 machine using a heating rate of 10 °C/min.

6.2.2. Homopolymerization of 6-acrylamidohexanoic acid (PAHA)

AHA was synthesized as described in previous chapter. Polymerization of AHA was
carried out using standard freeze-pump-thaw procedure in dried EtOH at 68 °C with 1 wt %
AIBN addition by adjusting the concentration as 40 w%. The polymer was purified by
precipitation from EtOH into water and the yield of PAHA was calculated as 45 % after

drying under vacuum.

6.2.3. Alendronate Loading to p-MA-IBU

Alendronate (ALN) loading process was carried out in aqueous medium. A 15 mg/mL
solution was prepared by dissolving sodium alendronate in deionized water. The pH of the
solution was 4.73 after the alendronate dissolved. p-MA-IBU (10 mg/mL) was added to this
solution. After stirring at room temperature for 1 d at 500 rpm, extra ALN was added,
adjusting its total concentration as 25 mg/mL. After 2 more days of stirring, the drug loaded
particles were isolated from the solution by centrifugation followed by repeated washing
with water to remove unreacted alendronate. Then collected particles were freeze dried and
the amount of alendronate interacted with polymer was calculated by taking the mass
difference of added and remained amount of alendronate.
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6.2.4. Functionalization of PAHA with Alendronate

PAHA (42.3 mg, 0.23 mmol), EDC.HCI (86.3 mg, 0.45 mmol) and NHS-Sulfo (99.2
mg, 0.45 mmol) were stirred in water (1.5 mL) under nitrogen for 30 min in an ice bath and
extra 30 min at room temperature. Then, ALN (211.9 mg, 0.65 mmol) was dissolved in water
by adjusting the pH to 9 and added dropwise into ice-cold heterogeneous activated polymer
solution. The pH of the mixture was maintained at 8 and the reaction mixture was stirred for
1 hin an ice bath, meanwhile the solution becomes homogenous, and was stirred for 1 d at
room temperature. The product (ALN-PAHA) was purified by dialysis using a membrane
with a molecular weight cutoff 14 kDa in water for 5 days to remove the unreacted

components.

6.2.5. Interactions of Polymers with HAP

HAP particles (5 wt %) were dispersed in 10 wt % polymer containing polymer/
EtOH/H20 (10/30/60 or 10/60/30 wt %) solution under stirring. The resulting particles were
separated by centrifugation after 24 h and washed several times with ethanol and water

depending on the solubility of polymer, then dried under vacuum.

6.2.6. lbuprofen Release

The drug release studies of ibuprofen prodrug polymers were done in PBS. Briefly,
the pre-weighed dry polymer sample (25-30 mg) and 3 mL PBS were transferred to a dialysis
membrane (1000 Da) and then was placed into a flask containing 200 mL of PBS, maintained
at 37 °C and stirred at 150 rpm for 14 days. At predetermined time intervals 3 mL of external
solution was removed and an equal volume of fresh solution was added to the system. Each
sample was analyzed by a Lasany UV-Vis double beam spectrophotometer LI-2802 and the
amount of released ibuprofen was calculated using the absorbance at 264 nm according to

calibration curve. The linear correlation (R?=0.999) between the absorption and
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concentration of ibuprofen was determined using known concentration samples (0.02, 0.05,
0.1, 0.3, 0.4 mg mL™* of ibuprofen in PBS).

6.2.7. Mineralization

Enamel samples were prepared by first embedding clinically removed human teeth
into an acrylic resin and then cutting the resulting composite into slices. The slices were then
etched by 37 % phosphoric acid for 45 s and washed with water for demineralization of
enamel. ALN-PAHA solution (25 mg/mL, 100 puL) was dropped onto the etched enamel and
dried at room temperature. After washing with water to remove unbound polymer, treated
enamel samples were soaked in artificial saliva at 37 °C for biomineralization for 14 days,
refreshing the solution every day. To prepare artificial saliva, CaCl, (1.5 mM), KH2PO4 (0.9
mM), KCI (130 mM), HEPES (20 mM) and NaN3 (1 mM) were dissolved deionized water
and pH was adjusted to 7 using 1 M KOH. The mineralized enamel samples were washed

with water and dried at room temperature.

6.3. Results and Discussion

6.3.1. Synthesis and Characterization of p-MA-I1BU:ALN

The blood flow in bone is very low, therefore, combining bone targeting groups and
drugs is a common strategy to increase their efficiency. In our work, alendronate was
electrostatically linked with p-MA-IBU (synthesized previously by our group) to obtain a
bone targeting anti-inflammatory prodrug which can have potential to be utilized for
osteoarthritis, one of most common health problems. pH has an important role since the drug
loading depends on electrostatic interactions. Therefore, reaction was carried out at pH 4.7,
at which alendronate has a positively charged primary ammonium ion and polymer contains
negatively charged carboxylic acid moieties. Concentrated alendronate solution and long
reaction time were chosen to enable drug loading on the water insoluble polymer. After

isolating the particles from alendronate solution, particles were washed with water and
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subjected to repeated centrifugation, adding fresh water cycles to remove unreacted

alendronate for 2 days.

+ OH
00 O 4 HNNrom,
PO3;HNa H20 pH 4.7

PO3H,
H,0,P

Figure 6.1. Synthesis of p-MA-IBU:ALN.

The FTIR spectrum of washed particles is shown in Figure 6.2. The spectrum contains
peaks of both polymer and alendronate showing the success of the interaction. A broad O-H
stretching band between 2500 and 3500 cm™, N-H bending vibration of the primary
ammonium ion at 1632 cm™ and P=0, P-O-H, P-O-C stretching and bending vibrations
between 1200 and 900 cm™ are observed in the spectrum. A small shift was detected in the
N-H bending vibration of the primary ammonium ion of alendronate (1643 to 1634 cm™)
and carbonyl stretching of polymer (from 1713 to 1732 cm™) compared to their original
spectra because of the interaction between them [281]. The stability of electrostatic
interaction in water was proven after 2 days of washing process. It was also tested for the
acidic medium by stirring the p-MA-IBU:ALN in pH 3 solution for 1 h. As seen from the
FTIR spectrum of the collected sample after washing, the intensity of the peaks
corresponding to alendronate was dramatically decreased. In acidic environment, the
carboxylate ion is protonated, and subsequently the interacted alendronate is liberated. The
difference in the morphology of polymer samples is apparent as presented in Figure 6.3.
SEM confirmed the deposition of alendronate on p-MA-IBU, crystal structures were
observed in the zoomed SEM image of p-MA-IBU:ALN. The smaller crystals measure as

43-92 nm and larger ones are 220-575 nm in diameter.
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Figure 6.2. FT-IR spectra of p-MA-IBU:ALN at pH 3, p-MA-IBU:ALN, ALN (top to
bottom).
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Figure 6.3. SEM micrographs of (a) p-MA-IBU and (b) p-MA-IBU:ALN.

TGA thermogram of the polymers is shown in Figure 6.4. The difference in the char
yields of p-MA-IBU (9%) and p-MA-IBU:ALN (47%) obviously shows the presence of an
extra moiety. A broad mass loss (15%) was monitored between 132 and 313 °C which may
correspond to water and ammonia degradation of alendronate. Alendronate’s thermal
decomposition occurs in three different stages at 136 (mass loss of three water molecules),
295 (mass loss of ammonia) and 438 °C (complete pyrolysis lead to the formation of
NaH3P20y7). Goulart da Silva et al. found 55 % char yield for pure alendronate [282]. Loaded
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alendronate amount was roughly calculated as 69% by comparison of char yields of pure
alendronate and formed structure. Loading efficiency of particles was calculated between 66
and 87 % by taking the ratio of mass difference of added and remained amount of alendronate

to initial mass of p-MA-IBU.
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Figure 6.4. TGA thermogram of p-MA-IBU p-MA-IBU:ALN.

6.3.2. HAP Interactions of p-MA-IBU and p-MA-IBU:ALN

Synthesized polymers were mixed with HAP particles to determine their HAP
affinity. For this reason, 10 w % polymer was dissolved in EtOH and H20 mixture (60:30
w%). After 24 h stirring and washing with EtOH, the interaction of the synthesized polymers
with HAP was investigated by FTIR as shown in Figure 6.5. The FTIR spectrum of HAP
(Ca10(PO4)s(OH)2) shows bands of phosphate ions (PO4*). The peaks at 1090 and 1017 cm"
L are assigned to the triply degenerate asymmetric stretching mode (v3) and the one at 962
cm™ is associated with the symmetric stretching mode (v1) of P—O bonds. The bands
observed at 600 and 650 cm™ are related with the triply degenerate bending (v4) mode of
O—-P-0 bonds. Moreover, the peak appearing at 631 cm™ associated with the vibrational
mode of the hydroxyl anion [287]. The intensity of polymer peaks in the FTIR spectrum of
p-MA-IBU:ALN:HAP is too strong due to the insoluble character of the polymer. Therefore,
the discussion was done for p-MA-IBU. In addition to characteristic HAP bands, carbonyl
peaks observed at 1732 cm™ for p-MA-IBU:HAP. The presence of carbonyl peaks implies

that polymer remained on HAP surface even after it was washed EtOH. Moreover, the blue
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shift of the carbonyl peak of p-MA-IBU (from 1714 to 1732 cm™) shows the strong
interaction between C-O" of the polymer and HAP. The peak corresponding to asymmetric
stretching mode (v3) of phosphate at 1017 cm™ shifted to lower frequency. Acidic group of
the polymers could replace inorganic phosphate and chelate calcium ion to form calcium
salts of polymers that can end up a shift in wavenumbers [291]. A newly formed small peak
at 880 cm in the spectrum of p-MA-IBU:HAP indicates that carbonate ions (CO3s?*) that
produced by dissolved CO> in air are substituted with the site of hydroxyl ion in HAP.

Table 6.1. IR band positions of p-MA-1BU before and after HAP treatment.

C=0(cm?) [ NH(cm?) [ PO (cm?)

HAP - - 1017
p-MA-IBU 1714 - -
p-MA-IBU:HAP 1732 - 1013

— J

3500 3000 2500 2000 1500 1000
Wavenumbers (cm ™)

Figure 6.5. FTIR spectra of p-MA-IBU:ALN:HAP, p-MA-IBU:HAP and HAP (from top to
bottom).
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6.3.3. Ibuprofen Release from Prodrugs

ALN was electrostatically incorporated into p-MA-IBU structure to improve its bone
targeting capacity. Although the HAP affinity of p-MA-IBU:ALN could not be determined
by FTIR because of its poor solubility, the strong interaction between ALN and bone tissue
is very well known. Moreover, after interaction the hydrophilicity of the product changed
due to the addition of ionic groups. There are different factors affecting the rate of hydrolysis
of a drug such as structure of polymers, the linkage type and hydrophilicity of polymers.
IBU is attached to the p-MA-IBU via ester linkages and increase in hydrophilicity enables
water diffusion and accelerates release. In order to observe the performance of prodrugs
under physiological conditions, drug release studies were performed in PBS at 37 °C under
shaking. Since the polymers were not soluble in water, the hydrolysis was performed in a
heterogeneous system using dialysis tubing (MWCO = 1000) which are permeable to low
molecular weight IBU. The amount of the released IBU passing to external solution at
different time intervals was determined from its absorbance at 264 nm using a UV
spectrophotometer and calculated from the calibration curve.
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Figure 6.6. The release profiles of ibuprofen from p-MA-IBU and p-MA-IBU:ALN.

Figure 6.6 shows the cumulative IBU release from p-MA-IBU and p-MA-IBU:ALN

as a function of time. Approximately 26% of ibuprofen was released from p-MA-IBU in 1
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day and it stayed almost constant for 15 days at PBS. Physical interaction between
alendronate and p-IBU-MA created a more hydrophilic prodrug resulting higher and more
controlled drug release. A faster first day release (39% in 1 day) was observed from p-MA-
IBU:ALN, After 84% of IBU release- within 8 days, release rate decelerated from 6.4 to 1.8
% per day. Total amount of released 1BU was calculated as 97 % at the end of 15 days.
Almost full degradation can be attributed to the fact that ester bonds are more accessible and
hydrolysis is facilitated thanks to hydrophilic ALN. Ibuprofen, the degradation product of
the release study is a weak acid. Although p-MA-IBU:ALN is not stable in acidic medium,
released ibuprofen could not change the pH of the PBS. Even when ALN is liberated due to
a disruption in electrostatic interaction, it is a non-chromophoric compound and cannot be

detected by UV-Vis spectrophotometric analysis.
6.3.4. Synthesis and Characterization of PAHA and ALN-PAHA

The homopolymer of AHA was synthesized in EtOH using 1 wt% AIBN as the
initiator by adjusting the concentration as 40 wt %. After purification by precipitating into
water, the yield was calculated as 62 % for the reaction carried out overnight. The polymer
is soluble in EtOH and DMF but not soluble in water. GPC analysis was done in DMF
(including 1 g/L lithium bromide) as an eluent using light scattering detector. The number
average molecular weight (M) and polydispersity index of polymer were found to be
346000 g mol™and 2.59. The *H NMR (Figure 6.8) and FTIR (Figure 6.9) spectra of PAHA
showed broadened peaks compared to monomer. Disappearance of alkene peaks at 1654 cm’
! could not be distinguished because of the broad carbonyl peak. Moreover, the peak at 1634

cm* corresponding to carbonyl stretching of amide group shifted to 1636 cm™.

AIBN HN\I:\

—
EtOH 68°C
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Figure 6.7. Synthesis of PAHA.
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Bisphosphonic acid functionality was incorporated into PAHA structure via
amidation. Amide bond formation is a widespread synthetic method and many procedures
have been studied up to now. The condensation of carboxylic acid and amine can form an
amide bond with the release of water; however, this reaction requires high reaction
temperature and nonaqueous solvents. Therefore, activation of the carboxylic acid to convert
the -OH of the acid into a good leaving group is necessary before the treatment with the
amine. Acyl chloride formation with thionyl chloride or oxalyl chloride as well as activated
ester formation with carbodiimides such as EDC and N,N’-dicyclohexylcarbodiimide (DCC)
are two of the methods used for carboxylic acid activation [283, 284]. The high reactivity of
acid chlorides toward amines makes them preferable for sterically hindered substances.
Moreover, a catalytic amount of DMF can be added to accelerate acid chloride formation.
Nevertheless, HCI formation is a byproduct, the cleavage of protecting groups and the
necessity of anhydrous conditions are the main drawbacks of this method. Alendronate is a
water-soluble powder and not soluble in highly polar solvents such as DMSO, DMF and
alcohols. Therefore, hydrolysis of formed acid chloride, producing carboxylic acid in

alendronate addition step, is the main problem for our aim.

Carbodiimides are a large group of compounds for amide bond preparation. The
mechanism for coupling carboxylic acids to amines is demonstrated in Figure 6.10. After O-
acylisourea intermediate formation, different products can be produced by mechanisms other
than direct reaction with the amine. For example, excess carboxylic acid can react with the
intermediate to form an anhydride which also gives the desired amide via aminolysis.
Intramolecular acyl transfer of the O-acylisourea caused irreversible formation of N-
acylurea byproduct. The workup to remove the urea byproduct depends on the selection of
carbodiimide. To illustrate, dicyclohexylurea from DCC can be isolated by filtration due to
its very limited solubility in organic solvents while the urea byproduct of EDC is water
soluble and can be removed by agueous workup. The formation of N-acylurea can be
diminished and amide coupling rate can be accelerated by addition of auxiliary nucleophile
such as 1-hydroxybenzotriazole (HOBLt), 4-Dimethylaminopyridine (DMAP) and NHS.
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Figure 6.10. Mechanism of amidation via activated esters.

Alendronate incorporation based on activated ester formation was studied in two steps.
The main problem of this reaction is mismatched solubility of starting materials. Even small
amount of DMF in aqueous ALN solution or water in polymer dissolved in DMF can cause
precipitation. Therefore, the reaction was done in DMF and H20 separately as heterogenous
reactions. In the first step, Sulfo NHS or HOBt with catalytic amount of DMAP was
dissolved in the relative solvent containing PAHA. After 1 h mixing, EDC.HCI was added
to the ice-cold mixture to form O-acylisourea intermediate. Cold temperature reduced the
formation of urea by product. Then in the second step, alendronate was added to mixture at
0 °C under nitrogen. The pH of ALN was adjusted by TEA to improve its solubility for the
reaction carried out in DMF; however, the goal could not be achieved, and reaction was
continued in blurry DMF. Surprisingly, the insoluble PAHA became water soluble within
30 min after ALN addition. After stirring 24 h at room temperature, products were purified
by dialysis and freeze dried. The product obtained in DMF became insoluble in DMF,
DMSO, EtOH and water after drying. Similar insoluble products were also obtained when
the aminolysis reaction was tried by adding ALN aqueous solution into PAHA solution
dissolved in DMF. Probably, the carboxylic acid groups on polymer react with the O-
acylisourea intermediate to form anhydride when the amine is not present in the same phase
with polymer. The vacuum conditions during freeze drying can increase the possibility of

crosslinking.



132

\I‘}\ 1. EDC.HCI, NHS or HOBt \I’}():*
in water or DMF
HN" N0 0 /=0

> HN
5 NH,
0, OH o
PO;H"Na*
0" Na* *Na 'HOP NH o)

HO
*Na ‘HOzP” “PO;H" Na*

Figure 6.11. ALN incorporation into PAHA.

The alendronate modified polymer obtained in water (ALN-PAHA) was
characterized by H, 3C NMR and FTIR spectroscopies. The formation peaks at 1.83, 1.96
and 3.44 indicates ALN incorporation. Moreover, an extra peak was observed at 2.46 ppm
corresponding to methylene protons next to amide carbonyl formed by alendronate
incorporation as seen in Figure 6.8. The methylene protons adjacent to carbonyl of
carboxylic acid also showed a 0.07 ppm (from 2.34 to 2.27 ppm) upfield shift after
modification because of the interaction with NaOH in basic medium. Even though the
product was dialyzed for 5 days, there are some impurities representing EDC (at 1.1 and 3.1
ppm) and NHS (at 2.9 ppm) presence. Therefore, a second dose of alendronate at pH 9 was
added onto modified polymer in water and stirred for extra 24 h. As can be seen from the
top spectrum in Figure 6.8, the intensity of the peaks corresponding to incorporated ALN
increased and impurity peaks disappeared. The modification ratio of alendronate was
calculated via comparison of the areas of the methylene protons adjacent to formed amide
(labeled as h at 3.44 and e’ at 2.46) to methylene protons of AHA (labeled as ¢ at 1.34) and
was found as 15 % and 65 % after first and second ALN addition. Alendronate is not a
chromophoric compound, but its quantification by UV-Vis spectroscopy is possible after the
formation of a complex of bisphosphonic acid with Fe** ions in perchloric acid [285]. A
calibration curve (y=0.686x-0.0104) was prepared using five standard solutions containing
0.324-1.620 mg ALN and 1mM Fe**. However, ALN-PAHA assembled into insoluble
aggregates instead of soluble complexes, which makes the determination of ALN through
absorbance impractical. The FTIR spectra of ALN-PAHA (Figure 6.9) showed peaks of P=0O
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and P-O at 1168, 1065 and 961 cm™. The intensity of the peak at 1702 cm™ decreased and
the peaks representing NH of amide shifted to 1555 from 1549 cm™ due to the added amide
functionality. *C NMR spectrum of modified polymer showed the characteristic quaternary
carbon peaks at 72.45, 73.77, 75.06 ppm as well as methylene carbon peaks at 23.48 and
26.20 as shown in Figure 6.12. The methylene carbon next to new amide N showed a peak
at 55.18 ppm providing the successful incorporation [286]. The peaks at 160.48, 173.71,
176.49 and 183.13 ppm indicates the carbonyl of NHS, amide bound to the main chain,

amide close to ALN and carboxylic acid respectively.

HO
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Figure 6.12. 13C NMR spectrum of ALN-PAHA.

6.3.5. Interactions of PAHA and ALN-PAHA with HAP

To investigate HAP affinity of polymers, 10 wt % polymer was dissolved in EtOH and

H2O mixture. The ratio between solvents were adjusted between 30-60 wt% depending on
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solubility of the polymers. In other words, H>O was in larger amount for water soluble ALN-
PAHA while the ratio of EtOH is higher to prepare water insoluble PAHA solution. After
24 h stirring and washing with EtOH and H>O, the interaction of the synthesized polymers
with HAP was characterized by FTIR as shown in Figure 6.13.

Table 6.2. IR band positions of PAHA and ALN-PAHA before and after HAP treatment.

C=0(cm™) | NH (cm™) | POs* (cm™?)
HAP - - 1017
PAHA 1704, 1634 1548 -
PAHA:HAP 1704, 1634 1557 1012
ALN-PAHA 1636 1543 -
ALN-PAHA:HAP 1634 1557 1019

In addition to characteristic HAP bands, carbonyl peaks observed at 1704 and 1634
cm? for PAHA:HAP (both for carboxylic acid and amide) and ALN-PAHA:HAP
respectively. The presence of carbonyl peaks after washing shows the interaction between
polymer and HAP. The shift in the amide Il peak (representing NH bending) of PAHA and
ALN-PAHA to higher frequency (1557 cm™) after mixing with HAP indicates the increase
in hydrogen bonding [288, 289]. The small red shift in amide I (representing C=0 stretching)
signifies the weakened C=0 due to the formation of bonding between Ca?* ions and unpaired
electrons of oxygen [290]. The phosphate band became broader after mixing with polymers
as seen in Figure 6.13. The peak corresponding to asymmetric stretching mode (v3) of
phosphate at 1017 cm™ shifted to lower frequency for PAHA and higher frequency for ALN-
PAHA. There is not any pyrophosphate peak at 721 cm™ indicating that the adsorption of
polymers occurred by electrostatic interaction instead of condensation with PO4* of the HAP
(covalent binding model) [292].
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Figure 6.13. FTIR spectra of ALN-PAHA:HAP, PAHA:HAP and HAP (from top to
bottom).

Besides the acidic functionality, the spacer group can also determine the interaction
potential of polymer with HAP. For example, the intensity of the carbonyl peak is less for
p-MA-IBU:HAP (Figure 6.5) than for PAHA:HAP (Figure 6.13) even though they both have
carboxylic acid functionality. After washing, the amount of polymer retained on HAP is
lower for p-MA-IBU:HAP because the ibuprofen bound to same carbon as well as the
absence of spacer group between polymer chain and acidic functionality cause steric
hindrance which makes the binding difficult. The long spacer group in PAHA structure
enables that high amount of PAHA to be adsorbed on HAP surface, in this case the binding

affinity between polymer and HAP is strong enough to resist washing.
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6.3.6. Remineralization Studies on Etched Enamel

Mineralization of etched dentin involves new crystal growth in the dentinal tubule and
on the dentin surface. Binding strength to the dentin is an important criterion in the
remineralization process since the oral cavity contains a lot of flowing fluids. After binding
capacities of polymers on HAP were investigated, we decided to study remineralization on
enamel using ALN-PAHA due to its water solubility and good interaction with HAP. To
prepare the enamel samples they were etched with 37% H3PO4 and then treated with
polymer. Mineralization was carried out by incubating the treated samples in artificial saliva.
The morphologies of acid etched enamel and mineralized sample were observed by SEM.
As can be seen in Figure 6.14, the surfaces of etched enamel changed and newly generated
crystals with the appearance of prism-like structures were detected after 2 weeks in artificial
saliva. The effective mineral regeneration was observed not only on the surface but also in
the dentinal tubules and the diameter of dentinal tubules decreased. The ordered appearance
of prism-like structures demonstrates the capacity of polymer to control the growth of HAP
crystals on enamel. These results indicate that ALN-PAHA can induce remineralization.
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Figure 6.14. SEM micrographs of (a) acid etched tooth enamel and (b) ALN-PAHA treated
sample after being immersed in artificial saliva for 14 days.
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6.4. Conclusions

In this chapter bisphosphonic acid functionality was incorporated through post
polymerization modification reactions of carboxylic acid containing polymers to obtain
materials with strong HAP affinity. NMR and FTIR spectra indicated that ALN was
successfully incorporated into structure via electrostatic interaction or covalent bonds. The
hydrophilicity of polymers increased with ALN addition. The interaction of polymers with
synthetic HAP was investigated by FTIR and it was observed that the acidic functionality,
spacer group and polymer structure affect the HAP binding. The generation of prism-like
crystals on acid etched enamel in artificial saliva supports the potential of the polymer in
dental systems. The ibuprofen release studies show the influence of hydrophilicity of the
polymer on its release profile and ALN incorporation accelerated the release in a controlled
matter. Overall, these two bisphosphonic acid funtionalized polymers can be considered as

potential candidates in various bone related biomedical applications.



138

7. CONCLUDING REMARKS

In this dissertation, (bis)phosphonate functionalized monomers, polymers and
networks were successfully synthesized and their properties such as adjustable
hydrophobicity, swelling and degradation as well as structure dependent mineralization and
binding ability were evaluated for their potential use in various biomedical applications such

as tissue engineering scaffolds, dental materials and targeted drug delivery.

Three novel phosphonate/phosphonic acid-functionalized (for biocompatibility and
affinity to bone and similar tissues) PBAE macromers with designed
hydrophilic/hydrophobic properties (based on PEGDA, HDDA and HDEDA) were
synthesized via step-growth polymerization. Their homo- and copolymerization with
PEGDA at different ratios (50 and 80 w% PEGDA) gave novel degradable and pH
responsive gels. The differences in the hydrophilicity and molecular weight of the
macromers enabled the tailoring of swelling, degradation and mechanical properties of final
networks. PBAE gels can degrade completely in 2 days. PEGDA gels’ degradation is
determined by the amount of PBAE macromers and can range from 20-50%. The mechanical
properties of phosphonate functionalized PBAEs are studied for the first time in the literature
and uniaxial compression tests revealed that the extent of decrease of the gel crosslink
density during degradation was strongly correlated with increasing amount and
hydrophilicity of the PBAE macromers. The degradation products of the gels showed no
significant cytotoxicity on NIH 3T3 mouse embryonic fibroblast cells. We expect the
controllable diversity achieved on swelling, degradation and mechanical properties to make

these novel non-toxic biomaterials useful for tissue engineering applications.

Three PAA macromers were synthesized through aza-Michael addition of 2-
aminoethyl phosphonic acid or its mixture with 5-amino-1-pentanol at different ratios onto
N,N-methylene bis(acrylamide) to control the amount of phosphonic acid functionality. The
macromers homo- and copolymerized with HEMA at different ratios (25, 50, 72 w%
HEMA) to obtain hydrogels with various hydrophilicities. The alteration in the macromer

composition and molecular weight of macromers affected the swelling, degradation and
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mineralization ability of final hydrogels. The amount of phosphonic acid and pH of the
medium affected the swelling behaviour of hydrogels. The mass losses of hydrogels (12-20
% in 4 weeks) are influenced by the crosslink density and hydrophilicity of networks as well
as presence of Ca?* ion. The hydrogels showed mineralization ability in SBF and 5xSBF and
the extent of mineralization is dependent on the composition of macromers and pre-treatment
of hydrogels with CaClz. Surprisingly the hydrogels containing only 5-amino-1-pentanol
have high apatite growth ability. The degradation products of the hydrogels had no effect on
U-2 OS, Saos-2 and NIH 3T3 cells, suggesting their cytocompatibility. These results
demonstrate that designed materials have potential to be used as nontoxic degradable

biomaterials.

Three bisphosphonate containing acrylamide monomers were synthesized using
bisphoshonate functionalized amines with different hydrophilicities (propyl, octyl and
octadecyl groups). Their random (5, 10, 30 mol% funtionalized monomer in feed ratio) and
diblock (2, 6, 16 mol % functionalized monomer in total feed ratio) copolymers with NIPAM
were synthesized using FRP and RAFT polymerization to investigate the influence of
structure on aqueous solution behaviour of the polymers. However chain transfer reactions
caused by labile methine proton and/or steric hindrance of acrylamides resulted in low
molecular weight polymers in FRP and also uncontrolled polymerizations in RAFT. The
dealkylation of neither bisphosphonate functionalized acrylamides nor their copolymers
with NIPAM, using TMSBTr to obtain bisphosphonic acid functionalized polymers could not
be achieved due to structural reasons. Therefore, another method which involved
functionalization of a block copolymer of NIPAM and AHA with TMSP or alendronate was
applied and among these two post modifications the second one gave the desired polymers.
The synthesized thermoresponsive polymers with bisphosphonate and bisphosphonic acid
groups showed cloud points between 27.8 and 36.7 °C. These LCST values, close to body

temperature, show that these polymers may find a use in biomedical applications.

Two carboxylic acid containing homopolymers, ibuprofen functionalized alkyl a-
hydroxymethacrylate based p-MA-IBU and 6-acrylamidohexanoic acid based PAHA, were
synthesized via free radical polymerization and alendronate was successfully incorporated

into the first polymer via electrostatic interactions and the second polymer via covalent
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bonds. Polymers™ interactions with synthetic hydroxyapatite depending on the acidic group
and polymer structure (spacer group) were observed by FTIR. It was found that alendronate
loading accelerated the release of ibuprofen in PBS in a controlled manner from p-MA-
IBU:ALN due to increased hydrophilicity. The alendronate containing water soluble
polymer (ALN-PAHA) promoted the mineral growth on enamel in artificial saliva indicating
its potential as a dental material. These outcomes indicates that synthesized polymers may

be used in bone/dental related biomedical applications.

In summary, new monomers, polymers and crosslinked networks with
(bis)phosphonate functionality were synthesized and the effect of functional group on
properties was evaluated to understand their suitability for bone related biomedical
applications.
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Figure A.2. *H NMR spectrum of macromer M1.
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Figure A.8. FTIR spectra of tmsp-P(NIPAM-co-AHA) before and after dialysis (bottom to

top).
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