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ABSTRACT 

SMART POLYMERIC CARRIERS: TARGETED DELIVERY OF 

THERAPEUTIC AGENTS 
 

In cancer research, studies about polymer drug conjugates and targeted delivery of 

chemotherapy agents are gaining great attention due to their ability to enhance 

biodistribution profiles and improve efficacy of chemotherapy agents. In the scope of this 

thesis four different polymer drug conjugates were synthesized using acrylate based carriers. 

In each case, drug molecules were covalently attached to the polymeric carrier through 

biodegradable linkers. These polymeric carriers aim to accumulate the active drug in the 

tumor via passive and active targeting. Each carrier, due its size, has the capacity to take 

advantage of enhanced permeation and retention (EPR) effect. Along with the size, active 

targeting via small molecule targeting units are also utilized. As such, in the first project, 

anti-angiogenic drug Combretastatin A4 (CA4) was conjugated to polymer backbone 

through a hydrolyzable ester linker. A second drug, alendronate (ALN) was also conjugated 

to the system as a bone targeting agent aiming to accumulate the conjugate in bone tissue. 

For the next three studies, anti-neoplastic agent Docetaxel (DTX) and 5-Fluorouracil (5-FU) 

derivatives were used as the active drug moiety. These constructs were ornamented further 

to accumulate in breast and ovarian tumors. In each case, different linkers were utilized in 

order to affect the release profile of the abovementioned drug molecules. In vitro studies 

were undertaken to demonstrate the effect of the active agents on a variety of the cell lines.  
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ÖZET 

AKILLI İLAÇ TAŞIYICILAR: TERAPÖTİK AJANLARIN 

HEDEFLİ TESLİMİ 

 
Kanser araştırmalarında polimer ilaç konjugatları ve kemoterapi ajanlarının hedefe 

yönelik uygulamaları bu tür formülasyonların barındırdıkları ilaçların biyodağılım 

profillerini ve etkinliklerini artırabilme potansiyellerinden dolayı her geçen gün önem 

kazanmaktadırlar. Bu tez kapsamında akrilat bazlı dört farklı polimer ilaç konjugatı 

sentezlenmiştir. Herbir projede ilaç molekülleri polimerik taşıyıcılara biyobozunur 

bağlanyıcılarla bağlanmıştır. Bu polimerik taşıyıcıların amacı ilaçların tümör dokusuna pasif 

ve aktif hedefleme yoluyla toplanmasını sağlamaktır. Her taşıyıcı boyutundan dolayı 

arttırılmış geçirgenlik ve alıkonma etkisinden (EPR) faydalanma kapasitesine sahiptir. 

Moleküler boyut dışında küçük moleküllü hedefleme birimleri de aktif hedefleme için 

kullanılmıştır. Buna örnek olarak ilk projede antianjiyojenik bir ilaç olan CA4, polimer 

omurgasına hidrolize olabilen bir ester bağlayıcısı üzerinden bağlanmıştır. İkinci ilaç 

Alendronat ise kemik dokusunda birikimin sağlanabilmesi için hedefleyici grup olarak 

polimere bağlanmıştır. Diğer üç çalışmada ise anti-neoplastik ilaçlar Dosetaxel ve 5-FU, 

aktif ilaç molekülleri olarak kullanılmışlardır. Bu polimerlerin ileriki aşamalarda meme ve 

yumurtalık dokularında birikmesi hedeflenmiştir. Tüm çalışmalarda yukarıda bahsedilen 

ilaçların salım profillerinin düzenlenmesi için farklı bağlayıcılar kullanılmıştır. Ayrıca 

polimerlerin aktivitelerinin belirlenmesi için farklı kanser hücre hatlarında sitotoksisite 

çalışmaları yapılmıştır. 
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 INTRODUCTION 

1.1. Cancer 

Cancer is complicated disease containing various crucial changes in cell morphology 

which finally leads to tumor formulation. The biological end point of the cancer is 

uncontrolled growing of cells and proliferation [1] (Figure 1.1). Cancer cells derived from 

normal cells in which the DNA has become mutated. In normal cells, when DNA is damaged, 

the cell can repair itself but in cancer cells, these injured cells don’t die. Instead, it causes 

abnormal cell growth that all have the same DNA deficiency [2]. DNA damage can occur 

due to hereditary or it may happen at any time in peoples’ life. All over the World, there are 

millions of people who suffer from cancer. Recent research showed that, 8.8 million people 

died from cancer in 2015 which is one in six deaths in worldwide [3]. 

 

 

 
 

Figure 1.1.  Schematic illustritaion of abnormal cell growth. 
 

 

Cancer initiation and advancement depends on environmental and cellular factors 

which can act together or in consecutive time. According to latest researches, the 

environmental factors play main role in developing cancer when compared to genes [4]. Risk 

of to get cancer may also increase due to infectious agents, cancer-causing agents and age. 

It has been known that, there are more than 100 types of cancer. Lung, breast, colon, 
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pancreatic and prostate cancer are the noteworthy types that killed the most people in the 

World according to National Cancer Institute (NCI) [5]. 

 

Most of the cancers start in the one place in the body which is called as primary cancer 

and the place where cancer starts is called as primary site. Sometimes, cancer cells may 

spread to other parts of the body far away from the origin place of the tumor via blood or 

lymph [6]. This process is called as metastases. That new constitution of the cancer in the 

new place is called as metastatic cancer. The most encountered regions for metastatic cancer 

to grow are liver, lungs, brain, skin and bones [7]. 

 

Similar to healthy tissues or organs, tumors need to create new blood supply to obtain 

their requirements for growing, survival and managing metabolic affairs. On the other hand, 

blood vessel supply is crucial by extracting residuals from cellular metabolism. This process 

is accomplished through angiogenesis essentially [8]. (Figure 1.2). Angiogenesis is new 

blood cell constitution from pre-existing vasculature and it is very critical indication of 

cancer in common with metabolism. The basic initiator of angiogenesis is hypoxia which 

has important role in tumor adaptation. Hypoxia adjusts the expression of many genes which 

are under the control of hypoxia-inducible factors (HIF). Due to hypoxia is major regulator 

of aggressive tumor growth, HIF regulated genes contribute to cancer expansion and 

progression. In other words, angiogenesis is mainly formed by hypoxia resultant angiogenic 

growth factors [9].  

 

 
 

 

Figure 1.2. General scheme of angiogenesis process. 
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Among metastatic cancers, the most encountered type is metastatic bone cancer 

(Figure 1.3). Bone metastases are routine problems of cancer and common in 65-80% of 

patients with prostate and breast cancer. Although primary bone cancer is seen rarely, for 

patients with other tumors, metastatic cells spread to bone preferentially. This is because 

assorted hallmarks of the bone marrow such as well vascularized structure, may give reason 

for attraction of tumor cells [10, 11]. 

 

Current chemotherapy methods have problems associated with poor water solubility, 

rapid clearance from metabolism and uncontrolled drug release [12]. In this regard, to 

overcome all these complications, smart nanocarriers have been designing by researchers. 

According to this approach, drug is attached to polymeric scaffold via biological sensitive 

linker and hydrophilic polymeric backbone is used as a vehicle. These polymeric structures 

may include linear polymer-drug conjugates, polymeric micelles, dendrimers, liposomes, 

quantum dots and nanoparticles [13]. (Figure 1.3). 

 

 

 
 

Figure 1.3. Vicious cycle of bone metastases of breast cancer cells. 
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1.2. EPR Effect 

Generally ignored property of conjugated polymeric systems is their poor selectivity 

and random distribution within body. In addition to that, arriving of low percentage of drug 

to tumor location is a big challenge due to reaching the tumor tissue may not be sufficient as 

a result of rapid clearance from body. To point out all these drawbacks, passive targeting in 

other words the enhanced permeability and retention (EPR) effect is explored as milestone 

in cancer treatment researches [14]. EPR effect is well-known phenomenon of tumors in 

terms of their physiologic and anatomic features when compared to healthy tissue and it is 

considered when tumor tissues exhibit specific extravasation and retention of 

macromolecules. 

 

 

Figure 1.4. Schematic Illustration of EPR effect. 
 

 In 1986, Matsumuda and Maeda were the first researches that have mentioned about 

EPR effect [15]. They showed deficiency of blood vessels on tumor tissue. As a result of 

this fact, production of vascular permeability factors reaches the highest point. Enhanced 

vascular permeability is encountered almost in most of the tumors. That complication causes 

transporting of nutrients and oxygen to tumor in sufficient manner results in rapid tumor 

growth. Large macromolecules can accumulate in tumor tissues due to their big sizes and 

they can’t leak out from tumor vessel rapidly because of abnormal excretory system in 
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tumor. However, such big macromolecules can’t penetrate normal tissue because of well-

ordered and tight constitution in healthy tissues.  

 

Different from macromolecules, low molecular weight chemotherapy agents cannot 

be hold in tumor because of their rapid clearance from system (Figure 1.4). This exclusive 

occurrence in tumor is utilized as notable principle in targeted drug delivery systems. EPR 

based tumor targeting systems are generally expected to be drug attached macromolecules 

to have long circulating time for accumulation in targeted region and release its drug in 

required time. The best way of keeping drug in the blood flow long enough is attaching them 

to water soluble polymeric structures. 

1.3. Polymer-Drug Conjugates 

The first opinion of polymer drug conjugate in which therapeutic agent was covalently 

linked to polymeric structure emerged in 1960’s. Jatkewitz and co-workers designed a 

poly(vinyl pyrrolidone) polymer and attached mescaline via dipeptide spacer in 1955 [16]. 

Just before 1970’s, Ringsdorf developed more complex polymer drug conjugates models 

[17]. As reported by Ringsdorf, optimal polymer drug conjugates should have biocompatible 

backbone and therapeutic agents should attach the polymer scaffold via biologically 

sensitive linkers. Then in the recent past, polymer drug conjugates gained much attention by 

researchers. Due to poor water solubility of chemotherapy agents, hydrophilic polymer 

backbones have been used to change characteristics of drugs. By using this strategy, 

hydrophobic drugs were acquired water solubility, specific accumulation in tumor, extended 

half-life in plasma and triggered release profile. For obtaining ideal polymer-drug 

conjugates, some key factors should be considered such as molecular weight, characteristic 

of polymer backbone, conjugation type of drug and sort of linker. As next steps, 

administration and dose amounts of polymer drug conjugations should be planned. 

 

Polyethylene glycol (PEG) is one of the most widely investigated synthetic polymer, 

which is highly water soluble, biocompatible and commercially available. The most common 

and known structure of PEG is ending with hydroxyl groups. At the beginning, PEG was 

used as altering proteins and peptides. Then, PEG was attached to small molecules 
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covalently such as drugs and targeting groups to overcome non-specific biodistribution of 

small molecules and poor water solubility. Chemical structure, steric hindrances and 

molecular weights of the conjugated molecules play leading role for successful conjugation 

to PEG molecule. On the other hand, since PEG has just two functional terminal groups, 

drug payload in PEG backbone was highly limited. To accomplish this problem, multiarmed, 

forked and branched PEG structures as well as modified PEG molecules were developed 

[18]–[20]. In the last decades, promising results have been obtained with several PEGylated 

structures. Oncaspar®, that is used for leukemia has been evaluated and just approved 

clinically and in 2006, FDA approved Oncaspar® for the first-line analysis on leukemia 

patients. Opaxio is obtained via conjugation of PLGA and paclitaxel and it is also in the 

clinical trials for both lung and ovarian cancer.  

 

Acrylated polymer drug conjugates are prepared by copolymerization of two or more 

different monomers via radical polymerization. For this purpose, specific monomers are used 

for controlling the facilities of the end product. Alkenyl polymer conjugates can be attached 

with different groups such as targeting moieties, drugs, dyes. Among these structures, 

copolymers may have high drug content in the polymer scaffold because of reactive pendant 

groups. In recent years, attachment of drugs to copolymers via covalent bond such as poly[N-

(2-hydroxypropyl) methacrylamide] (PHPMA), poly(vinyl alcohol) (PVA) and poly(2-

hydroxyethyl methacrylate) (PHEMA) has been studied by many researchers. All over these 

copolymers, HPMA backbone-based copolymers gained much more attention. In 1979, 

Kopecek and co-workers published a study about HPMA copolymer-drug conjugation [21]. 

In another study,  enzymatically cleavable tetra peptide spacer Gly-Phe-Leu-Gly (GFLG) 

was utilized for conjugation of chemotherapy drug Doxorubicin to HPMA polymer 

backbone [22]. However, researchers considered the importance of molecular weight, size 

and shape of the copolymers to be sure about long circulation in the blood stream, renal 

elimination and nonbiodegradability in the body [23]. Researchers also explored that, the 

highly branched star polymer with doxorubicin GFLG conjugate showed more efficient 

tumor accumulation and slower renal filtration when compared to linear structure and free 

drug [24]. As a subsequent study, it was claimed that increasing of molecular weight of the 

polymer within limits, can be effective on inhibiting tumor growth. On the other hand, more 

increased Mw didn’t give effective responses [25]. In 2001, also the first studies about 

combinations of drugs came in to the cancer research area.  
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Kopecek and his colleagues synthesized copolymer bearing Doxorubicin and 

Mesochlorin e6 which is photoactivable agent and they proved the enhanced activity of the 

combination against each drug alone [26]. Another study on drug combination therapy was 

carried out by Greco and Vincent, in 2005. They showed improved effect of HPMA polymer 

attached with Doxorubicin and Aminoglutethimide (AMG) which is aromatase inhibitor 

used for endocrine diseases [27]. As different chemotherapy agent Paclitaxel (PTX) was 

combined with carboplatin for breast cancer [28] and vinorelbine for non-small cell lung 

cancer (NSCLC) [29]. In addition to these studies, Phase II trials were completed with 5-

Fluorouracil (5-FU), cisplatin and fulminic acid combinations with Paclitaxel for gastric 

cancer patients [30]. The other important combination study was carried out by Ulbrich and 

his collaborators. They designed HPMA copolymer carrying both Dexamethasone as 

antiflammatory agent (DEX) and Doxorubicin resulted with indicating improved activity of 

combination [31]. The same group published other study about combination therapy in 

which HPMA polymer conjugated with Doxorubicin and Gemcitabine (GEM). The presence 

of these two drugs on one macromolecule improved angiogenesis inhibition capacity of 

molecule when compared to each drugs a lone. Furthermore, polymer that carries both drugs 

induced apoptosis more than one drug containing polymer [32]. Among drug carriers, 

polysaccharides have important and crucial role for development of cancer treatments. 

Owing to their high biocompatibility and biodegradability, they are preferred by researchers 

mostly against synthetic polymers for medical applications. Hyaluronic acid (HA) which can 

be used as targeting group, is one of the most known anionic biopolymers. It has high binding 

affinity through the CD44 cell surface adhesion receptor that has overexpression on many 

cancer cells. As a result, HA and drug combinations are expected to enhance cellular uptake 

and long-acting delivery of drug [33]. There are many studies on combination therapy of HA 

and chemotherapy drugs such as paclitaxel [34] and doxorubicin [35]. One more 

polysaccharide for drug delivery is Chitosan. Chemotherapy agents that are combined with 

chitosan can be counted as atorvastatin [36], salicylic acid [37] and stavudine [38]. Although 

heparin is known as anticoagulant, sometimes it is applied for drug conjugations. As drug 

carrier, heparin may have some drawbacks because of its anticoagulant activity which is not 

tolerable in cancer treatment. But by increasing drug content in the polymer may reduce the 

anticoagulant activity of heparin to ignorable degree. As a result, in cancer treatments, 

heparin is not most-preferred drug carrier because of its hemorrhagic complication risk [39]. 

Like heparin, dextran showed insufficient responses in cancer treatments.  
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Primally, dextran was considered to be appropriate choice for drug delivery 

applications because of its plasma expanding ability, but then it is proved that it showed high 

toxicity in Phase I clinical trials [40, 41]. For Phase II clinical trials, β-cyclodextrin was 

applied for non-small lung cancer patients. In this study, Camptothesin (CRLX101) was used 

as chemotherapy agent [42]. After that, conjugation of β-cyclodextrin to linear polymers in 

wire form has gained much attention. Thus, high amounts of drugs can be conjugated to 

potential functional hydroxyl groups on the backbone [43]. In the meantime, cellulose [44], 

pullulan [45] and pectin [46] are used as drug carrier polysaccharides. 

 

Group of poly(aminoacid) based drug carriers may include poly(l-lysine) (PLL), 

poly(aspartic acid) (PAA) and poly(-glutamic acid) (PGA) because of their biodegradability 

and biocompatibility in the body. It was mainly encountered that, PEGylation method was 

used for modifying PLL as a drug carrier [47]. By utilizing from this method, tumor 

accumulation was improved. On the other hand, PAA based copolymers were used for bone 

targeted drug delivery area due to their high binding affinity to bone mineral hydroxyapatite 

[48]. In addition to all these poly(aminoacid) drug carriers, the most applied macromolecular 

structure is PGA. Drug conjugation is achieved via γ-carboxyl groups on PGA molecule. 

PGA can be taken in to cancer cell and release its drug although it biodegrades before 

delivery to tumor. It is crucial factor for PGA to have important role in drug delivery 

platform [49]. In Phase III clinical trials, PGA-paclitaxel (OpaxioTM) and PGA-camptothecin 

were tested. According to results, PGA-paclitaxel was more effective on women when 

compared to men. That gender dependent results were attributed to estrogen level which 

triggers paclitaxel release [50]. For more effective drug delivery system, cyclic arginine-

glycine-aspartic acid (cRGDfK) were added to PGA-paclitaxel conjugation to target αvβ3 

receptor which has overexpression on various cancer types. As a consequence, enhanced 

tumor accumulation and less toxicity than free drug was obtained [51]. Dendrimers are three 

dimensional macromolecules that can be constructed with central core, narrow 

polydispersity index, good control over structure (Figure 1.5). Dendrimers have multiple 

functional groups at the periphery that provides drug conjugation in high content [52]. 

Among dendrimer molecules, poly(amidoamine) (PAMAM) dendrimers have gained much 

more attention in drug delivery researches. Due to chemotherapy drugs have poor solubility 

in water, some researchers studied on conjugation of drugs to PAMAM dendrimers.  
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Thomas et al. conjugated to antibodies on PAMAM dendrimer with imaging agent to 

explore affinity of structures to antigen-expressing cells [53]. In 2012, Yan li and co-workers 

used 4th generation of PEGylated PAMAM dendrimer to conjugate Doxorubicin on it. 

Nevermore, transferrin and tamoxifen molecules were linked to dendrimer for dual targeting 

to brain glioma [54]. One of the most important studies was folate conjugated dendrimers. 

In the study, folic acid was conjugated to PAMAM dendrimer since folate has 

overexpression in some cancer types such as breast and ovarian cancers. In addition to folic 

acid as a targeting group, methotrexate (MTX) was also conjugated to dendrimer to observe 

tumor accumulation differences between targeted and nontargeted structures [55]. On the 

other hand, dendrimer molecules gave opportunity for intranasal or intravaginal drug 

administration unlike classical intravenous ways [56]. 

 

 
 

Figure 1.5. General illustration of dendrimeric structure. 
 

1.4. Combination Drug Delivery Systems 

There is enormous effort in improvement of drug delivery systems for increasing their 

therapeutic profiles and decreasing their side effects and toxicities. However, some diseases, 

especially cancer, has complex morphology and development process which makes it so 

difficult to diagnose, treat and end up. That’s why, combination therapy that refers 
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administration of two or more drugs simultaneously or at the same time for treatment of 

cancer has gained great attention in recent years. Different from mono-drug administration, 

multi-drug therapy can provide both enhanced therapeutic effect and accomplishment for 

complex mechanisms of drug resistance [57]. AIDS, malaria and cancer are the most known 

diseases that can be treated by using combination therapy. In 1999, three or four anti-HIV 

drugs were combined for treatment of HIV, namely the highly active antiretroviral therapy 

(HAART) at first time [58]. As for malaria disease, anti-malaria drugs are so resistant to 

malarian parasites which are mutated as a result of selection and dissemination. Thus, 

combination therapy for malaria is being used as first treatment method that is coming to 

mind [59]. Combined drug administration ideas also have promising studies on multiple 

sclerosis (MS) patients who have relapsing-remitting process. Mount Sinai School of 

Medicine (CombiRx) has been investigating utility of interferon-beta-1α (Avonex, Rebif®) 

and glatiramer acetate (Copaxone®) combinations. Another application of drug combination 

study has been proceeding on diabetics in which glucagon-like peptide-1 (GLP-1) and 

gastrin were combined. In that study, diabetic NOD mice were treated with drug combination 

and regulated glycemic levels were achieved [60]. Combination therapy is a widely 

encountered strategy on cancer treatment at most. As it is known well, cancer therapies have 

several side effects. However, combined drug administration may enhance therapeutic 

efficacy of drugs although they have different cytotoxicity profiles of each. In other words, 

whereas almost each of cancer drugs are highly toxic alone, combining drug treatment can 

provide better results and decreased cytotoxicity profiles [61]. There are several types of 

combination therapy such as based on small molecules, monoclonal antibodies and polymer-

drug conjugates. In this thesis, we are focusing on polymer drug conjugate-based 

combination therapy. As mentioned before, polymer drug conjugate platform is an 

increasing trend for the current decades. Especially, mono-drug carrying polymers draw 

attention to their clinical trials, thereby their studies and applications have been extended to 

design of multi-drug carrying nanostructures [62]. The concept of polymer drug conjugation 

systems for combination therapy may include several types such as polymer drug conjugate 

and free drug, two different polymer drug conjugates, one polymeric carrier containing two 

different drugs and polymer drug conjugate with polymer enzyme conjugate in which 

enzyme conjugate is responsible for releasing drug. Schematic illustrations of mentioned 

types were shown in Figure 1.6. 

 



11 

 

 

 
 

Figure 1.6. Polymer based combination therapies. 
 

Over the past decades, polymer-drug conjugation systems have emerged as 

encouraging idea to drug delivery area since they contain targeting groups, imaging agents 

etc. Despite all studies, there are just few embodies of two or more drug combinations with 

single polymeric backbone. The first example of this combination type was done by using 

HPMA as a polymeric carrier. Aminoglutethimide (AGM) which is used for endocrine 

therapy and chemotherapy agent doxorubicin were attached to HPMA backbone [27]. Both 

drugs were attached to polymer via peptidyl linker that can be cleaved in lysosome of cells. 

According to obtained in vitro results on breast cancer cells, single polymer carrying both 

two drugs was more efficient than two polymer drug conjugate combination that were 

attached with drugs separately [63]. Another promising study of combination therapy is 

achieved by using PEG to attach drug Epirubicin (EPI) and Nitroxide (NO) that enables cells 

to communicate with each other throughout the body. Due to increasing loading capacity of 

the PEG, researchers designed a dendrimeric structure of PEG for obtaining two chemically 

available conjugation sites at terminus. However, EPI and NO didn’t exhibit synergistic 

effect and caused cardiotoxicity indeed [64]. In case of using single chain for conjugation of 

both drugs, showed better anti-cancer activity because of providing same body distribution 

to polymer conjugate and less cardiotoxicity was achieved [65]. Satchi Fainaro and her crew 

performed a pioneering study on polymer drug conjugate with antiangiogenic drug TNP-470 

(Caplostatin) which is being developed as clinically by SynDevRx, Inc [66]. After obtaining 

compelling results on different tumor models such as melanoma, colon and prostate cancers, 

they developed their design by attaching another agent Alendronate to their polymer. 

Alendronate is not only pharmacologically active agent for osteoporosis and some bone 

diseases, but also used for targeting moiety [67]. According to in vivo results on human 

osteosarcoma tumor model, complete tumor regression was observed, thus combination of 
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TNP-470 and alendronate is approved as anti-angiogenic and anti-tumor effective 

chemotherapy agent. As a latter study, HPMA based combination study was performed again 

by the same group, this time conjugated chemotherapy drug was paclitaxel instead of TNP-

470 [68]. Enhanced anti-angiogenic effect on bone tissue which was metastasized from 

prostate and breast cancer tissue was achieved. In the later years, different versions of HPMA 

based copolymers emerged in combination therapies platform. Gemcitabine (GEM) and 

doxorubicin containing HPMA copolymer was confirmed as good carrier for delivery of two 

drugs to the desired tumor region [32]. When compared to controls and free drugs, both two 

drugs bearing copolymer was more effective to rat tumor model. Additionally, that conjugate 

displayed anti-angiogenic properties on tumor and cell apoptosis was induced more 

effectively. In case of anti-inflammatory agent dexamethasone (DEX) and doxorubicin 

conjugated copolymer, researchers compared activities of free drugs of each and copolymer. 

Consequently, it was determined that using polymer drug conjugate is more beneficial in 

terms of therapeutic index [69]. 

1.5. Diagnosis in Cancer and Drug Delivery Systems 

Diagnosis, especially in cancer research area, means process of discovering the 

presence of tumor. That process also includes identifying tumor type, size, location and stage 

[70]. In cancer treatments, early diagnosis is very important and crucial for patient survival 

because if precancerous changes in the body is detected, cancer can be treated before it 

becomes malignant. For cancer detection, determination of markers in body fluid is one of 

the most applied methods [71]. Among them all, nanostructures can be used for tumor cell 

detection in vitro and in vivo right along with their drug delivery applications. If therapeutic 

and diagnostic agents are conjugated in single molecule, it is called as theranostic agents 

(Figure 1.7). Dendrimers, polymers, proteins and inorganic compounds are generally applied 

structures for designing theranostic agents [72, 73]. The most important feature of 

theranostic nanostructures is their localization and accumulation capability in diseased 

tissues than healthy tissues due to EPR effect. Especially, polymer based theranostic agents 

can be obtained by loading hydrophobic dyes in the inner core of self-assembled amphiphilic 

polymers.  
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Additionally, functionalization of polymer surfaces with dye and targeting agents can 

be regarded as other option for theranostic agent preparation [74]. The most common 

imaging technique is magnetic resonance imaging (MRI). In this technique, magnetic field 

is used and in cancer tissue hydrogen atoms are excited by finding applicable resonant 

frequency. Hydrogen atoms of each tissue have their own relaxation times, because of this 

phenomenon, contrast is created between different tissues.  

 

 

Figure 1.7. Combination of therapeutic and diagnostic agents. 
 

For MRI applications, super paramagnetic iron-oxide (SPIO) and gadolinium (Gd) 

metals are mostly used examples. In one example, maleimide−PEG−poly(lactic acid) 

amphiphilic block copolymer was self-assembled and nanoparticle was obtained. Maleimide 

functional groups were attached on the surface for targeting group attachment. This prepared 

nanoparticle was loaded with both drug DOX and SPIO for tracking the conjugate in the 

body and determining tumor accumulation and penetration [75]. Similar to this study, 

poly(lactic-co-glycolic acid) (PLGA) was utilized for obtaining nanoparticle. This time, 

docetaxel and SPIO was encapsulated in to self-assembled structure that was obtained strong 

contrast with [76].  PLGA-PEG block copolymer was used in other research by Yang in 

which DOX and MnFe2O4 was loaded. Breast cancer targeted nanoparticle was detected by 

MRI in tumor tissue very sensitively [77].  
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Another imaging agent used for MRI is gadolinium that is applied by loading it in to 

special ligands. These ligands embody may include diethylenetriaminepentaacetic acid 

(DTPA) and tetraazacyclododecanetetraacetic acid (DOTA). In one study, Gd loaded DOTA 

was attached to side chains of PGA polymer and MRI signal was investigated on breast 

cancer tumor tissue [78]. By using hydrophobic PLGA core, liposome shell was designed 

also. For targeting desired region, liposome shell was prepared by using folate coated Gd-

DTPA. On the other hand PEGylation method was used to obtain hydrophilicity and 

effective DOX loading was achieved [79]. For utilization from polymers as theranostic 

agents by using MRI and targeted drug delivery, HPMA backbone based copolymers [80] 

and multi-arm star block copolymers [81] are also applied. 

 

By administration of some radioisotopes such as 76Br, 99mTc, 64Cu, 90Y intravenously 

or orally, radionuclide imaging can be benefited from. Unlike MRI, radionuclide imaging is 

more likely about discovering the stage of disease by using cellular metabolism. In one of 

the most important examples, HPMA polymeric carrier was conjugated to 90Y and 99mTc 

both, as well as RGD4C. As a result, enhanced cell internalization on endothelial cells was 

observed. In case of tumor studies that are carried on SCID mouse xenograft model of human 

prostate carcinoma, tumor growth retaining results were satisfying [82]. Lammers and his 

co-workers studied on 131I loaded HPMA polymeric carrier which is also conjugated with 

DOX or/and gemcitabine (GEM). This study is considered as one of the most challenging 

works due to hosting both combined drug therapy and radionuclide imaging [83]. 

 

As for the fluorescence imaging method that we also used in our study is applied in 

various fields like biology, biochemistry and engineering. Most of the natural molecules like 

aminoacids and lipids may fluoresce when they are exposed to UV-vis light [84]. The most 

advantageous aspect of this method is its low cost. In the UV-near infrared (NIR) wavelength 

range, fluorescence imaging is as sensitive as radioisotopes used in positron emission 

tomography (PET) and single-photon emission computed tomography (SPECT). In 2010, 

folate targeted and indocyanine-green coated nanoparticles were prepared for examining cell 

uptake and therapeutic index of molecule on different cancer cells [85]. By using again, the 

same dye, Nile red was also encapsulated in to dendritic-core multi-shell nanoparticle. This 

nanoparticle was loaded with three different drugs which are DOX, methotrexate and sodium 

ibandronate. After 6 hours of administration of nanoparticle, sensitive contrast was observed 
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within tumor tissues in F9 teratocarcinoma bearing mice [86]. In other study, DOX-

conjugated monomethoxy PEG block-poly(L-lactide-co-mercaptoethanol) copolymer, 

rhodamine B-conjugated mPEG-b-p(LA-co-ME), and folic acid conjugated PEG-b-PLA 

copolymers were self-assembled to get multifunctional micelles. Those micelles were loaded 

with fluorescence imaging and targeting moiety as well. As expected, targeted micelles were 

accumulated in hepatocarcinoma tumor tissue better than free drug and non-targeted version 

of micelle [87]. With all these studies mentioned above, some compelling works on quantum 

dots (QDs) based theranostic agents were also performed [88]. On the other hand, there are 

some researches on natural polymer-based and fluorescent agent containing theranostic 

systems. One of them is achieved by using chitosan as colloidal polymeric carrier. According 

to results, 2 hours later from injection of fluorescent chitosan carrier to breast cancer and 

lung cancer cells, more than 80% of breast cancer cells and 100% of lung cancer cells 

exhibited fluorescent features [89]. 

1.6. Active Targeting and Effects of Targeting Groups in Polymer Molecules 

Active targeting is utilizing affinity of conjugated targeting moieties or special ligands 

to targeted tissue or cells for enhanced delivery system (Figure 1.8). Targeting groups can 

be regarded as crucial for mechanism of cellular uptake. While EPR effect enhances the 

transport of polymeric structures to tumor site through long circulation time, the attached 

targeting molecule improves endocytosis of macromolecules. Detection of targeting group 

by its target substrate is fundamental consideration for cellular uptake. Ideal targeting groups 

may include proteins, antibodies, nucleic acids. However, sugars, lipids and proteins which 

are overexpressed on diseased tissue can be shown as examples of targeted molecules [90, 

91].  

 

Binding ability of targeting systems depend on two mainly attitudes: transfer capacity 

and targeting selectivity. Transfer ability of macromolecule to targeted tissue has connection 

with structure of polymer. On the other hand, targeting selectivity is directly related to 

biodistribution of targeting group conjugated polymer. In addition to that, it is very important 

to determine if targeting groups have any interaction with off-target molecules or cells in the 

body.  
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Figure 1.8. Schematic Illustration of Active Targeting. 
 

For effective active targeting system, targeting group attached polymer requires to be 

in the close area with targeted molecule. Due to blood flow in the immune system organs is 

low, affinity of polymers for the targeted molecules can’t compete with systemic clearance 

of body [92]. Consequently, polymers with targeting groups need comprehensive blood 

circulation time. Because of targeting ligands are in the extravascular region of tumors, 

polymeric structures need to apply EPR effect to interact with their targeting ligands. That 

phenomenon is replying the question for why blood circulation time of polymers should be 

adjusted to get ideal interaction between targeted and targeting groups. 

 

Bisphosphonate (BP) molecules are the counterpart of naturally occurring structures 

pyrophosphates and they are the most effective antiresorptive drug for treatment of 

osteoporosis, bone metastases and Paget’s disease. Nevermore, BP structures have high 

binding affinity to Hydroxylapatite (HA) mineral which is naturally exists in the bone tissue. 

BP structures may include Alendronate, Zoledronate, Ibandronate and Eridronate. BP 

molecules have other assistant groups (R1 and R2) on their geminal carbons as well (Figure 

1.9).  
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Figure 1.9. General Scheme of Bisphosphonate Molecules. 
 

These substituents enhance bone seeking ability of BP and increases the affinity of BP 

to bone. In addition, octapeptides, aspartic acid and tetracycline molecules are the well-

known bone targeting moieties. By modification of R1 and R2 groups on the BP, affinity of 

BP to bone can be arranged. For all these reasons, BP molecules have emerged in cancer 

research area for advanced bone metastases and skeleton complications. Due to BP 

molecules are water soluble and they have acidic character, they distribute in the body 

insufficiently. Hence, they excrete from body through urinary system mainly. BPs have a 

half-life of several months because P-C-P bond in structure is highly stable which provides 

long remaining period for molecule. BP molecules are one of the most applied structures 

among bone targeting moieties so that there are lots of studies have been done to find out 

binding ability of these structures to the HA.  

 

 In 2006, Ulbrich and co-workers studied on whether the number of targeting moieties 

on polymer effects the adsorption rate of polymer or not. As a result, authors discovered that 

there must be multiple targeting ligand on polymer to be sure at least one targeting moiety 

is exposed to HA. The research on BP molecules as targeting groups have started for few 

decades. In the same research, authors designed a novel drug delivery system that contains 

biocompatible N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer as polymer 

backbone and hydroxy bisphosphonate as a targeting moiety. Additionally, these polymer 

conjugates are also attached with radiotherapeutics 125I, 111ln and Doxorubicin as anti-cancer 

drug. For that purpose, monomers bearing reactive TT groups were selected for supplying 

the attachment of drug and L-tyrosine amide. These reactive TT group containing polymers 

were functionalized with corresponding amine groups of Doxorubicin, L-Tyrosine and 
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bisphosphonate groups via aminolysis reaction. On the other hand, to investigate the rate of 

Doxorubicin release from the polymer, two different copolymers with different spacers were 

prepared. GFLG which is a peptide with four aminoacids enabled polymer to release 

doxorubicin enzymatically with the help of Cathepsin B [93]. In the next study, Kopecek 

and co-workers utilized the same polymer backbone as a polymeric carrier to synthesize 

another HPMA copolymer and bisphosphonate containing drug delivery system [94]. The 

process of synthesizing these polymers with different molecular weight, contains the 

attachment of Alendronate, L-tyrosine and FITC to HPMA polymer precursor which was 

obtained by using RAFT polymerization technique. Like in previous work, side chains of 

polymer were terminated in reactive TT groups for attachment of Alendronate which has 

NH2 group. As a result of reaction, polymers that have bone targeting moiety, dye and 

monomer which was going to be radiolabeled with 125I was synthesized. In this study, 

researchers wanted to explore the correlation between molecular weight of polymers and 

alendronate content. Among low molecular weight polymers, the highest binding capacity 

was obtained with high content alendronate containing conjugate. On the other hand, if the 

high molecular weight conjugates were considered closely, binding capacities of polymers 

don’t depend on alendronate content. For bone accumulation, all alendronate containing 

conjugates were deposited in bone more than non-targeted control polymers. The elimination 

of conjugates from the body was evaluated after intravenous administration. According to 

results, in low molecular weight polymers, short elimination time was observed, whereas 

high molecular weight polymers cleared from the body in longer time. 

 

Another HPMA based Alendronate containing copolymer-drug conjugation system 

has been reported by Satchi-Fainaro and co-workers in 2009 [95]. In this study, copolymer 

which was conjugated with Alendronate as a targeting moiety and Paclitaxel as an anti-

angiogenic drug, was produced. Paclitaxel is one of the most known and effective drugs in 

widespread clinical use. Despite it has prominently been used for curing cancer in industry, 

it has various side effects like in other chemotherapy drugs. Therefore, paclitaxel exhibits 

dose-limiting toxicities. Because of all these reasons, researchers have been developed a new 

and elegant strategy to target bone metastasis by attaching Paclitaxel to macromolecule. By 

doing this, it was aimed to benefit from EPR effect and also targeting potential of 

Alendronate that was also attached to macromolecule. 
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Paclitaxel was attached to macromolecule after two steps in which via FK-PABC 

linker.  After that, it was conjugated to HPMA-ONp copolymer. This dipeptide PABC linker 

gives a stability to molecule by the carbonate linkage. For demonstration of PTX release 

from conjugate via cleavage with lysosomal enzyme cathepsin B, HPMA copolymer-

GGGG-PTX conjugate that contains non-cleavable GGGG linker and HPMA copolymer-

GGFK-PTX conjugate that contains cleavable GGFK linker were also prepared. On the other 

hand, Alendronate moieties were attached to polymer via functional –ONp groups. As a 

result, of 10% mole ONp groups, 2.5% mole were bound to Alendronate and 4% mole were 

bound to PTX.  By treating HPMA-GGFK-PTX conjugate with Cathepsin B enzyme, release 

of PTX amount was higher. In 2011, Ronit Satchi-Fainaro and co-workers published another 

follow up study that they published in 2009 [96].  In addition to their previous research, 

proliferation assays of the human MDA-MB-231 and murine 4T1 mammary 

adenocarcinoma cancer cells, CEC and CEP cell levels, white blood and red blood cell 

assays were achieved as in vitro studies. Furthermore, anti-tumor efficacy and toxicity 

profiles of conjugates in mice bearing 4T1-mCherry murine mammary adenocarcinoma 

were done as in vivo studies. 

 

Another example of utilization of the bisphosphonate targeted drug delivery systems, 

was reported by the same group in 2009 [68]. HPMA based copolymers were synthesized 

by using Reversible addition- fragmentation chain transfer (RAFT) polymerization 

technique. Different from the study mentioned above, TNP-470 was used as anti-angiogenic 

drug, instead of Paclitaxel. TNP-470 and Alendronate were attached to copolymer through 

Gly-Gly-Pro-Nle, Cathepsin K cleavable linker. FITC labeled monomer was also used for 

obtaining enhanced visibility. The major purpose of the study is to get noticed novelty and 

importance of combined therapy of HPMA copolymer-ALN-TNP-470 conjugate. Because 

over the past few decades, combination therapy has gained much attention among 

researchers. It was also claimed that, using multiple drug may enhance anti-tumor efficacy 

by acting in different mechanisms. In that study, the first step was conjugation of 

Alendronate and TNP-470 to copolymer. After conjugation, as in vitro studies, inhibitory 

effects of both Alendronate and TNP-470 on HUVECs, Saos-2, and MG-63-RAS cells, 

internalization tests on HUVECs and Saos-2 cells were investigated. Addition to in vitro 

experiments, in vivo studies on SCID mice bearing MG-63-RAS human osteosarcoma were 

also carried out.  
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In a subsequent study, the same group reported a follow up paper which is about 

HPMA based copolymer-drug conjugation system and also contains MA-Tyr monomer that 

can be radiolabeled [97]. In addition to experiments that was told in previous work, red blood 

cell and white blood cell assays, CEC and CEP measurements were achieved. The 

proliferation inhibitory effect of conjugate on K7M2 murine osteosarcoma cell was studied. 

Like in previous study, Alendronate containing monomer was synthesized by using Solid 

Phase Peptide Synthesis method and conjugated to monomer via TT reactive group. TNP-

470 was attached to polymer with the help of amine group on the polymer. (Gly-Gly-Pro-

Nle-NH2). For polymerization reaction via RAFT technique, MA-FITC and MA-Tyr 

monomers were also prepared. In vitro cell growth inhibition of free TNP-470, Alendronate 

and ALN-TNP-470 were evaluated on K7M2 murine osteosarcoma cells. The in vitro results 

demonstrated that both free and conjugated ALN-TNP-470 inhibited cell proliferation at 

IC50 of 10 μM. One of the most recent studies about bisphosphonate targeted drug delivery 

is published by Ronit Satchi-Fainaro and co-workers again in 2015 [98]. Different from other 

studies mentioned above, herein targeting agent Alendronate and anti-mimotic drug 

Paclitaxel were covalently attached to Pullulan, which is natural polysaccharide derivative 

polymer. While Paclitaxel was bound to Pullulan, through Cathepsin K-sensitive tetra 

peptide spacer GlyGlyProNle, Alendronate was bound through PEG spacer. Bioconjugates 

are challenging structures for utilizing drug delivery researches. The obtained bioconjugate 

Pull-(GGPNle-φ-PTX)-(PEG-ALN) has been designed to enhance the delivery of Paclitaxel 

to tumor tissue actively. The main idea of the study is to synthesize a colloidal polymer 

which has polysaccharide-based backbone and to attach bisphosphonate and drug for 

treatment of breast cancer with bone metastasis. After synthesis of the structure, biological 

experiments were performed routinely.  HA binding test was performed in two manner. At 

different pH values, Alendronate hasn’t showed specific binding ability to HA, whereas 

binding property of Pull-(GGPNle-φ-PTX)-(PEG-ALN) conjugate was pH dependent. After 

5 minutes, 72% of free Alendronate was bound to HA. At the end of the 3 hours, the percent 

value was 80%.  

 

On the other hand, Pull-(GGPNle-φ-PTX) -(PEG-ALN) conjugate has showed 60% 

binding ability at pH 5.5. but at pH 7.4 binding percent was 40% respectively. Selective 

distribution of cancer drugs to desirable tissues or cells in the body is very crucial and 

important requirement in cancer treatment. Defining the physiological differences between 
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normal cells and tumor cells clearly, is the main need of sending chemotherapy drugs to 

desired sides with minimal harm to normal cells. Technologies about targeted delivery of 

cancer agents are being developed day by day due to minimize side effects and increase 

effects of drugs. In last decades, some types of targeting groups have been investigating by 

researchers such as anti-body or peptide mediated structures [99]. Among all targeting 

groups, the most encountered studies are about peptide conjugated macromolecules. 

Especially, integrins which are transmembrane receptors in the human body and  have 

overexpression on cancer tissues make them promising targets for peptide conjugated 

structures in cancer treatments [100, 101]. After studies of Ruoslahti and Pierschbacher on 

peptides as targeting tools, RGD molecule has gained great attention with its capability of 

being recognized by αvβ3 integrin receptors on the cell surfaces [102]–[104]. Thus, that 

molecule with tripeptide sequence arginine, glycine and aspartic acid have been appeared in 

the cancer treatment and research area. One of the first studies about conjugation of RGD 

peptide to polymers was accomplished by Kawasaki, in 90’s. PEG was used as 

macromolecule for enhancing blood circulation and eliminating adverse effects of drug in 

the body. According to their results, after co-injection of RGD conjugated PEG6k molecule 

to tumor tissue, [105] inhibition of lung metastasis on B16-BL6 melanoma mice was 

observed [106]. Other researcher Saiki advanced that former study by doing serial 

experiments and obtaining different RGD attached PEG molecules to see if anti-metastatic 

effect can be prolonged [107]. All these accomplished studies proved anti-invasive ability 

of RGD molecule for inhibiting metastasis of cancer. Komazawa designed a new compound 

which is poly(carboxyethylmethacrylamide) (CEMA) based and RXDS conjugated 

molecule where X is Glycine, Lysine or Isoleucine. This product was able to prevent 

metastasis on various mice models [108, 109]. While poly(CEMA)-RXDS conjugate 

decreases lung and liver metastasis on some tumor models, just poly(CEMA) and RXDS 

molecules didn’t show noteworthy effects on same tumors. From here, with the same 

compound but by using chitin  as a polymer backbone, RGD conjugates of polymers showed 

high anti-metastatic efficacy on same tumor models in independent administration times 

[110, 111]. In one study which was performed by Polyak and his crew [112], RGD and 

doxorubicin were conjugated to terminal end groups of  bifunctional PEG chain via pH 

sensitive hydrazone linker. As reported by the researchers, targeted copolymer that was 

monitored through fluorescence imaging, accumulated in DA3 murine breast cancer tumor 

model. The same group sustained this study by synthesizing poly(α-L-glutamic acid) (PGA) 
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based paclitaxel attached macromolecule which has RGD as a targeting moiety [113]. 

Prepared conjugate that has RGD molecule and RAD molecule (as a control) on it showed 

encouraging results in the matter of their antiangiogenic performance and tumor 

accumulation ability. On the other hand, systematic toxicity was improved when compared 

to free drug paclitaxel. As for HPMA based backbone macromolecules, designing integrin 

targeted pHPMA based copolymers was pioneered by Wan et al.[66]. Studies that were done 

by using ECV304 endothelial cells for cell internalization and localization of conjugates 

showed enhanced uptake. As a latter study, Ray and his group synthesized pHPMA based 

copolymer that was conjugated with Docetaxel and RGD molecules [114]. The amount of 

targeting group was determined as ~5 %w/w and size of the molecule was 3 nm in diameter 

as well. However, the authors wanted to show difference of tumor accumulation behaviors 

between targeted and non-targeted versions of this copolymer. For this reason, another 

copolymer that has no targeting ligand on it but with high molecular weight (~7 nm in 

diameter) was prepared also. As a result, single dose of either compounds in DU145 prostate 

cancer xenograft model was acceptable for tumor accumulation and tumor size regression. 

In same year, same people proved that RGD bearing HPMA polymer showed 2-fold better 

tolerated dose in the same animal model when compared to non-targeted counterpart [115]. 

As regards biodistribution studies that were carried out by using 125I radiolabeled 

copolymers, same profile with previous study was encountered. Tumor accumulation was 3-

fold higher for the targeting group containing molecules [116].  

 

Targeted drug delivery systems in which RGD was used as targeting moiety, are not 

only about linear polymers but also dendrimeric structures. One of the first studies of integrin 

targeted dendrimeric structure was reported by Shukla and his group in 2005 [117]. In their 

study, generation 5 PAMAM dendrimer bearing RGD was prepared to find out if the 

molecule can target and directly bind to αvβ3 integrin receptors [118]. Furthermore, PEG-

PAMAM-cysaconityl-DOX and cRGDyC bearing PAMAM structure were constructed for 

evaluation of in vivo studies in orthotopic murine C6 glioma tumor model [119] and murine 

B16 melanoma tumor model [120]. To conclude, RGD modified copolymers exhibited better 

tumor accumulation and increased survival rates in vivo. The similar trend was followed by 

loading PAMAM-RGD conjugate on to poly(lactic-co-glycolic acid)-poly(lactic acid) 

(PLGA-PLA) implants in which intratumor drug accumulation and tumor regression were 

higher when compared to free drug Doxorubicin and non-targeted counterparts [121]. More 
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interestingly, same group proved that mesenchymal stem cells (MSCs) which have tumor 

targeting behavior, were providing similar tumor penetration, accumulation and survival rate 

with RGD conjugated compounds [122]. In very recent years, Xu et al. designed redox-

responsive polymeric structure [123] that was combined with PEG block and GGRGD, with 

the size of lower than 70 nm in diameter. The studies that were done with HepG2 tumor 

bearing mice showed enhanced tumor accumulation and survival rates as against non-

targeted structures. 

1.7. Reactive Monomers and Post Polymerization Modification Strategies 

Post polymerization modification (PPM), in other words post polymerization 

functionalization is well known phenomenon since polymer science studies have been 

started (Figure 1.10). In seventeenth century, various researches about PPM on natural 

polymers were done by chemists [124]. But then, due to PPM studies on natural polymers 

weren’t recognized and applied well enough, some of the pioneers of the polymer chemistry 

started to apply PPM reactions on synthetic polymers. In 1948, Serniuk and co-workers 

conjugated butadiene polymers to thiols by using thiol-ene reaction [125]. Solid state peptide 

synthesis was brought in to polymer science research area by Meriffield [126]. On the other 

hand some preliminary studies on PPM reactions of epoxides [127] and halogenated 

polymers [128] were reported in later years.  

 

Figure 1.10. General strategy for PPM reactions. 
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Figure 1.11. Different types of reactive monomers applied for post polymerization 

modification reactions. 

 

However, discovery of living/controlled radical polymerization methods brought 

along new coupling reaction types such as thiol-ene reactions and cycloaddition reactions. 

To benefit from PPM reactions in polymer chemistry, some reactive monomers (Figure 1.11) 

that have functional groups on it were utilized. These functional groups allow selective 

transformation of reactive groups into other desired functional groups. Among all reactive 

monomers, activated esters which are mostly utilized in this thesis are well known and 

beneficial molecules.  

 



25 

 

 

Activated esters provide stable amide bonds with amines, which is the main 

requirement for targeting group conjugations in biological applications. Nevermore, 

activated carbonate groups can form hydrolyzable carbamate groups with amines which is 

advantageous for drug conjugations. 

1.8. Activated Ester Monomers 

The first appearance of activated ester monomers in research area was in 1970s by 

Ferruti and Ringsdorf [74, 75]. Conjugation reaction of active ester and amine molecules are 

one of the most encountered PPM reaction type. The reason for that is active ester moieties 

are very reactive even with weak nucleophiles and resulting amide bond is very stable. N-

hydroxysuccinimide (NHS) based active ester monomers and their polymers are the most 

known molecules. Although they are used so regular, active ester molecules’ solubility is 

restricted in some solvents such as dimethyl sulfoxide (DMSO) and dimethyl formamide 

(DMF). Moreover, as a result of using NHS based monomers for PPM reactions, some side 

reactions such as ring opening formation can show up [131]. By using excess amine 

molecules like triethylamine (TEA), these side reactions can be eliminated [132]. As an 

alternative, pentafluorophenyl (PFP) ester molecules and polymers are appealing choices for 

PPM reactions due to their higher reactivity when compared to NHS based esters. In 

addition, they are more stable and soluble in desired solvents [133]. Thiazolidine-2-thione 

(TT) molecules are another alternative reactive group that are used for obtaining reactive 

ester containing polymers. Ulbrich published a study about hydrolytic stability of TT groups 

and their ability of fast aminolysis in aqueous media [134]. But it was observed that, TT 

containing polymers didn’t show obvious difference against amines and thiols under equal 

reaction conditions. Hawker and his crew proved that 4-vinyl-benzoate (VB) based active 

ester containing polymers are more reactive than methacrylated derivatives. They used VB 

molecules to get dendrimers in high yields [135]. Theato’s study also exhibited that, VB 

polymers can react with less nucleophilic aromatic amines rapidly, unlike TT and 

methacrylate containing polymers [136]. In 2010, our group synthesized orthogonally 

functionalizable polymers by using 2-(N-succinimidylcarboxyoxy)ethyl methacrylate 

(SCEMA) monomer that contains NHS group via carbonate linker. In addition to SCEMA 

monomer, NHSMA was also used for utilizing activated ester moiety. Consequently, 
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allylamine was conjugated to resulted copolymer via carbonate group and it completely 

converted to carbamate group at ambient conditions while ester group was preserved [137]. 

1.9. N-Hydroxysuccinimide (NHS) Based Reactive Groups for Targeting Group 

Conjugations 

Among many other activated ester monomers, NHS bearing monomers are arising as 

a very impressive type of functional monomer due to their resistance to hydrolysis and ability 

of reacting with primary and secondary amines efficiently. The study of Ringdorf and Ferruti 

about free radical polymerization of methacrylated and acrylated NHS with AIBN can be 

accepted one of the earliest publication among all [138, 139]. However, even though NHS 

based monomers are very reactive, they have poor solubility in most of organic solvents 

which limits usage of them as homopolymers. Hence NHS based monomers are generally 

copolymerized with other monomers to improve solubility of their final copolymer products 

thus facilitating aminolysis with different amines of extended polarity [140].  

 

What is attractive about NHS based monomers is their ability to aminolysis and of 

making stable amide bond with amines as mentioned above. For utilizing these properties of 

NHS groups, they are commonly used for attaching different targeting groups via 

hydrolytically stable amide bond for targeted drug delivery applications. One of the earliest 

studies about NHS groups in which they are used for targeting group conjugation is 

published by Chao Deng and co-workers in 2006 [141]. RGD conjugated and biodegradable 

triblock copolymers were prepared. Before conjugation, researchers activated side-chain 

carboxylic acid group with NHS for accurate conjugation with amine of RGD molecule. In 

the upcoming years, NHS activation gained great attention for targeting group conjugation. 

In 2011, other RGD attachment via NHS activation was published by Biswas [142]. 

Biocompatible and water-soluble block copolymers were prepared. As a copolymerization 

technique, Ring opening metathesis polymerization (ROMP) was utilized. In addition to 

attaching cRGDfK molecule as a targeting group, amine containing dye was used for 

imaging application. In the same year, another study was published in which vascular 

targeting ligand bis-cyclic E-[c(RGDfK)2] molecule was conjugated to copolymer via NHS 

activation again [51]. In addition to RGD molecule chemotherapy drug Paclitaxel (PTX) was 
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conjugated to polymer. This copolymer showed promising result in vitro and in vivo studies 

and time dependent tumor accumulation at tumor site was preferable when compared to non-

targeted derivatives. In the recent past, our group prepared polymeric micelle by employing 

dendron-polymer construct types [143]. Like in previous examples, cRGDfK peptide was 

conjugated to periphery of AB type diblock polymer-dendron via NHS group. After 

conjugation of targeting group to prepared set of micelles, Docetaxel (DTX) encapsulation 

was executed. Overall, it was observed that RGD bearing micelles showed more promising 

results. Another molecule that can be utilized as targeting group and also bears amine moiety 

is folic acid which has high binding affinity to folate receptor that overexpress on some types 

of tumors. Just like RGD molecule, amine bearing folic acid conjugation to the constructs 

was employed by using NHS activated ester moieties in general. In 2011, Ronit Satchi-

Fainaro highlighted the importance of natural macromolecule pullulan, chosen as the 

delivery agent [144]. Folic acid conjugation to the pendant PEG chain was achieved by using 

NHS ester activation yielded 63% of NHS group consumption approximately. 

 

Bisphosphonate groups are popular type of targeting groups due to their high binding 

affinity for natural occurring bone mineral hydroxyapatite (HA). Angiogenesis is one of the 

most encountered problem for cancer patients during their treatment process. 

Bisphosphonates are utilized for targeted drug delivery especially for metastatic bone cancer. 

Since they have amine group at the periphery, they are generally conjugated to activated 

ester moieties to get stable amide bond. Ronit-Satchi Fainaro and coworkers are the 

precursor researchers about bisphosphonate drug delivery studies, especially utilizing from 

alendronate as bisphosphonate targeting group is their well-known studies. In 2011, they 

used  NHS group as activation moiety for attaching alendronate [145]. They designed 

dendrimer that bears PTX and alendronate for targeting bone neoplasm. This 

heterobifunctional dendrimer was conjugated with PTX and then alendronate was attached 

via NHS activation. Concerning the alendronate conjugation to the polymers via NHS 

groups, many substantial studies have been published in recent years. As an example, one 

another attractive study was reported by our group which is about bone targeted drug 

delivery [146]. Combretastatin A4 (CA4) that is antiangiogenic drug was gained 

methacrylate group via –OH group and copolymerized with P(OEGMA) and NHSMA. After 

copolymerization reaction, resulted copolymer was attached with alendronate via NHS 
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moiety. After all, P(OEGMA) based polymeric macromolecule targeting bone cancer and 

also bears antiangiogenic drug on it was synthesized.  

 

In the same year, recombinant human bone morphogenetic protein-2 (rhBMP-2) that 

naturally occurs in the body was tethered on to surface of calcium phosphate cement (CPC) 

matrix, by utilizing affinity of CPC to alendronate molecule [147]. rhBMP-2 is used for 

inducing bone formation and biomaterial carriers such as degradable polymers [148], [149] 

hydrogels [150, 151] and inorganic nanoparticles [152, 153] have been searched for 

employing from rhBMP-2 with maximum efficacy. According to some considerable studies, 

rhBMP-2 should be loaded in to biomaterial for the best output [154]–156]. However, 

selected biomaterials must have appropriate matrix that provide long-term localization for 

rhBMP-2 and also, they should protect rhBMP-2 until binding to targeted cells. Jioayang 

Zou and his colleagues designed a biomaterial by immobilization of rhBMP-2 on to the CPC 

(Figure 1.12). For this purpose, alendronate was conjugated with Heparin via NHS activity 

as a first step, and then Alendronate-Heparin (AH) conjugate was adsorbed on to CPC. 

rhBMP-2 was further incorporated on to surface through electrostatic interactions. As a 

matter of fact, according to in vivo studies, rhBMP-2 induced osteogenic bioactivity on the 

AH-CPC surface and enhanced bone regeneration.  

 

 

Figure 1.12. Schematic illustration and synthetic route for rhBMP-2 attached AH-

modified CPC. 



29 

 

 

Moreover, another group from China published a study in which they anchored NHS 

group to the both sides of PEG-diacid before alendronate conjugation [157]. As a result, with 

the help of alendronate moiety, this novel molecule was bound with calcium phosphate core 

to obtain nanoparticle and Methotrexate (MTX) was loaded in to nanoparticle to observe 

cellular inhibition of cancer cells. 

 

Another targeting groups which are used frequently are antibodies. Antibodies are 

immunoglobulins (Ig) and they have adjusted characteristics thus they can identify some 

specific antigens in the body [158]. For conjugation of so much important materials to 

nanomolecules, utilization from NHS activated esters is encountered in the literature often. 

In one of the important studies which was published in 2010, researchers conjugated 

monoclonal antibody Trastuzumab via NHS groups [159]. For Trastuzumab conjugation, 

acid bearing four armed DOTA chelate was used. After activating acid groups with NHS, 

trastuzumab was anchored to DOTA that was also labeled with Lutetium-177 providing 

enhanced tumor visibility. After a few years, same trends for trastuzumab conjugation to the 

Cu-64 labelled DOTA [160] and PEG molecule [161] were applied. As additional interesting 

studies, NHS activation was also applied for obtaining constructs for gene delivery [162] 

and ligand formation [163]. 

1.10. Polymerization Techniques 

Polymerization can be called as a chemical reaction between small monomers to 

construct long polymer chains or macromolecules. Because of one polymer chain may be 

formed by hundreds or thousands of monomers, molecular weights of polymers are very 

large. Among all the polymerization techniques, free radical polymerization is the most 

widely applied method but due to drawbacks of this technique such as poor control on 

molecular weight and side reactions, some controlled living radical polymerization (CRP) 

techniques have been advanced in last decades. These techniques may include Atom transfer 

radical polymerization (ATRP) [164], Nitroxide mediated polymerization (NMP) [165], 

Reversible addition-fragmentation chain transfer polymerization (RAFT) [166, 167]. 

Polymerization techniques that are applied in this thesis are briefly introduced below. 
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  Free Radical Polymerization 

Free radical polymerization is one of the chain growth polymerization techniques in 

which polymer chain grows by the addition of monomers sequentially. In the growing 

process, double bond of the monomer’s acrylate part is broken and radical ion is formed for 

propagation of polymer chain [168]. Free radical polymerization has much advantages and 

it has widespread application areas on the other hand it has also considerable amount of 

limitations in use such as fast irreversible termination step and noncontrollable molecular 

weight distribution [169]. Due to moisture removal is not crucial in the reaction process, 

polymerization reaction can be accomplished in desired solution or bulk phase. Free radical 

polymerization technique has four specific steps in order; initiation, propagation, transfer 

and termination (Figure 1.13). As a result of free radical polymerization reaction, high 

molecular weight polymer molecules and unreacted monomer units remain in the 

polymerized mixture which is accepted as specificity of this technique. 

 

 
 

Figure 1.13. General mechanism of free radical polymerization reaction technique. 

  Reversible-Addition Fragmentation and Chain Transfer Reaction (RAFT) 

Among all controlled radicalic polymerization techniques, RAFT polymerization is 

the most recent and well-known type polymerization. The first studies about RAFT and 

dithiocarbonyl structures based RAFT were reported in 1998 [170]. The main characteristic 

of RAFT polymerization is that the product which has a similar activity to precursor transfer 

agent itself, also serves like a chain transfer agent. The polymeric products and starting 

polymeric molecule generally have similar properties except their molecular weight, due to 
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reaction is stopped via degenerative chain transfer [171]. Typical RAFT agent has R and Z 

groups that determine reactivity and solubility of RAFT agent in the reaction, thus choosing 

suitable RAFT agent depends on the selected monomer’s structure. The most applied RAFT 

agents are dithiocarbamates, trithiocarbonates and thiobenzoates (Figure 1.14) 

 

 
 

Figure 1.14. Major types of RAFT agents. 
 
 
One of the key points of RAFT polymerization is deciding on which RAFT agent is 

the most appropriate for the polymerization. Typically, choosing right agent depends on 

construction of monomer and how does that agent affect the chain transfer activity of 

monomer in polymerization process [172].  

1.11. Stimuli Responsive Controlled Drug Release 

Due to novel drug therapies are interested by researchers for a long time, delivery and 

biodistribution profiles of drugs gained great attention. As it is known, when drug is 

administered in body, concentration of drug in plasma and clearance from body is followed 

and reported carefully. For increasing effectivity of drug thus bringing it to cancer treatment 

platform, determining important concentrations of drug such as lethal dose and ineffective 

dose is so crucial. To do this, release profiles, characteristics of drug in the body and tumor 

responses should be investigated. One of the biggest problem of releasing drug is premature 

drug release that causes side effects, nonspecific biodistribution in body and low efficacy 

[173]. Similarly, sometimes drugs can’t be released in the tumor tissue leading to low drug 

concentration hence low toxicity is encountered. For improving therapeutic efficacies of 

chemotherapy agents, release profiles of drugs have been studied for a long time. Polymeric 

molecules that release drugs have been developed in terms of in which conditions they can 

release their drug.  
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In general, there are two main stimulus that triggers drug release (Figure 1.15). They 

are endogenous stimulus like pH of the environment, redox or enzymes. Another one is 

exogenous stimulus which are light, temperature, magnetic field and ultrasound [174, 175].  

In cancer therapy, bio responsive nanoparticles are known as good facilitators for cell uptake 

and releasing drug in tumor environment. That’s why, that kind of molecules have different 

benefits such as no need of exogenous stimulies thereby sufficient accumulation in the tumor 

via passive or active targeting can be achieved. In the tumor environment or inside the cancer 

cells, pH values of the lysosome (4.5-5.5) and endosome (pH 5.5-6.8) are low. There are 

extra-cellular and degradative enzymes that can facilitate drug release by cleaving enzyme 

responsive linkers. On the other hand, in the cell nucleus and cytosol, glutathion levels are 

so high when compared to healthy cells. All these unique features in the cancer cells can be 

counted as natural release stimulies to provide enhanced drug and protein release [176]. In 

this thesis, we designed different copolymers in which chemotherapy drugs are attached via 

pH, enzyme and redox (glutathion) sensitive linkers. 

 

 
 

 

Figure 1.15. Stimuli responsive controlled drug release. 

  Ph Responsive Polymer Drug Conjugates 

In the nanostructure design process, pH differences can be considered as important 

release triggers of drugs in tumor tissue. So that, too many studies about pH responsive 

molecules such as micelles [177], nanogels [178], dendrimers [179], liposomes [180] have 

been investigated. Most common model of polymeric structure that bears chemotherapy 

agent by using pH-sensitive linker is illustrated in Figure 1.16. 
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Figure 1.16. pH-sensitive linker bearing polymer drug conjugate. 
 

 

When utilizing from pH sensitivity, acid labile linkers between drug and polymeric 

backbone are used in polymer drug conjugation systems in general. By using acid sensitive 

linker systems, not only therapeutic efficacy of drugs is improved, and increased cell uptake 

profiles are observed, but also healthy cells damage is minimized. More importantly, using 

acid labile linkers may provide well biodistribution in the body and specific delivery to 

tumor due to pH of normal cells or healthy tissue is 7.4 which means polymer can’t release 

its cargo in bloodstream. However, polymer or/and attached drugs may not have specific 

reactive groups for formation of pH sensitive chemical bond. In that case, sometimes special 

spacers can be used. In principle, to obtain best release profile, selected linker should 

response to all pH changes in targeted region that will facilitate cleavage of linker 

hydrolytically. Prepared macromolecules are administered intravenously because of their 

poor oral bioavailability as a result, drug goes in bloodstream quickly [181]. During 

transition process, linker is expected to stay stable to achieve safe access to tumor tissue. As 

soon as polymer drug conjugate reaches to morbid tissue, it is uptaken by cells through 

endocytosis which has two separate categories namely phagocytosis and pinocytosis [182]. 

When drug enters to cancer cell, it encounters with several environments with different pH 

values. At first, it goes through cytosol that has neutral pH (7.4) and then it is taken in to 

endosomal compartment with 5.0-6.0 pH value. Finally, polymer is exposed to low pH (4.5-

5.0) in lysosome, so pH sensitive linker is expected to be cleaved because of acidic condition. 

pH responsive polymer drug conjugate is firstly designed and implemented by Shen and 

Ryser in 1981 [183]. Currently, so many pH responsive polymer drug conjugation systems 

are applied by organic and polymer chemists. Among all linkers, hydrazone [87], ester [146], 

acetal [184] bonds can be quoted.  
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Utilized polymers containing pH sensitive linker are widely used in clinical trials. The 

most common carrier backbones are HPMA and PEG based molecules. Because of their 

non-degradable backbone features, their sizes and molecular weights should be kept under 

50 kDa at least for achieving safe renal elimination [185]. Kopecek and his crew prepared 

HPMA based polymeric structure that contains doxorubicin as a chemotherapy drug. In their 

design, drug was attached to backbone via cis-acetonityl bond between amino group of 

polymer and carbonyl group of drug [186]. Another application of pH responsive polymer 

is promoted by using hydrazone bond. Especially, HPMA based doxorubicin conjugate is 

most popular counterpart because they are capable of releasing doxorubicin pH dependently.  

 

On the other hand, according to in vitro results, polymeric structure was more toxic 

than free drug unexpectedly. Nevertheless, because of their large sizes and high molecular 

weights, prolonged blood circulation time was observed when compared to free DOX. As 

for in vivo studies, this pH responsive polymer drug conjugate exhibited improved tumor 

accumulation, correspondingly well tumor growth inhibition was achieved. Furthermore as 

a latter study, monoclonal antibody (anti-CD20 mAb) was conjugated to increased molecular 

weight version of that HPMA polymeric backbone [187]. Another important polymeric 

backbone that is used in pH dependent macromolecule applications is PEG. The use of PEG 

is based on modifying it to form block, random, grafted or star shaped copolymers [188, 

189]. Owing to their hydrophilic morphology, PEG molecules can be used for micelle 

preparation in aqueous solution. Moreover, by using PEG molecule in the synthesis of 

micelles may enhance inhibition of P-glycoprotein efflux pump which causes drug resistance 

in cancer cells. As an illustration, Yang prepared promising micelles by conjugating PEG-

poly carbonate block and DOX via pH sensitive Schiff base linker [188]. According to 

release results, micelles which have 100 nm of sizes showed better release behavior in acidic 

pH (5.0) when compared to neutral pH (7.4). In acidic environment, approximately 50% of 

DOX was released from micelles whereas 23% of DOX was released in neutral condition. 

Additionally, cellular drug accumulation was better in micellar form than free DOX that 

resulted in more cell death because of their suppressing capability of DOX resistant MCF-

7/Adr cells proliferation. Besides from these, pH sensitive linkers with PEG are also used 

for preparing quantum dots (QDs). In one of the examples, DOX was conjugated to Poly 

(glycidyl methacrylate)-ethane diamine-PEG based grafted copolymer by using Schiff base. 

This prepared conjugate was used for coating QDs surface to improve tumor imaging and 
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treatment [190]. More currently, Kwon and his crew studied on micelles which are consisting 

of two different block copolymers. It was discovered that, combining two different 

copolymers to form micelle, affects release behavior by changing ratios of consisting 

copolymers in the structure [191]. As mentioned previously, our group also designed PEG 

based polymer drug conjugate in which antiangiogenic drug was attached via pH labile ester 

linker. In our study, we observed satisfying release profiles in rat plasma for our structure 

that carries its drug with ester linker. The release results were attributed to esterase enzymes 

presented in plasma [146]. 

 Enzyme Responsive Polymer Drug Conjugates 

In healthy tissues, presence of some specific enzymes is expected and normal 

phenomenon. But in cancerous tissues, these enzymes are overexpressed and thus they can 

be used as release triggers and assistant for tumor penetration of drug in cancer treatment 

area. Different from pH responsive polymers that can degrade in physiological conditions, 

enzyme responsive counterparts remain stable in the absence of their specific enzymes. For 

instance, Matrix-metalloproteinases (MMP) is  in a kind of specific enzyme and it has 

leading role on tumor metastasis [192]. Torchilin and his co-workers prepared a 

macromolecule with GPLG*IAGQ peptide sequence which is cleavable with MMP enzymes 

[193]. In 2014, the same group synthesized micelle containing PEG-Peptide-PEI-1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine (PEG-Peptide-PEI-PE) copolymers. As 

expected, cleavage of peptide was achieved by using MMP enzyme. In vivo results on non-

small lung cancer (NSCLC) xenograft displayed better results for MMP sensitive micelles 

in terms of cell internalization studies [194]. For glioblastoma therapy, Chen used MMP 

sensitive biodegradable PEG-b-PCL nanoparticles. They made modification of their 

copolymer with low molecular weight protamine. According to their results, cytotoxicity 

profile of PTX loaded modified nanoparticle was lower when compared to free drug and 

enzyme insensitive counterpart molecule. In addition to this, tumor accumulation and 

survival rate of enzyme sensitive structure was better again [195]. One of the vastest groups 

in cancer research platform, Kopecek and his crew reported compelling study on MMP 

enzyme cleavable HPMA based copolymer containing CXCR4 antagonist (BKT40) by using 

reversible addition fragmentation chain transfer (RAFT) copolymerization technique.   
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Experiments were performed on PC-3 human prostate carcinoma cells. Cytotoxicities 

of both polymer bearing BKT40 and free BKT40 were observed as similar whereas CXCL12 

induced cell migration rate was higher with polymeric structure [196]. Except all these 

examples, there are some other enzymes presented in liposome and they are responsible for 

digesting. This kind of enzymes are including lycosidases, proteases and sulfatases [197]. 

Famous researchers Duncan, Kopecek and Ulbrich utilized from applications of these 

enzymes. Especially, all of them used HPMA backbone-based copolymer drug conjugates 

and they benefited from special four aminoacid containing peptide GFLG linker. GFLG 

peptide linker can be cleaved by lysosomal enzyme cathepsin K, in this manner most of the 

researchers have been using that linker for conjugation of drugs to polymeric carrier [198]. 

As mentioned previously, these designed copolymers remain stable in blood circulation due 

to absence of specific enzyme cathepsin K. Kopecek and his group performed a study about 

HPMA based copolymer carrying DOX in which drug was attached to polymer via GFLG 

linker. On the other hand, targeting group iRGD was attached by using another peptide 

PLGAG. Dual enzyme responsive structure displayed sufficient tumor accumulation and 

cytotoxicity profiles on prostate cancer cells were satisfying [199]. In 2014, release studies 

were achieved between PEGylated dendron bearing DOX via GFLG linker and enzyme 

insensitive counterpart to emphasize effect of GFLG on drug release. According to results 

which were carried out by using papain enzyme, GFLG bearing structure exhibited 80% of 

drug release in 15 h although 30% of release was observed in enzyme insensitive version 

[200]. As latter studies, in vivo experiments were performed as well. 

 

Enhanced tumor accumulation and prolonged blood circulation time were observed on 

4T1 murine breast cancer xenografts [201]. For enzyme sensitive linkers application in 

cancer treatment platform, another peptide sequences that can be cleaved by using cathepsin 

B enzyme is drawing attention. These peptides are consisting of two amino acids and the 

most encountered substrates are, valine-citrulline (VC) and phenylalanine-arginine. In this 

thesis, one of our chapters is about synthesizing novel monomer containing VC as a linker. 

According to latest researches, using these dipeptides with special spacers enhance release 

profiles of drugs from macromolecules. In case of studies that was used VC as a linker, 

spacer p-aminobenzyl alcohol is used for enhancing release behavior of molecules. 

According to some researchers, if PABA is not used, cathepsin B enzyme can’t affect VC 

linker hence release of drug doesn’t occur. In general papers, VC is conjugated to some 
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desired molecule from its amine moiety. After that, it is attached with amine group of PABA 

from its acid group that resulted in formation of stable amide bond. This new formed amide 

bond is crucial because of being cleavage point for cathepsin B enzyme [202]. One of the 

most encouraging studies on VC containing nanoparticles was reported in 2002 by 

Dubowchik et al. [203]. In their study, DOX was conjugated to antibody BR96 via two 

different dipeptides, valine-citrulline and phenylalanine-lysine. Prepared structures were 

treated with cathepsin B enzyme alone and phenylalanine-lysine substrate displayed better 

release behavior in comparison with valine-citrulline. However, in rat liver with the presence 

of more than one enzyme, their release profiles were similar. Both conjugates have similar 

toxicities against tumor cells as well. In later years, this time phe-lys was used for utilization 

of preparing antibody-drug conjugates [204, 205]. In 2009, HPMA polymer was attached 

with phe-lys linker and linker was ended with spacer p-aminobenzyl alcohol (PABA) [206]. 

More interestingly, used spacer was dendronized up to three arms and each of them was 

conjugated with drug PTX via carbonate linker. Design of prepared structure was shown in 

Figure 1.17. 

 

 
 

Figure 1.17. Schematic illustration of dendritic structure bearing enzymatically 

cleavable phe-lys linker. 

 

Furthermore, counterpart molecule was also prepared which doesn’t contain phe-lys 

linker but carrying non-cleavable peptide sequence. As expected, phe-lys linker containing 

structure showed better releasing behavior while another molecule didn’t release any drug. 

In a more recent study that was reported in 2012, PTX was utilized again [207]. PEG was 

used as a polymeric carrier this time and conjugated to VC linker. Drug PTX was conjugated 

to spacer via carbonate linker like in previous work. As control, PEG-PTX molecule was 
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also prepared. According to release studies in the presence of cathepsin B enzyme, VC linker 

containing structure exhibited well release profile whereas control didn’t release any drug 

on it. On the other hand, while control structure was inefficient on anti-tumor, anti-

angiogenesis and anti-proliferation studies, prepared novel structure displayed satisfactory 

results as in vivo studies. VC bearing molecules gained attention in last decades by 

researchers due to encouraging results. Except of the studies mentioned above, there are 

some examples on preparing micellar structures with VC dipeptide sequence also [208].  

 Redox Responsive Polymer Drug Conjugates and Glutathion Sensitive 

Structures 

When considering internal stimuli drug delivery systems, redox responsive materials 

are the most known examples that come to mind because of glutathion (GSH) presence 

inside the cells. Glutathion is a kind of protein composed from three amino acids which are 

γ-glutamyl-cysteinyl-glycine. It has low molecular weight and it can be reduced by using 

NADPH and glutathion reductase. As it is well known, tumor cells are different from healthy 

cells in terms of their morphology, nature and contents. Like as some special enzymes are 

overexpressed in the tumor cells, glutathion also exists in the tumor cells more than usual 

and its reducing potential is approximately 10-1000 times higher in cancer cells [209]. As a 

result, polymers containing disulfide bond have been investigating widely by chemists. On 

the other hand, using disulfide bearing molecules can be regarded as more beneficial when 

compared to pH responsive counterparts because disulfide bond degradation is not expected 

in physiological conditions. Disulfide bonds are converted to sulfhydryl groups in 

intracellular reducing environments. The most popular application area of redox sensitive 

drug delivery systems is micelle preparation. Especially, micelles that have disulfide bond 

between hydrophilic and hydrophobic blocks in the core are very noteworthy molecules and 

they are named as shell-sheddable micelles. For hydrophobic blocks, polypeptides [210], 

polyesters [211], polyanhydrides [212] are being utilized in general.  

 

In one study, ator vastatin calcium that is used for prevention of metastasis in some 

cancer types, was loaded in to shell-sheddable type micelle [213]. According to tumor 

accumulation studies in vivo, micellar structures accumulated in the tumor more than free 
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ator vastatin after 12 h from administration. In connection with this phenomenon, ator 

vastatin loaded micelles inhibited tumor metastasis 4T1 orthotropic mammary tumor 

metastatic cancer model. In 2013, instead of ator vastatin, galactose decorated micelles were 

prepared via same technique. After 12 h, SS bond bearing shell-sheddable micelles showed 

good release profile, more than 75% of DOX was released from micelle in 10 mm 

dithiothreitol (DTT) containing solution. Another conjugate which doesn’t contain SS bond, 

showed very small amount of drug release [214]. As different strategies, drugs can be 

conjugated to side chain of copolymer by using multiple disulfide bond or disulfide bonds 

can be placed in the main chain of the hydrophobic polymer. For illustration of that strategy, 

Kataoka’s research can be showed. They reported a study on micelles which are constructed 

from PEG-PLL copolymer and reducible disulfide bond was attached. Chemotherapy drug 

Campthotesin (CPT) was also linked via disulfide bond. The experiments on AY27 rat 

urothelial xenografts exhibited high accumulation behavior and enhanced blood circulation 

time of micelle [215]. Drug resistant MCF-7 / ADR cells were treated with DOX loaded and 

disulfide linker containing α-amino acid- poly(ester amide) based nanoparticle and 

according to results nanoparticle was more toxic than free DOX [216]. Other version of this 

nanoparticle which is three blocks containing micelles were also displayed better release and 

internalization behaviors in the nuclear and perinuclear regions of the same cells [217]. One 

more approach on building reduction responsive nanoparticles is using disulfide bonds as 

crosslinkers. This approach may provide stability for the nanotherapeutics before they are 

de-crosslinked in the cytosol. For instance, Lee and his crew proved that their shell-

crosslinked micelles can deliver higher amount of drug to the tumor region according to non-

crosslinked micelles and they can also remain stable during transportation in blood.  

 

Consequently, M109 tumor growth regression in mice was observed after 14 days of 

treatment with crosslinked micelles [218]. Using hyaluronic acid (HA) hydrogels as 

crosslinkers are shown as the most applied methods for preparation of hydrogels. Due to HA 

is a natural linear polysaccaride, obtaining HA hydrogels by attaching disulfide bonds and 

crosslinking them is general used method. One of the examples of this studies is reported in 

2015. Shell-crosslinked HA hydrogels were treated with 10 mM of glutathion resulted in 

quick release. Tumor accumulation and cell internalization studies were also performed with 

shell-crosslinked HA hydrogels and satisfied results were obtained. Tumor growth 

regression was better with crosslinked version in comparison with free drug and non-
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crosslinked counterpart [219]. HA acid was conjugated with lysine and lipoic acid (HA-Ly-

LA) and DOX was loaded in. Like as previous works, enhanced blood circulation time, better 

tumor accumulation and tumor growth inhibition (12.71% ID/g) were obtained in that study 

as well [220]. Except all mentioned studies above, disulfide linker containing prodrug 

designs were utilized in different diseases other than cancer such as influenza. Another 

similarity of that research with our study is disulfide bearing drug was attached to polymer 

chains from pendant groups [221]. More recently, HPMA backbone was attached with 

AMD3465 drug via disulfide bond. Prepared polymer displayed effective release of drug 

following treatment with glutathion [222].  
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 TARGETING TO THE BONE: ALENDRONATE DIRECTED 

COMBRETASTATIN BEARING ANTI-ANGIGENIC POLYMER 

DRUG CONJUGATES 

The materials in this chapter have been adapted from the following article: 

Karacivi, M., Sumer Bolu, B., and Sanyal R. "Targeting to the bone: Alendronate-

Directed Combretastatin A-4 Bearing Anti-Angiogenic Polymer Drug Conjugates", Mol. 

Pharm., Vol. 14, No. 5, pp. 1373–1383, March 2017. 

 

2.1. Introduction 

Among various strategies currently under investigation to increase the efficacy of 

therapeutic agents to combat complex diseases like cancer, targeted delivery presents an 

attractive and viable option [223]–[228]. Design of current drug delivery systems often 

incorporates both “passive” and “active” targeting modes to achieve maximum benefit. In 

this regard, macromolecular drug delivery platforms have been widely investigated since 

their large size alone or that of their assemblies enables accumulation of therapeutic agents 

in tumor tissues through “passive” targeting mediated through the enhanced permeation and 

retention (EPR) effect [229]. Appropriate design of polymeric macromolecules also allows 

conjugation of targeting moieties that further enhance preferential accumulation in disease 

tissues where unhealthy cells present an overexpression of certain biomarkers. The two 

common approaches that are employed to facilitate transport and delivery of drugs to the 

disease site involve either noncovalent encapsulation of drugs in a polymeric assembly such 

as micelle or nanogels, or covalent conjugation of the drug to the polymer [230, 231]. While 

the first approach offers advantages like utilization of drug without any modification, the 

system needs to be designed to suppress premature release before reaching the target and 

burst release at the site. The later approach, although involves more synthetic steps, often 

allows one to design systems that can suppress drug release during transport to site of 

accumulation. Furthermore, utilization of specific linkers to conjugate the drugs to the 
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polymeric backbone can allow preferential release upon exposure to biological cues that are 

present in the tumor environment. Above-mentioned assets of polymer−drug conjugates 

have led to a flurry of research in this area over the past decades [232].  

 

Specific targeting of polymer−drug conjugates to various tumors can be realized by 

covalent attachment of particular ligands or biomolecules onto these constructs. The choice 

of targeting moiety varies depending upon the type of tissue that is targeted since different 

tissues present different chemical and biological environments. Among various organs, 

development of strategies to target drugs to bone tissues is quite important since apart from 

bone cancers, in many other types of cancers, the spread of the disease occurs through 

metastasis to bones. The high mineral content of bones allows targeting of polymer−drug 

conjugates by attachment of ligands with high affinity for minerals such as hydroxyapatite. 

Targeting groups with affinity for the bone tissue includes synthetic ligands such as 

polyglutamates [233]–[236], polyaspartates [237, 238] and bisphosphonates [239]–[241]. 

Among these, utilization of bisphosphonate based ligands have attracted attention since 

bisphosphonates are widely used to treat metabolic bone disorders such as osteoporosis 

[242]–[244]. Recent reports from Farokhzad, Ghobrial, and co-workers demonstrated 

bisphosphonate containing polymeric nanoparticles loaded with bortezomib, a potent 

antitumor agent for treatment of multiple myeloma, showed very promising results by not 

only increasing the survival of mice treated with these constructs but also reduced tumor 

burden [245].  

 

Due to the efficient targeting, it is also expected to reduce potential toxicity of the drug 

at off-target sites. Likewise, Cheng, Fan, and co-workers reported doxorubicin loaded 

polylactide nanoparticles with bisphosphonate ligands on their surface for treatment of 

malignant skeletal tumors and showed enhanced accumulation and retention in bone tumors 

for targeting group containing delivery vehicles [246]. Apart of these recent encouraging 

reports, as alternatives to nanoparticle-based delivery, soluble polymers−drug conjugates 

containing bisphosphonate group have also been investigated as a viable approach to target 

therapeutics to bone. In a seminal contribution, Kopeček and co-workers demonstrated that 

conjugation of alendronate, a bisphosphonate group containing drug used for treatment of 

osteoporosis, to a dye conjugated poly(N-(2-hydroxypropyl)methacrylamide (HPMA) and 

linear poly(ethylene glycol) specifically accumulated in bone tissues [247]. Since then, they 
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reported the biodistribution and pharmacokinetics of alendronate conjugated HPMA and 

along with Satchi- Fainaro and co-workers showed that conjugation of an antiangiogenic 

agent TNP-470 to the bone targeting HPMA conjugate showed improved antiangiogenic and 

antitumor activity compared to the free drugs [248]. Satchi-Fainaro and coworkers also 

demonstrated the effectiveness of an alendronate and taxane conjugated HPMA copolymers 

for targeting chemotherapeutics to bone [68].  

 

Until recently, most of the reports have focused on the HPMA polymer, and only a 

few reports have investigated other polymers containing bisphosphonate [98], [249]. Given 

the promising results of these bisphosphonate based targeting studies, expanding the tool 

box to include constructs based on other polymers and investigation alternative 

antiangiogenic agents is worthwhile. Alternatives such as polymers containing side chain 

poly-(ethylene glycol) units, which are potential candidates for fabrication of drug delivery 

vehicles due to their biocompatible nature and facile access through a variety of 

contemporary polymerization techniques, remain unexplored in this area [250], [251]. 

Among the various strategies investigated to combat a complex disease like cancer, 

utilization of antiangiogenic agents has been widely investigated in recent years [252]–[254]. 

In this approach, the cytotoxic agent inhibits formation of blood vessels around the tumor 

thus depriving it of nutrients and halting its growth. Recently, it has been demonstrated that, 

combretastatin (CA4), a potent antiangiogenic drug originally isolated from South Africa, 

provides suppression of tumor growth [255, 256]. Studies suggest that CA4 prevents tumor 

angiogenesis through inhibition of VEGF-induced endothelial cell functions [257].  

 

In recent years, CA4 has been either encapsulated in or conjugated to various 

polymeric carriers either alone or along with other chemotherapeutic agents like doxorubicin 

to attain antiangiogenic effects [258]–[260]. It can be argued that the angiogenesis associated 

with metastasis lesion would facilitate the polymeric delivery system’s extravasation at the 

cancer lesion, and simultaneous utilization of a bisphosphonate unit will provide local 

retention in the hydroxyapatite-rich environment. Thus, it can be envisioned that a water-

soluble copolymer bearing bisphosphonate groups along with a CA4 based antiangiogenic 

moieties would offer an attractive drug delivery platform that can be further appended with 

additional therapeutic agents to allow targeted multidrug therapy.  
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Figure 2.1. Scheme for synthesis and evaluation of bone-targeted antiangiogenic 

copolymers. 

 

Herein, we report the synthesis and evaluation of a novel polymer−drug conjugate 

carrying two drugs, combretastatin and alendronate. While the first drug has antiproliferative 

activity for cancer cells, the second drug in this construct acts as a targeting ligand for 

directing the polymer−drug conjugate to bone tissues (Figure 2.1). A modular approach 

toward synthesis of poly(oligoethylene glycol) copolymer based conjugates and their 

evaluation toward targeting of bone materials are reported. Thereafter, in vitro studies to 

evaluate their cytotoxicity against various cell lines, as well assay of their antiangiogenic 

activity by tube formation inhibition of HUVECs were performed to probe the efficacy of 

such constructs. 

2.2. Experimental Section 

 Materials 

Methacryloyl chloride was purchased from Alfa Aesar. The solvents used thoughout 

this thesis was purchased from Merck. Milli-Q Water Purification System (Milli-Q system, 

Millipore, Billerica, MA, USA) was employed to produce ultrapure water.  All the other 

chemicals were purchased from Sigma-Aldrich. Oligo- (ethylene glycol) methyl ether 
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methacrylate (OEGMA, Mn = 300 g mol−1) was filtered through basic alumina column prior 

to use. N-Hydroxysuccinimide methacrylate (NHSMA) [261]  and combretastatin A-4 

(CA4) [262]  were synthesized according to previously reported protocols. Fluorescein O-

methacrylate (FMA) was purchased from Sigma-Aldrich. 2,2′-Azobis(2- 

methylpropionitrile) (AIBN) from Sigma-Aldrich was recrystallized from methanol before 

use. Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza (Lonza 

Inc., Allendale, NJ). HUVECs were grown in endothelial cell growth media-2 kit (EBM-2 

supplemented with EGM-2 Single Quot kit). Saos-2 and U2-OS cells were purchased from 

ATCC. 

 Instrumentation 

1H and 13C NMR spectroscopy (Varian 400 MHz NMR spectrometer), Fourier 

transform infrared (ATR-FTIR) spectroscopy (Nicolet 380, Thermo Scientific, USA), and 

UV−vis spectroscopy (PerkinElmer series) methodologies were used in order to characterize 

synthesized monomers and polymers. The qualification and quantification of CA4 monomer 

(CA4MA) was achieved utilizing the liquid chromatography−mass spectrometry (LC−MS) 

system (LCMS 2020, Shimadzu, Japan) with a C- 18 (5 μm, 150 × 4.6 mm) column. A 

gradient method was utilized with acetonitrile (ACN) and deionized water supplemented 

with 0.05% trifluoroacetic acid (TFA) through the following program; LC: 0−3 min, 50% 

ACN; 3.01 min, 50% ACN; 8 min, 95% ACN; 8.01−11 min, 50% ACN; MS positive scan 

100−800 m/z. The polymer molecular weights were estimated by size exclusion 

chromatography (SEC) using a PSS-SDV (length/ID 8 × 300 mm, 10 mm particle size) linear 

Mixed C column calibrated with poly(methyl methacrylate) (PMMA) standards using a 

refractive-index detector with a mobile phase solution of 0.05 M lithium bromide in 

dimethylaceteamide (DMAc) as eluent at a flow rate of 1 mL/min at 30 °C. During the 

internalization experiments, cells were visualized using Zeiss Observer.Z1 inverted 

fluorescence microscope. 
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 Synthesis and Characterization of CA4MA (3) 

To a solution of CA4 (0.3 g, 0.946 mmol) and triethylamine (0.197 g, 1.89 mmol) in 

dichloromethane (15 mL) was added methacryloyl chloride (0.197 g, 1.89 mmol) dropwise 

over 10 min at 0 °C. Then, reaction was stirred at rt for 24 h. Upon completion, solution was 

diluted with dichloromethane (5 mL), and organic phase was washed with saturated NaHCO3 

(2 × 40 mL) and H2O (2 × 40 mL). Combined organic layers were dried over anhydrous 

Na2SO4 and concentrated to give a yellowish solid, which was purified by column 

chromatography on SiO2 (EtOAc/hexanes, 20:80) affording 0.24 g of compound 3 (66% 

yield). 1H NMR (CDCl3, δ, ppm) 7.11 (dd, 1H, J = 8.4, 2 Hz), 7.03 (d, 2H, J = 2 Hz), 6.84 

(d, 1H, J = 8.8 Hz), 6.50 (s, 2H), 6.44 (d, 2H, J = 3.2 Hz), 6.28 (s, 1H), 5.70 (s, 1H), 3.81 (s, 

3H), 3.78 (s, 3H), 3.69 (s, 3H), 2.01 (s, 3H). 13C NMR (CDCl3, δ, ppm): 165.3, 152.9, 150.4, 

139.6, 135.5, 132.4, 130.1, 129.4, 128.6, 127.7, 127.2, 123.2, 123.1, 112.0, 105.9, 61.0, 56.0, 

18.4. FT-IR (cm−1) 1737, 1577. LC−MS expected [M + H] m/z = 385 and observed [M + H] 

m/z = 385. 

 Synthesis and Characterization of P(OEGMA-CA4-NHS) (4) 

OEGMA (1 g, 3.33 mmol), CA4MA (0.36 g, 0.952 mmol), and NHSMA (0.0120 g, 

0.066 mmol) were dissolved in anhydrous dioxane (5 mL). To the polymer solution was 

added AIBN (6.24 mg, 0.038 mmol) as initiator and the reaction mixture was stirred under 

N2 for 30 min. Reaction was sealed and heated at 65 °C for 24 h. The copolymer was purified 

via precipitation in diethyl ether, dissolved in CH2Cl2, and reprecipitated. After drying under 

vacuo, product 4 was obtained as a colorless, viscous liquid (0.1 g, 67%) Mn = 50 kDa, 

Mw/Mn = 1.9. 1H NMR (D2O, δ, ppm) 7.10 (bs, 3H), 6.55 (bs, 4H), 4.18 (bs, 2H), 3.67 (bs, 

20H), 3.37 (bs, 3H), 2.75 (bs, 4H), 1.91 − 0.90 (m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-CA4-ALN) (6) 

Copolymer 4 (400 mg, 0.008 mmol) was dissolved in ACN (0.4 mL), and alendronate 

sodium (25 mg, 0.077 mmol) was dissolved in PBS (2 mL) in a separate vessel. Copolymer 
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solution was added dropwise into the alendronate solution, and pH was adjusted to 8.0−9.0 

by addition of NaOH (1.0 M). Then, the reaction was stirred for 4 d at 45 °C. The product 

was dialyzed using 3.5 kDa cutoff regenerated cellulose acetate membrane in water (200 

mL) for 2 d. Pure product 6 was lyophilized and obtained as a viscous liquid (0.28 g, 71%). 
1H NMR (D2O, δ, ppm) 7.07 (bs, 3H), 6.52 (bs, 4H), 4.19 (bs, 2H), 3.70 (bs, 20H), 3.39 (bs, 

3H), 2.59 (bs, 2H), 1.93 − 0.92 (m, −CH2 and CH3 along with backbone).  

 Synthesis and Characterization of P(OEGMA-CA4) (7) 

To a solution of compound 4 (400 mg, 0.008 mmol) in DMF (0.4 mL) was added 1- 

amino-2-propanol (8.0 mg, 0.1 mmol) in DMF (0.1 mL). Reaction was stirred at rt for 24 h. 

After dialysis using 3.5 kDa cutoff regenerated cellulose acetate membrane in water (200 

mL) for 2 d, viscous and colorless product 7 was obtained by lyophilization (0.3 g, 75%). 1H 

NMR (D2O, δ, ppm) 7.00 (bs, 3H), 6.45 (bs, 4H), 4.11 (bs, 2H), 3.61 (bs, 20H), 3.31 (bs, 

3H), 2.50 (bs, 2H), 1.81 − 0.85 (m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-NHS) (8) 

OEGMA (0.5 g, 1.66 mmol) and NHSMA (0.034 g, 0.184 mmol) were dissolved in 

anhydrous dioxane (2.5 mL). After addition of AIBN (4.32 mg, 0.0263 mmol), the solution 

was purged with N2 for 30 min. Reaction was carried out at 65 °C, under N2 for 24 h. 

Copolymer was purified via precipitation in ice-cold diethyl ether. After drying under vacuo, 

product 8 was obtained as a colorless, viscous liquid. Mn = 51 kDa, Mw/Mn = 2.0 (300 mg, 

57%). 1H NMR (D2O, δ, ppm) 4.18 (bs, 2H), 3.78 − 3.62 (m, 20 H), 3.39 (bs, 3H), 2.94 (bs, 

4H), 1.91 − 0.91 (m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-ALN-NHS) (9) 

Copolymer solution was prepared by dissolving compound 8 (300 mg, 0.006 mmol) 

in ACN (0.3 mL). Alendronate solution was prepared by dissolving alendronate sodium 
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(7.18 mg, 0.022 mmol) in PBS (0.6 mL). Copolymer solution was added into the alendronate 

solution dropwise, and final pH was adjusted to 8.0 − 9.0 using NaOH (1.0 M). Resulting 

reaction mixture was stirred for 4 d at 45 °C. The product was dialyzed using 3.5 kDa cutoff 

regenerated cellulose acetate membrane in water (200 mL) for 2 d. Pure product 9 was 

lyophilized to obtain a viscous liquid (200 mg, 67%). 1H NMR (D2O, δ, ppm) 4.21 (bs, 2H), 

3.81 − 3.66 (m, 20H), 3.37 (bs, 3H), 2.96 (bs, 4H), 2.53 (bs, 2H), 1.91 − 0.94 (m, −CH2 and 

CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-ALN) (10) 

To a solution of compound 9 (400 mg, 0.008 mmol) in DMF (0.4 mL) was added 1-

amino-2-propanol (0.165 mg, 0.022 mmol) in DMF (0.02 mL). Reaction was stirred at rt for 

24 h. After dialysis using 3.5 kDa cutoff regenerated cellulose acetate membrane in water 

(200 mL) for 2 d, viscous and colorless product 10 was obtained by lyophilization (0.28 g, 

70%). 1H NMR (D2O, δ, ppm) 4.17 (bs, 2H), 3.78 − 3.63 (bs, 20H), 3.39 (bs, 3H), 2.57 (bs, 

2H), 2.48 (bs, 2H), 1.90 − 0.91 (m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-CA4-NHS-FMA) (12) 

OEGMA (0.2 g, 0.66 mmol), CA4MA (0.032 g, 0.083 mmol), NHSMA (0.010 g, 

0,083 mmol), and FMA (0.005 g, 0.041 mmol) were dissolved in anhydrous dioxane (1.5 

mL). To the polymer solution, was added AIBN (0.672 mg, 0.0041 mmol) as initiator and 

mixture was stirred under N2 for 30 min. Reaction was sealed and heated at 65 °C for 24 h. 

The copolymer was purified by precipitation in ether, dissolved in CH2Cl2, and 

reprecipitated. After drying under vacuo, the product 12 was obtained as a colorless, viscous 

liquid (0.12 g, 60%). Mn = 61 kDa, Mw/Mn = 2.1. 1H NMR (CDCl3, δ, ppm) 8.01 (s, 2H), 

7.70 − 7.63 (m, 2H), 7.13 − 6.47 (m, 14H), 4.10 (bs, 2H), 3.65 − 3.56 (m, 20H), 3.39 (bs, 

3H), 2.82 (bs, 4H), 1.98 − 0.89 (m,−CH2 and CH3 along with backbone). 
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 Synthesis and Characterization of P(OEGMA-CA4-ALN-NHS-FMA) (13) 

Copolymer solution was prepared by dissolving compound 12 (60 mg, 0.001 mmol) 

in ACN (0.06 mL). Alendronate solution was prepared by dissolving alendronate sodium 

(10 mg, 0.03 mmol) in PBS (1.0 mL). Copolymer solution was added into the alendronate 

solution dropwise, and final pH was adjusted to 8.0 − 9.0 using NaOH (1.0 M). Resulting 

reaction mixture was stirred for 4 d at 45 °C. The product was dialyzed using 3.5 kDa cutoff 

regenerated cellulose acetate membrane in water (200 mL) for 2 d. Pure product 12 was 

lyophilized to obtain a viscous liquid (0.048 g, 80%). 1H NMR (CDCl3, δ, ppm) 8.04 (s, 2H), 

7.72 − 7.67 (m, 2H), 7.15 − 6.48 (m, 14H), 4.11 (bs, 2H), 3.85 − 3.57 (m, 20H), 3.39 (bs, 

3H), 2.53 (bs, 2H), 2.03 − 0.89 (m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-CA4-FMA) (14) 

To a solution of compound 13 (100 mg, 0.002 mmol) in DMF (0.1 mL) was added 1-

amino-2-propanol (0.041 mg, 0.0055 mmol) in DMF (10 μL). Reaction was stirred at rt for 

24 h. After dialysis using 3.5 kDa cutoff regenerated cellulose acetate membrane in water 

(100 mL) for 2 d, viscous and colorless product 14 (0.088 g, 88%) was obtained by 

lyophilization. 1H NMR (CDCl3, δ, ppm) 8.01 (s, 2H), 7.70 − 7.63 (m, 2H), 7.11 − 6.44 (m, 

14H), 4.08 (bs, 2H), 3.78 − 3.54 (bs, 20H), 3.37 (bs, 3H), 2.55 (bs, 2H), 1.89 − 0.86 (m, 

−CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-CA4-ALN-FMA) (15) 

To a solution of compound 13 (100 mg, 0.002 mmol) in DMF (0.1 mL) was added 1-

amino-2-propanol (0.041 mg, 0.0055 mmol) in DMF (10 μL). Reaction was stirred at rt for 

24 h. After dialysis using 3.5 kDa cutoff regenerated cellulose acetate membrane in water 

(100 mL) for 2 d, viscous and colorless product 15 (0.083 g, 83%) was obtained by 

lyophilization. 1H NMR (CDCl3, δ, ppm) 8.01 (s, 2H), 7.69 − 7.62 (m, 2H), 7.12 − 6.44 (m, 

14H), 4.08 (bs, 2H), 3.78 − 3.54 (bs, 20H), 3.37 (bs, 3H), 2.61 (bs, 2H), 2.56 (bs, 2H), 1.86 

− 0.86 (m, −CH2 and CH3 along with backbone). 
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 In vitro Drug Release 

Drug release from polymer−drug conjugates were determined via LC−MS. Briefly, 

drug containing copolymer solutions were prepared in rat serum with total CA4 

concentration of 1 mg/mL. Copolymer solutions were then incubated at 37 °C while stirring 

at 200 rpm for 96 h. A 200 μL sample was taken at predetermined time points, and plasma 

proteins were precipitated by ACN addition (800 μL). Tubes were centrifuged at 6000g for 

5 min, and supernatants were analyzed for CA4 concentration by LC−MS analysis. 

 Serum Stability of CA4 

CA4 (0.3 mg) was dissolved in rat plasma (1 mL) and solution was vortexed briefly. 

Free drug solutions were then incubated at 37 °C while stirring at 200 rpm for 96 h. A 200 

μL sample was taken at predetermined time points, and plasma proteins were precipitated 

by ACN addition (800 μL). Tubes were centrifuged at 6000g for 5 min, and supernatants 

were analyzed for CA4 concentration by LC−MS analysis. 

 Hydroxyapatite Binding Assay 

P(OEGMA-CA4-ALN) and P(OEGMA-CA4) copolymers containing equal amounts 

of drug CA4 (1 mg) were dissolved in phosphate buffered saline (PBS pH = 7.4, 1 mg / 2 

mL). The conjugate solution was incubated with HA powder (200 mg), at 37 °C to mimic 

physiological conditions of bone tissue in body. At predetermined time points, samples were 

centrifuged at 6000g for 2 min, and supernatants were collected. Absorbance values at 287 

nm were measured to detect CA4 amounts on unbound copolymers in the collected samples. 

Degree of HA binding capacity of copolymers was estimated according to formula given 

below: 
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 In vitro Cell Viability Assay on HUVEC’s, Saos-2 and U-2 OS Human 

Osteosarcoma Cell Lines 

Cell viabilities were determined by a formazan-based assay to quantify the 

mitochondrial activity (Cell Counting Kit-8 (CCK-8), Sigma). The cells were seeded at 3000 

cells/well into 96-well plates and for each drug concentration they were seeded in 

quadruplicates. Cells were incubated overnight and after removal of their cell media fresh 

media containing various concentrations of conjugates, free drug, or controls was added onto 

the wells. CA4 stock solution was prepared in DMSO and diluted in working solutions with 

cell media where DMSO concentration 0.5% (v/v) and below. Subsequently treated cells 

were incubated continuously for 48 h. Following the treatments, drug containing media were 

removed and CCK-8 was applied. Briefly, 100 μL of cell culture media containing 10 μL of 

CCK-8 solution was added into each well and incubated for 4 h. The absorbance values at 

450 nm were determined and the resulting cell viabilities of treated cells was calculated by 

dividing their value to the one of control cells (media only) thereby finding the percent 

viability. Non-linear regression analysis was utilized to calculate half maximal effective 

concentration (EC50) values via Graphpad Prism v5 software. 

 Endothelial Cell Tube Formation Assay on HUVECs 

Tube formation assay was done using Matrigel (BD Biosciences, USA) as reported in 

literature with minor modifications [263]. Briefly, OEGMA-CA4-ALN copolymer stock 

solution (1 μM) was prepared in EBM-2 cell media. Matrigel (75 μL/well) was added into 

wells of 96-well plates which was kept on ice in triplicates for each treatment concentration. 

Gels were let to solidify at 37 °C for 30 min and 104 HUVECs were seeded per well. Polymer 

solutions at various concentrations and free CA4 solution were added onto wells 

immediately. To control wells, only EBM-2 media was added. Cells were then incubated for 

8 h at 37 °C. Images of formed tubes were collected using bright field microscopy. Negatives 

of collected images were processed using Angiogenesis Analyzer tool of ImageJ. 
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 Internalization of FMA Containing Polymers 

Human primary osteogenic sarcoma cell line Saos-2 cells (50.000 cells/well) were 

seeded in a 12-well plate as triplicate in 1000 μL of RPMI 1640 culture medium. Nontargeted 

copolymer 14 and targeted copolymer 15 (3 μM/mL concentration) were added onto the 

wells. Cells were incubated at 37 °C for 3 and 6 h for cells to adhere completely. 

2.3. Results and Discussion 

 Synthesis and Characterization of CA4 Conjugated Copolymers 

Copolymers containing the drug and the targeting units were synthesized by 

copolymerization of N-hydroxysuccinimide based activated ester containing monomer 

(NHSMA, 1) [129] the hydrophilic monomer oligo(ethylene glycol) methyl ether 

methacrylate (OEGMA, 2), and the antiangiogenic drug containing monomer (CA4MA, 3) 

(Figure 2.2). 

 
 

Figure 2.2. Synthetic Route for Drug and Targeting Moiety Appended Copolymers. 
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Table 2. 1. Polymerization Conditions and Characterization of Copolymers. 
 

No Copolymer Feed Ratio Obtained Ratio Mn(kDa) Mw/Mn 

1 2 3 11 1 2 3 11 

 
1 
 

 
4 

 
15 

 
75 

 
10 

 
- 

 
8.0 

 
84.0 

 
8.0 

 
- 

 
50.4 

 
1.9 

2 
 

8 15 85 - - 9.0 91.0 - - 51.6 2.0 

3 
 

12 15 72 10 3 15.4 74.3 8.7 1.6 61.1 2.1 

 

Table 2. 2. Properties of copolymers. 
 

No Copolymer 
Mn 

(kDa) 
Mw / Mn 

CA4 

wt% 

ALN 

wt% 

FMA 

wt% 

1-amino-2 

propanol 

wt% 

1 
P(OEGMA-CA4-

ALN) (6) 

50.4 1.9 13.8 3.24 - - 

2 
P(OEGMA-CA4) 

(7) 

50.4 1.9 16.0 - - 3.0 

3 
P(OEGMA-

ALN) (10) 

51.6 2.0 - 6.96 - 1.4 

4 
P(OEGMA-CA4-

NHS- FMA) (14) 

61.4 2.1 8.55 - 1.77 6.90 

5 

P(OEGMA-CA4- 

ALN-NHS-

FMA) (15) 

61.4 2.1 8.58 4.16 1.40 7.88 

 

As a subsequent step, the copolymer 4 was appended with bisphosphonate groups 

through conjugation of alendronate through the NHS activated ester side chain groups, as 

well as a copolymer devoid of any targeting unit was prepared by quenching of the activated 

ester groups with an amino alcohol. In particular, copolymer 4 was dissolved in acetonitrile, 

and a solution of sodium alendronate in PBS was added to it. The pH of the resulting mixture 

was adjusted between 8.0−9.0 by the addition of NaOH solution (1.0 N). The resulting 

copolymer was dialyzed in water using regenerated cellulose acetate membrane to remove 

unconjugated sodium alendronate.  
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The final product, P(OEGMA-CA4-ALN) (6), carrying both the drug and the targeting 

unit, possessed an average molecular weight of 50.4 kDa as determined using via SEC. 

Compositional analysis using 1H NMR revealed that the copolymer contained about 14% 

drug by weight, while the targeting unit was about 3.24 wt % (Table 2.2, item 1). The 1H 

NMR spectrum of the copolymer also revealed that there were no residual active NHS 

groups on the copolymer. The weight percentages of the monomers as determined via 1H 

NMR are summarized in Table 2.2. Another portion of copolymer 4 was reacted with 1-

amino-2-propanol to obtain an analogue of copolymer 6 without the targeting moiety.  

 

The combretastatin based methacrylate monomer (CA4MA, 3) was synthesized by 

esterification of the hydroxyl functional group on the CA4 molecule with methacryloyl 

chloride. Thus, the drug moiety (CA4) is attached to the copolymer through an ester linkage, 

rendering the structure hydrolyzable in the presence of esterases or in acidic environment 

found inside the lysosomes [264, 265]. First, the drug bearing copolymer 4 was synthesized 

via AIBN initiated free radical copolymerization in dioxane. Obtained random copolymer 

was characterized using 1H NMR to determine the composition of the monomers in the 

copolymer, and size exclusion chromatography (SEC) to determine its molecular weight and 

distribution. Using a feed ratio of 75:15:10 for monomers 1, 2, and 3, respectively, resulted 

in a copolymer 4 where the incorporation of monomers was 84:8:8 (Table 2.1, item 1). 
 

A parent batch of copolymer 4 was utilized to obtain the subsequent copolymers to 

ensure that the copolymers 6 and 7 have the same molecular weights and distributions, as 

well as identical drug content for copolymers with and without the targeting unit. The use of 

1-amino-2-propanol for quenching the activated ester groups along the polymer backbone 

yielded a hydroxypropyl methacrylamide based side chain, a well-known and widely studied 

building block in macromolecular drug delivery [182], [266]–[268] resulting copolymer 7 

was characterized via 1H NMR spectroscopy to reveal, as expected, that the construct 

preserved its drug content during the removal of the activated NHS esters (Table 2.2, item 

2). With the purpose of synthesizing copolymers devoid of any drug unit, but bearing only 

the targeting moiety, monomers 1 and 2 were copolymerized to yield copolymer 8 which 

was further reacted with alendronate sodium salt to afford copolymer 9, followed by 

treatment with 1-amino-2-propanol to obtain P(OEGMA-ALN) (10). While the polyethylene 

glycol-based side, chains provide high aqueous solubility for the polymer−drug conjugate, 
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they are also known to provide an antibiofouling character due to minimal interaction with 

proteins and cells. Hence, we wanted to also check if these constructs are capable of 

undergoing cellular internalization. In order to investigate cellular internalization, 

fluorescein-O-methacrylate (FMA) containing fluorescent copolymers were synthesized 

(Figure 2.3). As with the nonfluorescent polymers, both the targeted and nontargeted 

copolymers stemmed from a single batch rendering them identical in size and drug content. 

Nontargeted copolymer 14 (Table 2.2, item 4) and targeted copolymer 15 (Table 2.2, item 

5) were used for the internalization experiment. 

 

 

 
 

Figure 2.3. Synthetic Route for FMA Containing Fluorescent Copolymers. 

 Hydroxyapatite Binding Assay 

To explore the binding capacity of alendronate bearing copolymer P(OEGCA4MA- 

ALN) 6 to bone tissue, its binding potency to HA was evaluated. Copolymer 6 was dissolved 

in PBS (pH = 7.4, 0.5 mg/mL) and incubated with HA powder (200 mg) at 37 °C. As a 

control experiment, to understand the role played by the ALN unit toward HA binding, HA 

was treated with copolymer 7, namely, P(OEGMA-CA4), in an identical manner. At 

predetermined time points, aliquots were collected and centrifuged at 6000g to determine 
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the amount of unbound conjugates using UV−vis spectroscopy. Within 20 min of incubation, 

50% of copolymer 6 was bound to HA, whereas only 3% of copolymer 7 was bound to HA. 

The HA binding of P(OEGMA-CA4-ALN) conjugate reached a plateau around 75% after 

60 min of incubation (Figure 2.4). The observed trend and extent of binding is similar to that 

observed for bisphosphonate containing polymeric constructs reported in the literature [98]. 

Binding constant values (K) of conjugates were calculated by using GraphPad Prism 

software version 5.03 via one-site total binding analysis. Binding isotherms of copolymers 

6 and 7 in PBS exhibited correlation coefficient (R2) of 0.985 and 0.989, respectively, with 

binding constant values 16.41 and 0.095 mg/L. 

 

 
 

Figure 2.4. Binding kinetics of P(OEGMA-CA4-ALN) (6) (red circle) and 

P(OEGMA-CA4) (7) (black square) copolymers to bone mineral HA in PBS. 

 Drug Release Profiles of Copolymers 

When drugs are conjugated covalently to the systems via ester-based linkers, release 

profiles may be improved at acidic environments or in the presence of hydrolytic enzymes 

like esterases. Drug conjugated copolymers were incubated at 37 °C in rat plasma, to assess 

enzymatic release of CA4 from copolymers (Figure 2.5). Initially, to investigate the stability 

of CA4 in rat plasma, free CA4 was incubated at 37 °C, and samples were collected at 

predetermined time points and analyzed using LC−MS to reveal that on an average about 

95% of the total free drug could be determined after incubation in rat plasma, suggesting that 
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a small amount of free drug perhaps complexes with the plasma proteins and thus remains 

undetected. This underestimation was factored in while calculating the release of the drug 

from the copolymer. A gradual release of CA4 was observed for both copolymers with an 

overall release of 93% and 80% from P(OEGMA-CA4) and P(OEGMA-CA4-ALN) at the 

end of 5 days, respectively, while the release from P(OEGMA-CA4-ALN) plateaus at 96% 

after 6 days. Statistical analysis of the release data showed that there is no meaningful 

difference between the targeted versus nontargeted conjugates.  

 

 
 

Figure 2.5. Release of CA4 from P(OEGMA-CA4-ALN) (6) (red circle) and 

P(OEGMA-CA4) (7) (black square) copolymers in rat plasma. 

 Determination of in vitro Cytotoxicity of Copolymers on HUVECs, Saos-2, and 

U2-OS Cells. 

To evaluate the antiangiogenic effect of polymer conjugated CA4, a proliferation assay 

was performed on HUVECs by exposing them to free ALN, free CA4, P(OEGMA-CA4) 

(copolymer 7), and P(OEGMA-CA4-ALN) (copolymer 6). The EC50 estimation was 

performed using GraphPad Prism software version 5.03 via nonlinear regression with three-

parameter analysis demonstrating best fit overall. Due to slow release of drug from 

copolymers, EC50 values of copolymers were higher than free CA4 as expected, and free 

drug was observed to be highly toxic toward HUVECs (0.107 nM) in 48 h (Figure 2.7.A). 

Both targeting group containing copolymer 6 and the nontargeted copolymer 7 inhibited 
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proliferation of HUVECs at nanomolar concentrations (Figure 2.7.A). Analysis of growth 

inhibition curves revealed that the targeted and nontargeted copolymers were 15−20 times 

less toxic than free CA4 when cells were incubated for 48 h (Table 2.3). The difference 

between the CA4 alone versus conjugated constructs was well within the expected range for 

macromolecular therapeutics [269]. In order to test the effect of ALN alone on HUVECs, 

free ALN and P(OEGMAALN) (10) were incubated with HUVECs. The lack of inhibitory 

activity at low concentrations was clearly visible (Figure 2.7.B).  

 
Table 2. 3. Calculated EC50 values after continuous incubation HUVECs, U2-OS and Saos-

2 cells for 48 h. 

 
No  Sample  EC50 value (M) 

HUVEC U2-OS Saos-2 
1 CA4 1.07 x 10-10 1.26 x10-9 4.39 x10-9 
2 ALN > 10

-5
 > 10

-5
 > 10

-5
 

3 P(OEGMA-CA4-ALN) (6)  1.42 x10-9 3.96 x10-8 7.30 x10-7 
4 P(OEGMA-CA4) (7)   2.46 x10-9 8.50 x10-8 4.55 x10-6 
5 P(OEGMA-ALN) (8)  > 10

-5
 > 10

-5
 > 10

-5
 

     
 

Comparison of effect on other cell lines revealed that HUVECs were more sensitive 

to CA4 compared to U2-OS and Saos-2 cells since only 10 − 20% of CA4 was required to 

achieve the same magnitude of cell growth inhibition (Figure 2.7.C−D). The performances 

of targeted copolymer 6 versus the nontargeted copolymer 7 against U2-OS cells were 

similar to their performance with HUVECS (Figure 2.7.D). Notably, P(OEGMA-CA4-

ALN) (copolymer 6) was slightly more active (about 3-fold) than P(OEGMA-CA4) 

(copolymer 7), while both the constructs were at least an order of magnitude less active than 

CA4 alone (Table 2.3). Effect of free CA4 versus conjugated CA4 was more apparent against 

Saos-2 cells (Figure 2.7.C). While the growth inhibitory activity of CA4 was still in the 

nanomolar range (4.39 nM), the targeted conjugate 6 and nontargeted conjugate 7 were less 

toxic by 60 and 1000 times, respectively (Table 2.3).  
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Figure 2.6. Viabilities of (A), (B) HUVECs, (C) Saos-2 and (D) U2-OS cells treated 

with free CA4 , free ALN , P(OEGMA-CA4) , P(OEGMA-CA4-ALN) , 

P(OEGMA-ALN)  . 

 

 Cell Internalization Studies 

Following the investigation of the in vitro cytotoxicity of the various copolymers, we 

wanted to see if the polymeric constructs are internalized by the cells. For this, we incubated 

Saos-2 cells with the targeted copolymer 13 and nontargeted copolymer 12. Green 

fluorescence was observed for both cell populations under the fluorescence microscopy 

(Figure 2.7). As expected, the degree of internalization increased with time (data not shown) 

but the extent of internalization was comparable for both targeted copolymer 14 and the 

nontargeted copolymer 15 demonstrating that the targeting group’s polarity did not have a 

significant effect on the process. 
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Figure 2.7. Microscopy images (fluorescence, bright field, overlap) of Saos-2 cells 

after 3 h incubation with fluorescently labeled copolymers. 

 Endothelial Tube Formation Assay on HUVECs. 

One of the most well-established in vitro assays to study angiogenesis is the tube 

formation assay. In this assay, the ability of antiangiogenic drug bearing copolymer to inhibit 

tube formation was investigated using solid Matrigel, which is a growth factor reduced 

basement membrane. The tube formations are analyzed for segments and junctions. 

Segments are delimited by two junctions; master segments consist of segments where the 

junctions are not part of the same branch. Master junctions are junctions linking at least three 

master segments. In absence of any drug, vein precursor HUVECs formed three-dimensional 

capillary-like vasculature (Figure 2.8). However, addition of free drug decreased tube and 

junction formation as expected, thus highlighting CA4’s antiangiogenic activity. A similar 

trend was observable for the drug conjugated copolymers, and a dose response was notable 

as well. 
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Number of junctions at control samples with 52.6 ± 7.9 junctions reduced to almost 

half of this value at wells treated with 10 nM CA4 containing conjugated polymer, 25.0 ± 

7.0.  

 

 

Figure 2.8. Anti-angiogenic assay using HUVECs on Matrigel. (A) Number of 

junctions and (B) total tube lengths. 

 

The decline continued with 50 and 100 nM polymer−drug samples in gradual manner; 

number of junctions decreased to 20.0 ± 3.6 and 13.0 ± 5.8 for 50 and 100 nM samples, 

respectively. Furthermore, free drug at 10 nM decreased this number to 15.5 ± 4.3, which 

was comparable to the value of polymer conjugate at 100 nM. This effect becomes more 

prominent when number of master junctions was compared; a dramatic decrease in number 

of master junctions was observed between control wells, 24.3 ± 3.5, and 100 nM CA4 

containing polymer conjugate, 3.4 ± 2.9. Change in total tube length showed similar trend 

for almost all wells. Total tube length at control well was measured as 4666 ± 207, and the 

most prominent decrease was observed at free CA4 and polymer conjugates at 100 nM to 

2368 ± 419 and 2621 ± 413, respectively. However, with 500 nM copolymer solution, any 

measurable tube formation was not observed (data not shown). Thus, this data suggest that 

these polymer−drug conjugates can inhibit tube formation in vitro almost as effective as the 

free drug itself, thus highlighting their antiangiogenic potential in vivo. 
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2.4. Conclusions 

A P(OEGMA) based polymeric carrier for targeting an antiangiogenic agent CA4 to 

the bone tissues was synthesized and evaluated for cytotoxicity and antiangiogenic activity. 

As a bone targeting unit, a small molecule amino bisphosphonate drug alendronate was 

conjugated to the drug-containing copolymer via amidation. A remarkably preferential 

affinity toward the bone mineral hydroxyapatite was observed for the bisphosphonate 

targeting group bearing polymer−drug conjugate P(OEGMA-CA4-ALN), when compared 

to the P-(OEGMA-CA4) copolymer devoid of any targeting unit. Effective release behavior 

of drug in rat plasma was observed from both targeted and nontargeted copolymers. The 

polymer−drug conjugates demonstrated cytotoxicity toward different HUVECs, U2-OS, and 

Saos-2 cell lines. Furthermore, an antiangiogenic assay with HUVECs using the drug 

conjugated polymers demonstrated effective inhibition of tube formation in a dose-

dependent manner. These bisphosphonate functional groups bearing polymers conjugated 

with an antiangiogenic agent, namely, CA4, provides an attractive construct that can be 

further elaborated by incorporating additional drugs that act through different pathways to 

address challenges associated with treatment of metastatic bone cancer. 
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 INTEGRIN TARGETED ANTI-ANGIOGENIC AND ANTI-

NEOPLASTIC AGENT CARRYING COPOLYMERS FOR OVARIAN 

CANCER TREATMENT 

3.1. Introduction 

Ovarian cancer can be considered as one of the most dangerous cancer type due to it 

does not show any symptom in the early stage. It is generally diagnosed at a late stage 

because any effective screening strategies for ovarian cancer have not been developed yet 

[270] . It has different histological subtypes and each of them has different treatment ways, 

molecular structuring and stem cell morphology. When it is first diagnosed, cytoreductive 

surgery is generally applied [271]. According to latest researchers, ovarian cancer is 

responsible for 125.000 deaths of women in a worldwide. Most of these women die because 

of drug resistance after five years of diagnosis [272]. Except those, angiogenesis is so crucial 

and the most considerable factor in ovarian cancer treatment because follicular growth and 

corpus luteum development is due to angiogenesis and new blood vessel formation. In the 

techa layer of follicles, vascular network is formed by pre-existing endothelial cells as a 

result of some growth factors stimuli. These factors are including vascular endothelial 

growth factor (VEGF) and basic fibroblast growth factor (bFGF) [273]. Many associations 

have been explored between ovarian cancer and survival rate after initial antiangiogenic 

therapy. hence, anti-VEGF therapy became relevant strategy in ovarian cancer treatment 

[274]. Together with anti-angiogenic therapy, the most encountered methods for ovarian 

cancer treatment is drug combinations in which platinum based agents, taxanes and anti-

angiogenic agents are utilized [275]. Moreover, targeted drug delivery systems are used such 

as integrin targeted as well. 

 

Integrins are formed by 24 heterodimeric transmembrane proteins and they are 

expressed on most of the cells. They have important role on attachment to proteins of 

extracellular matrix to other cells. Furthermore, in some pathological diseases such as 

cancer, their presence is essential. It has been proved that in so many cancer cells, integrins 
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are overexpressed on the cell membrane hence they are very crucial constitutes in 

progression of angiogenesis and metastases. For instance, in angiogenesis process of cancer, 

αvβ3, αvβ5, and α5β1 ligands are involved mainly. Their overexpression on cancer cell 

membrane, makes them very crucial and worthy tools for targeted drug delivery systems. 

RGD tripeptide is generally used for targeting αvβ3, αvβ5 integrins. In addition to that, αv 

integrins, two β integrins and αIIbβ3 integrins can recognized by RGD peptide. So that some 

RGD containing peptides such as cRGDfK, cRGDeV or cRGDyV are being studied for 

development of selective targeting to tumor site. Moreover, RGD containing 

macromolecules have been improved by researchers in recent years. 

 

As for drug combination therapy, there are so many clinical trials that have been 

performed. In 2008, combination of bevacizumab and metronomic oral cyclophosphamide 

was prepared for interm clinical trials. According to results which are obtained from 70 

patients, a partial response was achieved in 24% of patients [276]. In 2010, one of the studies 

showed that when Paclitaxel is administered to  recurrent ovarian cancer patients weekly, 

myelosuppression can be reduced [277]. These clinical trials proved weekly paclitaxel is 

very effective on patients. Furthermore, it has been explored that, after treatment patients 

with platinum/taxane combinations, a complete remission was gained. However,  relapse 

was observed in approximately more than 90% of these responding patients [278]. All these 

studies showed, each of anti-angiogenic drugs and taxane group agents are singly effective 

on ovarian cancer, and obtained results supported the approaches of designing combination 

anti-VEGF agents with chemotherapy drugs. 

 

For example, one of the phase II studies tested imatinib with docetaxel combination 

on patients who have platinum-resistant ovarian cancer. While docetaxel was given to 

patients every week at 30 mg/m2, imatinib was administrated every day at 600 mg. Drug 

administrations continued until obtaining objective response rates from patients. Among all 

patients, complete response was obtained from only one patient. More importantly, median 

overall survival length was 9.56 months [279]. In our study we are reporting the synthesis 

and characterizations of polymer-drug conjugates bearing both anti-angiogenic drug 

combretastatin A-4 and anti-neoplastic drug docetaxel. As mentioned from clinical studies 

above, challenging results and datas are obtained from combinations of antiangiogenic and 

taxane agents for ovarian cancer. In our design, we also used cRGDfK molecule for targeting 
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cancer cells. Our construct was gained antiproliferative activity by combretastatin for cancer 

cells. On the other hand, it will act as promoter for micro tubulin formation with the help of 

docetaxel. More importantly, due to it has targeting group on it, polymer is expected to reach 

tumor region directly without harming any healthy tissue. Poly(oligoethylene glycol) was 

used as polymeric backbone carrier. After that, in vitro experiments on ovarian cancer cell 

line were achieved to evaluate copolymers’ toxicity. 

3.2. Experimental Section 

 Materials 

Methacryloyl chloride was purchased from Alfa Aesar. The solvents used throughout 

this thesis were purchased from Merck. Milli-Q Water Purification System (Milli-Q system, 

Millipore, Billerica, MA, USA) was employed to produce ultrapure water. All the other 

chemicals were purchased from Sigma Aldrich. Polyethylene glycol methacrylate (OEGMA 

Mn = 300) was filtered through basic alumina column prior to use. NHSMA (N-

hydroxysuccinimide methacrylate), Combretastatin A-4 (CA4), MA-GFLG-DTX 

monomers and cRGDfK peptide were synthesized according to previously reported 

protocols [261, 262, 283]. SC-OV-3 and Caov-3 ovarian cancer cell line was purchased from 

ATCC.  

 Instrumentation 

1H and 13C NMR spectroscopy (Varian 400 MHz NMR spectrometer), Fourier 

transform infrared (ATR-FTIR) spectroscopy (Nicolet 380, Thermo Scientific, USA), and 

UV−vis spectroscopy (PerkinElmer series) methodologies were used in order to characterize 

synthesized monomers and polymers.  The qualification and quantification of CA4 monomer 

(CA4MA) and cRGDfK were achieved utilizing the liquid chromatography−mass 

spectrometry (LC−MS) system (LCMS 2020, Shimadzu, Japan) with a C- 18 (5 μm, 150 × 

4.6 mm) column. A gradient method was utilized with acetonitrile (ACN) and deionized 

water supplemented with 0.05% trifluoroacetic acid (TFA) through the following program; 
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LC: 0−3 min, 50% ACN; 3.01 min, 50% ACN; 8 min, 95% ACN; 8.01−11 min, 50% ACN; 

MS positive scan 100−800 m/z.  The polymer molecular weights were estimated by size 

exclusion chromatography (SEC) (Shimadzu, Japan) PSS-SDV (length/ID 8 × 300 mm, 10 

mm particle size) linear Mixed C column calibrated with polymethyl methacrylate using a 

refractive-index detector with a mobile phase solution of 0.05 M lithium bromide in 

dimethylaceteamide (DMAc) as eluent at a flow rate of 1 mL/min at 30 oC. During the 

internalization experiments cells were visualized using Zeiss Observer.Z1 inverted 

fluorescence microscope. 

 Synthesis and Characterization of P(OEGMA-CA4-NHS) (18) 

Poly(ethylene glycol) methyl ether methacrylate (O(EGMA)) (1.00 g. 3.33 mmol), 

CA4MA (0.36 g, 0.952 mmol) and NHSMA (0.087 g, 0.475 mmol) were dissolved in 

anhydrous DMF (5 mL). To the polymer solution was added 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid (6.2 mg, 0.0237 mmol) as chain transfer agent 

(CTA) and AIBN (0.78 mg, 0.00475 mmol) as initiator. Reaction mixture was stirred under 

N2 for 30 min. Reaction was sealed and heated at 70 °C for 20 h. The copolymer was purified 

via precipitation in diethyl ether, dissolved in CH2Cl2 and re-precipitated. After precipitation, 

copolymer was washed with diethyl ether. The product was dried in high vacuo and obtained 

as viscous liquid. (0.7 g, 48 % yield). Mn = 48 kDa, Mw/Mn = 1.35). 1H NMR (DMSO-d6, 

δ, ppm) 7.14 - 6.98 (m, 3H), 6.51 - 6.49 (m, 4H), 4.03 (bs, 2H), 3.51 - 3.36 (m, 20H), 3.24 

(bs, 2H), 2.79 (bs, 4H), 2.08 - 0.80 (m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-CA4-RGD) (19) 

Copolymer 18 (0.35 g) and cRGDfK (97 mg, 0.16 mmol) were dissolved in DMF (0.4 

mL). To the copolymer solution, DIPEA (0.3 mL, 1.6 mmol) was added dropwise. Resulting 

reaction mixture was stirred at ambient temperature for 24 h. Then, ethanolamine (0.9 mg, 

0.16 mmol) was added to reaction mixture and reaction kept stirring at 45 °C for 1 more day. 

Upon completion of the reaction, resulted copolymer was purified by using 3.5 kDa cut off 

membrane by dialysis. Copolymer was diluted with MeOH (10 mL) and placed in a 3.5 kDa 
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cutoff dialysis bag. Dialysis bag was placed in a beaker containing MeOH (250 mL). Solvent 

was changed 3 times/day and dialysis was completed in 2 days. After dialysis, solvent was 

evaporated and dried under vacuo to obtain copolymer 19 (0.15 g, 43%).  Mn = 48 kDa, 

Mw/Mn = 1.35). 1H NMR (DMSO-d6, δ, ppm) 7.13 - 6.97 (m, 3.74 H), 6.50 - 6.48 (m, 4H), 

4.01 (bs, 2H), 3.75 - 3.34 (m, 20H), 3.24 (bs, 2H), 1.83 – 0.80 (m, −CH2 and CH3 along with 

backbone). 

 Synthesis and Characterization of P(OEGMA-CA4) (20) 

To a solution of compound 18 (0.35 g) in DMF (0.35 mL), was added ethanol amine 

(0.012 g, 0.2 mmol) in DMF (0.2 mL). Reaction was stirred at ambient temperature for 24 

h. Resulted copolymer was purified by using 3.5 kDa cut off membrane by dialysis. 

Copolymer was diluted with MeOH (10 mL) and placed in a 3.5 kDa cutoff dialysis bag. 

Dialysis bag was placed in a beaker containing MeOH (250 mL). Solvent was changed 3 

times/day and dialysis was completed in 2 days. After dialysis, solvent was evaporated and 

dried under vacuo to obtain copolymer 20 (0.17 g, 50%). Mn = 48 kDa, Mw/Mn = 1.35). 1H 

NMR (DMSO-d6, δ, ppm). 7.13 - 6.97 (m, 3H), 6.50-6.48 (m, 4H), 4.01 (bs, 2H), 3.74 - 3.35 

(m, 20H), 3.23 (bs, 3H), 1.83 - 0.79 (m, −CH2 and CH3 along with backbone). 

 Synthesis and characterization of P(OEGMA-CA4-NHS-DTX) (21) 

O(EGMA) (0.5 g. 1.66 mmol), CA4MA (0.12 g, 0.266 mmol) and NHSMA (0.005 g, 

0.011 mmol) were dissolved in anhydrous DMF (2.0 mL). To the polymer solution was 

added CTA (2.5 mg, 0.0098 mmol) as chain transfer agent and AIBN (0.32 mg, 0.0091 

mmol) as initiator. Reaction mixture was stirred under N2 for 30 min. Reaction was sealed 

and heated 80 °C for 1 h. Then, temperature of oil bath was decreased to 50 °C. By the time 

desirable heat was reached, Methacrylated Gly-Phe-Leu-Gly-Docetaxel (MAGFLGDTX) 

(0.22 g, 0.17 mmol) solution in anhydrous DMF (0.5 mL) was added under N2 in 2 min. 

After drug adding process, reaction was left at 50 °C for 47 hours. Then, molecular weight 

and PDI of polymer was checked by gel permeation chromatography (GPC). Resulted 

copolymer was purified by using 10kDa cut off membrane by dialysis. Copolymer was 
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diluted with 10 mL of acetonitrile (ACN) and put in the 10kDa cutoff dialysis bag. Dialysis 

bag was put in beaker with 250 mL of acetonitrile. Solvent was changed 3 times in a day and 

dialysis was done in 2 days. After dialysis, solvent was evaporated and dried under vacuo. 

(0.3 g, 60%). Mn = 56 kDa Mw/Mn = 1.38. 1H NMR (DMSO-d6, δ, ppm). 8.24 - 6.88 (m, 

20H), 6.50 - 6.48 (m, 4H), 4.01 (bs, 2H), 3.74 - 3.35 (m, 20H), 3.23 (bs, 3H), 2.80 (s, 4H), 

1.83 - 0.79 (m, −CH2 and CH3 along with backbone). 

 Synthesis and characterization of P(OEGMA-CA4-RGD-DTX) (22) 

Copolymer 21 (0.15 g) and cRGDfK (43 mg, 0.07 mmol) were dissolved in DMF (0.2 

mL). To the copolymer solution, DIPEA (0.012 g, 0.07 mmol) was added dropwise, resulting 

reaction mixture was stirred at 45 °C for 24 h. Then, ethanolamine (0.08 mmol, 5.0 mg) was 

added to reaction mixture and reaction kept stirring at ambient temperature for 1 more day. 

Resulted copolymer was purified by using 3.5 kDa cut off membrane by dialysis. Copolymer 

was diluted with MeOH (10 mL) and placed in a 3.5 kDa cutoff dialysis bag. Dialysis bag 

was placed in a beaker containing MeOH (250 mL). Solvent was changed 3 times/day and 

dialysis was completed in 2 days. After dialysis, solvent was evaporated and dried under 

vacuo to obtain copolymer 22. (0.6 g, 40%).  Mn = 56 kDa, Mw/Mn = 1.38. 1H NMR (DMSO-

d6, δ, ppm). 8.24 - 6.88 (m, 25H), 6.50 - 6.48 (m, 4H), 4.01 (bs, 2H), 3.74 - 3.35 (m, 20H), 

3.23 (bs, 3H), 1.83 - 0.79 (m, −CH2 and CH3 along with backbone). 

 Synthesis and characterization of P(OEGMA-CA4- DTX) (23) 

To a solution of compound 21, (0.15 g) in DMF (0.15 mL), was added ethanol amine 

(0.04 g, 0.7 mmol) in DMF (0.2 mL). Reaction was stirred at ambient temperature for 24 h.  

Resulted copolymer was purified by using 3.5 kDa cut off membrane by dialysis. Copolymer 

was diluted with MeOH (10 mL) and placed in a 3.5 kDa cutoff dialysis bag. Dialysis bag 

was placed in a beaker containing MeOH (250 mL). Solvent was changed 3 times/day and 

dialysis was completed in 2 days. After dialysis, solvent was evaporated and dried under 

vacuo to obtain copolymer 23. (0.07 g, 48%). Mn = 56 kDa, Mw/Mn=1.38. 1H NMR (DMSO-
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d6, δ, ppm). 8.24 - 6.88 (m, 20H), 6.50 - 6.48 (m, 4H), 4.01 (bs, 2H), 3.74 - 3.35 (m, 20H), 

3.23 (bs, 3H), 1.83 - 0.79 (m, −CH2 and CH3 along with backbone). 

 Synthesis and characterization of P(OEGMA-CA4-NHS-FMA) (24) 

OEGMA (0.3 g, 1 mmol), CA4MA (90 mg, 0.28 mmol), NHSMA (26 mg, 0.14 mmol) 

and FMA 11 mg, 0.0285 mmol) were dissolved in anhydrous DMF (3 mL). To the 

copolymer solution was added CTA (1.8 mg, 0.0071 mmol) as chain transfer agent and 

AIBN (0.23 mg, 0.0014 mmol) as initiator. Reaction mixture was stirred under N2 for 30 

min. After purge process, reaction was sealed and heated at 70 °C for 20 h. The copolymer 

was purified via precipitation in diethyl ether, dissolved in CH2Cl2 and re-precipitated. After 

precipitation, copolymer was washed with diethyl ether. The product was dried in high vacuo 

and obtained as viscous liquid. (0.25 g, 64%). Mn = 48 kDa, Mw/Mn = 1.35. 1H NMR 

(DMSO-d6, δ, ppm). 8.02 (bs, 1H), 7.81 - 6.51 (m, 15H), 4.03 (bs, 2H), 3.61 - 3.35 (m, 20H), 

3.24 (bs, 3H), 2.78 (bs, 4H), 1.85 - 0.80 (m, −CH2 and CH3 along with backbone). 

 Synthesis and characterization of P(OEGMA-CA4-RGD-FMA) (25) 

Copolymer 24 (0.12 g) and cRGDfK (46 mg, 0.077 mmol) were dissolved in DMF 

(0.15 mL). To the copolymer solution, DIPEA (10 mg, 0.08 mmol) was added dropwise. 

Resulting reaction mixture was stirred at 45 °C for 24 h. Then, ethanolamine (6.0 mg, 1 

mmol) was added to reaction mixture and reaction kept stirring at ambient temperature for 

1 more day. Resulted copolymer was purified by using 3.5 kDa cut off membrane by dialysis. 

Copolymer was diluted with MeOH (5 mL) and placed in a 3.5 kDa cutoff dialysis bag. 

Dialysis bag was placed in a beaker containing MeOH (250 mL). Solvent was changed 3 

times/day and dialysis was completed in 2 days. After dialysis, solvent was evaporated and 

dried under vacuo to obtain copolymer 25 (0.1 g, 83%). Mn = 48 kDa, Mw/Mn = 1.35. 1H 

NMR (DMSO-d6, δ, ppm). 8.02 (bs, 1H), 7.81 - 6.48 (m, 20H), 4.02 (bs, 2H), 3.60-3.34 (m, 

20H), 3.23 (bs, 3H), 1.84 - 0.80 (m, −CH2 and CH3 along with backbone). 
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 Synthesis and characterization of P(OEGMA-CA4-FMA) (26) 

To a solution of compound 24, (0.12 g) in DMF (0.15 mL), was added ethanol amine 

(0.052 g, 0.7 mmol) in DMF (0.05 mL). Reaction was stirred at ambient temperature for 24 

h. Resulted copolymer was purified by using 3.5 kDa cut off membrane by dialysis. 

Copolymer was diluted with MeOH (3 mL) and placed in a 3.5 kDa cutoff dialysis bag. 

Dialysis bag was placed in a beaker containing acetonitrile (100 mL). Solvent was changed 

3 times/day and dialysis was completed in 2 days. After dialysis, solvent was evaporated and 

dried under vacuo to obtain copolymer 26 (0.07 g, 58%). Mn = 48 kDa, Mn/Mw = 1.35. 1H 

NMR (DMSO-d6, δ, ppm). 8.02 (bs, 1H), 7.82 - 6.50 (m, 15H), 4.61 (bs, 1H), 4.02 (bs, 2H), 

3.60 - 3.34 (m, 20H), 3.24 (bs, 3H), 1.80 - 0.79 (m, −CH2 and CH3 along with backbone). 

 Synthesis and characterization of P(OEGMA-CA4-NHS-FMA-DTX) (27) 

OEGMA (0.3 g, 1 mmol), CA4MA (0.051 g, 0.133 mmol), NHSMA (0.012 g, 0.066 

mmol) and FMA (0.016 g, 0.04 mmol) were dissolved in anhydrous DMF (2.5 mL). To the 

copolymer solution was added CTA (1.7 mg, 0.0066 mmol) as chain transfer agent and 

AIBN (0.21 mg, 0.00013 mmol) as initiator. Reaction mixture was stirred under N2 for 30 

min. After purge process, reaction was sealed and heated at 80 °C for 1 hour. After 1 hour, 

temperature of oil bath was decreased to 50 °C. By the time desirable heat was reached, 

Methacrylated Gly-Phe-Leu-Gly-Docetaxel (MAGFLGDTX) (0.13 g, 0.1 mmol) solution in 

anhydrous DMF (0.5 mL) was added under N2 in 2 min. After drug adding process, reaction 

was left at 50 °C for 47 hours. Then, molecular weight and PDI of polymer was checked by 

gel permeation chromatography (GPC). Resulted copolymer was purified by using 10 kDa 

cut off membrane by dialysis. Copolymer was diluted with acetonitrile (10 mL) and placed 

in a 10 kDa cutoff dialysis bag. Dialysis bag was placed in a beaker containing acetonitrile 

(250 mL). Solvent was changed 3 times/day and dialysis was completed in 2 days. After 

dialysis, solvent was evaporated and dried under vacuo to obtain copolymer 27 (0.25 g, 

83%). Mn = 75k Da, Mw/Mn = 1.48. 1H NMR (DMSO-d6, δ, ppm). 8.19 - 6.60 (m, 30 H) 

6.50 (m, 3H), 4.02 (bs, 2H), 3.60 - 3.34 (m, 20H), 3.24 (bs, 3H), 2.77 (s, 4H), 1.80 - 0.79 

(m, −CH2 and CH3 along with backbone). 
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 Synthesis and characterization of P(OEGMA-CA4-RGD-FMA-DTX) (28) 

Copolymer 27 (0.12 g) and cRGDfK (16 mg, 0.026 mmol) were dissolved in DMF 

(0.15 mL). To the copolymer solution, DIPEA (0.4 mg, 0.03 mmol) was added dropwise. 

Resulting reaction mixture was stirred at 45 °C for 24 h. Then, ethanol amine (2 mg, 0.3 

mmol) was added to reaction mixture and reaction was stirred at ambient temperature for 24 

h. The product was dialyzed using 3.5 kDa cutoff regenerated cellulose acetate membrane 

in MeOH (400 mL) for 2 d. Pure product was obtained by evaporating the solvent (0.05, 

83%). Mn = 75 kDa, Mw/Mn = 1.48. 1H NMR (DMSO-d6, δ, ppm). 8.19 - 6.60 (m, 35 H) 

6.50 (m, 3H), 4.02 (bs, 2H), 3.60 - 3.34 (m, 20H), 3.24 (bs, 3H), 1.80 - 0.79 (m, −CH2 and 

CH3 along with backbone). 

 Synthesis and characterization of P(OEGMA-CA4 –FMA-DTX) (29) 

To a solution of compound 27 (0.12 g) in DMF (0.15 mL), was added ethanol amine 

(1.6 mg, 0.03 mmol) in DMF (0.05 mL). Reaction was stirred at ambient temperature for 24 

h. The product was dialyzed using 3.5 kDa cutoff regenerated cellulose acetate membrane 

in MeOH (400 mL) for 2 d. Pure product was obtained by evaporating the solvent (0.05 g, 

42%). Mn = 75 kDa, Mw/Mn = 1.48. 1H NMR (DMSO-d6, δ, ppm). 8.19 - 6.60 (m, 30 H) 

6.50 (m, 3H), 4.02 (bs, 2H), 3.60 - 3.34 (m, 20H), 3.24 (bs, 3H), 1.80 - 0.79 (m, −CH2 and 

CH3 along with backbone). 

 In vitro drug release 

The in vitro release studies of copolymers were evaluated in both rat plasma and 

enzyme-containing solutions. Drug release from polymer−drug conjugates were determined 

via LC−MSMS. For determination of release profiles of copolymers, 0.1 mg of each 

copolymer containing solutions in rat plasma and enzyme solutions were prepared in 

eppendorf tubes. Copolymer solutions were then incubated at 37 °C while stirring at 250 

rpm for 72 h. 
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 At predetermined time points, ACN was added to solutions and tubes were centrifuged 

at 6000g for 5 min. Supernatants were analyzed for CA4 and DTX concentrations by 

LC−MSMS analysis. 

 In Vitro Cell Viability Assay on SK-OV-3 and Caov-3 Human Ovarian Cancer 

Cell lines 

Cell number and cell viability were determined by Cell Counting Kit-8 (CCK-8, 

Fluka). Cells were seeded in 100 μL of culture medium at a density of 3000 cells/well for 

SK-OV-3 and 15000 cells/well for Caov-3 cells into 96-well plates in quadruplicates for 

each drug concentration. After overnight incubation cell media was replaced with fresh 

medium containing various concentrations of conjugates, free drug, or polymer only 

controls. For free drug treatments docetaxel and combretastatin A4 stock solutions were 

prepared in 20% DMSO in growth medium (V/V) and subsequently diluted where the final 

DMSO concentration was below 0.5% (V/V). All cells were incubated continuously for 48h 

in the presence of the micellar conjugates. For 2h+22h pulse chase drug treatment, cells were 

incubated 2h in drug containing solutions and incubated in fresh media for 22h before CCK-

8 assay. To determine the cell viability, 100 μL of culture medium together with 10 μL of 

CCK-8 solution was added into each well. After 4h incubation the absorbance values at 

450nm was measured with a plate reader (Multiscan FC, Thermo Scientific, USA). Viability 

of treated cells was expressed as percentage of control cells (cell media only). EC50 values 

were obtained from concentration response curves by nonlinear regression analysis.  

 Animal Study 

Mice were intravenously injected into the lateral tail vein with a single dose of 

P(OEGMA-CA4-DTX-RGD). The mice were observed daily for mortality and clinical 

findings, and body weight was recorded. The mice were sacrificed on the fifth day with 

collection weighing, and preservation of major organs (liver, kidneys, spleen, heart, lung). 
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3.3. Results and Discussion 

 Synthesis and Characterization of CA4 and DTX Bearing Copolymers 

Dual drug conjugated copolymers were synthesized via RAFT copolymerization of 

anti-angiogenic drug bearing monomer (CA4MA, 3), anti-microtubule agent and 

enzymatically cleavable linker bearing monomer (MAGFLGDTX, 17), amine reactive 

activated ester containing monomer (NHSMA, 1). Oligo (ethylene glycol) methyl ether 

methacrylate (OEGMA, 2) was also used for bringing hydrophilic backbone characteristic 

to copolymer.  The first step involves preparation of targeting group and drug containing 

copolymers. Docetaxel bearing monomer was synthesized by attaching drug molecule to 

enzymatically cleavable tetrapeptide linker GFLG (Figure 3.1). For this reason, previously 

methacrylated GFLG linker was coupled with hydroxyl functional group of docetaxel via 

acid group on it.  On the other hand, as reported in our previous study, CA4 bearing monomer 

was prepared via esterification of hydroxyl group of the CA4 drug and methacryloyl chloride 

molecule. Thus, we obtained copolymers that have different properties and they are also 

bounded to two different featured drugs with cleavable linkers which are sensitive to 

enzymes and acidic environment.  

 

Basically, all the copolymers were synthesized via Reversible chain transfer 

polymerization technique and initiated with AIBN in anhydrous DMF. For attaching 

cRGDfK molecule to copolymers, NHSMA were utilized in all polymerization reactions. 

Obtained products were separated in to two batches. One batch was attached with targeting 

group and another batch was reacted with ethanol amine for quenching activated NHS 

groups. On the other hand, to generate fluorescent copolymers for investigating cellular 

internalization capacity, fluorescein-O-methacrylate monomer was also added to 

copolymerization reactions as an imaging agent. 
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Figure 3.1. Monomers that are used in polymerization reaction. 
 

Initially, just CA4 drug bearing copolymers were synthesized (Figure 3.2). These 

copolymers were separated in to two parts like as mentioned before and one part (19) was 

attached with cRGDfK molecule in DMF at 45 °C for 24 h. After reaction was completed, 

ethanol amine was added to stirring reaction in situ to quench remaining NHS groups.  

Another part was directly reacted with ethanol amine (20). Meanwhile, OEGMA, NHSMA 

and CA4MA monomers were copolymerized with fluorescein-O-methacrylate monomer for 

preparing fluorescent featured copolymers (25, 26) (Figure 3.3). The same strategy for 

quenching NHS groups as the latter example was followed for these reactions as well.  
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Figure 3.2. Synthetic route for drug and cRGDfK attached copolymers. 
 

Additionally, to obtain dual drug containing copolymers, MAGFLGDTX monomer 

was used.  By attaching another drug on copolymer molecule, achieving more effective 

cytotoxicity profiles on cells were aimed. Therefore, OEGMA, NHSMA and CA4MA 

monomers were copolymerized at 80 °C for one hour. After one hour, reaction temperature 

was decreased to 50 °C and MAGFLGDTX monomer was added to reaction dropwise under 

N2. Like previously synthesized copolymers, dual drug containing copolymers were also 

separated into two parts and one part was conjugated with targeting group (22) while other 

part was left as non-targeted (23). Fluorescent and dual drug bearing copolymers with either 

targeting group containing (28) or not (29) were prepared as well. To purify resulting 

copolymers, they were precipitated in diethyl ether. MAGFLGDTX bearing copolymers 

were also dialyzed in ACN after precipitation process using 10k cutoff regenerated cellulose 

acetate membrane to remove free MAGFLGDTX. 
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Figure 3.3. Synthetic route for dye containing copolymers. 
 

All resulting random copolymers were characterized by using 1H NMR spectroscopy. 

The compositions of monomers in the copolymers were determined from 1H NMR 

spectroscopy (Table 3.2). Molecular weights and size distributions were obtained via SEC. 

The first copolymer among mono drug containing copolymers (Table 3.1, No:1) feed ratio 

of 70:20:10 was used with monomers 1, 2, 5 and it produced copolymer 18 that composed 

of monomers 75:12:13. Molecular weight of the copolymer was 48 kDa. Resulted product 

was separated into two batches and one batch was attached with cRGDfK, while second 

batch was treated with ethanolamine to quench remaining NHS groups, as mentioned before. 

At the end, according to 1H NMR analysis, copolymer 19 was carrying 13.05% CA4 and 
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6.89 % cRGDfK by weight while amount of CA4 was 14.77% for copolymer 20. Since the 

phenyl peaks of CA4 and and aromatic peaks of cRGDfK were overlapping in the same 

region (between 7.13 - 6.97 ppm) in 1H NMR spectrum, cRGDfK amount was determined 

by taking 1H NMR spectrum of copolymer 18 as a reference. In both 1H NMR spectrums of 

copolymers 18 and 20, there were 3 protons in the aromatic region. However, in 1H NMR 

spectrum of copolymer 19 in the same region there were 3.74 protons. That difference can 

be attributed to incoming protons of cRGDfK molecule.  

 

As for fluorescent featured version of that copolymer, feed ratio of monomers 1, 2, 11, 

5 was 70:20:2:10. It was observed that, resulted copolymer 24 was composed of 80:8:2:10 

ratios of monomers respectively and molecular weight was 48 kDa. Here again for 

determining of cRGDfK amount in the structure, 1H NMR spectrums of copolymer 24, 25 

and 26 were compared.  

 

According to compositional analysis for copolymers 24 and 26, between 7.13-6.97 

ppm in the 1H NMR spectrum, there were 5 protons that belong to both phenyl protons of 

CA4 drug and fluorescent dye. But for copolymer 25, 10 protons were encountered in the 

same region. Drug content was similar for both copolymers which are 11.9% and 12.51% 

by weight respectively that means most of the drug amount was preserved after targeting 

group conjugation of previous molecule. On the other hand, enzymatically cleavable linker 

containing drug monomer was added to copolymerization reactions as a latter study. In the 

first batch, monomers 1, 2, 17 and 5 with feeding ratios of 75:12:8:5 were added to 

copolymerization reaction. In the resulted copolymer 21, incorporation of monomers was 

85:5:3:7. For targeted group containing copolymer 22, drug amounts were obtained as 13.74 

% and 5.83 % by weight for CA4 and DTX. For same copolymer, there was 3.16 % of 

cRGDfK by weight. In the nontargeted construction 23, drug amounts were not so different 

from other batch which is 14.56 % of CA4 and 4.95 % of DTX by weight. Final copolymer 

21 which carries both targeting group and dye was obtained by using all monomers 1, 2, 17, 

11, and 5 with feed ratios of 75:10:8:3:5. Resulted ratios of monomers in the product were 

obtained as 67:7:10:5:11. Here again, 1H NMR spectrums of both targeted copolymer 22 and 

non-targeted copolymer 23 were compared. According to spectrum, there were two new 

peaks in 7.29 ppm and 7.31 ppm that are coming from RGD molecule. On the other hand, in 

the same region these peaks weren’t observed for copolymer 23 (Figure 3.4). 
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Figure 3.4. Expanded 1H NMR spectrums of the constructs A) Copolymer 21 B) 

Copolymer 22 and C) Copolymer 23. 

 

 

 

Figure 3.5. Expanded 1H-NMR spectrums of structures. A) Copolymer 27 B) Copolymer 

28 and C) Copolymer 29. 
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Table 3.1. Polymerization Conditions and Characterization of Copolymers. 
 
  

  Feed ratio Obtained ratio   

No 

C
op

ol
ym

er
 

1 2 3 11 17 1 2 3 11 17 

M
nc  (

kD
a)

 

M
w

/M
n 

1 18  70 20 10 - - 75.0 12.0 13.0 - - 48 1.35 

2 21 75 12 5 - 8 85.3 5.3 6.6 - 2.7 56 1.38 

3 24  70 20 10 2 - 80.3 7.5 10.4 1.7 - 48 1.35 

4 27  75 10 5 3 8 67.0 6.5 11.3 5.1 10.0 75 1.48 

 
 

 
Table 3.2. Properties of Copolymers. 

 

No Copolymer 

M
n 

(k
D

a)
 

M
w

/M
n  

C
A

4 
  w

t %
  

D
TX

 w
t %

  

cR
G

D
fK

  w
t %

  

FM
A

 w
t %

  

Et
ha

no
l a

m
in

e 
w

t 
%

  
1 P(OEGMA-CA4-

RGD) 19 48 1.35 13.05 - 6.89 - - 

2 P(OEGMA-CA4) 20 48 1.35 14.77 - - - 4.6 

3 P(OEGMA-CA4-
DTX-RGD) 22 56 1.38 13.74 5.83 3.16 - 1.73 

4 P(OEGMA-CA4-
DTX) 23 56 1.38 14.56 4.95 - - 1.12 

5 P(OEGMA-CA4-
RGD-FMA) 25 48 1.35 11.9 - 7.86 3.77 - 

6 P(OEGMA-CA4-
FMA) 26 48 1.35 12.51 - - 5.20 4.26 

7 P(OEGMA-CA4-
DTX-RGD-FMA) 28 75 1.48 10.55 5.57 1.61 5.32 1.45 

8 P(OEGMA-CA4-
DTX-FMA) 29 75 1.48 10.89 3.66 - 4.56 1.25 
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Same comparison was done for fluorescent featured copolymer 27 and copolymer 28. 

(Figure 3.5). As expected, there were much more protons in aromatic regions of 1H NMR 

spectrum of targeted copolymers with regard to non-targeted ones. In addition, according to 
1H NMR spectrums of all copolymers, there were not any remaining NHS groups in the 

molecules. 

 Drug Release Profiles of Copolymers 

We have chosen two different environments to investigate differences of release 

profiles of drugs because drugs were conjugated to polymeric carrier via different linkers. 

For docetaxel, we used enzymatically cleavable linker GFLG and we attached CA4 to 

copolymer via ester bond. The enzymatic release of DTX from both copolymers was 

achieved in papain enzyme containing PBS (pH=7.4) solution. On the other hand, release 

behaviors of both drugs in rat plasma were determined as well. According to obtained 

graphs, in prepared enzyme solution at 37 °C, as expected only docetaxel was able to release 

from both copolymers which can be attributed to DTX was attached to copolymers via 

enzymatically cleavable linker GFLG. 

 

 
 

Figure 3.6. Enzymatic and plasma release of DTX and CA4 from P(OEGMA-CA4-

DTX-RGD) (blue square) and P(OEGMA-CA4-DTX) (red square). 
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At the end of the 72 hours, approximately 100% of DTX was released from targeted 

copolymer whereas this ratio was 61% for nontargeted counterpart. In enzyme solution, we 

could observe negligible amount of CA4 release from copolymers due to neutral pH of 

solution and lack of esterase enzymes in the environment. In case of plasma release at 37 

°C, both drugs were released from polymers. After 72 hours, 94% and 86% of DTX was 

released from targeted and nontargeted copolymers. Addition to that CA4 release ratio was 

observed as 97% for RGD containing copolymer. For nontargeted version, approximately 

same amount of CA4 was released which is obtained as 95%. Although almost all CA4 was 

released from both copolymers at the end of 72 hours, release profiles were different. While 

RGD containing copolymer released 52% of CA4 in 24 hours, for nontargeted copolymer 

84% of CA4 was released in same time. 

 In vitro cytotoxicity profiles of copolymers on SK-OV-3 and Caov-3 human 

ovarian cancer cells 

Effects of both DTX and anti-angiogenic drug CA4 bearing copolymers were 

evaluated on SK-OV-3 human cells to investigate combined effect of drugs. Cancer cells 

were exposed with each drug alone, free drugs together, targeted and non-targeted 

copolymers carrying both drugs. Free DTX was highly toxic (5.25 nM) toward SK-OV-3 

cells in 48 hours (Figure 3.7A). On the other hand, free CA4 was also toxic (518 nM) to 

cancer cells but its toxicity was approximately 100fold less than free DTX. Although free 

CA4 was less toxic when compared to free DTX, it was observed that free drugs of each was 

more toxic according to copolymers, as expected. Together with these, free drugs were 

combined according to their amounts in the copolymers and treated with cells. Results were 

compatible with their free cytotoxicity profiles. Their combined toxicity was obtained as 

2.66 nM which is slightly more toxic according to free DTX due to contribution of free CA4 

(Data were not shown).  
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Figure 3.7. Viabilities of A) SK-OV-3 cells and B) Caov-3 cells treated with free  

DTX ( ), free CA4 ( ), P(OEGMA-CA4-DTX-RGD) ( ) and P(OEGMA-CA4-

DTX) ( ). 

 

 

Table 3.3. EC50 values of free drugs and copolymers after incubation of SK-OV-3 and 

Caov-3 cells for 48 hours. 

 

No Sample 

EC50 value (M) 

SK-OV-3 Caov-3 

1 CA4 5.18 x 10-7 3.11 x 10-9 

2 DTX 5.25 x 10-9 4.88 x 10-9 

3 P(OEGMA-CA4-DTX-RDG) 2.45 x 10-8 1.168x 10-8 

4 P(OEGMA-CA4-DTX) 1.36 x 10-7 2.58 x 10-8 

 

The difference between drugs alone versus copolymers was within the expected 

ranges.  At first sight, both targeted and non-targeted copolymers were less toxic than free 

drugs. Moreover, cRGDfK containing copolymer was 10-fold higher toxic according to its 

non-targeted counterpart. As for Caov-3 cells, both free drugs are more toxic than 

copolymers (Figure 3.7B). EC50 value of targeted copolymer was determined as 11 nM. On 

the other hand, non-targeted copolymer’s EC50 value was 25 nM which is less toxic than 
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targeted copolymer. In conclusion, copolymers show toxic behaviors toward both ovarian 

cancer cell lines. In addition to that for both cell lines, targeted copolymer was more toxic 

when compared to non-targeted copolymer. All cytotoxicity values of drugs and polymers 

are summarized at Table 3.3. 

3.4. Conclusion 

A P(OEGMA) based polymeric carrier for targeting ovarian cancer, an antiangiogenic 

agent CA4 and anti-neoplastic agent DTX was synthesized and evaluated for cytotoxicity. 

As a targeting unit, cRGDfK that has high binding affinity toward αυβ3/ αυβ5 integrins was 

conjugated to the drug-containing copolymer via reactive NHS group through stable amide 

bond. Effective release behaviors of drugs in rat plasma were observed from both targeted 

and nontargeted copolymers. For enzyme release, just DTX release was observed due to it 

was conjugated to polymer via enzymatically cleavable bond GFLG whereas CA4 didn’t 

show significant release profile from polymer, as expected. The polymer−drug conjugates 

demonstrated cytotoxicity toward different ovarian cancer cell lines, SK-OV-3 and Caov-3. 

These cRGDfK bearing and two different featured drugs attached copolymers are attractive 

candidates and they can be further used for treatment of ovarian cancer. 
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 cRGDfK TARGETED REDOX RESPONSIVE 5-FU PRODRUG 

CONJUGATES FOR BREAST CANCER THERAPY 

4.1. Introduction 

Polymer drug conjugation systems are emerging as encouraging research platforms for 

cancer treatment because they increase bioavailability of small chemotherapy drugs and 

improve their pharmacokinetic behavior. Even though their in vitro effectiveness are 

demonstrated, most the cytotoxic chemicals, cannot be utilized as a drug because of their 

heavy side effect profiles [280]. After intravenous injection of the drug, it encounters so 

many obstacles such as vascular walls, interstitial spaces and cell membranes that limits the 

delivery of sufficient amount of the drug to the desired region. To overcome all these 

obstacles, targeted drug delivery has been studied by researchers [281]. For preferential 

accumulation in the tumor, targeting moieties are attached to macromolecules because 

targeting groups are expected to bind certain receptors which overexpress in tumor tissues. 

Especially, Arg-Gly-Asp (RGD) sequence containing peptides have been extensively  

studied because of their binding affinity towards αυβ3/ αυβ5 integrin receptors that are over-

expressed in different tumor cells [282]. According to some pioneering results, αυβ3 integrin 

overexpression in breast cancer xenografts are demonstrated [283, 284].  

 

The most potent risk factor for breast cancer development is known as age since breast 

cancer rate increases regularly with increasing age [285]. Although many studies have been 

carried out on the subject, the cause of age-related deaths in breast cancer is not fully 

understood [286, 287]. For these mentioned population, the most commonly used 

chemotherapy drug is capecitabine. Capecitabine is an oral prodrug of 5-Fluorouracil (5-FU) 

that is commonly used for treatment of many types of cancers including head and neck, anal, 

colon and metastatic breast cancer. Especially for advanced or metastatic breast cancer 

which are resistant to first line treatments, effectiveness of capecitabine has been proven 

[288]. It has been shown that although 5-FU is more toxic than capecitabine in in vitro 

studies, especially oral use of 5-FU is limited because it rapidly dehydrates into dehydro-50 
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fluorouracil [289]. For example in one of the reports, researchers wanted to explore the 

difference between activities of capecitabine and 5-FU on MCF7 breast cancer cell line 

[290]. After incubation of cells with capecitabine for 48 h, EC50 value was obtained as 1147 

µM. On the other hand, when the same experiment was carried out with 5-FU, EC50 was 0.38 

µM, which means 5-FU is 3000 times more toxic than capecitabine. Even after 72 hours, 

EC50 value of capecitabine was 921 µM. The results of the study showed that 5-FU is much 

more toxic than capecitabine. On the other hand, a number of remarkable clinical trials have 

been carried out by researchers using capecitabine [291]. When capecitabine is taken orally 

by patients, it is rapidly absorbed in the digestive system and it is metabolized to 5-FU via 

three step enzymatic process at the tumor side (Figure 4.1.) In the first step, it is converted 

to 5-fluoro-5’-deoxycytidine (5’-DFCR) via carboxylesterase enzyme that exists in the liver. 

As a second step, 5’-DFCR is converted to 5-fluoro-5’-deoxyurudine (5’-DFUR) with the 

help of cytidine deaminase enzyme which exists in tumor and liver. This final metabolite is 

converted to drug 5-FU by thymidine phosphorylase (TP) enzyme which exists in 3-fold 

higher amounts in tumor tissue than in normal tissue [292].  

 

 

 

 

 

 

 

 

Figure 4.1. Process of turning drug capecitabine into 5-FU via enzymes. 
 

Herein, we are designing the synthesis and evaluation of novel monomer and polymer 

drug conjugate carrying 5’-DFCR which is the active ingredient of drug capecitabine. This 

drug precursor was attached to a monomer via hydrolyzable carbamate linker. In addition to 

this, the linker also bears a disulfide bond that can be cleaved under reductive conditions. 

After the reduction process, obtained thiol-containing intermediate forms a five membered 

ring, namely thiolactone, as a result of intramolecular nucleophilic addition at the carbamate 

carbonyl (Figure 4.2.) Following thiolactone formation, 5’-DFCR is released. After 

synthesis and characterization of monomers and copolymers, in vitro cytotoxicity studies 

N

N

F
HN

O

O

O O

HO OH

Carboxylesterase

Capecitabine

N

N

NH2
F

O O

HO OH

Cyd
 
deaminase

5'-DFCR

HN

N

O
F

O O

HO OH

5'-DFUR

dThdphase HN

N
H

O
F

O

5-FU



86 

 

 

against MDA-MB 453 breast cancer cells were carried out to evaluate the efficacy of 

prepared constructs. 
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Figure 4.2. The effect of disulfide bonds on releasing 5’-DFCR. 

4.2. Experimental Section 

 Materials 

Methacryloyl chloride was purchased from Alfa Aesar. The solvents used throughout 

this thesis were purchased from Merck. Milli-Q Water Purification System (Milli-Q system, 

Millipore, Billerica, MA, USA) was employed to produce ultrapure water.   All the other 

chemicals were obtained from Sigma Aldrich. Reaction conditions that require anhydrous 

conditions were carried out under nitrogen atmosphere. Polyethylene glycol methacrylate 

(OEGMA Mn = 300) was obtained from Sigma Aldrich and filtered through basic alumina 

column prior to use. 2-((2-hydroxyethyl)disulfonyl)ethyl methacrylate (HSEMA) (30) and 

NHSMA (N-hydroxysuccinimide methacrylate) (2) monomers were synthesized according 

to previously reported protocols [293]. Fluorescein O-Methacrylate (FMA) (11) was 
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purchased from Sigma Aldrich. Cyano-4-(phenylcarbonothioylthio)pentanoic acid 

(CPDTB) was used as chain transfer agent (CTA) and purchased from Sigma Aldrich as 

well. AIBN was recrystallized from methanol before use. MDA-MB-453 cells were obtained 

from American Type Culture Collection (ATCC). MDA-MB-453 cells were maintained in 

DMEM supplemented with 10% FBS. cRGDfK was synthesized according to literature 

example [294]. 

 Instrumentation 

1H and 13C NMR spectroscopy (Varian 400 MHz NMR spectrometer), Fourier 

transform infrared (ATR-FTIR) spectroscopy (Nicolet 380, Thermo Scientific, USA), and 

UV−vis spectroscopy (PerkinElmer series) methodologies were used in order to characterize 

synthesized monomers and polymers. The qualification and quantification of HSEMA (1), 

2-((2-(N-succunimidylcarboxyoxy)ethyl)disulfonyl)ethyl methacrylate (SCEDEMA) (2) 

and protected (3) and non-protected (4) monomers were achieved utilizing the liquid 

chromatography−mass spectrometry (LC−MS) system (LCMS 2020, Shimadzu, Japan) with 

a C- 18 (5 μm, 150 × 4.6 mm) column. A gradient method was utilized with acetonitrile 

(ACN) and deionized water supplemented with 0.05% trifluoroacetic acid (TFA) through 

the following program; LC: 0−3 min, 50% ACN; 3.01 min, 50% ACN; 8 min, 95% ACN; 

8.01−11 min, 50% ACN; MS positive scan 100−800 m/z. The molecular weights were 

estimated by Gel Permeation Chromatography (GPC, Shimadzu, Japan) with a mobile phase 

solution of 0.05 M lithium bromide in dimethylaceteamide (DMAc) as eluent at a flow rate 

of 1 mL/min at 30 oC. GPC measurements of copolymers were carried out with PSS 

WinGPC Unity software. PSS Gram (10 µm - 300 × 8 mm) column was calibrated with 

polymethyl methacrylate standards, using refractive index detector (RID-10A). 

 Synthesis and Characterization of SCEDEMA (31) 

To a solution of HSEMA monomer (30) (1.00 g, 4.5 mmol) and triethyl amine (0.68 

g, 6.75 mmol) in dichloromethane (20 mL) was added N, N’-Disuccinimidyl carbonate (1.15 

g, 4.5 mmol) in dichloromethane (10 mL) dropwise. Then reaction was left at ambient 
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conditions for 24 h. Then, solution was evaporated, and remaining TEA was removed. 

Product was purified by column chromatography on SiO2 (EtOAc/DCM, 50:50) in a low 

yield (10-15%) assuming that it decomposes in silica column. Therefore, in subsequent 

experiments, we used the product without further purification. 1H NMR (CDCl3, δ, ppm) 

6.12 (s, 1H), 5.59 (s, 1H), 4.56 (t, 2H, J = 8 Hz), 4.40 (t, 2H, J = 8 Hz), 3.02 - 2.97 (m, 4H), 

2.83 (s, 4H), 1.94 (s, 3H). 13C NMR (CDCl3, δ, ppm) 168.5, 167.1, 151.4, 126.1, 68.7, 62.4, 

37.3, 36.1, 25.4, 18.2. FT-IR (cm−1) 2955, 1787, 1735.  

 Synthesis and Characterization of Compound 32 

SCEDEMA (1.6 g, 4.5 mmol) and 2',3'-Di-O-acetyl-5'-deoxy-5-fluorocytidine (0.8 g, 

2.5 mmol) were dissolved in dichloromethane (30 mL). After 10 min, pyridine (0.35 g, 4.5 

mmol) was added dropwise to the solution. Reaction was stirred for 3 days at rt. Upon 

completion of the reaction, mixture was concentrated to give yellow viscous liquid. Crude 

product was purified by using column chromatography on SiO2 (EtOAc/DCM, 50:50) 

affording 0.9 g of product (75% yield). 1H NMR (CDCl3, δ, ppm) 7.42 (bs, 1H), 6.13 - 6.12 

(m, 1H), 5.95 - 5.94 (m, 1H), 5.59 - 5.57 (m, 1H), 5.29 - 5.26 (m, 1H), 5.01 - 4.99 (m, 1H), 

4.46 - 4.39 (m, 4H), 4.29 - 4.23 (m, 1H), 3.01 - 2.97 (m, 4H), 2.11 (s, 3H), 2.09 (s, 3H), 1.95 

- 1.94 (m, 3H), 1.47 - 1.45 (d, 3H, J = 8 Hz). 13C NMR (CDCl3, δ, ppm) 169.7, 169.6, 167.1, 

149.6, 135.8, 126.0, 123.7, 88.1, 78.3, 73.9, 73.1, 64.1, 62.5, 37.1, 36.9, 25.4, 24.8, 20.5, 

20.4, 18.7, 18.3, 14.2. FT-IR (cm−1) 2979, 1745, 1714. LC−MS expected [M + H] m/z = 578 

and observed [M + H] m/z = 578. 

 Synthesis and Characterization of MA-5’DFCR (33) 

MA-DO-5’DFCR (0.9 g, 1.88 mmol) was dissolved in methanol (4.5 mL). To the 

solution, was added triethylamine (1.8 g, 18 mmol). After 10 min, 0.5 mL of distilled water 

was added to the mixture. Reaction was stirred at rt for 24 h. Upon completion of the 

reaction, methanol was evaporated, then remaining water was lyophilized to obtaine 

yellowish viscous liquid. Crude product was purified by using column chromatography on 

SiO2 (EtOAc / CH3OH, 90:10) affording 0.48 g of product (50% yield). 1H NMR (CDCl3, δ, 
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ppm). 7.77 (bs, 1H), 6.11 (s, 1H), 5.70 (s, 1H), 5.58 (s, 1H), 4.44 - 4.38 (m, 4H), 4.26 - 4.23 

(m, 2H), 3.86 - 3.83 (m, 1H), 2.98 - 2.94 (m, 4H), 1.92 (s, 1H), 1.41 - 1.39 (d, 3H, J = 8 Hz). 
1H NMR (DMSO-d6, δ, ppm) 8.01 (bs, H), 6.05 (s, 1H), 5.70 (s, 1H), 5.66 (s, 1H), 5.42 - 

5.41 (d, -OH), 5.07 - 5.06 (d, -OH), 4.39 - 4.29 (m, 4H), 4.10 - 4.01 (m, 1H), 3.93 - 3.87 (m, 

1H), 3.70 - 3.65 (m, 1H), 3.06 - 3.01 (m, 4H), 1.88 (s, 3H), 1.31 - 1.30 (d, 3H, J = 4 Hz). 13C 

NMR (CDCl3, δ, ppm) 168.5, 167.1, 151.4, 135.9, 126.1, 68.7, 62.4, 37.3, 36.1, 25.4, 18.2. 

FT-IR (cm−1) 3300, 2963, 1762, 1711. LC−MS expected [M + H] m/z = 494 and observed 

[M + H] m/z = 494.  

 Synthesis and Characterization of P(OEGMA-NHS-5’DFCR) (34) 

OEGMA (0.5 g, 1.66 mmol), MA-5’DFCR (0.091 g, 0.183 mmol), NHSMA (0.033 g, 

0,183 mmol), were dissolved in DMF (3 mL). To the solution was added CTA (2.58 mg, 

0.0092 mmol) as chain transfer agent and AIBN (0.3 mg, 0.00184 mmol) as initiator. 

Reaction mixture was stirred under N2 for 30 min. Reaction was sealed and heated 70 °C for 

20 h. The copolymer was purified via precipitation in diethyl ether, dissolved in CH2Cl2 and 

re-precipitated. After precipitation, copolymer was washed with diethyl ether. The product 

was dried under vacuo and obtained as viscous liquid. (0.3 g, 60%). Mn = 49 kDa, Mw / Mn 

= 1.3. 1H NMR (DMSO-d6, δ, ppm) 7.94 (bs, 1H), 5.66 (bs, 1H), 5.38 (bs, 1H), 5.03 (bs, 

1H), 4.32 (m, 3H), 4.01 (s, 2H), 3.62 - 3.34 (m, 20H), 3.01(m, 4H), 2.80 (bs, 4H), 2.09 - 0.80 

(m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-5’DFCR-RGD) (35) 

Copolymer 34 (0.15 g) and cRGDfK (0.16 mmol, 97 mg) were dissolved in DMF (0.4 

mL). To the copolymer solution, DIPEA (1.6 mmol, 0.3 mL) was added dropwise. Resulting 

reaction mixture was stirred at ambient temperature for 24 h. Then, ethanol amine (0.16 

mmol, 0.9 mg) was added to the reaction mixture and reaction was kept stirring at 45 °C for 

1 d. Resulting copolymer was purified by using 3.5 kDa cut off membrane by dialysis. 

Copolymer was diluted with MeOH (10 mL) and placed in a 3.5 kDa cutoff dialysis bag. 

Dialysis bag was placed in a beaker containing MeOH (250 mL). Solvent was changed 3 
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times/day and dialysis was completed in 2 d. After dialysis, solvent was evaporated and dried 

under vacuo to obtain copolymer 35 (0.12 g, 80%).  Mn = 52 kDa, Mw/Mn = 1.60. 1H NMR 

(DMSO-d6, δ, ppm) 7.76 - 7.74 (d, 1H, J = 8 Hz), 8.0 (bs, -NH), 7.56 (bs, -NH), 7.32 - 7.12 

(m, 5H), 5.69 (s, 1H), 5.27 - 5.25 (d, -OH, J = 8 Hz), 4.99 - 4.97 (d, -OH, J = 8 Hz), 4.36 - 

4.03 (m, 4H), 3.62 - 3.34 (m, 20H), 3.26 (s, 3H), 3.03 - 2.96 (m, 4H), 2.86 - 2.81 (m, 2H), 

2.09 - 0.80 (m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-5’DFCR) (36) 

Copolymer 34 (0.15 g) and ethanol amine (0.16 mmol, 0.9 mg) were dissolved in DMF 

(0.4 mL) and the reaction mixture was kept stirring at 45 °C for 24 h. Upon completion of 

the reaction, resulting copolymer was purified by using 3.5 kDa cut off membrane by 

dialysis. Copolymer was diluted with MeOH (10 mL) and placed in a 3.5 kDa cutoff dialysis 

bag. Dialysis bag was placed in a beaker containing MeOH (250 mL). Solvent was changed 

3 times/day and dialysis was completed in 2 d. After dialysis, solvent was evaporated and 

dried under vacuo to obtain copolymer 36. (0.12g, 80%).  Mn=52 kDa, Mw/Mn = 1.64. 1H 

NMR (DMSO-d6, δ, ppm) 7.75 - 7.73 (d, 1H, J = 8 Hz), 7.87 (bs, -NH), 7.54 (bs, -NH), 5.69 

(s, 1H), 5.26 - 5.24 (d, -OH, J = 8 Hz), 4.98 - 4.96 (d, -OH, J = 8 Hz), 4.16 - 4.02 (m, 4H), 

3.61 - 3.32 (m, 20H), 3.25 (s, 3H), 2.96 (bs, 4H), 2.81 (bs, 2H), 2.09 - 0.80 (m, −CH2 and 

CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-5’DFCR-NHS-FMA) (37) 

OEGMA (0.3 g, 1 mmol), MA-5’DFCR (61 mg, 0.125 mmol), NHSMA (23 mg, 0,125 

mmol), FMA (0.025 mmol, 10 mg) were dissolved in DMF (1 mL). To the polymer solution 

was added CTA (2.1 mg, 0.00078 mmol) as chain transfer agent and AIBN (0.25 mg, 

0.000156 mmol) as initiator. Reaction mixture was stirred under N2 for 30 min. Reaction 

was sealed and heated 70 °C for 20 h. The copolymer was purified via precipitation in diethyl 

ether, dissolved in CH2Cl2 and re-precipitated. After precipitation, copolymer was washed 

with diethyl ether. The product was dried under vacuo and obtained as viscous liquid (0.15 

g, 50%). Mn = 59 kDa, Mw/Mn = 1.44. 1H NMR (DMSO-d6, δ, ppm)  8.02 (bs, 1H), 7.73 - 
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7.72 (d, 1H, J = 4 Hz), 6.86-6.61 (m, 5H), 5.62 (bs, 1H), 4.09 (s, 2H), 3.85 (bs, 1H), 3.64 - 

3.54 (m, 20H), 3.37 (s, 3H), 2.97 - 2.89 (m, 4H), 2.80 (bs, 4H), 1.82 - 0.87 (m, −CH2 and 

CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-5’DFCR-FMA-RGD) (38) 

Copolymer 37 (0.075 g) and cRGDfK (20 mg, 0.03 mmol) were dissolved in DMF 

(0.3 mL). To the copolymer solution, DIPEA (10 µL, 0.06 mmol) was added dropwise. 

Resulting reaction mixture was stirred at ambient temperature for 24 h. Then, ethanol amine 

(0.06 mmol, 3 µL) was added to the reaction mixture and the reaction was kept stirring at 45 

°C for 1 d. Upon completion of the reaction, resulted copolymer was purified by using 3.5 

kDa cut off membrane by dialysis. Copolymer was diluted with MeOH (10 mL) and placed 

in a 3.5 kDa cutoff dialysis bag. Dialysis bag was placed in a beaker containing MeOH (250 

mL). Solvent was changed 3 times/day and dialysis was completed in 2 d. After dialysis, 

solvent was evaporated and dried under vacuo to obtain copolymer 38 (0.06 g, 80%)  (Mn = 

71 kDa Mw/Mn = 1.4). 1H NMR (DMSO-d6, δ, ppm) 8.02 (bs, 1H), 7.92 - 6.55 (m, 9H), 5.60 

(bs, 1H), 4.07 (s, 2H), 3.82 (bs, 1H), 3.64 - 3.54 (m, 20H), 2.93 (m, 4H), 2.55 (bs, 1H), 1.81 

- 0.85 (m, −CH2 and CH3 along with backbone). 

 Synthesis and Characterization of P(OEGMA-5’DFCR-FMA) (39) 

Copolymer 37 (0.075 g) and ethanol amine (0.06 mmol, 3 µL) were mixed in DMF 

(0.3 mL). Reaction was left at 45 °C for 1 d. Copolymer was diluted with MeOH (10 mL) 

and placed in a 3.5 kDa cutoff dialysis bag. Dialysis bag was placed in a beaker containing 

MeOH (250 mL). Solvent was changed 3 times/day and dialysis was completed in 2 d. After 

dialysis, solvent was evaporated and dried under vacuo to obtain copolymer 39. (0.055 g, 

73%)  (Mn = 69 kDa, Mw/Mn = 1.34). 1H NMR (DMSO-d6, δ, ppm) 8.02 (bs, 1H), 7.92 - 

6.55 (m, 9H), 5.58 (bs, 1H), 4.07 (s, 2H), 3.82 (bs, 1H), 3.64 - 3.54 (m, 20H), 2.93 (m, 4H), 

2.55 (bs, 1H), 1.81 - 0.85 (m, −CH2 and CH3 along with backbone). 
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 In vitro Drug Release 

Drug release from polymer−drug conjugates was determined via LC−MSMS. Briefly, 

drug containing copolymer solutions were prepared in PBS, 10% glutathion containing PBS 

with total drug concentration of 0.1 mg/mL. Copolymer solutions were then incubated at 37 

°C while stirring at 200 rpm for 48 h. A 100 μL sample was taken at predetermined time 

points, and ACN (900 μL) was added. Tubes were centrifuged at 6000 G for 5 min, and 

supernatants were analyzed for drug concentration by LC−MSMS analysis. 

 Cell Lines 

All cell lines were incubated in a humidified incubator at 37 °C supplemented with 5% 

CO2. They were kept in their logarithmic growth phase for all experiments stated here. 

MDA-MB-453 cells and MDA-MB-231 cells were cultured in RPMI 1640 media 

supplemented with 10% FBS. 

 In vitro Cell Viability Assay on MDA-MB-453 and MDA-M-231 Cells 

Cell number and cell viability were determined by Cell Counting Kit-8 (CCK-8, 

Fluka). Cells were seeded in 100 μL of culture medium at a density of 15000 cells/well for 

MDA-MB-453 and 6000 cells/well for MDA-MB-231 cells into 96-well plates in 

quadruplicates for each drug concentration. After overnight incubation cell media was 

replaced with fresh medium containing various concentrations of conjugates, free drug, or 

polymer only controls. For free drug treatments 5-FU stock solutions were prepared in 

DMSO in growth medium (V/V) and subsequently diluted where the final DMSO 

concentration was below 0.5% (V/V). All cells were incubated continuously for 48 h in the 

presence of the micellar conjugates. For 2h+22h pulse chase drug treatment, cells were 

incubated 2 h in drug containing solutions and incubated in fresh media for 22h before CCK-

8 assay. To determine the cell viability, 100 μL of culture medium together with 10 μL of 

CCK-8 solution was added into each well. After 4h incubation the absorbance values at 450 

nm was measured with a plate reader (Multiscan FC, Thermo Scientific, USA). Viability of 
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treated cells was expressed as percentage of control cells (cell media only). EC50 values were 

obtained from concentration response curves by nonlinear regression analysis. 

4.3. Results and Discussion  

 Synthesis and Characterization of 5’-DFCR Conjugated Copolymers 

In this study, copolymers containing both the targeting group cRGDfK and the 5'-

DFCR drug were designed and synthesized. 5'-DFCR which is prodrug of 5-FU was attached 

to the copolymer by using an acid sensitive carbamate linker. The drug containing monomer 

was designed so that it will have a reducible S-S bond which can be cleaved in the presence 

of thiol reducing agent as glutathion and initiate the release of the attached drug or cargo in 

a self-immolative manner. This drug containing monomer was obtained after multiple 

synthesis steps. In the first step, esterification reaction was achieved between methacryloyl 

chloride and hydroxide group of 2,2’-dithiodiethanol. Since only one of the hydroxide 

groups of 2,2’-dithiodiethanol was modified during the esterification, the remaining one 

would be used in the subsequent steps. Next, the free hydroxide group was modified with 

N,N′-Disuccinimidyl carbonate (DSC) to obtain a reactive carbonate functionality at the end 

of the monomer 32 (Figure 4.3). After synthesis of monomer 32, precursor of capecitabine, 

namely 2',3'-di-O-acetyl-5'-deoxy-5-fuluro-D-cytidine was attached to the monomer through 

its reactive carbonate group forming a carbamate linkage to form monomer 33. As a final 

step, acetate groups of prodrug’s monosaccharide moiety were removed in the presence of a 

mixture containing TEA, water and methanol and the final monomer 34 was obtained. The 

carbamate linkage in the proximity of the S-S bond is particularly important since upon 

cleavage of this disulfide group, the thiol group that formed after reduction can further attack 

the carbamate linkage and trigger the release of the attached drug while forming a thiolactone 

as side product. This mechanism would work in theory for every drug or other cargo that 

contain a modifiable hydroxide or amine group that can react with the activated carbonate 

on the monomer thereby providing a self-immolative character to the final delivery system. 

As a conclusion, a novel monomer that contains cleavable disulfide and carbamate linkers 

was prepared for the subsequent polymerization step. All synthesized small molecules were 

characterized by using 1H NMR, 13C NMR and FT-IR-1 spectroscopy.  
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Figure 4.3. Synthetic route of 5'-DFCR bearing monomer. 
 

Desired polymeric product was synthesized by RAFT copolymerization of activated 

ester containing monomer N-hydroxysuccinimide (NHSMA), hydrophilic monomer oligo 

(ethylene glycol) methyl ether methacrylate (OEGMA) and 5'-DFCR containing monomer 

34. First, drug and activated ester bearing copolymer 35 was synthesized via AIBN initiated 

RAFT polymerization in DMF. Synthesized copolymers were characterized by using 1H 

NMR spectroscopy to determine individual monomer compositions in the polymers. 

Furthermore, the molecular weight and distribution of resulting copolymers were determined 

through size exclusion chromatography (SEC).  

 

 
 

Figure 4.4. Synthesis of 5'-DFCR and cRGDfK bearing copolymers. 
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Table 4. 1. Polymerization conditions and obtained polymers’ characterizations. 
 

 Feed ratio Obtained ratio  

No 

co
po

ly
m

er
 

1 2 34 11 1 2 34 11 

M
n (

kD
a)

 

M
w
/M

n 

1 35 80 10 10 - 78 13 9 - 49.0 1.34 

2 38 80 10 10 5 72 14 10 4 36.0 1.35 

 

According to the results, incorporation of monomers was determined as 78:13:9 for 

OEGMA (1), NHSMA (2) and MA5'-DFCR (34) respectively (Table 4.1, Item 1). As a 

following step, copolymer 35 was decorated with cRGDfK molecule through its NHS 

activated ester groups. At the end of the reaction, ethanol amine in DMF was added to 

reaction in situ for quenching of remaining NHS groups, thus targeting group bearing 

copolymer without any residual NHS groups was obtained.  

 

Table 4. 2. Properties of Copolymers. 
 

No 

co
po

ly
m

er
 

M
n 

(k
D

a)
 

M
w

/M
n 

5’
-D

FC
R

 w
t 

%
b  

cR
G

D
fK

 w
t 

%
 

FM
A

 w
t %

b  

E
th

an
ol

 
am

in
e 

w
t 

%
b  

1 P(OEGMA-5’DFCR-
RGD) 53.0 1.34 6.20 1.52 - 3.59 

2 P(OEGMA-5’DFCR) 53.0 1.34 5.01 - - 1.18 

3 P(OEGMA-5’DFCR-
RGD-FMA) 33.0 1.42 1.29 4.82 12.97 2.43 

4 P(OEGMA-5’DFCR-
FMA) 33.0 1.42 1.43 - 8.63 2.35 

 

Average molecular weight of the targeted version of copolymer P(OEGMA-5’DFCR-

RGD) was determined as 53 kDa as a result of SEC analysis.  Deuterated DMSO was used 

for 1H NMR analysis of copolymers since the phenyl protons of cRGDfK can’t be observed 
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in any other solvents. According to the 1H NMR spectroscopy, copolymer 36 contained 6.2% 

5’-DFCR by weight while the cRGDfK amount was approximately 1.52% by weight. All 

determined percentages of monomers in the copolymer are summarized in Table 4.2. 

 

For non-targeted counterpart of the copolymer, copolymer 35 was reacted with ethanol 

amine in DMF for 24 h, at 45 °C. The reason for doing this is to obtain copolymers with or 

without targeting units with identical drug contents, where they also have the same molecular 

weight and distribution. The product, copolymer 37, was characterized using 1H NMR 

spectroscopy and SEC analysis. According to results, negligible amount of drug content was 

lost during NHS removal process. 
 

 

Figure 4.5. Synthesis of 5'-DFCR, FMA and cRGDfK bearing copolymers 
 

After the above mentioned  studies, we wanted to investigate if there is any difference 

between cell internalization capabilities of targeted and non-targeted copolymers. For 

internalization studies, fluorescein dye containing analogues of copolymers were also 

prepared (Figure 4.5). In addition to the normal polymerization reaction procedure, 

fluorescein methacrylate monomer was also added to reaction. Similar to nonfluorescent 

copolymers, fluorescein dye containing copolymers were also seperated in two batches. One 

batch was attached with cRGDfK and other one was reacted with just ethanol amine for 

preparation of non-targeted counterpart. Resulted molecules were characterized by using 1H 
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NMR and SEC analysis. Properties of targeting group, dye and 5’-DFCR drug containing 

copolymers were shown in Table 4.2, items 3 and 4. 

 Drug Release Profiles of Copolymers 

The in vitro release of 5’-DFCR from copolymers were evaluated in the presence of 

glutathion since it is overexpressed in tumor cells. Prodrug of capecitabine, 5’-DFCR, was 

conjugated to copolymer via carbamate linker to improve release profile of molecule in 

acidic environment of tumor. At the same time, reducible disulfide bond was utilized for 

obtaining more enhanced release behavior. Drug conjugated polymers were incubated at 37 

°C in 5 mM glutathion containing PBS (pH = 7.4). For control, polymers were also incubated 

at 37 °C in glutathion free PBS. Samples were collected at predetermined time points and 

they were analyzed by using LC-MSMS. As a result, approximately 84% of drug was 

released from targeting group containing polymer while this amount is 88% for non-targeted 

counterpart in the presence of glutathion at the end of the 2 d (Figure 4.6A). On the other 

hand, almost any amount of drug did not release from both polymers when glutathion was 

not added to PBS solution as expected (Figure 4.6B).  

 

 
 

Figure 4.6. Release profiles of cRGDfK targeted copolymer 35 (blue circle) and non- 

targeted copolymer 36 (red square) in 5 mM glutathion containing PBS (A) and in 

PBS (B). 
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According to the results, disulfide bonds provide selectivity and enhanced release 

behavior to copolymers which means drug is not expected to be released from copolymers 

in normal body conditions and it will release its cargo after copolymer reaches to tumor 

tissue with the help of targeting group and EPR effect.  

 Determination of in vitro Cytotoxicity of Copolymers on MDA-MB-453 and 

MDA-MB-231 Cells 

To investigate cytotoxicity effects of the 5’-DFCR bearing targeted and non-targeted 

copolymers, proliferation assay on MDA-MB-453 cells was performed (Figure 4.7). Cells 

were treated with free 5-FU, P(OEGMA-5’DFCR-RGD) (35) and P(OEGMA-5’DFCR) (36)  

copolymers.  

 

 
Figure 4.7. Viabilities of MDA-MB-453 and MDA-MB-231 cells treated with free 

5-FU ( ), P(OEGMA-5’DFCR-RGD) ( ) and P(OEGMA-5’DFCR) ( ). 

 

Since 5’DFCR is expected to convert into 5-FU in the tumor region ultimately, 

cytotoxicity of free 5-FU was determined. Because of the release process, both copolymers 

are less toxic compared to free 5-FU, as expected. EC50 value of free 5-FU was obtained as 

14.6 µM in 48 h. 
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Table 4.3. EC50 values of MDA-MB-453 and MDA-MB-213 cells treated with free 5-FU, 

targeted and non-targeted copolymers. 

 

No Sample 
EC50 values (M) 

MDA-MB-453 MDA-MB-231 

1 5-FU 1.46 x 10
-5
 9.57 x 10

-6
 

2 P(OEGMA-5’DFCR-RGD) 1.04 x 10
-4
 1.24 x 10

-5
 

3 P(OEGMA-5’DFCR) 3.85 x 10
-4
 1.013 x 10

-5
 

 

Both targeted and non-targeted copolymers exhibited cytotoxicity effect on MDA-

MB-453 cells, and they are approximately 10 times less toxic than free 5-FU. On the other 

hand, there is also difference between targeted and non-targeted copolymers in terms of their 

toxicities. According to results, cRGDfK containing copolymer is more toxic than non-

targeted counterpart which are 104 µM and 385 µM, respectively. As for MDA-MB-231 cell 

lines, free 5-FU exhibited more toxic behavior toward MDA-MB-231 cell line when 

compared to both copolymers. However, when EC50 values of copolymers were checked, 

non-targeted copolymer seems more toxic but at high concentrations of drug, it was observed 

that targeted copolymer was more effective than non-targeted copolymer on MDA-MB-231 

cells. All EC50 values are shown in Table 4.3. 

4.4. Conclusion 

A novel monomer bearing 5’-DFCR, the active moiety of the chemotherapy prodrug 

capecitabine, was prepared and polymerized. Design of the monomer includes a reducible 

S-S bond and carbamate functionality to link the active agent to the carrier. The obtained 

polymer was ornamented with integrin targeting cRGDfK peptide. Satisfying release 

profiles of 5’-DFCR was observed in PBS that has 5 mM concentration of glutathion. On 

the other hand, in GSH free solution, release of drug was negligible. Both targeted and 

nontargeted conjugates were evaluated for their toxicity toward two different breast cancer 

cell lines, MDA-MB-453 and MDA-MB-231. Both conjugates were toxic, with the targeted 
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copolymers showing slightly higher activity, against to both the cell lines. Free 5-FU was 

more toxic when compared to copolymers, as expected. Furthermore, for internalization 

studies, dye containing counterparts were prepared. This novel carbamate monomer can gain 

great attention since the same idea can be utilized for attachment of different drugs, as a 

carbamate as well as a carbonate.  
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 NOVEL CATHEPSIN B LABILE DIPEPTIDE LINKER VAL-CIT 

AND ANTI-NEOPLASTIC DRUG DOCETAXEL CONJUGATED 

MONOMER FOR CANCER TREATMENT 

5.1. Introduction 

For obtaining effective therapy for cancer, systematic stability of used macromolecules 

or small drugs is very crucial and it can be provided by selective release [295]. Furthermore, 

clinical applications of macromolecules are limited due to their poor water solubility and 

short circulation time in the body. Accordingly, polymer drug conjugates together with 

special targeting group attachments are designed to improve blood circulation time, selective 

release ability and stability of macromolecules [296]. Benefiting from cleavable bonds such 

as pH sensitive, enzymatically cleavable or reductive bonds, can support selective release 

profile of macromolecules [297]. Thus, surrounding conditions of used cleavable bonds 

while designing the structures of polymers or macromolecules are gaining so much 

importance.  

 

Among all these cleavable bonds bearing structures, using enzymatically cleavable 

linkers is one of the most interested type by researchers. It has been known that some 

lysosomal enzymes are over-expressed in the tumor tissue [197]. For instance, Cathepsin B 

is very well-known enzyme which exists in lysosome of cell and it is kind of cysteine 

protease. In addition to this, according to latest researches, it has relationship with tumor 

growth progression. Cathepsin B enzyme can cleave some special peptides such as phe-lys, 

phenylalanine-arginine and valine-citrulline (VC) [298]. When these peptides are used as 

linkers in conjugates or amphiphilic molecules, these structures show enhanced blood 

circulation time and plasma stability. As a result, polymer drug conjugates which carry their 

drugs via these cathepsin b cleavable linkers are expected to release their drug in the 

lysosome of cell at tumor region. Valine-citrulline dipeptide sequence is one of the most 

encountered cathepsin b cleavable linker in the design of polymer-drug carriers. For drug 

conjugation with val-cit linker, p-amino benzyl alcohol (PABC) is used as a spacer because 
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according to researches,  macromolecules cannot release their cargo when drug was directly 

attached to linker due to absence of sufficient cleavage region and space for enzyme [299]. 

So that, cathepsin b can’t penetrate in to molecule and it cannot recognize the amide bond. 

For example in one study which was reported in 2012, paclitaxel was attached to val-cit-

pabc conjugate [300].  In addition, this prepared drug carrier was also attached with 

carboxyl-terminated poly(ethylene glycol) monomethyl ether (mPEG) to obtain hydrophilic 

character as well. As expected, hydrophilic character was gained to drug paclitaxel due to 

PEGylation and efficiency of VC linker containing structure was much more when compared 

to other construct that doesn’t contain VC linker. Another micellar structure was prepared 

by Huang and his co-workers in 2015 [301]. One side of VC linker was PEGylated, and 

other side was conjugated with stearic acid (C18) to obtain self-assembled ellipsoid micelles. 

As another step, doxorubicin was loaded into these micelles to evaluate cytotoxicities toward 

human pancreatic cancer cell lines BxPC-3.  On the other hand there are a lot of antibody-

drug conjugation (ADC) studies in which VC linker was utilized in last decades [302]. 

Especially some of the ADC’s are incorporated with dipeptide linkers such as phenylalanine-

lysine and valine-citrulline. For instance, in the use of monomethyl auristatin E (MMAE) 

which is so toxic towards to healthy cells and cannot be used as a chemotherapy agent alone, 

val-cit linker is utilized due to its 230 days of half-live in the human plasma. MMAE is 

conjugated with cBR96 antibody via val-cit linker [202].  After it’s administration to body, 

this linker undergoes hydrolysis in the presence of cathepsin b in lysosome. Brentuximab is 

also used for MMAE delivery to the tumor region. In one example, MMAE was conjugated 

to brentuximab via thiol reactive spacer, val-cit linker and PABC spacer [204]. 

 

In our case, we are synthesizing a novel methacrylated monomer that contains VC 

linker and para aminobenzoic acid (PABA) spacer. Different from the examples that are 

mentioned above, we are using PABA spacer instead of PABC spacer due to obtaining ester 

linker between drug and spacer. We are expecting our linker to be cleaved by cathepsin b 

enzyme through amide bond. After that, it will hydrolyze from ester bond to release its drug 

under acidic conditions of the tumor. Design of the structure is illustrated in Figure 5.1. 
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Figure 5.1. Design of methacrylated val-cit linker and PABA spacer bearing 

prodrug. 

5.2. Experimental Section 

 Materials 

Fmoc protected Valine (Fmoc-Val), N,N’-diisopropylcarbodiimide (DIC), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), L-citrulline and 

methacryloyl chloride were purchased from Alfa Aesar. All the other chemicals and 1-

Hydroxybenzotriazole (HOBT) were obtained from Sigma Aldrich. The solvents used 

throughout this thesis were purchased from Merck. Milli-Q Water Purification System 

(Milli-Q system, Millipore, Billerica, MA, USA) was employed to produce ultrapure water. 

Reaction conditions that require anhydrous conditions were carried out under nitrogen 

atmosphere. Polyethylene glycol methacrylate (OEGMA Mn = 300) was obtained from 

Sigma Aldrich and filtered through basic alumina column prior to use. NHSMA (N-

hydroxysuccinimide methacrylate) monomer was synthesized according to previously 

reported protocols [293]. Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPDTB) was 

used as chain transfer agent (CTA) and purchased from Sigma Aldrich as well. AIBN was 

recrystallized from methanol before use. cRGDfK was synthesized according to literature 

example. 

 

 

O H
N

O

O DRUG

cleavage side

cleavable ester bond

spacer
enzimatically

 cleavable
 

linker



104 

 

 

 Instrumentation 

1H and 13C NMR spectroscopy (Varian 400 MHz NMR spectrometer), Fourier 

transform infrared (ATR-FTIR) spectroscopy (Nicolet 380, Thermo Scientific, USA), and 

UV−vis spectroscopy (PerkinElmer series) methodologies were used in order to characterize 

synthesized monomers and polymers. The qualification and quantification of all synthesized 

small molecules were achieved utilizing the liquid chromatography−mass spectrometry 

(LC−MS) system (LCMS 2020, Shimadzu, Japan) with a C- 18 (5 μm, 150 × 4.6 mm) 

column. A gradient method was utilized with acetonitrile (ACN) and deionized water 

supplemented with 0.05% trifluoroacetic acid (TFA) through the following program; LC: 

0−3 min, 50% ACN; 3.01 min, 50% ACN; 8 min, 95% ACN; 8.01−11 min, 50% ACN; MS 

positive scan 100−2000 m/z.  The polymer molecular weights were estimated by size 

exclusion chromatography (SEC) using a PSS-SDV (length/ID 8 × 300 mm, 10 mm particle 

size) linear Mixed C column calibrated with poly(methyl methacrylate) (PMMA) standards 

using a refractive-index detector with a mobile phase solution of 0.05 M lithium bromide in 

dimethylaceteamide (DMAc) as eluent at a flow rate of 1 mL/min at 30 °C. During the 

internalization experiments, cells were visualized using Zeiss Observer.Z1 inverted 

fluorescence microscope. 

 Synthesis of t-Butyl-4-aminobenzoate (41) 

t-Butyl-4-aminobenzoate was synthesized via esterification of 4-amino benzoic acid 

and t-butyl alcohol. Briefly, 4-amino benzoic acid (2.00 g, 14.6 mmol) and EDC (2.78 g, 

14.6 mmol) were dissolved in t-butyl alcohol (50 mL). The mixture was refluxed for 24 h at 

90 °C. Upon reaction was complete, it was allowed to cool and water (50 mL) was added. 

Mixture was extracted with diethyl ether (4 x 80 mL) and organic phase was collected. Ether 

phase was dried over Na2SO4 and evaporated. Obtained yellowish solid was washed with 

CH2Cl2 three times to remove unreacted 4-amino benzoic acid. Additional purification can 

be achieved by recrystallization of product from ethanol (2.00 g, 71 %). 1H NMR (DMSO-

d6, δ, ppm) 7.57 - 7.54 (d, 2H, J = 12 Hz), 6.54 - 6.51 (d, 2H, J = 12 Hz), 5.88 (bs, -NH2), 

1.48 (s, 9H). LC−MS expected [M + H] m/z = 194 and observed [M + H] m/z = 194. 
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 Synthesis of Fmoc-Val-Cit (42) 

Fmoc-Val (3 g, 8.8 mmol) and OHSu (1.01 g, 8.8 mmol) were dissolved in anhydrous 

THF (20 mL). Reaction was cooled to 0 °C. N,N'-Dicyclohexylcarbodiimide (DCC) (1.8 g, 

8.8 mmol) was dissolved in anhydrous THF (10 mL) and DCC solution was added dropwise 

to the first mixture. Reaction was left at rt for 24 h. Then, white solid was filtered and washed 

with THF. The solvent was removed under reduced pressure. Obtained glassy and colorless 

viscous liquid was used without further purification in the second step. Crude Fmoc-Val-

OSu (8.8 mmol) dissolved in 1,2-dimethoxyethylene (DME). Mixture was added to a 

solution of NaHCO3 (0.75 g, 9 mmol) and L-citrulline (1.57 g, 9 mmol) in water (20 mL). 

and THF (5 mL). Reaction was stirred at rt for 24 h. Then, citric acid solution (15%, 50 mL) 

was added to reaction mixture and extracted with  isopropanol/ethyl acetate (10%, 4 x 100 

mL). Organic layers were combined, dried over Na2SO4 and solvent was evaporated under 

reduced pressure. Resulted glassy and sticky product was washed and sonicated with diethyl 

ether. Then, white solid was washed with CH2Cl2 for removal of unreacted Fmoc-Val-OH. 

After the washing process, white solid product was filtered and dried under vacuo to yield 

42 (3.50 g, 80%). 1H NMR (DMSO-d6, δ, ppm) 8.16 (d, J = 7.2 Hz, 1H), 7.90 (d, J = 7.6 

Hz, 2H) 7.75 (t, J = 7.2 Hz, 1H), 7.31 – 7.44 (m, 5H), 5.92 (t, J = 4.8 Hz, 1H), 5.36 (br s, 

2H), 4.12 – 4.31 (m, 4H), 3.92 (t, J = 8.0 Hz, 1H), 2.92 – 2.97 (m, 2H), 1.94 – 2.00 (m, 1H) 

1.36 – 1.73 (m, 4H), 0.89 (d, J = 6.4 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H). LC−MS expected [M 

+ H] m/z = 497 and observed [M + H] m/z = 497. 

 Synthesis of Fmoc-Val-cit-tertiary amino benzoate (43) 

Fmoc-Val-Cit (42) (2.00 g, 4.04 mmol) was dissolved in anhydrous DMF (3 mL) in a 

flask to which was added HOBt (0.54 g, 4.04 mmol) and EDC (0.77 g, 4.04 mmol). After 

10 min, t-butyl-4-aminobenzoate (0.78 g, 4.04 mmol) and CuCl2 (0.054 g, 0.404 mmol) in 

anhydrous DMF (6 mL) were added to the first mixture. Reaction was allowed to stir at rt 

for 5 d. Then, saturated K2CO3 solution (20 mL) was added to the mixture and extracted 

with ethyl acetate (4 x 100 mL). Organic phase was separated and dried with Na2SO4. 

Solvent was evaporated, yellowish product was washed with ether.  
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Obtained white product was dried under vacuo to yield 43. (1.20 g, 44%). 1H NMR 

(DMSO-d6, δ, ppm) 7.90 - 7.31 (m, 12 H), 5.92 (t, J = 4.8 Hz, 1H), 5.36 (br s, 2H), 4.12 – 

4.31 (m, 4H), 3.92 (t, J = 8.0 Hz, 1H), 2.92 – 2.97 (m, 2H), 1.94 – 2.00 (m, 1H), 1.53 (s, 

9H), 1.36 – 1.73 (m, 4H), 0.89 (d, J = 6.4 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H). 13C NMR 

(DMSO-d6, δ, ppm) 202.8, 171.6, 164.9, 159.3, 144.3, 141.2, 130.5, 128.1, 127.5, 125.8, 

120.5, 118.9, 80.7, 47.1, 30.9, 29.7, 28.3, 27.3, 19.6, 18.9. FT-IR (cm-1) 1698, 1644, 1115, 

739.  LC−MS expected [M + H] m/z = 672 and observed [M + H] m/z = 672.  

 Synthesis of Val-cit-tertiary amino benzoate (44) 

Fmoc-Val-cit-tertiary amino benzoate (1.20 g, 1.78 mmol) was dissolved in DMF (1.0 

mL) and pyrrolidine (3.0 mL). Reaction was stirred for 1 h. Upon completion of the reaction, 

volatiles were removed. Obtained brown viscous product was washed ether four times, for 

removal of remaining pyrrolidine. Yellowish solid was obtained and dried under vacuo to 

yield 44 (0.5 g, 63%). 1H NMR (DMSO-d6, δ, ppm) 8.17 (bs, 1H), 7.86 (d, J = 7.6 Hz, 2H), 

7.73 (d, J = 7.6 Hz, 2H), 6.03 (bs, 1H), 4.48 (bs, 1H), 3.02 - 2.95 (m, 3H), 1.92 - 1.37 (m, 

14H), 0.89 - 0.77 (m, 6H). 13C NMR (DMSO-d6, δ, ppm) 175.2, 171.8, 165.1, 159.4, 143.3, 

133.3, 130.6, 126.2, 118.9, 80.8, 60.1, 53.2, 31.8, 30.3, 28.3, 27.1, 20.0, 17.4. FT-IR (cm-1) 

3307, 2964, 1650, 1599. LC-MS expected [M + H] m/z = 450 and observed [M + H] m/z = 

450. 

 Synthesis of MA-Val-cit-tertiary amino benzoate (45) 

To a solution of Val-cit-tertiary amino benzoate (0.50 g, 1.11 mmol) and triethylamine 

(0.112 g, 1.11 mmol) in THF (5 mL) was added methacryloyl chloride (0.115 g, 1.11 mmol) 

dropwise over 10 min at 0 °C. Then, reaction was stirred at rt for 24 h. Upon completion, 

solution was evaporated and diluted with dichloromethane (10 mL), and organic phase was 

washed with saturated NaHCO3 (2 × 20 mL) and H2O (2 × 20 mL). Combined organic layers 

were dried over Na2SO4 and evaporated. Crude product was purified by column 

chromatography on SiO2 (EtOAc/DCM, 20:80) affording compound 45 (0.30 g, 52 %). 1H 

NMR (DMSO-d6, δ, ppm) 8.17 (bs, 1H), 7.86 (d, J = 7.6 Hz, 2H), 7.73 (d, J = 7.6 Hz, 2H), 
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6.03 (bs, 1H), 5.70 (s, 1H), 5.43 (s, 1H), 4.40 (bs, 1H), 4.23 - 4.19 (m, 1H), 2.97 (bs, 1H),  

2.05 - 1.41 (m, 14H), 0.90 - 0.85 (m, 6H). 13C NMR (DMSO-d6, δ, ppm) 176.4, 176.3, 172.9, 

169.8, 164.1, 148.2, 144.9, 135.3, 130.9, 124.6, 123.5, 85.5, 63.4, 58.6, 35.5, 34.3, 33.0, 

32.0, 24.5, 23.9, 23.8. FT-IR (cm-1) 3295, 2971, 1650, 1599, 771. LC-MS expected [M + H] 

m/z = 518 and observed [M + H] m/z = 518. 

 Synthesis of MA-Val-cit-amino benzoic acid (46) 

MA-Val-cit-tertiary amino benzoate (0.30 g, 0.58 mmol) was dissolved in CH2Cl2 (1.0 

mL) and was added trifluoroacetic acid (TFA) (2.0 mL). Reaction was stirred at rt for 1 h. 

Then, solvents were evaporated, crude product was washed with diethyl ether. Obtained 

yellowish solid was dried under vacuo to yield compound 46 (0.25 g, 93%). 1H NMR 

(DMSO-d6, δ, ppm) 8.17 (bs, 1H), 7.86 (d, J = 7.6 Hz, 2H), 7.73 (d, J = 7.6 Hz, 2H), 5.70 

(s, 1H), 5.37 (s, 1H), 4.42 (bs, 1H), 4.24 - 4.20 (m, 1H), 3.02-2.98 (m, 2H), 2.07 - 1.45 (m, 

8H), 0.95 - 0.80 (m, 6H). 13C NMR (DMSO-d6, δ, ppm) 171.6, 171.5, 168.2, 167.3, 159.4, 

143.4, 140.2, 130.8, 125.6, 119.8, 118.8, 58.6, 53.8, 45.4, 42.7, 30.8, 29.6, 27.2, 19.7, 19.1. 

FT-IR (cm-1) 3292, 2964, 1650, 15989, 772. LC-MS expected [M + H] m/z = 461 and 

observed [M + H] m/z = 461. 

 Synthesis of MA-Val-cit-amino benzoyl-DTX (47) 

MA-Val-cit-amino benzoic acid (0.25 g, 0.54 mmol), DTX (0.43 g, 0.54 mmol) and 

DMAP (1.64 mg, 0.135 mmol) were dissolved in anhydrous THF. Reaction mixture was 

placed in an ice-bath and stirred for 10 min at 0 °C. Then, DIC (84 µL, 0.54 mmol) was 

added dropwise to the mixture. Upon completion of addition, reaction was stirred at rt for 

24 h. Then, the solvent was removed and crude product was purified by column 

chromatography on SiO2 (EtOAc/DCM, 50:50) to yield compound 47 (0.2 g, 30%). 1H NMR 

(DMSO-d6, δ, ppm) 8.25 - 7.20 (m, 15H), 6.0 - 5.98 (t, J = 4Hz, 1H), 5.86 - 5.81 (t, J = 

12Hz, 1H), 5.70 (s, 1H), 5.41 (s, 2H), 5.27 (s, 1H), 5.1 (s, 1H), 5.01 (d, J = 4Hz, 1H), 4.91 

(s, 1H), 4.45 (s, 1H), 4.42 (m, 1H), 4.25 (t, J = 8Hz 1H), 4.08 - 3.98 (m, 2H), 3.72 (s, 1H), 

3.68 (d, J = 8Hz, 1H), 3.17 - 2.96 (m, 1H), 2.28 (s, 3H), 2.1 – 2.03 (m, 1H), 1.98 (s, 2H), 
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1.87 (s, 3H), 1.75 (s, 3H), 1.65 – 1.59 (m, 2H), 1.52 (s, 3H), 1.39 (s, 9H), 0.99 (s, 6H), 0.91 

– 0.81 (m, 6H). 13C NMR (DMSO-d6, δ, ppm) 171.9, 171.7, 169.3, 168.3, 165.7, 165.1, 

159.5, 144.5, 140.2, 133.8, 131.4, 130.5, 129.9, 129.1, 128.6, 128.0, 119.9, 118.9, 84.2, 80.7, 

79.1, 77.3, 76.3, 75.8, 75.3, 74.1, 71.8, 71.2, 68.2, 60.2, 58.7, 57.4, 53.9, 46.4, 43.3, 30.7, 

29.5, 28.6, 27.3, 26.9, 22.9, 21.2, 19.7, 19.5, 19.2, 19.1, 14.2, 10.2. FT-IR (cm-1) 3341, 2964, 

2354, 1704, 1651, 767.  LC-MS expected [M + H] m/z = 1253 and observed [M + H] m/z = 

1253.  

 Synthesis of P(OEGMA-MA-VC-benzoyl-DTX-NHS) (48) 

OEGMA (0.13 g, 0.44 mmol) and NHSMA (4 mg, 0.025 mmol) were dissolved in 

DMF (0.2 mL). To the solution was added CTA (0.65 mg, 0.0023 mmol) as chain transfer 

agent and AIBN (0.084 mg, 0.00051 mmol) as initiator. Reaction mixture was stirred under 

N2 for 30 min. Reaction was sealed and heated 80 °C for 1 h. Then, temperature was 

decreased to 50 °C and MA-VC-benzoyl-DTX (4 mg, 0.0518 mmol) in DMF (0.1 mL) was 

added to the mixture. The reaction was stirred at 50 °C for 47 h. Molecular weight and PDI 

of the polymer were checked by SEC. Copolymer was diluted with 2 mL of acetonitrile 

(ACN) and placed in the 10 kDa cutoff dialysis bag. Dialysis bag was placed in a beaker 

containing acetonitrile (25 mL). Solvent was changed 3 times/day and dialysis was 

completed in 2 d. Solvent was evaporated and dried under vacuo to yield copolymer 48 

(0.055 g, 29 %) (Mn = 47k Da, Mw/Mn = 1.72). 1H NMR (DMSO-d6, δ, ppm) 8.05 – 7.19 

(m, 14H), 4.02 (bs, 2H), 3.64 - 3.54 (m, 20H), 3.25 (s, 3H), 2.96 (bs, 4H), 2.2 - 0.85 (m, 

−CH2 and CH3 along with backbone). 

 Synthesis of P(OEGMA-MA-VC-benzoyl-DTX-RGD) (49) 

Copolymer 48 (0.055 g) and cRGDfK (8 mg, 0.013 mmol) were dissolved in DMF 

(0.1 mL). To the copolymer solution, DIPEA (0.18 mg, 0.0013 mmol) was added dropwise, 

resulting reaction mixture was stirred at 45 °C for 24 h. Then, ethanol amine (0.08 mg, 0.013 

mmol) was added to the reaction mixture and reaction was kept stirring at ambient 

temperature for 24 h. Copolymer was diluted with MeOH (5 mL) and placed in a 3.5 kDa 
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cutoff dialysis bag. Dialysis bag was placed in a beaker containing MeOH (100 mL). Solvent 

was changed 3 times/day and dialysis was completed in 2 d. After dialysis, solvent was 

evaporated and dried under vacuo to obtain copolymer 49 (0.033 g, 55%) (Mn = 47 kDa, 

Mw/Mn = 1.72). 1H NMR (DMSO-d6, δ, ppm) 8.09 – 7.18 (m, 19H), 4.02 (bs, 2H), 3.64 - 

3.54 (m, 20H), 3.25 (s, 3H), 2.96 (bs, 4H), 2.2 - 0.85 (m, −CH2 and CH3 along with 

backbone). 

  Cell Lines 

All cell lines were incubated in a humidified incubator at 37 °C supplemented with 5% 

CO2. They were kept in their logarithmic growth phase for all experiments stated here. A549 

cells were cultured in RPMI 1640 media supplemented with 10% FBS. 

 In vitro Cell Viability Assay on A549 Cells 

Cell number and cell viability were determined by Cell Counting Kit-8 (CCK-8, 

Fluka). Cells were seeded in 100 μL of culture medium at a density of 15000 cells/well for 

A549 cells into 96-well plates in quadruplicates for each drug concentration. After overnight 

incubation cell media was replaced with fresh medium containing various concentrations of 

conjugates, free drug, or polymer only controls. For free drug treatments 5-FU stock 

solutions were prepared in DMSO in growth medium (V/V) and subsequently diluted where 

the final DMSO concentration was below 0.5% (V/V). All cells were incubated continuously 

for 48 h in the presence of the micellar conjugates. For 2h+22h pulse chase drug treatment, 

cells were incubated 2 h in drug containing solutions and incubated in fresh media for 22h 

before CCK-8 assay. To determine the cell viability, 100 μL of culture medium together with 

10 μL of CCK-8 solution was added into each well. After 4h incubation the absorbance 

values at 450 nm was measured with a plate reader (Multiscan FC, Thermo Scientific, USA).  

Viability of treated cells was expressed as percentage of control cells (cell media only). EC50 

values were obtained from concentration response curves by nonlinear regression analysis. 
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5.3. Results and Discussion 

 Synthesis of Val-Cit dipeptide and chemotherapy drug docetaxel bearing 

monomer  

In this study, a special dipeptide linker Valine-Citrulline, that is sensitive to enzyme 

of tumor environment was utilized. Cathepsin B is known as cysteine protease enzyme that 

exists in the lysosome of tumor excessively. In addition to that it is found that cathepsin b 

can cleave some special peptide sequences including Valine-Citrulline and Phenylalanine-

Arginine. Moreover, when these sequences are used as linkers of the structures in polymers, 

they provide enhanced plasma stability. To benefit from that knowledge, we designed a 

novel monomer that bears val-cit peptide sequence and chemotherapy drug on it. 

 

Docetaxel containing and cathepsin B cleavable dipeptide val-cit bearing monomer 

was successfully synthesized in 7 steps (Figure 5. 2). Reactivity of amine group of spacer, 

during the conjugation with dipeptide val-cit, requires protection of acid moiety. Thus, 4-

amino benzoic acid was reacted with tertiary buthanol to give t-Butyl-4-aminobenzoate (41). 

Fmoc-valine and L-citrulline conjugation was achieved by using previously mentioned 

protocols in the literature (42). As a third step, Fmoc-Val-Cit and t-Butyl-4-aminobenzoate 

were conjugated by utilization of carbodiimide coupling via EDC and HOBT in DMF to 

afford compound 43. To avoid racemization, catalytic amount of CuCl2 was also added to 

the reaction mixture. After completion of the coupling, Fmoc removal was carried out in the 

presence of pyrrolidine in DMF to yield 44. In order to obtain the monomer, amine moiety 

of the valine was methacrylated in THF to obtain monomer 45. Following the monomer 

synthesis, tertiary buthanol moiety was removed with TFA to obtain reactive acid group for 

drug conjugation in the last step. Drug monomer was obtained via esterification reaction 

between acid group of citrulline and the hydroxyl group of drug docetaxel in the presence of 

DIC and 4-dimethylaminopyridine (DMAP) by using THF as solvent. All molecules were 

characterized by using 1H NMR, 13C NMR, FT-IR (cm-1) spectroscopies and LC-MS.  
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Figure 5.2. General synthesis of Val-Cit dipeptide bearing and Docetaxel containing 

monomer. 

 

Following the monomer synthesis, polymerization reaction was achieved by using 

RAFT polymerization technique (Figure 5.4). First, drug and activated ester bearing 

copolymer was prepared via AIBN initiated RAFT polymerization in DMF to afford 

copolymer 48.  Copolymer was characterized by using 1H NMR spectroscopy to determine 

compositions of each monomer in the polymer. Size exclusion chromatography (SEC) was 

utilized for exploring of molecular weight and polydispersity index of the copolymer. 

According to the results, incorporation of monomers was determined as 84:7:9 for the 

monomers P(OEGMA), NHSMA, MA-VC-benzoyl-DTX respectively when the initial 

monomer ratio used was P(OEGMA):NHSMA:MA-VC-benzoyl-DTX. As a following step, 
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cRGDfK peptide was attached to copolymer 48 through its NHS activated ester groups. At 

the end of the reaction, ethanol amine in DMF was added to reaction in situ for quenching 

of remaining NHS groups, thus targeting group bearing copolymer that has no free NHS 

groups was obtained. Initially, copolymer 48 was dissolved in DMF and a solution of 

cRGDfK in DMF and DIPEA were added. The final product, copolymer 49, P(OEGMA-

VC-benzoyl-DTX-RGD) was obtained. According to 1H NMR spectroscopy, copolymer 

was containing 9.25 % DTX by weight and cRGDfK amount was 2.62 wt% approximately. 

(Figure 5.3). 

 

 
 

Figure 5.3. Expanded 1H NMR spectrums of copolymers 48 (A) and  
copolymer 49 (B). 
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Figure 5.4.  Synthesis of P(OEGMA-MA-Val-Cit-benzoyl-DTX-RGD) copolymer. 

 Determination of in vitro Cytotoxicity of Targeted Copolymer on A549 Cell Line 

To explore cytotoxicity effects of targeted copolymer and free DTX, proliferation 

assay on A549 cells was performed (Figure 5.4). A549 cells were treated with free DTX and 

P(OEGMA-MA-Val-Cit-benzoyl-DTX-RGD). According to results, free drug DTX was 

1000 times more toxic than targeted copolymer. EC50 values of the copolymer and DTX 

were obtained as 4390 nM and 2.14 nM, respectively. This difference can be attributed to 

the slow release behavior of the drug from the copolymer due to enzymatically cleavable 

linker valine-citrulline. 

 
Figure 5.5. Viabilities of A549 cells treated with free DTX (black square) and P(OEGMA-

CA4-DTX-RGD) (red triangle). 



114 

 

 

5.4. Conclusion 

This part of the thesis is focusing on the design of a novel promising monomer that 

bears cathepsin B cleavable dipeptide linker and the drug docetaxel. As a linker, valine-

citrulline sequence was utilized and amine moiety of valine was methacrylated. After 

obtaining the monomer, polymerization reaction was carried out. Like in previous studies, 

an amine reactive monomer NHSMA was used for attaching cRGDfK molecule via amide 

bond. Obtained molecules were all characterized and cytotoxicity behaviours of free DTX 

and targeted copolymer were evaluated on A549 lung cancer cell line. Release behavior 

under a variety of conditions will further be investigated and compared with other linkers 

prepared throughout this thesis.  
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 CONCLUSIONS 

This thesis covers the synthesis and design of polymer-drug conjugates that can be 

applied as therapeutic agents. As targeting moieties bisphosphonate structure alendronate 

and cRGDfK molecules were attached to synthesized copolymers. For control studies, non-

targeted counterparts of these copolymers were also prepared. On the other hand, dye 

containing copolymers were also synthesized for determining cell uptake capability of the 

copolymers. All synthesized structures were characterized. For targeting group attachment, 

amine reactive monomer NHSMA was added to copolymerization reactions. In the firts 

project, bone targeting copolymers that bears anti-angiogenic drug CA4 were synthesized 

by using free radical polymerization technique. Obtained copolymers were attached with 

alendronate and they were evaluated on HUVECs and bone cancer cell lines Saos-2 and U2-

OS. All copolymers showed toxic effect on cells. As expected, all polymers were less toxic 

than free drug. Internalization studies were also achieved and well uptake of copolymers into 

cell was observed. To better understand antiangiogenic effect of the copolymers, cell tube 

formation assay was carried out. According to the results, copolymers inhibited tube 

formation with the increasing concentration of drug CA4 in the polymer.  

 

Second study involves targeted delivery of two combined drugs for ovarian cancer. In 

this project, copolymers were prepared by using RAFT polymerization technique and by 

using two different drug containing monomers which are antiangiogenic CA4 and 

antineoplastic docetaxel. DTX was conjugated polymer via enzymatically cleavable linker 

GFLG and CA4 was attached with hydrolyzable ester bond. Prepared constructs were also 

conjugated with targeting group cRGDfK. On SC-OV-3 and Caov-3 ovarian cancer cell 

lines, copolymers were evaluated according to their toxicities. Both targeted and nontargeted 

copolymers showed toxic effect on cells, additionally targeted polymer was more toxic than 

non-targeted polymer. On the other hand, both free drugs were more toxic in comparison 

with copolymers. For release studies, approximately 70-80% of both drugs released from 

copolymers in the rat serum. However, when enzymatic release study was achieved, just dtx 

release was observed due to it was conjugated to polymer enzymatically cleavable GFLG 

linker. In addition to these studies, acute toxicity study of targeted copolymer on mice was 
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also tested. In conclusion, there was no statistically significant differences between the organ 

weights of mice injected with targeted copolymer at 14 mg/kg, 40 mg/kg and 80 mg/kg 

which means polymer does not release its drug more than MTD dose of drug in the normal 

body condition. 

 

In the third study a novel monomer that bears both reducible S-S bond in the middle 

and hydrolyzable carbonate group in the end was designed and synthesized for breast cancer 

treatment. After monomer synthesis, amine containing drug which is metabolite of drug 

capecitabine was attached to monomer. Obtained monomer was then used for 

polymerization reaction by using RAFT method again. cRGDfK was used as a targeting 

group. Copolymers were experimented on MDA-MB-453 and MDA-MB-231 breast cancer 

cell lines in terms of their toxicity. Free 5-FU was also tested on cells. For both polymers, 

free drug was more toxic than copolymers. On MDA-MB-453 cell line EC50 value of 

targeted copolymer was less than nontargeted copolymer as expected but on MDA-MB-231 

cells, there was no significant differences. However, at high concentrations of drug, toxicity 

of targeted copolymer was better. Release studies of polymers were also tested to understand 

if S-S bond in the monomer really effects the release of drug. So that two different solutions 

which contains glutathion or not were utilized. As a result, both polymers released their 

drugs in the presence of GSH whereas this amount was negligible in GSH free solution. 

 

In the last study, a novel enzymatically cleavable dipeptide linker containing monomer 

was designed. For this purpose, Valine-Citrulline dipeptide sequence was utilized due to it 

can be cleaved by cathepsin B enzyme. Linker was methacrylated and PABA was attached 

as a spacer. The purpose of using PABA was to attach drug via hydrolyzable ester linker. 

Docetaxel was attached to monomer as a chemotherapy agent. After monomer synthesis, 

copolymerization reaction was achieved by using RAFT technique. As a last step, cRGDfK 

was attached to copolymer. 
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APPENDIX A: ADDITIONAL DATA 

1H NMR, 13C NMR, and FT-IR of the molecules are included. 

 



 

 

 

 

 
Figure A.1.  1H-NMR of CA4MA (3) 

 



 

 

 

 

 
Figure A.2. 13C-NMR of CA4MA (3) 



 

 

 

 

 

 
Figure A.3.  FT-IR-1 of CA4MA (3) 

 

 

 



 

 

 

 

 

 

 

 
Figure A.4. 1H-NMR of P(OEGMA-CA4-NHS) (4) 

 



 

 

 

 
Figure A.5. 1H-NMR of P(OEGMA-CA4-ALN) (6) 



 

 

 

 
Figure A.6. 1H-NMR of P(OEGMA-CA4) (7) 

 
 

 



 

 

 

 
Figure A.7. 1H-NMR of P(OEGMA-NHS) (8) 

 



 

 

 

 
 

Figure A.8. 1H-NMR of P(OEGMA-NHS-ALN) (9) 

 



 

 

 

 
Figure A.9. 1H-NMR of P(OEGMA-ALN) (10) 



 

 

 

 
Figure A.10. 1H-NMR of P(OEGMA-CA4-NHS-FMA) (12) 



 

 

 

 
Figure A.11. 1H-NMR of P(OEGMA-CA4-NHS-ALN-FMA (13) 

 

 

 



 

 

 

 
Figure A.12. 1H-NMR Spectrum of P(OEGMA-CA4-NHS) (18) 



 

 

 

 
Figure A.13. 1H-NMR Spectrum of P(OEGMA-CA4-RGD) (19) 



 

 

 

 
Figure A.14. 1H-NMR Spectrum of P(OEGMA-CA4) (20) 

 

 

 

 



 

 

 

 

 

 

 
Figure A.15. 1H-NMR Spectrum of P(OEGMA-CA4-NHS-DTX) (21) 

 



 

 

 

 

 

 
Figure A.16. 1H-NMR Spectrum of P(OEGMA-CA4-RGD-DTX) (22) 

 

 



 

 

 

 
Figure A.17. 1H-NMR Spectrum of P(OEGMA-CA4-DTX) (23) 

 

 



 

 

 

 
Figure A.18. 1H-NMR Spectrum of P(OEGMA-CA4-NHS-FMA) (24) 

 

 

 



 

 

 

 
Figure A.19. 1H-NMR Spectrum of P(OEGMA-CA4-RGD-FMA) (25) 

 



 

 

 

 
Figure A.20. 1H-NMR Spectrum of P(OEGMA-CA4-FMA) (26) 

 

 

 

 



 

 

 

 

 

 
 

Figure A.21. 1H-NMR Spectrum of P(OEGMA-CA4-NHS-DTX-FMA) (27) 
 



 

 

 

 

 

 

 
Figure A.22. 1H-NMR Spectrum of P(OEGMA-CA4-RGD-DTX-FMA) (28) 

 
 

 



 

 

 

 
Figure A.23. 1H-NMR Spectrum of P(OEGMA-CA4-DTX-FMA) (29) 

 
 



 

 

 

 
Figure A.24. 1H-NMR Spectrum of HSEMA (30) 

 
 

 



 

 

 

 
Figure A.25. 1H-NMR Spectrum of SCEDEMA (31) 



 

 

 

 
 

Figure A.26. 13C-NMR Spectrum of SCEDEMA (31) 
 

 

 



 

 

 

 
 

Figure A.27. FT-IR-1 Spectrum of SCEDMA (31) 
 



 

 

 

 
Figure A.28. 1H-NMR Spectrum of MA-DO-5’DFCR monomer (32) 

 



 

 

 

 
 

Figure A.29. 13C-NMR Spectrum of MA-DO-5’DFCR monomer (32) 
 
 



 

 

 

 
Figure A.30. FT-IR-1 Spectrum of MA-DO-5’DFCR monomer (32) 

 

 

 

 



 

 

 

 

 
Figure A.31. 1H-NMR Spectrum of MA-5’DFCR in CDCl3 (33) 

 
 



 

 

 

 
Figure A.32. 1H-NMR Spectrum of MA-5’DFCR in DMSO-d6 (33) 

 



 

 

 

 
Figure A.33. 13C-NMR Spectrum of MA-5’DFCR (33) 

 

 



 

 

 

 
Figure A.34. FT-IR-1 Spectrum of MA-5’DFCR (33) 



 

 

 

 
Figure A.35. 1H-NMR Spectrum of P(OEGMA-NHS-5’DFCR) (35) 

 
 



 

 

 

 
 

Figure A.36. 1H-NMR Spectrum of P(OEGMA-RGD-5’DFCR) (36) 



 

 

 

 
 

Figure A.37. 1H-NMR Spectrum of P(OEGMA-5’DFCR) (37) 



 

 

 

 
Figure A.38. 1H-NMR Spectrum of P(OEGMA-NHS-5’DFCR-FMA) (38) 

 



 

 

 

 

 
Figure A.39. 1H-NMR Spectrum of P(OEGMA-RGD-5’DFCR-FMA) (39) 

 
 



 

 

 

 
 

Figure A.40. 1H-NMR Spectrum of P(OEGMA-5’DFCR-FMA) (40) 
 



 

 

 

 
Figure A.41. 1H-NMR Spectrum of tert-butyl 4-aminobenzoate (41) 



 

 

 

 
Figure A.42. 1H-NMR Spectrum of Fmoc-Val-Cit (42) 

 

 

 



 

 

 

 
 

Figure A.43. 1H-NMR Spectrum of Fmoc-Val-Cit-tert-butyl 4-aminobenzoate (43) 
 

 



 

 

 

 
Figure A.44. 13C-NMR Spectrum of Fmoc-Val-Cit-tert-butyl 4-aminobenzoate (43) 

 

 

 



 

 

 

 
Figure A.45. FT-IR-1 Spectrum of Fmoc-Val-Cit-tert-butyl 4-aminobenzoate (43) 



 

 

 

 
Figure A.46. 1H-NMR Spectrum of Val-Cit-tert-butyl 4-aminobenzoate (44) 

 

 

 



 

 

 

 
 

Figure A.47. 13C-NMR Spectrum of Val-Cit-tert-butyl 4-aminobenzoate (44) 
 



 

 

 

 
Figure A.48. FT-IR-1 Spectrum of Val-Cit-tert-butyl 4-aminobenzoate (44) 

 

 



 

 

 

 
Figure A.49. 1H-NMR Spectrum of MA-Val-Cit-tert-butyl 4-aminobenzoate (45) 

 



 

 

 

 
Figure A.50. 13C-NMR Spectrum of MA-Val-Cit-tert-butyl 4-aminobenzoate (45) 

 

 

 

 



 

 

 

 

 
Figure A.51. FT-IR-1 spectrum of MA-Val-Cit-tert-butyl 4-aminobenzoate (45) 



 

 

 

 
Figure A.52. 1H-NMR Spectrum of MA-Val-Cit-4-aminobenzoic acid (46) 

 



 

 

 

 
 

Figure A.53. 13C-NMR Spectrum of MA-Val-Cit-4-aminobenzoic acid (46) 
 

 



 

 

 

 
Figure A.54. FT-IR-1 Spectrum of MA-Val-Cit-4-aminobenzoic acid (46) 

 
 

 



 

 

 

 

 
Figure A.55. 1H-NMR Spectrum of MA-Val-Cit-4-aminobenzoyl-DTX (47) 

 

 



 

 

 

 
Figure A.56. 13C-NMR Spectrum of MA-Val-Cit-4-aminobenzoyl-DTX (47) 

 

 



 

 

 

 
Figure A.57. FT-IR-1 Spectrum of MA-Val-Cit-4-aminobenzoyl-DTX (47) 



 

 

 

 
Figure A.58. 1H NMR Spectrum of P(OEGMA-MA-Val-Cit-4-aminobenzoyl-DTX-NHS) (48) 

 



 

 

 

 

 
Figure A.59. 1H NMR Spectrum of P(OEGMA-MA-Val-Cit-4-aminobenzoyl-DTX-RGD) (49) 
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