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Abstract

Camptothecin is a potent anticancer drug which is highly water insoluble and 

sensitive to aqueous media. This drug decomposes via hydrolysis to less potent by

products which can cause serious side effects. These situations may be best treated 

using localized sustained release chemotherapy. This method of drug delivery will 

reduce the extent of undesirable side effects such as anaphylaxis and emboli 

formation. Furthermore, if the drug is delivered intra-tumorally, enhanced drug 

effectiveness may result. The principal aim of this research is to develop a material 

which possesses both a hydrophobic and polar nature, is syringeable, and biodegrades 

relatively quickly. A localized drug delivery system composed of a lipid block (long 

chain alcohols) and a biodegradable polyester (e-caprolactone) was developed which 

was capable of solubilizing and stabilizing camptothecin while delivering it in a 

sustained fashion. The effects of the initiator’s chemical structure on the rheology, 

crystallinity and melting point of the synthesized oligomers were investigated. It was 

found that oligo(e-caprolactone) initiated with oleyl alcohol had the shortest 

degradation time in comparison to the other synthesized oligomers. This polymeric 

system can provide the lipophilic and polar environment necessary to incorporate this 

poorly water soluble drug (camptothecin) and maintain its stability within the delivery 

system after being injected into the simulated body fluid.
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Chapter 1

Camptothecin Delivery Methods

A version of this chapter is published in Pharmaceutical Research.
A. Hatefi, B. Amsden, Camptothecin delivery systems. Pharm. Res. 19 (10): 1387-1397 
(2002).

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.1. Introduction

Compounds found in nature (e.g., plant alkaloids or flavonoids) display a wide 

range of diversity in terms of their structures and physical and biological properties. The 

function of these compounds in plants, fungi and marine organisms are still not widely 

understood. Currently, it is believed that many of these compounds act in defence of the 

detrimental effects of toxins and/or carcinogens found in the plant ( 1,2) or attack by 

outside predators (3). During the period 1950-1959, M. E. Wall et a l,  saved thousands 

of plant ethanolic extracts. One of the extracts thus saved and stored was prepared from 

the leaves of Camptotheca acuminata, Nyssaceae, a tree that grows in southeastern 

provinces of China (4). Camptothecin (the extract) is an indole alkaloid with a 

pentacyclic ring, which is highly unsaturated (Fig. 1.1). On treatment with alkali, the 

compound readily opens forming an open lactone sodium salt shown in Fig. 1.1 (2). On 

acidification, the extremely water-soluble sodium salt is readily re-converted to the 

lactone. The parent compound, however, is extremely water-insoluble and, indeed, is 

insoluble in virtually all organic solvents except dimethyl sulfoxide (DMSO) in which it 

exhibits moderate solubility. This insolubility in most biocompatible solvents has made 

it very difficult to deliver this drug into the body through the conventional routes such as 

oral, and intravenous or intramuscular injection.

The antitumor activity of camptothecin was demonstrated in a CA-755 

(Adenocarcinoma 755) assay (4). This test involves the implantation of a measurable 

solid tumor into a host mouse and measuring the survival time and inhibition of the 

tumor growth in response to the anticancer drug. Later, it was shown that camptothecin 

possesses the ability to halt the growth of a wide range of animal and human tumors (5- 

7) and is remarkably active in the life prolongation of mice treated with L1210 leukemia 

cells (8).

In preliminary pharmacologic and clinical evaluation of camptothecin sodium 

(1970, Baltimore Cancer Research Centre) (9), sixteen patients with various advanced 

solid tumors were chosen. At intervals of 2-4 weeks they received 35 single i.v. 

injections of 0.5-10.0 mg/kg of camptothecin. In five patients, partial remissions (>50% 

mass decrease) and in six others objective responses were noted. Most of the responses

2
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occurred in patients with advanced and often refractory gastro-intestinal carcinoma. 

Toxicity consisted of alopecia, mild gastrointestinal symptoms, hemorrhagic cystitis, and 

dose-limiting myelosuppression. These side effects were generally tolerable (9).

Dozens of clinical trials are being conducted worldwide using camptothecin and 

its derivatives with broad application against a wide variety of tumors. For example, 

camptothecin treatment of tumor-bearing mice (i.e., lung, ovarian, breast, pancreas, and 

stomach cancers) resulted in complete remissions in nearly 80% of the lines examined 

(10). These studies also showed that CPT was more effective than any of the clinically 

available anticancer drugs tested, which included such drugs as 5-fluorouracil, 

doxorubicin, methotrexate, vincristine and vinblastine.

Camptothecin thus appears to be a promising drug. However, it has experienced 

several barriers in making it into clinical use. In this review, we discuss the mechanism 

of action and the stability problems of camptothecin, and side effects associated with it. 

Different delivery strategies that have been examined to solve these problems are 

discussed in terms of their potential for success.

1.1.1. Mechanism o f Action

Camptothecin (CPT) induces its cytotoxity by inhibiting both DNA and RNA 

synthesis in mammalian cells. The inhibition of RNA synthesis results in shortened RNA 

chains and is rapidly reversible upon drug removal (11). The inhibition of DNA 

synthesis, on the other hand, is only partially reversible upon drug removal. Another 

prominent effect of camptothecin is the rapid fragmentation of cellular DNA in cultured 

mammalian cells. This is accomplished by stabilization of the binding of topoisomerase I 

to DNA, leading to DNA fragmentation. This mechanism is unique to camptothecin. 

Hsiang et al. (1985), demonstrated that camptothecin blocks the rejoining step of the 

breakage-rejoining reaction of mammalian DNA topoisomerase I (Topo I).

The various mechanisms of resistance to anticancer drugs reported in the 

literature have been described (12). Upon exposure to natural product drugs, tumor cells 

can acquire resistance to structurally and functionally unrelated dmgs. The classical form 

of drug resistance is caused by P-glycoprotein, a protein inserted in the plasma

3
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membrane that acts as an ATP driven efflux pump. Acquisition of resistance to CPT 

does not correlate with the presence of P-glycoprotein. CPT has been shown to bypass 

the P-glycoprotein mediated multidrug resistance phenotype (13), which limits the long

term usefulness of many antineoplastic agents. With regard to camptothecin, some 

mammalian cell lines selected for resistance to CPT exhibit decreased levels of topo I, 

which in turn, results in a decreased number of DNA single-strand breaks compared with 

wild-type cells. Decreases in topo I levels have also been associated with rearrangement 

and hypermethylation of the topo I gene, as well as the presence of mutations in the topo 

I gene (14).

Most recently, camptothecin and camptothecin derivatives are being combined 

with other chemotherapeutic agents and other therapeutic modalities. Preclinical 

experimental studies suggest that when combined with other agents, radiation or 

hyperthermia, camptothecin may demonstrate a synergistic antitumor activity (15). The 

involvement of topoisomerase I in DNA repair suggests that camptothecins may have 

clinical application as radiation sensitizers. It has been shown in vitro that camptothecins 

can enhance radiation-induced cytotoxicity (16). At present, phase-I clinical trials are in 

progress to assess combinations of radiation therapy and topoisomerase I targeting 

agents (17).

1.1.2. Other Clinical Applications o f Camptothecin (CPT)

Other than as anticancer agents, another utility for topoisomerase I inhibitors may 

be their antiviral activity as reported by Takahashi et al. (18). Topoisomerase I activity is 

involved in HIV-reverse transcriptase function. Priel et al. (19), showed that inhibition 

of topo I by CPT can block the development of retroviral-induced malignancies in mice. 

Tests of antitumor and antiviral activity of camptothecins in the treatment of HIV- 

associated malignancies such as Kaposi’s sarcoma and HIV-associated lymphoma are in 

clinical trials. Vollmer-Haase et al. (20) also observed that in one patient with 

progressive multifocal leukoencephalopathy, CPT showed anti-infective activity against 

the JC papovavirus. In a study by Clements et al. (1999) (21), it was shown that CPT is 

not only capable of inhibiting the endothelial cell growth in a non-toxic manner, but also
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it can inhibit angiogenesis. This observation demonstrates that besides the tumoricidal 

activity, CPT may have indirect antitumor activity due its anti-angiogenic activity. 

Another application of camptothecin entrapped in liposomes was recently explored 

against Leishmaniasis by Proulx et al. (2001) (22). The main reservoirs of parasites in 

visceral leishmaniasis are macrophages of the liver and spleen. These macrophages have 

a tendency to take up liposomes. Thus, the use of liposomes represents a strategic 

approach for accumulation of drugs within these tissues to more efficiently treat this 

parasitic infection.

1.1.3. Physical Properties o f  Camptothecin (CPT)

Camptothecin has a high melting point (264-267 °C), and has a molecular weight 

of 348.11 obtained by high-resolution mass spectroscopy, corresponding to the formula 

C20H 16N2O4 (2). It gives an intense blue fluorescence under UV and is optically active 

( [ o t ] 2°D , +31.3 °). The partition coefficient, log Po/w (octanol/water), for this compound 

has been determined to be 1.74 (log P o/w = 1.74) (23).

1.1.4. Structure-Activity Relationship

One important structural requirement for successful interaction with the 

topoisomerase I target and antitumor potency in vivo is a closed a-hydroxylactone 

moiety (6). Unfortunately, this functionality hydrolyses under physiological conditions, 

i.e., at pH 7 or above, with the lactone ring readily opening to yield the inactive 

carboxylate form of the drug (24). Ring opening of camptothecin is thought to result in a 

loss of activity due to the following three reasons. First of all, the carboxylate form 

displays decreased membrane associations. Comparison of the membrane affinity of 

camptothecin with that of its carboxylate form indicates that ring opening produces a 

greater than two-fold reduction in membrane associations. Secondly, ring opening results 

in a charged drug species, and charged species exhibit limited diffusivity through cell 

lipid bilayer domains of low dielectric constant; hence, ring opening of camptothecins 

results in agents with altered diffusivity characteristics. Finally, evidence from cell-free 

experiments indicates that ring opening results in significantly attenuated activity
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towards the topoisomerase-I target (24). In summary, decreased cell membrane binding, 

decreased membrane diffusibility, and decreased intrinsic potency against the 

topoisomerase target all contribute to explain the reduction in cytotoxic activity which 

accompanies lactone ring opening of camptothecin.

The second structural requirement for successful interaction with the 

topoisomerase I target and antitumor potency in vivo is for the compound to be in its 20- 

(S) form. Camptothecin occurs in two different enantiomeric forms, 20-S and 20-R, 

indicating the particular arrangement of atoms and groups in space around the chiral 

centre (C2o) of this molecule. Wani et al. (1987) (25) demonstrated that the 20-(R) form 

of the compound was inactive, both in topoisomerase I inhibition and in in vivo assays, 

while the 20-(S) form of the compound had great potency in inhibiting human colon 

cancer xenografts in nude mice.

1.1.5. Chemical Modification

Camptothecin has also been chemically modified with the aim of finding a 

derivative with improved chemotherapeutic activity. Modified camptothecins examined 

with this goal in mind include 9-aminocamptothecin (9-AC) and 9-nitrocamptothecin (9- 

NC). Substitutions at carbons 9 and 10 (Fig. 1.1) by amino groups lead to compounds 

with greater in vivo activity. 9-AC is a water-insoluble camptothecin derivative with 

impressive preclinical activity (26). The results observed in experiments with 9-AC were 

comparable to those observed in native CPT experimental treatments. However, 9-AC 

achieved the onset of a complete remission with lower total dose and within a shorter 

time period, and no pattern of emerging resistance was observed in tumor-bearing mice 

(27). 9-NC is an intermediate of CPT synthetic conversion into 9-AC. This camptothecin 

analog can also be metabolically converted in vivo to 9-AC. In preclinical studies, this 

analog has shown excellent anticancer activity in nude mice bearing human tumor 

xenografts (28).

Two other camptothecin derivatives that have been approved in the United States 

for use in solid tumors are irinotecan (CPT-11) and topotecan (29). CPT-11 and 

topotecan are both water-soluble and potent derivatives of camptothecin. CPT-11 is a
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prodrug which possesses limited antitumor activity, but is converted by the enzyme 

carboxylesterase to a very active compound (SN-38) in vivo. SN-38 is reported to be 

anywhere from 200 to 1000 times more potent than CPT-11 (30). Topotecan was made 

water-soluble by the presence of a stable, basic side chain at carbon 9 of the A ring. It 

can be administered without the severe and unpredictable side effects that are associated 

with camptothecin sodium. Like camptothecin, the lactone ring in topotecan is sensitive 

to pH change and hydrolyses into inactive carboxylate form in basic environment. 

Another analog of CPT is 10-hydroxycamptothecin (HCPT). In a topo I inhibition 

assay, HCPT has been shown to be more active than either CPT or topotecan. Its IC50 

(the minimum drug concentration that inhibits cleavable complex formation by 50%) is 

0.106 (iM, as compared to 0.677 (iM (0.236 jig/mL) for CPT, and 1.110 pM for 

topotecan (31).

Progress has been made via chemical modification of camptothecin to improve 

its solubility in aqueous media. This is important in terms of delivering this drug in an 

effective dosage form. However, despite all the chemical modifications specified above, 

the camptothecin derivatives still contain a terminal lactone ring that makes them 

susceptible to ring opening in aqueous solutions by under going a rapid, pH-dependent, 

non-enzymatic hydrolysis to form an open ring hydroxy carboxylic acid (24). In each 

case, the open ring carboxylate form is inactive.

BN 80915 a new camptothecin homologue, wherein a seven-membered (3- 

hydroxylactone replaces the six-membered a-hydroxylactone of the parent compound, 

has been reported recently (32). BN 80915 has shown enhanced plasma stability and 

activity in animal models and represents the only lactone ring modification known that 

conserves both the capacity to inhibit topo-I and the antitumor activity. This new 

derivative is not a substrate for P-glycoprotein and MDR2 protein; the two drug efflux 

pumps most commonly associated with resistance of tumor cells to antineoplastic agents. 

BN 80915 hails a new generation of camptothecin derivatives and can be used as a 

template for the elaboration of new anticancer agents.
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1.1.6. Pharmacokinetics

As discussed previously, the equilibrium between lactone and open salt forms of 

camptothecins is pH-dependent, favoring ring closure with increasing acidity. In addition, 

this equilibrium between open and closed forms is also affected by the preferential binding 

of serum albumin to the salt form (33). This preference of albumin for the carboxylate form 

results in a rapid ring opening of circulating CPT. Other blood components, such as 

erythrocyte membranes and lipoproteins, bind to CPTs, favoring the closed lactone form 

(33).

Very little of the chemotherapeutic activity of CPT is associated with the open salt, 

as illustrated by experiments with this form. A closed lactone ring is an essential 

pharmacophore for activity against cancer cells. The low anticancer activity of the open 

salt form in animals also is consistent with the failure of clinical trials with the sodium salt 

of CPT (34). Owing to the association of the chemotherapeutic activity of CPT with 

lactone and of mainly toxic responses with the open salt form, the goal of pharmacokinetic 

and metabolic studies must be to assist in the development of dosing regimens optimal for 

tumor uptake of CPTs.

In an attempt to establish the optimal schedule of administration numerous trials 

have been conducted (35). It appears that large doses of camptothecin and its derivatives 

given at large intervals are not greatly effective. It has been shown that the camptothecins 

require a prolonged schedule of administration given continuously at low doses or 

frequently fractioned dosing schedules in order to spare normal haematopoietic cells and 

mucosal progenitor cells with low topoisomerase-I levels while preserving efficacy (36). 

To achieve this type of prolonged schedule of administration, different delivery systems 

have been designed. In the following we review these systems and discuss the advantages 

and disadvantages associated with them.

1.2. Delivery Systems

The development of new drug delivery systems such as liposomes (37-38), 

microspheres (39-40), micelles (41-42) and injectable pastes (43), has received 

considerable attention in the field of cancer therapy. This interest has been ignited by the
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advantages these delivery systems possess, such as ease of application, localized delivery 

for a site-specific action and prolonged delivery periods. Moreover, decreased body drug 

dosage with concurrent reduction in possible undesirable side effects common to most 

forms of systemic delivery, and improved patient compliance and comfort have put them in 

the spotlight. In this part of the review, the various strategies used to stabilize camptothecin 

in its lactone form are outlined. These strategies help to preserve the drug’s anticancer 

activity with a view towards reducing its adverse effects.

1.2.1. Polymer Conjugated Camptothecin

As discussed earlier, camptothecin is extremely insoluble in water and is also 

insoluble in many organic solvents. This feature has severely restricted its clinical 

application (44). However, there has been increased interest in pursuing water-soluble CPT 

derivatives, because of their superior antitumor activity against in vitro human cancers and 

in vivo animal xenografts. Most attempts at producing water-soluble derivatives of CPT 

have been limited to making substitutions on the A and B rings (e.g., 9-AC and CPT-11) 

(45). These temporary chemical modifications are devised to alter the aqueous solubility 

and biodistribution of the parent drug, while keeping its inherent pharmacological 

properties intact. Some of these derivatives show quite good pharmacokinetics and 

efficacy, but the toxicological effects of these substitutions are controversial (46). These 

prodrugs are designed to dissociate in vivo, in a predictable fashion, to the active drug by 

either an enzymatic mechanism or simple hydrolysis initiated under physiological pH 

conditions. Another strategy would be to attach the camptothecin to a polymer carrier.

Greenwald et al. (1996), attempted to solubilize 20(S)-camptothecin as a non-ionic a- 

alkoxy ester transport form (prodrug) and demonstrated enhanced circulatory retention as 

well as sustained therapeutic release of native drug (47). This was achieved by 

condensation of camptothecin with poly(ethylene glycol) (PEG) 40 kDa dicarboxylic acid 

in the presence of diisopropylcarbodiimide. The result of this synthesis was a mixture of 

camptothecin mono and disubstituted esters in a ratio of approximately 2:1. All their 

studies utilized the mixture of mono and disubstituted esters. Examination of the physical 

properties of the mono and disubstituted esters mixture provided rates of hydrolysis in

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



water, buffer, and rat and human plasma. It was demonstrated that aqueous formulations 

were able to stand for 24hrs with less than 10% hydrolysis occurring due to the low rate of 

hydrolysis at room temperature. Furthermore, less than 5% loss of PEG camptothecin was 

observed in aqueous solutions (pH=5.6) maintained at 4 °C for over 6 months. This finding 

indicates easy formulation and storage of the transport form. In vivo studies employing 

P388-treated mice with this transport form (administered i.p. as an aqueous solution) 

produced a remarkable rate of 200% increase in life expectancies (ILS) and a cure rate of 

80% at a dose of 16 mg/kg camptothecin equivalents with no acute toxicity. 

Pharmacokinetic studies of the transport form were done (i.v.) using CD-I mice and 

displayed a blood ti/2« of less than 15 minutes, but more significantly a tj/2p of 3.6 hrs, with 

detectable amounts still present after 24 hrs. This result confirms that the transport form 

circulates to release camptothecin over a substantial period of time. Finally, in an 

experiment performed with the transport form, in PBS buffer containing human serum 

albumin, results revealed that at physiologic pH the modified lactone ring structure does 

not engage in hydrolytic ring opening.

Conover et al. (1997), continued their studies to assess the efficacy of PEG-a- 

conjugated camptothecin (prodrug, Fig. 1.2) (48). Circulatory retention studies were 

performed in non-tumor bearing mice injected intravenously with 300 mg/kg of PEG-a- 

camptothecin. The results revealed that PEG-a-CPT was retained in the circulation for a 

prolonged period of time and this was attributed to the high molecular weight of PEG. 

Therapeutic efficacy was evaluated in both a murine P388/0 leukemia and a colorectal HT- 

29 carcinoma xenograft model. Five intraperitoneal injections of 3.2 mg/kg/day 20-(S)- 

camptothecin equivalents of PEG-oc-camptothecin in their leukemia model resulted in 

significant survival over untreated controls (P<0.001), with a mean time to death of treated 

versus control of 2.94 and a cure rate of 80% (n=20). The colorectal carcinoma xenograft 

model demonstrated that 2-3 mg/kg/day 20-(S)-camptothecin equivalents of PEG-oc- 

camptothecin given 5 days a week for 5 weeks could reduce an initial tumor burden of 300 

mm3 by more than 90% without any signs of overt toxicity. It was concluded that a water- 

soluble polymeric transport carrier for CPT, based on poly(ethylene glycol) esters, both 

stabilizes and extends the circulatory exposure of CPT. In addition, PEG may function to
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decrease the toxicity and increase the therapeutic efficacy of CPT by a combination of 

lactone stabilization and slow release. In both studies mentioned above a heterogeneous 

mixture of mono and disubstituted ester prodrug of PEG-a-camptothecin were used and 

therefore are not clinically suitable. Moreover, with respect to patient compliance, daily 

injection of this type of dosage form may be considered as a disadvantage.

Conover et al. (1998), prepared a new homogeneous form of disubstituted CPT, 

PEG-P-camptothecin. The employment of a bifunctional spacer group (glycine) in the PEG 

prodrug strategy yielded a water-soluble non-ionic a-amidoester prodrug (49). In vitro 

P388 (Leukemia cells) cell toxicity for PEG-p-camptothecin (ICso=12nM) was in the 

expected range for a prodrag that releases CPT (IC5o=7nM). The in vitro half-life of 

hydrolysis of PEG-P-CPT to CPT at 37 °C is 40 hrs in pH 7.4 phosphate buffer and 6 hrs in 

rat plasma. In this study, the in vivo circulatory retention, antitumor activity and tissue 

biodistribution of PEG-conjugated camptothecin-20-O-glycinate was evaluated. 

Nontumor-bearing mice injected intravenously with 875 mg/kg of PEG-P-CPT were 

employed for circulatory retention studies. Antitumor activity of the prodrug in nude 

mouse xenograft models was determined both intraperitoneally and intravenously. 

Biodistribution studies were performed in nude mice bearing colorectal carcinoma 

xenografts with tritium-labelled PEG-p-CPT and CPT injected intravenously. PEG-P-CPT 

showed a blood ti/2H of approximately 6 minutes and a ti/2p of 10.2 hrs and significant 

antitumor activity was seen in all treated xenograft models. Ideally, it would be desirable 

for release of the drug to occur only in the vicinity of tumor cells, thereby sparing normal 

cells from concomitant destruction. By using labelled CPT, it appeared that more labelled 

CPT accumulated in solid tumors when delivered in the PEG-P-CPT form. This greater 

preference for tumor tissue was at least ten times more than normal tissue. It has already 

been demonstrated that macromolecules greater than roughly 50 kDa, circulating for 

extended periods, show substantial tumor accumulation (50). One reason for this enhanced 

accumulation of drug is the greater permeability of neovasculature in tumors (51-52) and 

the second reason is the absence of effective lymphatic drainage in tumor tissue (53). The 

combination of increased tumor vascular permeability with insufficient tissue drainage
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results in what is termed “the enhanced permeability and retention effect”, which is thought 

to be a universal solid tumor phenomenon for macromolecular drugs (50). Therefore, by 

conjugating PEG to CPT-20-O-glycinate a homogenous water-soluble prodrug was 

produced with an extended circulatory life and altered biodistribution. This modification 

generates greater tumor accumulation as compared to unconjugated CPT, and produces 

significant anti tumor activity. Since the amount and form of the CPT reaching the tumor 

site can be affected by the use of different amino acids within the PEG-CPT conjugate, 

further studies are necessary.

An investigation was undertaken by Conover et al. (1999), to determine the impact 

of various amino acid spacers on the activity of PEG-CPT conjugates (54). Using the 

P388/0 murine leukemia cell line, the in vitro biological efficacy of the PEG-conjugated 

CPT compounds was tested. The kinetic properties for the PEG conjugate series and the 

cytotoxicities of CPT and the PEG-amino acid conjugates are shown in Table 1.1 In PBS 

(pH 7.4) at room temperature, among the PEG-amino acid conjugates tested, the proline, 

alanine, and leucine derivatives appeared quite stable. A murine ascites model against 

mouse lymphoid neoplasm cells (P388/0) was used to monitor and assess the in vivo 

anticancer activity of the synthesized PEG-amino acid conjugates, mice were injected with 

P388/0 cells and then treated intraperitoneally for five consecutive days. The in vivo screen 

results are shown in Table 1.2. The 20 mg/kg total dose level of native CPT was toxic with 

a mean time to death of 8.1 days. This resulted in an ILS (Increase in Life Span) o f -35.2% 

with no cures. Significant antitumor activity was observed against HT-29 (human colon 

cancer cells), A549 (human lung carcinoma cells), SKOV3 (human ovary adenocarcinoma 

cells), PC-3 (human prostate carcinoma cells), LS174T (human colon adenocarcinoma 

cells), MIA-PaCa-2 (human pancreas carcinoma cells) and M l09 (Madison lung carcinoma 

cells) tumors in mice when treatment regimens of PEG-alanine-CPT were used. The results 

showed that both the PEG-CPT conjugates’ degradation and in vivo activity were altered 

by using specific amino acid spacers. Different mechanisms such as simple changes in 

circulatory dissociation rates to more complicated intratumoral, extracellular or even 

intracellular release can be responsible for differences in in vivo activities of PEG-CPT 

conjugates.
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Recently, Caiolfa et al. (55), synthesized two soluble N-(2-hydroxypropyl) 

methacrylamide (HPMA) copolymers to contain CPT (5 wt% and 10 wt%). The a- 

hydroxyl group of CPT was linked to the polymers through a Glycine-Pheny] alanine- 

Leucine-Glycine spacer. This arrangement first makes it possible for esterases and 

proteases at the tumor site to cleave the drug from the polymer and release it slowly, and 

secondly prevents this water-soluble derivative of CPT in plasma from deactivating. To 

determine the tumor and tissue distribution, nude mice bearing HT29 human colon 

carcinoma were injected intravenously with radiolabeled free and bound CPT. Antitumor 

activity of the CPT-conjugates was also followed in vivo on the same animal model.

Results showed that, in vitro, CPT-conjugates were fairly stable in simulated 

physiologic fluids and plasma and native body enzymes such as elastase and cysteine- 

proteases were able to release the active drug. Total cell exposure to the drug released from 

polymer conjugates and free unconjugated CPT was measured. It was shown that the cell 

exposure to CPT was always 3-7 fold lower in the case of polymer conjugate than that 

measured after administration of unconjugated CPT. To assess the biodistribution of the 

conjugates, HT29 human colon carcinoma bearing mice were injected intravenously with 

[3H]CPT-conjugate and free [3H]CPT. More than 90% tumor inhibition, some complete 

tumor regressions, and no toxic deaths were observed after repeated intravenous 

administration of CPT-conjugates.

In a series of studies by Harada et al. (2000 & 2001), therapeutic efficacy, tumor 

targeting, drug release kinetics and dose dependent pharmacokinetics of T-0128 was 

evaluated (56,57). T-0128 is a macromolecular prodmg comprised of T-2513 (7-ethyl-10- 

aminopropyloxy-CPT) bound to carboxymethyl dextran through a Gly-Gly-Gly linker. 

This molecule has a molecular weight of 130 kDa with weak anionic charge. 

Macromolecules greater than 70 kDa with weak anionic charges are shown to circulate in 

the blood for a long time. It was shown that the triplet glycine (Gly) linker could be 

cleaved by lysosomal cathepsin B to release T-2513 slowly and steadily which resulted in 

improved therapeutic efficacy.

To increase the stability of lactone ring and efficacy of CPT in vivo, Singer et al. 

(2000 & 2001) investigated the conjugation of hydroxyl group positioned at carbon 20 in
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CPT structure to poly(L-glutamic acid) (58,59). Poly(L-glutamic acid) has many 

advantages over the other currently available polymers. Due to its anionic characteristic it 

enhances the solubility of CPT. It is biodegradable and has multiple available conjugation 

sites for drugs allowing for higher drug loading concentration. This conjugate showed an 

increased maximum tolerated dose and substantial antitumor activity. Application of 

conjugated polymers to increase the solubility of camptothecins has not only been limited 

to CPT, but other derivatives of CPT such as 9-AC have been explored as well (60). In a 

study by Leu et al. (1999), glucoronide derivative of 9-AC was prepared which was 80 

times more soluble than CPT in pH 4 (61) (Fig. 1.3). 9-AC and glucuronidic acid were 

linked via a self-immolative carbamate spacer. Glucuronide prodrug was selected due to 

two important reasons. First, the hydrophilicity of this functional group and second the 

glucuronide prodrug can be selectively activated at tumor cells targeted with 13- 

glucuronidase antibody conjugates.

Overall, polymer bound camptothecin has shown a clear advantage in terms of 

improving drug stability, tumor accumulation and sustained release over the unconjugated 

free drug. Toxicity data on some of the conjugated polymers and spacers is still required, 

however. Moreover, further studies to determine the pharmacological characteristics and 

therapeutic window of these CPT-conjugates is necessary. One drawback is that they still 

have the requirement for frequent administration in order to be effective (once a day for 5 

days), and, although enhanced tumor accumulation occurs, there is still a significant 

amount of drug not reaching the tumor.

1.2.2. Micro- and Nanoparticle Encapsulated Camptothecin

The development of controlled release formulations which consist of encapsulated 

CPT seems to be a promising strategy, especially with the use of biodegradable and 

biocompatible poly(lactide-co-glycolide) (PLGA) (62). These polymer devices are 

designed to be implanted or injected directly at the tumor site. Possibilities for the local 

administration of microspheres or nanoparticles containing CPTs are direct injection into a 

tumor (63), or implantation during surgery (64). There are a few tumors which can be 

accessible by the first route. Examples of these are those found in the prostate, skin, and
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oral cavity. Additionally, there are times that the complete removal of cancer cells is not 

possible even after surgical excision. In this case, local application of 

microspheres/nanoparticles which are capable of slowly releasing a drug for an extended 

period after surgery may increase the probability of complete regression of residual cancer 

cells (65-66).

CPT is released from these polymer devices by a combination of diffusion and 

polymer degradation. PLGA is composed of lactic and glycolic acids and can be obtained 

in many different molecular weights. A free carboxylic end group can be found at the end 

of each PLGA polymer chain. When hydrolysed, PLGA is degraded into acidic oligomers 

and monomers. This hydrolysis step involves the imbibition of water into the polymer 

system, which in turn causes the device to swell. As a result of the degradation and 

imbibition of water, the microenvironmental pH within large specimens of PLGA is acidic

(67). Since CPT is in its active lactone form at low pH, this phenomenon may favor the 

stabilization of camptothecin within the delivery device.

Shenderova et al. (1997), utilized PLGA microspheres as 10-Hydroxycamptothecin 

slow-release carriers (68). An oil-in-water emulsion-solvent evaporation method was used 

to encapsulate 10-HCPT in PLGA 50:50 (50 mole % lactic acid) microspheres. They 

observed that the lactone form of the drug was retained within PLGA microspheres for 

more than 10 weeks (>95% lactone) under a simulated physiological environment and it 

was concluded that PLGA microspheres have the ability to stabilize 10-HCPT within the 

device prior to being released. Application of PLGA for the stabilization of 10-HCPT has 

been demonstrated in another work by Mallery et al. (2001) (69) in a murine human oral 

squamous cell carcinoma regression model. Therefore, PLGA has the potential to stabilize 

other analogues within this class of chemotherapeutic agents such as CPT, topotecan, and 

irinotecan.

Based on this work, Ertl et al. (1999), developed CPT-containing-microspheres 

with sustained release properties by varying the method of solvent evaporation in order to 

study the influence of drug-loading on microsphere size, encapsulation efficiency and 

especially the release profile of the incorporated drug (70). In this study a special type of 

PLGA, the H-series, containing more carboxylic end chains than the non-H-series, was
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selected for encapsulation of CPT. Stabilization of the CPT-lactone during release from H- 

PLGA microspheres as well as during the encapsulation process was investigated. The 

results showed that CPT was molecularly dispersed in the PLGA matrix at 1.2% drug load 

and above this concentration, CPT crystals started to form in the polymer matrix. The 

release profile of CPT from the PLGA microspheres was biphasic, comprising a burst 

delivering 20-35% of the total drug mass within the first 5 hours, the amount of drug 

released in this burst phase increasing with drug loading. The burst phase was followed by 

exponentially declining delivery of CPT releasing a total of 40-75% of the originally 

loaded drug within 100 h. It was determined that the CPT-lactone form was maintained 

during preparation and storage.

Another possible strategy is to use CPT-loaded nanoparticles as injectable and 

targetable delivery systems. For example, Yang et al. (1999), investigated the specific 

passive drug targeting of CPT after intravenous injection by incorporation into solid lipid 

nanoparticles (SLN) (71). A CPT loaded SLN suspension was prepared by high-pressure 

homogenization. This suspension consisted of 0. l%(w/w) camptothecin, 2.0%(w/w) stearic 

acid, 1.5%(w/w) soybean lecithin and 0.5%(w/w) poloxamer™ 188. In vitro drug release 

was investigated in pH 7.4 phosphate buffer saline at 37 °C and the results showed that this 

system was capable of releasing the drug for up to a week. In tested organs such as the 

liver, heart, spleen, lung, kidney and brain, the mean residence times of CPT-SLN were 

much higher than those of a camptothecin control solution (more than 10%), especially in 

the brain and heart. The release of CPT from CPT-SLN exhibited a diffusional release 

profile and the CPT-lactone form was protected from hydrolysing to the carboxylate form. 

It was concluded that the SLN may allow a reduction in dosage and a decrease in systemic 

toxicity, and thus may be a promising carrier and drug targeting system for lipophilic 

antitumor drugs. Unfortunately, a lack of toxicity data and the non-selective accumulation 

of drug in vital organs are some important disadvantages associated with this system.

In an attempt to improve the dissolution rate and cytotoxicity of camptothecin, it 

was incorporated into oxidized-cellulose (OC) microspheres by a spray drying method

(72). Oxidized cellulose with different carboxylic content (7, 13 & 20%) was used to 

prepare microspheres. The size of microspheres were reported to be in the range of 1.25-
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1.52+ 0.4p.m. The results of release studies in buffer pH 7.4 revealed that the dissolution of 

CPT was faster from microsphere formulations compared to physical mixtures and free 

CPT. In in vitro cytotoxicity studies against human derived RPMI-8402 lymphoid and 

THP-1 myeloid leukemia cell lines, more effective results were observed from OC 

microsphere formulations of CPT in comparison to free CPT. Unfortunately, the time to 

release 50% CPT from OC-microspheres was between 19-37 hrs which may not satisfy the 

need for long term drug release for optimum antineoplastic activity in vivo.

1.2.3. Liposomes, Micelles, M iniemulsions

Early studies of CPT and lipid based formulations demonstrated that the insoluble 

parent compound, CPT, was readily soluble in various lipids, while maintaining its 

biological activity (73-74). These findings suggest that liposomes or emulsions may be an 

effective delivery vehicle for these drugs.

It has been demonstrated that camptothecin binds to membranes by intercalating 

between the acyl chains of the phospholipid membrane while at the same time it remains 

stable (75). To prove this, stability profiles were determined for CPT and its analogues 

both free in solution and bound to dimyristoylphosphatidylcholine (DMPC) and 

dimyristoylphosphatidylglycerol (DMPG) bilayers. Due to the drug’s lactone ring 

penetration into the liposome’s lipid bilayer, and hence reduced contact with water 

molecules, the lipid bilayer can keep CPT in its active lactone form. This approach may be 

applied for increasing the half-life of the biologically active lactone form of the intercalated 

agent in blood circulation (76-77).

Lundberg (1998), devised oleic acid esters of CPT and analogues such as 10-HCPT 

and SN-38 which were capable of being incorporated into liposome bilayers and submicron 

lipid emulsions (78). This esterification process with oleic acid was chosen to make more 

lipophilic derivatives of the parent drugs. Small unilamellar liposomes and submicron lipid 

emulsions were prepared from DPPC (dipalmitoyl phosphatidylcholine), PEG and 

polysorbate 80 and characterized for size and colloidal stability. Subsequently, the 

esterified CPT and its analogues were incorporated into the liposomes with the mean 

efficiency ranging from 1.4 to 10.5%. The in vitro cytotoxic action of the parent drugs
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added as DMSO-ethanol solutions and their ester derivatives in liposomes and lipid 

emulsions was evaluated. In terms of activity, both parent dmgs and the corresponding 

fatty acid derivatives were very similar. The esters in lipid carriers showed more activity 

against T-47D (breast cancer cells) and Caco 2 cells (colon adenocarcinoma cells) than the 

parent drugs, with IC50 values of ~1 and 3jlM respectively.

Application of the 9-NC derivative delivered by a liposome aerosol has previously 

been reported in the treatment of human breast, colon and lung cancer xenografts in nude 

mice (79-80). Following this work, Koshkina et al. (1999), analyzed the pharmacokinetics 

and tissue distribution of inhaled CPT formulated in dilauroylphosphatidylcholine (DLPC) 

liposomes (81). It was speculated that by depositing CPT within the lungs where there is 

little albumin (82) and with rapid transit to sites of cancer, more of the active lactone form 

of the drug would reach the tumor cells. Table 1.3 shows a quantitative comparison of 

aerosol dosing with previously reported oral, intravenous and intramuscular dosing of CPT 

in mice (83). The aerosol consisted of CPT in liposomes, while for the other routes of 

administration CPT was dispersed as a fine emulsion in Intralipid 20 (soya bean oil + egg 

yolk phospholipids + glycerol). This table shows that the tissue concentrations of CPT 

were considerably greater after aerosol treatment at 30 minutes than after administration by 

the other routes. At 120 minutes, the drug concentrations in mice treated by the non-aerosol 

routes were three to ten times greater in the non-aerosol treated animals. Therefore, it was 

concluded that despite the 50-fold greater dose of the dmg given in non-aerosol groups, the 

aerosol provided quicker penetration and relatively larger concentrations in the five organs 

and tumors of the mice that were examined. This study clearly suggests that liposomal 

aerosol delivery of CPT has advantages over the other routes of administration (i.e., oral, 

i.m., i.v.) due to two reasons. First, the low concentration of albumin in tracheal and 

bronchial surface liquids is 1-2% of the albumin concentration in plasma (0.5-0.7 mg/mL). 

Second, the faster penetration of drug into the tumor tissues may help to preserve more 

lactone form of the drug.

Following their study, Koshkina et al. (2001), modulated the respiratory physiology 

through the addition of 5% CO2 to the air source used to generate CPT entrapped liposome 

aerosols (84). The CO2 enriched aerosol not only increased pulmonary ventilation but also
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increased deposition of the inhaled particles. Results of this study showed that a 

significantly higher concentration of CPT was found in mice organs exposed to 5% C 0 2- 

air aerosols compared to organs of mice exposed to normal air aerosols.

Other advantages of using liposomes for CPT delivery to the body are: (a) 

enhancement of drug cellular internalization, (b) decreased unwanted systemic toxicity and 

(c) increased drug solubility in biological fluids. Despite all these advantages, these 

systems still presently suffer from a lack of selectivity in targeting tumor cells and, 

although the efficiency of CPT delivery into the tumor tissues has been improved, the need 

for sustained delivery of the drug in low dosages for a long period of time is still 

unsatisfied. Moreover, the leakiness of liposomes and their clearance by the circulatory 

macrophages and hence, relatively short half-life is, a major disadvantage of this type of 

delivery system.

In addition to liposomes, micelle solutions and microemulsions have also been 

proposed as efficient strategies for drug delivery. The solubilization capacity, simple 

method of preparation, and potential increase in the permeability of the drug through 

biological membranes by the micellar solutions and microemulsions offer some potential 

advantages as delivery systems (85).

Different formulations of CPT were designed by Cortesi et al. (1997), firstly to 

increase the solubility of camptothecin in body fluids and secondly to reduce the toxicities 

associated with the administration of this drug (85). In their work they described (a) the 

preparation and characterization of liposome-associated CPT, (b) the preparation of 

micellar solutions and microemulsions containing CPT and (c) the in vitro performances of 

these three delivery systems on cultured human leukaemic K562 cells. The results revealed 

that the prepared microemulsion composed of a surfactant (Labrasol®), oil (isostearyl- 

isostearate) and water was stable, single phase, transparent liquid system and optimal 

formulation for CPT. All three micellar solutions, liposomes and microemulsion were able 

to release CPT effectively and showed antiproliferative activity on K562 cells. Their 

efficacy was similar or slightly enhanced in comparison with that exerted by the free drug.

Recently, amphiphilic diblock copolymer micelles have received considerable 

attention among fellow scientists due to their capability to solubilize hydrophobic drugs
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and increase their circulation time (86). The hydrophobic drugs can be either covalently 

attached to block copolymers to form micellar structures or can be physically incorporated 

inside the hydrophobic moiety of polymeric micelles (87). For example, Kowan et al.

(1994), used the diblock copolymer, poly(aspartic acid)-block-polyethylene glycol as a 

micellar carrier for the anticancer drug adriamycin for intravenous administration (87). In 

another study by Zhang et al. (1996), a diblock copolymer of poly(DL-lactide)-block- 

(methoxy polyethylene glycol) was investigated as a potential micellar solubilizer and 

carrier for taxol (88). It was shown that factors such as higher poly (DL-lactide ) (PDLLA) 

content and higher molecular weight of the copolymer have a significant role in the 

solubilization of taxol. This result emphasizes on the fact that taxol interacts strongly with 

the hydrophobic PDLLA segment of the micelle. These studies point to the future direction 

of new camptothecin delivery systems using micelles, which may emerge in near future.

1.3. Summary

Recently, numerous studies have focused on designing new drug delivery systems 

for camptothecin and other antitumor drugs. This effort is mainly done because of the 

scarce selectivity and high toxicity that characterize many antitumor drugs. Due to this 

fact, many of these drugs, which are presently in clinical use, are limited in their dosage 

and effectiveness. In this respect, the preparation and characterization of specialized 

delivery systems, such as liposomes, microspheres, microemulsions, micellar solutions, 

polymer conjugated CPT were proposed, which could be taken as a starting point for 

future utilization in experimental therapy.

Unfortunately, all of the delivery systems mentioned above suffer from the lack 

of selectivity; therefore, the whole body is exposed to the cytotoxic drug. The ability to 

inject a drug incorporated into a polymer to a localized site and have the polymer form a 

semi-solid drug depot has a number of advantages. Among these advantages is ease of 

application and localized, prolonged drug delivery. For these reasons a large number of 

in situ setting polymeric delivery systems have been developed and investigated for use 

in delivering a wide variety of drugs. In the next chapter we introduce the various 

strategies that have been used to prepare in situ setting systems, and outline their
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advantages and disadvantages as localized drug delivery systems.
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Lactone Form

COONa
Carboxylate Form

Camptothecin: R=R1=R2=R3=H

10-Hydroxy camptothecin: R=R1=R3=H, R2=OH

10-Methoxycamptothecin: R=R1=R3=H, R2=OMe

9-Nitrocamptothecin: R=R2=R3=H, R1=N02

9-Aminocamptothecin: R=R2=R3=H, R1=NH2

Topotecan: R=R3=H, R1=CH2NH(CH3)2

Irinotecan (CPT-11): R1=R3=H, R=C2H5, R2=Cn Hi90 2

Figure 1.1. Camptothecin (lactone and carboxylate form) and its analogs.
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CO-CH2-O-PEG40k-O-CH2-Cqs

Figure 1.2. Chemical structure of PEG-a-CPT. Reproduced from reference 48
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Figure 1.3. Glucuronidic acid conjugated to 9-AC (glucuronide prodrug). 
Reproduced from reference 61.
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Table 1.1. Rates of hydrolysis and IC50 values of PEG-amino acid-CPTs.
Reproduced from reference 54.

Amino acid spacer IC5o(nM)a % buffer hydrolysis in 24 hb tl/2(h)c

Rat plasma Human Plasma

none (native CPT) 7 -----

glycine 34 >10 9 4

alanine 16 <10 15 7

phenylalanine 27 >10 9 2

methionine 7 >10 6 3

glutamate (Ome) 16 >10 21 9

leucine 358 <10 25 4

proline 3000 <10 113 6

a All experiments were carried out in duplicate on P388/0 cells:STD of measurement ± 
10

b PBS buffer (pH 7.4) at 37 °C.

These results represent the half lives (± 10) by disappearance of the PEG-conjugates.
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Table 1.2. Activity of PEG-CPT derivatives against P388/0 leukemia in vivo.
Reproduced from reference 54.

Test Compound Total Dose3 
(mg/kg)

Medium time to death 
(days) [cures/group]

Mean time to death
(days)b

%ILS

Control ----- 12.0 [0/10] 12.5+ 1.3

CPT 20 d 8.5 [0/10] 8.1±1.3 -35.2

PEG-gly-CPT 20 40.0 [6/10] 28.2± 15.3 125.6

PEG-ala-CPT 20 22.0 [0/10] 21.7± 1.6 73.6

PEG-phe-CPT 20 27.0 [1/10] 26.8± 8.6 114.4

PEG-met-CPT 20 32.0 [4/10] 31.1110.0 148.8

PEG-glu-CPT 20 20.0 [0/10] 19.710.7 57.6

PEG-leu-CPT 20 22.0 [0/10] 22.411.0 79.2

PEG-pro-CPT 20 13.0 [0/10] 13.111.2 4.8

Derivatives were given daily (i.p.x5), following an injection of P388/0 cells into the 

abdominal cavity with survival monitored for 40 days.

Animals surviving at 40 days were considered cured.

a Equivalent dose of CPT

b Kaplan-Meier estimates with survivors uncensored. 

c ILS is (T/C-l) X 100 

d Toxic dose level
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Table 1.3. Concentration of CPT in five organs and tumors of mice treated for 30 
min with CPT liposome aerosol at a dose of 0.081 mg/kg and in five 
organs and tumors of mice treated by the oral, intravenous and 
intramuscular routs with tritiated CPT in a lipid dispersion at a dose of 4 
mg/kg. Reproduced from reference 81

Organ Aerosol Oral Intravenous Intramuscular

30min 90min 30min 90min 30min 90min 30min 90min

Lungs 310 17 43 5.3 32 36 44 170

Tumor 26 6.8 31 6.0 36 56 42 57

Brain 61 9.0 37 2.7 12 4 27 74

Blood 26 3.2 39 5.3 23 19 60 144

Liver 103 42.9 137 21.3 50 54 105 118

Kidney 95 7.2 243 210 109 146 176 294

Mean 104 14.4 88 42 44 53 76 143

SD 106 14.7 86 83 35 50 56 85
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Chapter 2

Biodegradable Injectable In Situ  Forming Delivery Systems

A version of this chapter is published in Journal o f Controlled Released.
A. Hatefi, B. Amsden. Biodegradable Injectable In-Situ Forming Drug Delivery Systems, 
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2.1. Introduction

The development of new injectable drug delivery systems has received 

considerable attention over the past few years (1-3). This interest has been sparked by 

the advantages these delivery systems possess, which include ease of application, 

localized delivery for a site-specific action (4-6), prolonged delivery periods, decreased 

body drug dosage with concurrent reduction in possible undesirable side effects common 

to most forms of systemic delivery, and improved patient compliance and comfort. 

Initial studies examined delivery systems such as emulsions (7-9), liposomes (10-13), 

biodegradable microspheres (14-16) and micelles (17,18). Although these formulations 

have demonstrated some success in certain applications, there still is room for 

improvement.

Emulsions are used extensively in parenteral products but usually not in long 

acting formulations because of the stability problems accompanying this dosage form. 

The possibility of the dispersion breakdown or dissolution in the surrounding body fluid 

has made emulsions a poor choice for long acting formulations (19). Liposomes are not a 

promising dosage form for long acting formulations as well. Local retention of 

liposome-entrapped drugs is likely to be longer than that of free drugs, but it may not 

always be long enough to maintain local therapeutic drug levels, due in part to rapid 

clearance by macrophages and other cells (20,21). Other problems, such as stability 

issues, sterilization problems and often-low drug entrapment, have played an important 

role in limiting the utility of liposomes (22). Microspheres are easy to deliver to the site 

of action but they have several inherent disadvantages. These include the need for 

reconstitution before injection, a relatively complicated manufacturing procedure to 

produce a sterile, stable, and reproducible product, and the possibility of microsphere 

migration from the site of injection (23-27). Micelles, which are also prone to migration, 

suffer from the fact that there are a large number of variables, which influence micelle 

properties. Controlling factors like core block length and corona outer shell length, 

which significantly influence drug loading and size distribution, at the same time is 

almost impossible. Furthermore, the stability of micelles is highly dependent on their 

critical micelle concentration (CMC), which is the minimum polymer concentration
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required for micelle formation. The lower the value of the CMC, the greater the 

thermodynamic stability of micelles in dilute solutions. Once diluted below the CMC, 

micelles begin to spontaneously disassemble into single chains (27,28). Therefore, 

dilution upon injection, as well as interaction with lipid components in the blood, may 

result in dose dumping.

With these shortcomings in mind, injectable, in situ setting semi-solid drug depots 

are being developed as alternative delivery systems. These implant systems are made of 

biodegradable products, which can be injected via a syringe into the body and once 

injected, solidify to form a semi-solid depot (29-31). Our goal in this paper is to outline 

the different strategies used to prepare in situ setting drug depots and comment on their 

advantages and disadvantages. In this review, semi-solid biodegradable injectable 

implant systems are divided into four categories based on the mechanism of achieving 

solidification in vivo: 1) thermoplastic pastes, 2) in situ crosslinked systems, 3) in situ 

precipitation, and 4) in situ solidifying organogels. The coverage of the literature is not 

encyclopedic; rather, a few select examples have been chosen to highlight certain points. 

The discussion will emphasize some of the practical issues, problems and unique 

challenges that are associated with these injectable implant systems.

2.2. Thermoplastic Pastes

Thermoplastic pastes are polymer systems, which are injected into the body as a 

melt and form a semi-solid upon cooling to body temperature. They are characterized as 

having a low melting point, ranging from 25 to 65 °C, and an intrinsic viscosity from 

0.05 to 0.8 dL/g, measured at 25 °C (32). It has been reported that an intrinsic viscosity 

below 0.05 dL/g may fail to significantly impart a delayed release profile to a drug, and a 

carrier copolymer with an intrinsic viscosity above 0.8 dL/g may be too viscous to be 

easily administered through a needle (33). The facile injectability of these systems, when 

heated slightly above their melting point, is due to their low molecular weight and low 

Tg (glass transition temperature). These polymeric systems flow easily when pushed or 

stretched by a load, usually at elevated temperatures. They mostly hold their shape at 

room temperature and can be formed into different shapes by applying heat (34).
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Bioerodible thermoplastic pastes could be prepared from such monomers as D,L- 

lactide, glycolide, e-caprolactone, trimethylene carbonate, dioxanone and ortho esters 

(33,35). Polymers and copolymers of these monomers have been extensively used in a 

number of biomedical areas, from carriers of pharmaceutical compounds (36) to surgical 

sutures (37), ocular implants (38), soft tissue repair (39,40) and augmentation materials 

[41,42], They therefore have a demonstrated track record of biocompatibility and thus 

are attractive starting points for new material development. Specific examples of the use 

of these materials are given in the following paragraphs.

Walter et a i ,  placed a Taxol™-loaded poly [bis(p-carboxyphenoxy)propane- 

sebacic acid] implant beside brain tumors or within tumor resection sites and 

demonstrated the effectiveness of the method in rats after surgery (43). In an effort to 

develop a means of avoiding surgery and circumventing the invasiveness of W alter’s 

method, Zhang et a i,  developed a thermoplastic triblock polymer system composed of 

poly(D,L-lactide)-Woc£-poly(ethylene glycol)-Moc£-poly(D,L-lactide) and blends of low 

molecular weight poly(D,L-lactide) and poly (e-caprolactone) for the local delivery of 

paclitaxel (44). Both polymeric systems were capable of releasing Taxol™ for a long 

period of time (greater than 60 days)(Fig. 2.1), albeit at a very low rate. The advantages 

of using this system over systemic administration of Taxol™ are reduced side effects due 

to the local delivery of Taxol™ to the tumor site. There are some noteworthy 

disadvantages associated with this polymeric system. The melting points of these 

polymeric pastes were greater than 60 °C, therefore the temperature of the paste at the 

time of injection was at least 60 °C. This temperature can be very painful for a patient 

and increases the chance of necrosis and scar tissue formation at the site of injection 

(45). The second disadvantage is the very slow rate of dmg release (40% drug mass 

released after 60 days when the block copolymer was used and 35% dmg mass released 

after 30 days when the blend of PDLLA and PCL were used)(Fig. 2.2). This slow rate of 

release, which had a significant impact on the efficacy of the polymeric paste 

formulation to inhibit the tumor growth, may be due to the high molecular weight of 

PCL, the high degree of crystallinity in the synthesized polymer (PCL) or the affinity of 

the dmg for the polymer versus the aqueous phase.
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Dordunoo et a i ,  attempted to overcome the problem of slow Taxol™ release by 

using poly(e-caprolactone) of molecular weight 10-20 kDalton as a polymeric paste (46). 

To enhance Taxol release, they examined the effect on the rate of drug release of water- 

soluble additives such as gelatin, albumin, methylcellulose, dextran and sodium chloride. 

Cylindrical pellets of Taxol™-loaded paste were prepared by melt extrusion and 

suspended in phosphate buffered saline for in vitro studies. Addition of the water-soluble 

additives significantly improved the rate of drug release, especially when gelatin or 

albumin was used. The authors suggested that the enhanced rate of drug release in the 

case of gelatin or albumin emanated from the fact that these two additives are water 

swellable as well as soluble. The swelling of such additives inside the polymeric paste, 

increased the water imbibitions into the polymer and hence, produced a higher rate of 

drug dissolution and release. An alternative explanation is that the enhanced release may 

not have anything to do with swelling, but may be a result of increased Taxol™ solubility 

in the release medium due to its binding to proteins. Taxol™ has low water solubility 

(0.2 |ig/mL), and the addition of proteins such as albumin can increase the water 

solubility of Taxol™ up to 3.7 [Xg/mL (46). In in vivo studies, pastes containing Taxol™- 

gelatin particles were prepared and heated to 60 °C and then extruded at the tumor site of 

eight DBA/2j female mice. Tumor mass was reduced 63 ± 27% with respect to controls. 

This system has some limiting disadvantages, however. Low molecular weight poly(£- 

caprolactone) has a degree of crystallinity of between 50-70% (47). This high degree of 

crystallinity would impede the diffusion of the dmg within the cylinder. Further, the 

paste was heated to 60 °C to bring it into a molten state and make it injectable through a 

needle. This temperature can invoke scar tissue formation, which in turn can encapsulate 

the polymeric paste and inhibit the diffusion of Taxol™ to the surrounding tumor cells.

In another approach Wintemitz et al., added methoxy(polyethylene glycol) 

(MePEG) in amounts up to 30% to the poly(£-caprolactone) (PCL) paste, which brought 

down the melting point from 55 to around 50 °C and increased the crystallinity of the 

polymer from 42% to 51% (48). Taxol showed a biphasic in vitro release profile 

composed of a burst phase during the first couple of days followed by a much slower
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release rate (Fig. 2.3). The addition of MePEG increased the amount of water taken up 

by the polymer blends but decreased the rate of Taxol™ release. This was attributed to an 

increased degree of crystallinity of PCL resulting in a polymer, which degrades more 

slowly, and a decreased Taxol diffusion coefficient due to the increased tortuosity of the 

diffusional pathway (48). Nevertheless, this delivery system, with slight changes with 

respect to polymer composition, was tested in human prostate LNCaP tumors grown 

subcutaneous in castrated athymic male mice and promising results were obtained (49).

Thermoplastic injectable implants have even been used for delivery of 

pharmaceutically active agents into the eye (50). An injectable implant system was 

developed by Davis et a l,  made of copolymers of PCL and PEG which was capable of 

being injected through a 25 gauge needle when heated to 50 °C. This invention avoids 

the hazards of eye surgery to insert the dmg delivery device and also avoids possible 

intraocular chemical reactions. The only problem that this system bears is the 

temperature of the paste at the time of injection (50 °C), which appears to be too high for 

the eye environment. It is claimed that in vivo compatibility and degradation life times in 

the eye can be ascertained by injecting the sterilized paste into both the anterior chamber 

and vitreous cavity of laboratory rabbits’ eyes. Absence of experimental data or 

examples, regarding the in vivo compatibility of this system, emphasizes the necessity 

for further studies.

2.3. In  Situ  Crosslinked Systems

Crosslinked polymer networks can be formed in situ in a variety of ways, forming 

solid polymer systems or gels. Means of accomplishing this end include free radical 

reactions initiated by heat (thermosets) or absorption of photons, or ionic interactions 

between small cations and polymer anions.

2.3.1. Thermosets

Thermoset polymers can flow and be molded when initially constituted, but after 

heating, they set into their final shape. This process is often called “curing” and involves 

the formation of covalent crosslinks between polymer chains to form a macromolecular
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network. Reheating a cured polymer only degrades the polymer (34). This curing is 

usually initiated chemically upon addition of heat. In two U.S. patents, Dunn et al. 

introduced the application of thermoset systems (39,40). Unfortunately, there have not 

been many articles written regarding the application of chemically initiated thermoset 

systems for the delivery of pharmaceutically active agents into the body. This may be 

due to the limitations and adverse effects associated with it (51). In particular, the 

reaction conditions for in vivo applications are quite stringent, including a narrow range 

of physiologically acceptable temperatures, requirement for nontoxic monomers and/or 

solvents, moist and oxygen-rich environments, the need for rapid processing, and 

clinically suitable rates of polymerization (52). In this part of the review, the 

characteristics of thermoset systems and the application of photoinitiated thermoset 

systems will be investigated.

Dunn et a i,  used biodegradable copolymers of D,L-lactide or L-lactide with e- 

caprolactone to prepare a thermosetting system for prosthetic implants and slow release 

drug delivery systems. This system is liquid outside the body and is capable of being 

injected via a syringe and needle and once inside the body, it cures (53). The 

multifunctional polymers in their thermosetting system were first synthesized via 

copolymerization of either D,L-lactide or L-lactide with £-caprolactone using a 

multifunctional polyol initiator and a catalyst (e.g., peroxides) to form polyol terminated 

liquid prepolymers. This prepolymer was then converted to an acrylic ester-terminated 

prepolymer. Curing the liquid acrylic-terminated pre-polymer is initiated by the addition 

of either benzoyl peroxide or N,N-dimethyl-p-toluidine, prior to injection into the body. 

After introduction of the initiator, the polymer system is injected and polymer 

solidification occurs. The estimated time of reaction is between 5 to 30 minutes (54).

The advantage of using this system is its facile syringeability. There are a couple of 

disadvantages accompanied with this system, which have limited its application. When a 

bioactive agent (e.g., flurbiprofen) was incorporated into this system, a burst in drug 

release during the first hour was observed (Fig. 2.4). This burst was due to the lag time 

for solidification of the polymer. While the cross-linking reaction inside the body is in 

process and the polymer is in liquid form, the drug can diffuse out of the system more
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rapidly, thereby causing the burst. This high concentration of drug at the site of reaction 

may result in the appearance of side effects of the drug. Furthermore, the heat released 

upon curing (up to 94 °C have been reported for poly(methyl methacrylate) used as a 

prosthetic bone cement (57)) due to the exothermic nature of the crosslinking reaction, 

can cause necrosis to the surrounding tissues (51,55,56,57). Finally, introduction of free 

radical producing agents such as benzoyl peroxide into the body may induce tumor 

promotion (58-60).

2.3.2. Photocrosslinked Gels

Photopolymerizable, degradable biomaterials provide many advantages over 

chemically initiated thermoset systems. In this approach, prepolymers are introduced to 

the desired site via injection and photocured in situ with fiber optic cables (52). This 

approach has many advantages. Photoinitiated reactions provide rapid polymerization 

rates at physiological temperatures. Further, because the initial materials are liquid 

solutions or moldable putties, the systems are easily placed in complex shaped volumes 

and subsequently reacted to form a polymer of exactly the required dimensions. These 

characteristics have encouraged the investigation of using this system for tissue 

engineering (56), orthopedic applications (61), cell transplantation (62), local drug 

delivery (63,64), dentistry (65,66), and tissue adhesion prevention (67-68).

Hubbell et a i ,  described a photopolymerizable biodegradable hydrogel as a 

tissue contacting material and controlled release carrier (69). This system consisted of a 

macromer with at least two free radical-polymerizable regions (PEG-oligoglycolyl- 

acrylates), a photosensitive initiator (eosin dye) and a light source (ultraviolet or visible 

light). By exposing the mixture of macromers and photoinitiator to the light source, the 

macromer undergoes rapid crosslinking and forms a network. These networks can be 

used to entrap water-soluble drugs and enzymes and deliver them at a controlled rate. 

Use of an argon laser as a light source offers a greater depth and degree of 

polymerization, less time is required and an enhancement of the physical properties of 

the polymer is realized. These advantages are offset by reports that the increased 

polymerization caused by the laser results in increased shrinkage and brittleness of the
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polymer (70).

As an example of the drug delivery capabilities of this approach, the delivery of 

various proteins from a photopolymerized PEG-PLA hydrogel is illustrated in Figure 

2.5(71). Release of the proteins from these hydrogels was relatively rapid, with 

completion achieved within 5 days. The release rate was dependent on protein 

molecular weight, decreasing as molecular weight increased. The release was 

diffusionally controlled for molecules below a critical molecular weight. For the larger 

immunoglobulin G, release required the degradation of the hydrogel structure to afford 

larger openings within the gel to allow for diffusion. Thus, to achieve prolonged release, 

this delivery system is best suited for large dmg molecules.

2.3.3. Ion-mediated Gelation

Alginates are natural polymers, which have been widely investigated for drug 

delivery (72). Alginates form a gel upon contact with divalent cations such as calcium 

ions. They can be used directly as a dmg carrier or as a carrier of another delivery 

system such as liposomes (73). Liposomes are capable of increasing the local retention 

of liposome-entrapped dmgs over that of free drugs. However, site retention may not 

always be long enough to maintain local therapeutic levels, due in part to rapid clearance 

of the liposomal vesicles by macrophages. In order to overcome this problem Cui et al. 

used thermally sensitive Ca-loaded vesicles, capable of releasing Ca2+ when heated to 

body temperature, along with Na-alginate to form a fluid suspension that gels at 37 °C. 

1,2-bis(palmitoyl)-glycero-3-phosphocoline (DPPC) and 1,2-bis(myristoyl)-glycero-3- 

phophocoline (DMPC) were used to prepare both Ca-loaded and drug loaded 

phospholipid vesicles. The molar ratio of DPPC:DMPC was adjusted to 9:1 to bring the 

melting point of the liposomes below body temperature. It is well known that the 

permeability of the phospholipid bilayers is strongly temperature dependent (74,75). At 

temperatures below the lipid chain melting transition, phospholipid bilayers are 

relatively impermeable to multivalent ions. However, phospholipid permeability has 

been shown to be several orders of magnitude higher at the melting temperature (74). 

The addition of drug-filled liposomes to the formulation resulted in a hydrogel that
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released entrapped drug (metronidazole) in a controlled manner. Drug release was 

characterized by a rapid burst-type release followed by a slower controlled release of 

drug from the hydrogel matrix. Metronidazole was released more rapidly from the 15% 

DMPC liposome than from the pure DPPC liposome due to the difference in bilayer 

permeability of the two compositions at the experimental temperature (37 °C)(Fig. 2.6). 

This approach clearly improved the half-life of the liposomes and proved to be 

advantageous for certain local delivery applications in which in situ gelation is required 

(76,77). The disadvantages of using this system are a short shelf life due to the slow 

leakage of Ca2+ from the liposomes and a large amount of drug released in the initial 

release burst.

Recently, Westhaus et al. (2001) (78), introduced thermally triggered Ca2+ 

release from liposomes to form Ca-alginate hydrogels, and a protein-based system in 

which triggered release of calcium activates transglutaminase enzyme-catalyzed cross- 

linking of proteins. The fundamentals of this system are the same as the Cui et al. 

hydrogel system mentioned above and has the same problem of calcium leakage out of 

the liposomes and hence, the same problem with a short shelf life.

Alginate has been used for ophthalmic drug delivery as well (79). The human eye 

has enough calcium ions to induce alginate gelation. In a study by Cohen et al., it was 

demonstrated that an aqueous solution of sodium alginate could gel in the eye without 

the addition of external calcium ions or other bivalent/polyvalent cations. The 

concentration of CaCU in lacrimal fluid is 0.008 % w/v. Using this calcium to cause 

gelation of an alginate-pilocarpine solution; pilocarpine was delivered to the eye in a 

sustained fashion. Unfortunately, this method of delivery is restricted to the eye due to 

the lack of calcium concentration in other tissues.

Despite these applications, there are two important factors, which have limited 

the use of calcium alginate for drug delivery purposes. The first factor is their potential 

immunogenicity and the second is the long time required for their in vivo degradation 

(80,81). For example, cytotoxicity and the nonbiodegradable nature of calcium alginate 

wound dressings induce a chronic foreign-body reaction (80).
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2.4. In situ Polymer Precipitation

Another strategy that has been utilized to produce an injectable drug delivery depot 

is the phenomenon of polymer precipitation from solution. This precipitation can be 

induced by solvent-removal (82,83), a change in temperature (84,85), or a change in pH 

(86,87).

2.4.1. Solvent-Removal Precipitation

Dunn et al., introduced an in vivo setting system made of biodegradable polymers 

(88), which has been used for human as well as veterinary purposes (89-94). This 

injectable implant system is comprised of a water insoluble biodegradable polymer, such 

as poly (D, L-lactide), poly(D,L-lactide-co-glycolide) and poly(D,L-lactide-co-e- 

caprolactone), dissolved in a water miscible, physiologically compatible solvent. Upon 

injection into an aqueous environment, the solvent diffuses into the surrounding aqueous 

environment while water diffuses into the polymer matrix. Since the polymer is water 

insoluble, it precipitates upon contact with the water and results in a solid polymeric 

implant. Solvents which have been used in this approach include N-methyl-2- 

pyrrolidone, propylene glycol, acetone, dimethyl solfoxide, tetrahydrofuran, 2- 

pyrrolidone, and triacetin, but the most preferred are N-methyl-2-pyrrolidone (NMP) and 

dimethyl sulfoxide (DMSO) because of their pharmaceutical precedence (95). Due to 

the number of disadvantages inherent in this system, it has not been extensively 

investigated or endorsed by fellow pharmaceutical scientists.

One of the problems is the possibility of a burst in drug release especially during 

the first few hours after injection into the body. Since this injectable implant system is 

administered as a liquid, it is reasonable to assume that there is a lag between the 

injection and the formation of the solid implant. During this lag time the initial burst of 

drug may exceed the plasma concentration achieved using conventional implant systems. 

This initial burst of drug has been linked to tissue irritation and sometimes to systemic 

toxicity. Due to this unwanted phenomenon, the use of this system has been limited only 

to drugs with a narrow therapeutic index.

In order to control the burst effect four factors have been examined: the
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concentration of polymer in the solvent (96), the molecular weight of the polymer (29), 

the solvent used (29,82,97), and the addition of a surfactant (98). All of these 

parameters influence the rate of precipitation of the polymer. For example, Lambert and 

Peck examined the influence of solvent, polymer molecular weight, and polymer 

concentration on FITC-bovine serum albumin release from poly(D,L-lactide-co- 

glycolide) (PLGA) precipitated from solution as spheres (29). They found that, for a 

high PLGA (75-115,000 Dalton) molecular weight, the higher the polymer loading in the 

solvent (10 to 20 %), the smaller the burst effect, and the higher the capability of solvent 

to dissolve the polymeric system the greater the burst effect (Fig. 2.7A). By using a 

lower molecular weight PLGA (10-15,000 Dalton), much greater concentrations (33.5 to 

40 %) of polymer in solution were obtainable, and as a consequence, the initial burst of 

drug released was eliminated (Fig. 2.7B). The effect of solvent choice, however, was not 

as clearly defined. For the high molecular weight polymer case, DMSO provided the 

greatest burst effect at a given polymer concentration, while the opposite effect was 

observed for the low molecular weight polymer. Finally, Chandrashekar et a l, have 

reported that the addition of a diblock of PLGA-PEG of relatively low molecular weight 

(5000 Dalton) was effective in reducing the burst of small drug molecules. For example, 

the initial burst (% released after 24 hours) of leuprolide acetate in PLGA dissolved in 

DMSO (50% PLGA, 50% DMSO) was reduced from 50% to 34% of the initially loaded 

concentration when injected subcutaneously into rats (98) with the incorporation of 10% 

PLGA-PEG in place of 10% of the PLGA. Similar results were reported for floxuridine, 

lidocaine, and lidocaine HC1. The reduction in the burst effect was most notable for the 

water soluble lidocaine HC1, whose initial burst decreased from 82 % to 30%. While the 

reductions are significant, there still remains a large burst effect with this approach.

Another problem with this system is the use of DMSO and NMP, which are 

highly controversial solvents. There are extensive toxicity data for oral, intraperitoneal 

and intravenous administration of these solvents, but not for subcutaneous or 

intramuscular use (99). In a recent study (100), poly(lactide) or PLGA was dissolved in 

NMP, DMSO or 2-pyrrolidone and injected intramuscularly into Sprague-Dawley rats. It 

was shown that these solvents are myotoxic and can damage muscles. Chandrashekar et
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al. (1996) (101) and Singh et al. (1997) (102), tried propylene glycol and triacetin 

respectively. However, triacetin suffers from the same problems of NMP and DMSO and 

propylene glycol is not recommended due to its hemolytic potential (103,104). Eliaz et 

al. (2000), utilized glycofurol as a solvent to deliver soluble necrosis factor receptor 

from an in situ forming PLGA implants in vivo (105). Glycofurol is another solvent, 

which has been used in parenteral products (106). Unfortunately, little toxicological data 

are available in the literature (107). The only data uncovered were intravenous LD5o’s of 

3.8 g/kg in the mouse (108) and 2.0-4.3 g/kg in the rat (109).

Poly(acrylic acid) and its derivatives have also been examined as precipitating 

polymers. Haglund et al. (110), investigated the use of poly(ethylene glycol) and 

poly(methacrylic acid) or poly(acrylic acid) as an injectable drug delivery system. 

Albumin-FITC and pheniramine were chosen as high and low molecular weight model 

drugs, respectively. Since the system is poorly soluble in an aqueous environment, at 

least 50% ethanol (preferably 60-80%) was added to keep the solution clear. After 

injection into the body, the ethanol diffuses out and water diffuses into the system, 

causing the dissolved polymeric network to collapse and precipitate. A similar approach 

was investigated by Ismail et al. ( I l l ) ,  who examined water-soluble polymers such as 

hydroxypropylmethylcellulose (HPMC)-carbopol system and polymethacrylic acid 

(PMA)-polyethyleneglycol (PEG) for plasmid DNA delivery. Carbopol is a pH 

dependent polymer, which forms a low viscosity gel in alkaline environment (e.g., 

pH=7.4) and stays in solution in acidic pH. The addition of HPMC, a viscosity inducing 

agent, to carbopol reduces the carbopol concentration and hence the solution acidity 

while preserving the viscosity of the in-situ gelling system. This system gels upon an 

increase in pH when injected. The second appraised system consisted of a mixture of 

PMA and PEG dissolved in NMP/ethanol/buffer (1:1:2 ratio). Although the 

conformational analysis of the released pDNA from these systems showed no sign of 

degradation in-vitro, it was shown that the physical stability of pDNA was compromised 

(conversion from super coil to open circular form). Both systems were capable of 

releasing the pDNA but with a 35-70% drug burst in the first couple of hours followed 

by little to no subsequent release. The lack of significant release beyond the burst phase
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indicates a strong interaction between the pDNA and the polymers used, which holds a 

portion of the pDNA within the polymer matrix. The collapse of the polymer network 

due to the removal of solvent (ethanol) causes a significant change in the volume of the 

system, which in turn causes the rapid release of the drug, especially when the drug is 

soluble in alcohol. Moreover, the outburst of the alcoholic solvent at the site of injection 

is likely to cause tissue irritation. Additionally, the in vitro release profiles of Ismail et 

al. was compared by using a two-way ANOVA . It is noteworthy that the use of two- 

way ANOVA to compare dissolution profiles is not recommended by the FDA. This is 

due to the fact that in dissolution profile data all the time points are dependent on each 

other and this violates the ANOVA assumption of independence between dissolution 

time points, and the time effect, which is not of interest, consumes too many degrees of 

freedom in the analysis (112).

In-situ forming injectable microspheres is a different approach introduced by Jain 

et al. (2000) (113). This system is comprised of a stable dispersion of PLGA-solvent 

solution microglobules (premicrospheres) dispersed in a continuous oil phase. Upon 

injection into the body, water penetration into the system while the PLGA solvent 

diffuses out hardens the microglobules into solid microspheres. To prepare this system 

PLGA was first dissolved in triacetin and a solution of PEG 400 and the drug (e.g., 

myoglobin Mw= 16,950 or cytochrome c Mw= 12,327) was added into followed by an 

addition of Tween 80. This mixture, called oil phase I, was added into a mixture of Span 

80 and Miglyol 812 (oil phase II) dropwise with continuous homogenization to form the 

premicrospheres. Drug entrapment efficiency was reported to be between 60-90% by 

varying the PEG 400 and drug concentration in the formulation. The effects of using 

different vehicles were investigated and compared (triacetin with triethyl citrate and 

Miglyol 812 with soybean oil). It was shown that there is no effect in myoglobin release 

profile when the different vehicles were used. Overall, both systems were able to release 

the drugs in a sustained fashion for 15 days with a burst in the drug release of between 

30-50 % during the first day. This was attributed to the free and unencapsulated drug 

present in the vehicle. The molecular weight of the drug had an impact on the in vitro 

release rate, and circular dichroism (CD) spectroscopy showed no sign of physical
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instability in the proteins’ native conformation. Although the system is readily 

injectable, the same can be said about the injection of drug-loaded PLGA hardened 

microspheres in a suitable vehicle, which would not have the disadvantage of the 

presence of an undesirable solvent phase.

These examples illustrate that the burst effect obtained depends on the nature of 

the drug incorporated (82). For hydrophobic drugs, the burst effect depends on the 

affinity of the drug for the solvent-water phase versus the solvent-polymer phase. If the 

drug has a higher affinity for the solvent-water phase, which initially surrounds the 

device, then a high burst effect will be observed. For hydrophilic drugs, such as FITC- 

bovine serum albumin, which are injected as suspensions in the polymer-solvent 

solution, the burst effect is determined by the number of drug particles which reside at 

the implant surface during polymer precipitation. This is affected by the viscosity of the 

solution, which governs particle settling, and the degree of mixing of the solution. 

Viscosity increases as polymer molecular weight and concentration increase, for a given 

solvent. Viscosity is also influenced by the polymer-solvent interaction. The greater the 

affinity of the polymer for the solvent, the greater the expansion of the polymer chain in 

solution and thus the greater the number of polymer chain entanglements which 

produces a more viscous solution. The burst effect is thus a complex situation and 

difficult to predict a priori.

A non-polymeric approach using the same precipitation strategy has also been 

developed. Smith and Tipton (114) introduced sucrose acetate isobutyrate (SAIB), a 

noncrystalline, viscous compound, which dissolves in solvents such as DMSO and 

ethanol, to form a solution having the same viscosity of vegetable oil (50-200 cP). SAIB 

is reported to be bioerodible and essentially insoluble in water. Upon injection of SAIB 

dissolved in, for example, ethanol at 50% concentration, into tissue, the solution 

increases dramatically as the solvent diffuses away. The SAIB then forms a depot, which 

sustains the release of the dmg. Drugs that have been examined for release by this 

system include gonadotropin hormone (115), chlorhexidine, doxycycline, diclofenac, 

flurbiprofen, naproxen, and theophylline (116). Although sustained release is achieved, 

the same problems inherent with the polymeric systems exist with this system, i.e. high
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initial burst, relatively rapid release rates, and use of controversial solvents. 

Furthermore, although SAIB has been approved as a food additive, it has not received 

approval as a parenteral compound.

2.4.2. Thermally-induced Sol/Gel Transitions

Many polymers undergo abrupt changes in solubility in response to changes in 

environmental temperature (117,118,119). This physical characteristic has been 

employed to form drug depots by using polymer systems, which undergo a sol-gel 

transition upon injection into the body.

Poly(N-isopropyl acrylamide) (poly(NIPAAM)) is an example of a thermosensitive 

polymer. It exhibits the phenomenon of lower critical solution temperature (LCST) 

phase separation. Reviews of polyNIPAAM and its gel applications are numerous 

(120,121,122). PolyNIPAAM shows a very well defined LCST at about 32 °C, which 

can be shifted to body temperature by formulating polyNIPAAM based gels with salts 

and surfactants (123,124). Although numerous poly(N-alkylacrylamides) and polymers 

possess LCSTs (125,126), polyNIPAAM is unique with respect to the sharpness of its 

almost discontinuous transition, which is usually observed only with ionizable polymers 

(127). These features make poly(NIPAAM) an interesting potential material for use in in 

situ setting dug delivery. However, acrylamide based polymers with quaternary 

ammonium in their structure, in general, are not suitable for implantation purposes due 

to cell toxicity (128). The observation that acrylamide-based polymers activate platelets 

on contact with blood (129), along with the poorly understood metabolism of 

polyNIPAAM and its non-degradability (130), make it difficult to win FDA approval. 

Therefore, the vast majority of the drug delivery systems which employ LCST, use block 

copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) simply 

because of FDA approval (131).

Triblock PEO-PPO-PEO copolymers (Pluronics®, or Poloxamers®) are 

available in a variety of lengths and are of particular interest, as their gelation 

phenomena have been extensively studied (132,133,134). The properties of some 

Pluronic copolymers frequently used in dmg delivery studies are collected in Table 2.1
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(135). It is significant to note that, although most of the Pluronics listed in Table 2.1 

have a LCST well above normal body temperature, they do exhibit gelation at body 

temperature in concentrated solutions (136). However, application of concentrated 

polymer solutions (>16 wt%) in drug delivery may be disadvantageous as it changes the 

osmolality of the formulation, kinetics of gelation, and causes discomfort in ophthalmic 

applications due to vision blurring and crusting (137). Since F I27 has been reported to 

be the least toxic of the commercially available Pluronics® (138), it has been used most 

extensively in drug delivery studies. One other reason for the popularity of Pluronics® is 

its inhibitory effect on P-glycoprotein (139,140). Certain Pluronics®, e.g., P85, 

strikingly increase the cytotoxicity of drugs such as daunorubicin, against multidrug cell 

overexpressing P-glycoprotein (141). It appears that unimers of Pluronics are able to 

inhibit P-glycoprotein. The mechanism of inhibition is unclear, but it may be related to 

the changes at a membrane level induced by Pluronics. This may inhibit P-glycoprotein 

or enhance cellular uptake of drugs (142).

Veyries et al. (143), demonstrated the possibility of controlled release of 

vancomycin from Pluronnic® F127. They investigated Poloxamer® 407 (Pluronic® 

F127) 25% formulations aimed at prolonging the residence time of vancomycin, a time 

dependent antibiotic, in a body site with a high infectious risk. It appeared that neither 

the rheological properties of the Poloxamer® matrices nor the antibacterial activity of 

vancomycin was altered by their combination. Two formulations were prepared, one 

saturated and one unsaturated (solubilized) with vancomycin. In vitro, the dispersed 

form (saturated) exhibited prolonged release, with a lower diffusion coefficient of 

vancomycin compared to the solubilized form (4.7x1 O'8 vs 2 .1xl0‘7 c m V 1) (Fig. 2.8). In 

rats, a single dose was well tolerated and resulted in a high local concentration for 24 hrs 

(>131 mg/L), followed by lower but effective antibacterial levels for at least 8 days. 

Based on the release profiles, good preservation of vancomycin activity, good 

tolerability in rats, and ease of administration, it was concluded that Poloxamer® 407 

might be useful as a vancomycin delivery vehicle for local prophylaxis of infections, 

especially in prosthetic surgery. In another study by Miyazaki et al., the antitumor effect 

of Pluronic® F-127 containing Mitomycin C (MMC) on sarcoma-180 ascites tumor
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mice was evaluated (144). The Pluronic® F-127 gels were evaluated as a sustained 

release vehicle for intraperitoneal administration of MMC in order to enhance the 

therapeutic effects of MMC. Tumor cell injections were made on day 0 and injections of 

MMC in 25% (w/w) Pluronic® F-127 on day 1, both intraperitoneally. A prolongation 

of the life span of tumor-bearing mice following injection of therapeutic Pluronic® F- 

127 was noted, and Pluronic® F-127 containing MMC was therapeutically more active 

than free drug. The in vitro release experiments indicated that Pluronic® gel might serve 

as rate-controlling barrier and be useful as a vehicle for sustained release preparations of 

MMC to be administered intraperitoneally (Fig 2.9).

As discussed previously, Pluronic® concentrations above 16 wt% may show 

toxicity particularly when intended for intraperitoneal administration. This problem led 

the Miyazaki’s group to study the potential of natural polymers as vehicles for drug 

delivery. Xyloglucan polysaccharide derived from tamarind seeds is composed of a (1 - 

4)-(3-D-glucan backbone chain, which has (l-6)-a-D-xylose branches that are partially 

substituted by (l-2)-(J-D-galactoxylose. When partially degraded by p-galactosidase, the 

resultant product exhibits thermally reversible gelation in dilute aqueous solutions [145]. 

An important difference between the gelation properties of the xyloglucan gels and block 

copolymers such as Pluronic® F-127 from a toxicity viewpoint is that xyloglucan forms 

gels at much lower concentrations. In an in vitro study, the cumulative release of MMC 

from an aqueous solution of concentration 0.025% (w/v) and from xyloglucan gels with 

gel concentrations of 0.5, 1 and 1.5% (w/w) was compared at 37 °C (Fig. 2.10). It was 

determined that the in vitro release of MMC from xyloglucan gels is diffusionally 

controlled. The figure demonstrates that the system has the potential for sustained drug 

release. The advantage of xyloglucan gel is its gel formation at low concentrations. 

However, there is no published information on their biodegradability or tissue 

biocompatibility, which may limit its suitability for use.

Beside the two examples given above, Poloxamer® 407 has been studied in a 

series of papers for controlled delivery of low and high molecular weight bioactive 

agents such as melanotan-I (146), lidocaine (147), ibuprofen (148), pilocarpine (149) and
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interleukin-2 (150). One important drawback of Poloxamer® 407 is 

hypertriglyceridemia induction following intraperitoneal injection. Johnston et al. in two 

studies (151,152), demonstrated that Poloxamer® 407 injected into rats by 

intraperitoneal injection resulted in sustained hypercholesterolemia and 

hypertriglyceridemia. This phenomenon was due to stimulation of 3-hydroxy-3- 

methylglutaryl-co-enzyme A (HMG-CoA) reductase activity in the liver by the 

Poloxamer® vehicle. Thus, elevated levels of plasma cholesterol and triglycerides 

resulting from the chronic administration of Poloxamer® containing drug formulations 

to patients may potentially hinder therapeutic outcome.

Jeong et al. in 1997 (130,153), reported a hydrogel consisting blocks of 

poly(ethylene oxide) and poly(L-lactic acid). Aqueous solutions of these copolymers 

exhibited temperature-dependent reversible gel-sol transitions. The advantage of this 

system over solvent-removal gelation is the absence of any organic solvent. 

Unfortunately, this system can only be loaded with bioactive molecules in an aqueous 

phase at an elevated temperature (around 45 °C), where it forms a sol. This loading 

procedure limits the nature of the drugs that can be incorporated in the delivery system 

to those that are not prone to hydrolysis. Moreover, this temperature can cause protein 

denaturation.

Jeong et al. (154), also designed another thermo-responsive hydrogel made of 

PEG-PLGA-PEG tri-block copolymers. This type of polymer mixture demonstrates 

phase separation behavior as the temperature increases above the LCST. The polymer is 

in sol form at room temperature and once inside the body, it turns into a gel and forms a 

viscous polymer solution. No organic solvent is required for this system but it bears the 

problem common to sol-gel systems, which is the high initial burst effect. When a 

polymer system goes through the sol/gel process, it shrinks and its volume changes 

dramatically. This phenomenon can exude significant amounts of the encapsulated 

bioactive agent out of the hydrogel and create an initial burst.

Chenite et al., developed a novel hydrogel system composed of neutral solutions 

of chitosan (155). Chitosan is obtained by alkaline deacetylation of chitin, a natural 

component of shrimp or crab shells. Chitosan is a biocompatible pH-dependent cantionic
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polymer, which remains dissolved in aqueous solution up to a pH of 6.2. Neutralization 

of chitosan aqueous solutions to a pH exceeding 6.2 leads to the formation of a hydrated 

gel-like precipitate. In this study, pH-gelling cationic polysaccharide solutions were 

transformed into thermally sensitive pH-dependent gel-forming aqueous solutions, 

without any chemical modification or crosslinking. This was done by addition of polyol 

salts bearing a single anionic head, such as glycerol-, sorbitol-, fructose- or glucose- 

phosphate salts to chitosan aqueous solutions. This system was examined for delivery of 

biologically active growth factors in vivo as well as encapsulation of living chondrocytes 

for tissue engineering. Although this transformation has solved the non-degradability 

problem of chitosan and can be considered as an advantage for this system, there is a 

lack of data presented regarding the volume change of the hydrogel and release profile 

data for the growth factor. Therefore, its suitability as a drug delivery vehicle requires 

further examination.

Other thermally sensitive polymer systems have also been developed. For 

example, the concept of stereocomplex formation was exploited recently to form a novel 

hydrogel, based on self-assembling of enantiomeric lactic acid oligomers grafted to 

dextran (156). L- and D- lactic acid oligomers were coupled to dextran, yielding dex- 

(L)lactate and dex-(D)lactate, respectively. Upon dissolving each product in water 

separately and mixing the solutions, a hydrogel formed at room temperature. Although 

no drug delivery applications have been demonstrated to date, this approach can be 

manipulated for delivering pharmaceutically active agents into the body without the need 

for crosslinking agents and organic solvents. In two reports, one published in Science 

(1998) and the other in Nature (1999), protein domains were used to form hydrogels. 

Petka et al., used recombinant DNA methods to create artificial proteins that undergo 

reversible gelation in response to changes in pH or temperature (157). The proteins 

consisted of terminal leucine zipper domains flanking a central, flexible, water-soluble 

polyelectrolyte segment. Formation of coiled-coil aggregates of the terminal domains in 

near-neutral aqueous solutions triggers formation of a three-dimensional polymer 

network. Dissociation of the coiled-coil aggregates through elevation of pH or 

temperature causes dissolution of the gel and showing viscous behavior. Wang et a l,

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reported a hybrid hydrogel system assembled from water-soluble synthetic polymers and 

a well-defined protein-folding motif, the coiled coil (158). These hydrogels undergo 

temperature-induced collapse owing to the cooperative conformational transition of the 

coiled-coil protein domain. Such new systems are still in the development stage and need 

more experimental studies.

2.5. In Situ Solidifying Organogels

Organogels or oleaginous gels are composed of water-insoluble amphiphilic lipids, 

which swell in water and form various types of lyotropic liquid crystals. The nature of 

the liquid crystalline phase formed depends on the structural properties of the lipid, 

temperature, nature of the drug incorporated, and the amount of water in the system

(159). The amphiphilic lipids examined to date for drug delivery are primarily glycerol 

esters of fatty acids, for example glycerol monooleate, glycerol monopalmitostearate, 

and glycerol monolinoleate which are waxes at room temperature. These compounds 

form a cubic liquid crystal phase upon injection (159) into an aqueous medium. The 

cubic phase consists of a three-dimensional lipid bilayer separated by water channels. 

This liquid crystalline structure is gel-like and highly viscous.

This gel forming nature has been used to form drug depot systems for the 

delivery of both water soluble and water insoluble drugs. For example, Ericsson et al.

(160) used a glycerol monooleate system to deliver somatostatin subcutaneously in 

rabbits while Yim et al. developed a formulation for interferon-a composed primarily of 

aluminum monostearate and peanut oil (19), and Gao et al. (161,162) demonstrated the 

use of a glycerol palmitostearate (Precirol) system to deliver the lipophilic drugs 

levonorgestrel and ethinyl estradiol. The equilibrium water content of the organogel 

formed is typically approximately 35 %, which therefore produces relatively short 

release duration for hydrophilic drugs. For the somatostatin example given above, 

somatostatin release lasted for only 6 hours. Much more sustained release can be 

achieved using a lipophilic drug. In the work of Gao et al. (161,162), in vitro release of 

levonorgestrel was observed for up to 14 days (162), while in vivo studies of 

levonorgestrel in the organogel injected subcutaneously into rabbits demonstrated an
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estrus blockage for up to 40 days (161).

Although they can be formulated with a low concentration of water, the viscosity 

of the system is reduced by mixing with vegetable oils. Reducing the viscosity in this 

manner eases injectability and increases the release duration, particularly for lipophilic 

drugs. For example, Gao et al. found that incorporating glycolyzed apricot kernel oil 

(Labrafil 1944 CS) reduced the in vitro release rate of levonorgestrel, from 36.2 jig/cm2 

to 19.9 jig/cm2 at day 14 for 0% and 20% oil incorporation respectively (162). 

Lipophilic drug release from these organogels is also dependent upon the solubility of 

the drug in the cubic phase. If the drug concentration exceeds its solubility in the cubic 

phase then drug particles will form. The presence of these solid particles has been 

demonstrated to produce zero-order release kinetics, with a rate which increases as 

particle size decreases (162).

Another advantage of these systems is that they are biodegradable. 

Biodegradation occurs through the action of lipases (163) and for the glycerol 

palmitostearate/Labrafil 1944 CS system, requires between 5 to 6 weeks (161). An 

inflammatory reaction was observed for this system, which lasted for 7 days and then 

dissipated.

Organogels thus are a promising injectable delivery system for lipophilic 

compounds. There are some disadvantages inherent to this approach. Purity of waxes 

and stability of oils are the major issues that need to be addressed. There are number of 

waxes such as camauba wax, wool wax, spermaceti wax and esparto wax, used for 

cosmetic purposes but not for parenteral applications. Only beeswax is readily available 

in various purification grades. Oils usually need a stabilizer, antioxidant and preservative 

to increase their shelf life and stability. Moreover, the difference between the melting 

point of waxes and oils makes this system susceptible to phase separation. Labrafil and 

Precirol are a mixture of many different vegetable oils and glyceryl esters of fatty acids, 

respectively. Unfortunately, there is still concern over the purity and lack of toxicity 

data for these waxes and oils. Another drawback is the need to apply heat to mix the oil 

and wax phase. Temperatures of up to 60 °C for 30 minutes have been used (161,164). 

Temperatures this high can easily reduce the potency of some drugs.
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2.6. Summ ary

We have reviewed a large cross-section of biodegradable in-situ forming drug 

delivery systems for local delivery of drugs (Table 2). These delivery systems have 

unique challenges associated with their development that are related to drug stability, 

drug release kinetics and the conditions under which the system is delivered to the body. 

The continuous advances in biotechnology and drug development will produce more 

pharmaceutically active agents that will be difficult to administer by conventional 

means, and an increased demand for controlled or site-specific delivery system is 

anticipated.
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In vitro drug release from formulations containing 5% flurbiprofen in 
PBS at 37 °C.
Reproduced from reference 54.
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Figure 2.6: Release of metronidazole from thermally gelled liposome/alginate
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control was a metronidazole-infused calcium alginate (2%).
Reproduced from reference 73.
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Figure 2.7A: Release of FTIC-BSA from the high molecular weight 50:50 PLGA
system in PBS. Error bars indicate standard deviation (n=3). The initial 
burst of the high molecular weight 50:50 PLGA in NMP is found to be 
inversely proportional to polymer percent and is followed by close to zero 
order release for up to two weeks.
Reproduced from reference 29.
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Figure 2.7B: Release of FITC-BSA from the low molecular weight 50:50 PLGA 
system in PBS. Error bars indicate standard deviation (n=3).
Reproduced from reference 29.
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Figure 2.8: In vitro vancomycin release from both poloxamer 407 gels at 37 °C.
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vancomycin released in the receptor compartment versus the square root 
of time.
Reproduced from reference 143.
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Reproduced from reference 144.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C
um

ul
at

iv
e 

am
ou

nt
 r

el
ea

se
d 

(m
g)

0.6

1.5% w/w

0.5

0.4 -

O 1% w/w 
—T— 0.5% w/w
—V  0.025% w/v solution of MMC

Time (hrs)
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Reproduced from reference 145.
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Table 2.1: Properties of the Pluronic copolymers. Reproduced from reference 135.

Copolymer “ Composition Average Mw MiTAppo PEO(wt%) CP b(oC) HLB '

L64 E O 1 3 P O 3 0 E O 1 3 2900 1740 50 58 12-18

F6 8 E0 7 6 P 0 2 9E 07(i 8400 1680 80 > 1 0 0 >24

F8 8 EO103PO3 9EO103 11400 2280 80 > 1 0 0 >24

PI 03 e o 17p o 6 0e o 17 4950 3465 30 8 6 7-12

P104 E0 2 7P0(; [ E0 27 5900 3540 40 81 12-18

PI 05 e o 3 7p o 56e o 37 6500 3250 50 91 12-18

PI 08 E0|32P 0 3„E0132 14600 2920 80 > 1 0 0 >24

FI 27 E 0 1(x)P0 65E 0 1(x) 12600 3780 70 > 1 0 0 18-23

LI 22 E0]2 P0 6 7E0i2 5000 3600 2 0 19 1-7

a: L, F and P indicate liquid, flakes and paste, respectively, 

b: Cloud point in aqueous 1 wt% solution, 

c: Hydrophilic-lipophilic balance.
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Table 2.2: Biodegradable In-Situ Solid Forming Delivery Systems.

Delivery Systems

1- Thermoplastic Pastes

2- In situ Crosslinked Systems

Common Problems

i - High temperature at the time 
of injection.

Common Materials Used

PLA, PLGA & PCL. 
Stannous Octoate as catalyst. 
Alcohols as initiator.

A: Thermosets

B: Photocrosslinked Gels

C: Ion M ediated Gelation

1 - Unacceptable level of heat released Oligomers o f PLA, PDLLA & PCL.
during the reaction. Polyols as initiator and peroxides as

curing agent.
2- Burst in drug release.

3- Toxicity of un-reacted monomers.

1 - Shrinkage and brittleness o f the polymer PGA, PLA, PCL & PEG.
due to high degree o f crosslinking. Initiators such as eosin dye

Light source (e.g., UV or laser)

1 - Low shelf life.

2- Burst in drug release.

3- Degradation Time

Alginates.
Gelling agent (e.g., Ca2*).

3- In Situ Polym er Precipitation

A: Soivent-Removal Precipitation 1 - Burst in drug release.

2- Application of organic solvents.

PDLLA, PCL & PLA.
Solvents (e.g., DMSO or NMP).

B: Thermally-Induced  
Sol/Gel Transition

1- Burst in drug release. NIPAAM, PEG, PLA, PLGA & 
Chitosan., Pluronics

4- Organogels 1- Stability of oils and purity o f waxes. Oils such as peanut oil & Labrafil.
2- Lack of toxicity data Waxes (Beeswax)
3- Phase separation
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Chapter 3

Development and Characterization of an Injectable Implant System

A version of this chapter and the next chapter are ready for submission to 
Pharmaceutical Research for publication. It will be submitted after a patent is filed.
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3.1. Introduction

Based on the discussion of the preceding chapter, a means of delivering 

camptothecin, and other drugs with similar properties, for a prolonged period of time in a 

localized fashion is required. Of the methods currently investigated to achieve this type 

of delivery, thermoplastic polymer depots possess a number of advantages over the other 

strategies. These advantages include the lack of a potentially toxic solvent, no heat of 

reaction upon setting, facile syringeability, and degradability. The materials which have 

been developed for this purpose to date however, possess a number of disadvantages, 

particularly when considering a hydrophobic drug prone to hydrolysis. They contain 

hydrophilic polymers (1-3), such as poly(ethylene glycol), which promote water 

absorption into the drug depot and which increase the viscosity of the melt, making 

them difficult to inject through a needle, or they possess melt temperatures which are too 

high for tissue compatibility. For the purpose of this project, we are looking for a 

delivery vehicle with a low melting point, preferably slightly above body temperature 

(i.e., 38-41 °C), one which has a low viscosity when heated above its melting point, one 

which is hydrophobic, biodegradable and possesses a short degradation time (e.g., a few 

months) one which is capable of releasing CPT in a sustained fashion.

Polymers that degrade through hydrolysis are an important group of materials 

with an increasing number of applications. Currently, new applications for degradable 

polymers are actively being sought in biomaterials research (4,5). Biodegradable 

polymers such as poly(glycolide) (PGA), poly(L-lactide) (PLLA), poly(D,L-lactide) 

(PDLLA), poly(e-caprolactone) (PCL) (Figure 3.1) and their copolymers find wide use 

in surgery and controlled drug delivery primarily due to their hydrolyzability and 

biocompatibility. PGA and PLLA have found applications mainly in temporary tissue 

and bone fixation where good mechanical strength is required. In contrast to PGA and 

PLLA, PDLLA is an amorphous polymer and is used mainly for controlled drug release 

applications rather than tissue fixation (6). e-caprolactone (e-CL) has proven to be a 

suitable monomer or comonomer for the preparation of a diversified family of homo- or 

copolymers with mechanical properties ranging from elastomeric to rigid (7). These 

elastomeric copolymers have good elongation characteristics, which make them
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interesting for applications where both elasticity and degradability are required. Since 

one of the aspects of this project is the syringeability of the polymer through a 22-gauge 

needle, viscosity of the polymer at the time of injection is a crucial factor.

3.1.1. Viscosity

Viscosity is an expression of the resistance of fluid to flow; the higher the 

viscosity the greater the resistance. In Newtonian fluids, the shear stress is proportional 

to the shear rate:

T =  Tj.y (equation 3.1)

where, x is shear stress (the force per unit area required to bring about flow to a liquid), y  

is shear rate (the difference of velocity between two planes of liquid separated by an 

infinitesimal distance) and T| is viscosity (8). This formula suggests that the higher the 

viscosity of a liquid, the greater the force per unit area (shear stress) required to produce 

a certain rate of shear. Polymers usually do not behave like Newtonian fluids, however, a 

linear relationship between shear stress and shear rate has been observed in low 

molecular weight polymers (9). Accordingly, an objective of this work is to prepare a 

polymer with low viscosity, which can easily be pushed (low shear stress) through a 

needle.

The viscosity of a polymer is dependent on three factors: a) chemical structure of 

the polymer, b) molecular weight of the polymer, and c) temperature as it affects 

molecular motion (9). The chemical structure of a polymer and intermolecular 

interactions between polymer chains have a significant impact on polymer glass 

transition temperature (Tg). Tg marks a transition in polymer material characteristics. 

Below Tg the polymer behaves as a glass, and above Tg it behaves as a leathery material.

It is already established that the lower the glass transition temperature of the 

polymer the lower its viscosity at its melt state (9,10). Tg indicates an increase in 

polymer chain mobility in the solid state. Chain stiffness or flexibility determines chain 

mobility, which is characterized by the ease of rotation of constituents around the bonds
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of the polymer backbone (9). Stiffer polymer chains and those with stronger 

intermolecular interactions would have a higher Tg (9). Bulky groups, such as benzene 

rings, in the backbone of the polymer chain, introduce a high energy barrier to bond 

rotation which can be overcome only at higher temperatures. Also, bulky pendent groups 

attached to the polymer backbone can increase the Tg through steric hinderance to bond 

rotations. Consequently, a flexible polymer chain which easily bends or slides over other 

polymer chains needs lower shear stress to flow resulting a low viscosity polymer bulk.

Molecular weight also is an important factor which affects the polymer Tg. Fox 

and Flory used a simple formula to demonstrate this idea:

where, Tg“ is the glass transition temperature that would be obtained from a polymer of

infinite molecular weight, Mn is the number average molecular weight of the polymer 

and K is a constant related to parameters describing the free volume. This formula 

clearly shows that by increasing the molecular weight of a polymer the Tg of the polymer 

increases and hence, the viscosity (9).

The relationship between viscosity and temperature is described clearly by 

Williams, Landel and Ferry (WLF) theory (9):

where r\ is viscosity, r}g is viscosity at glass transition temperature, Q  and C2 are 

constants and T is temperature in °K. Based on this theory, as the temperature increases 

the viscosity of the polymer melt decreases logarithmically.

K

M n
(equation 3.2)

(equation 3.3)
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3.1.2. Degree o f  Polymerization

To produce a low molecular weight polymer (oligomer) with a low melting point 

and hence low viscosity, close to body temperature the degree of polymerization (DP) 

needs to be controlled. Degree of polymerization is another way of describing chain 

length and equals to the number of structural units (monomers) in the chain. The 

relationship between Tm and DP has been given by Flory as (11):

* ^  (equation 3.4)
C , AHr (DP)

in which Tm is the equilibrium melting point, Tmo is the equilibrium melting point of a 

polymer of infinite molecular weight, AHf is the enthalpy of fusion per monomer and 

DP is the degree of polymerization. This equation demonstrates that Tm is expected to 

decrease as the molecular weight of the polymer decreases. Therefore, it is desirable to 

have a low molecular weight polymer to reduce the melting point to the desired level of 

close to 37 °C.

3.1.3. Polymerization o f e-caprolactone

From this discussion, in order to achieve the desired goal of an easily syringeable 

polymeric delivery system, a low molecular weight polymer (oligomer) with a low Tg, 

which bears low viscosity when heated slightly above its desired melting point of 38-41 

°C is required. Among all the degradable polyesters discussed above, poly(e- 

caprolactone) has the lowest glass transition temperature. For comparison, the Tg of 

poly(caprolactone) is -65 °C while the Tg for PDLLA and PLLA is 58 and 65 °C 

respectively (12). Due to the linear and mostly hydrocarbon chemical structure of the 

polymer, one can expect to observe flexible polymer chains sliding over each other with 

low entanglement when melted. Poly(e-caprolactone) is a semi-crystalline, highly 

hydrophobic and flexible polymer (13,14) (Figure 3.1). As it possesses many of the 

desired properties of an injectable polymer, e-caprolactone was chosen as the starting 

point for our low molecular weight polymer.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e-caprolactone is a lactone ring manufactured by oxidation of cyclohexanone 

with peracetic acid (15) (Figure 3.2a). There are at least four mechanisms that can be 

utilized to polymerize e-caprolactone, catagorized as anionic, cationic, coordination and 

radical (14-16). These methods can provide different degrees of control of molecular 

weight and molecular weight distribution, end group composition, and the chemical 

structure and sequence (block versus random) distribution of copolymers (14).

Among all the methods mentioned above, coordination polymerization is the 

most versatile method of preparing PCL (Figure 3.2b). Di-n-butyl zinc, stannous 

chloride and octoate, and alkoxides and halides are among the more frequently used 

catalysts for the polymerization process. Stannous octoate is the only catalyst approved 

by the FDA for use in the human body and substantial toxicological data are now 

available (17). With stannous octoate (Sn(Oct)2) promoted polymerization, the metal 

species is believed to function as the catalyst and water or an alcohol serves as the 

initiator (18) (Figure 3.2b). Although the major features of the mechanism of 

polymerization of cyclic esters (e.g., e-caprolactone) with other initiators, have been 

established (19-21), the mechanism of Sn(Oct)2 induced polymerization is still under 

debate (22-24). Most investigators believe that stannous octoate merely complexes with 

the monomer, activating it in this way (18,25). Chain growth, according to this 

mechanism, which can be called “activated monomer mechanism”, requires the 

nucleophilic attack of the -OH ended macromolecule on the carbonyl carbon atom of the 

cyclic ester complexed with stannous octoate (26).

Many different temperatures have been reported in the literature for the 

coordination polymerization of cyclic esters, ranging from 80-180 °C, but the most 

commonly used temperature range is 110-140 °C (27-29). It is well known from the 

anionic and cationic polymerization of e-caprolactone that the ionic chain ends cause 

transesterification (Figure 3.3) even at moderate temperatures (e.g., 50 °C) (30,31). 

Intramolecular transesterification, i.e. “back-biting”, causes degradation and formation 

of cyclic oligomers. Intermolecular transesterification modifies the sequence of 

copolymers, and both intra- and intermolecular transesterification broaden the molecular 

weight distribution. Transesterification has also been observed in ring-opening
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polymerizations of lactones using stannous octoate as a catalyst (32). Therefore, 

conditions under which transesterification occurs need to be avoided. Kricheldorf et al.

(32), reported that in the stannous octoate catalyzed ring opening polymerization of 

cyclic esters, no transesterification reactions occurred at reaction temperatures below 120

°C.

3.1.4. Hypothesis

One hypothesis of this work was that the chemical structure of the initiator would 

be another major factor defining the physicochemical properties of the low molecular 

weight (oligomer) CL. The initiator can be a small hydrophilic molecule like water or a 

large hydrophobic molecule such as stearyl alcohol or oleyl alcohol. The functional 

moiety necessary for the polymerization process of e-caprolactone (CL) is an OH group 

which is present in water or alcohols. Since the initiator is part of the polymer chain it 

will participate in defining the final physicochemical properties of the synthesized 

oligomer. We believe that by addition of a small alcohol such as ethanol to the CL 

oligomer we do not expect to introduce any significant hydrophobicity to the oligomer 

chain while by adding oleyl alcohol to the CL oligomer we expect to change the 

hydrophobicity of the oligomer dramatically. Moreover, by introducing a big block of 

initiator to the CL oligomer it is probably more suitable to consider the CL oligomer as a 

diblock oligomer. To test this hypothesis, different initiators were used and their effects 

on enhancing the capability of the CL oligomer in dissolving CPT which has a 

hydrophobic polar nature, and stabilizing the active lactone ring by keeping the water out 

of the polymeric system was examined.

3.1.5. Objectives

The objectives in this portion of the study were as follows. First, the necessary 

temperature and time for polymerization of CL were determined. Second, the effect of 

the initiator’s chemical structure on the degree of crystallinity, melting point and 

rheologic behaviour of the synthesized caprolactone oligomers was investigated. Finally, 

oligomers were synthesized using various initiators, their melting points adjusted to 39- 

42 °C and then characterized to determine their physicochemical properties.
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To meet the first objective a sufficient time for polymerization was determined 

by keeping the M/I (Monomer/Initiator) ratio, the M/C (Monomer/Catalyst) ratio and the 

temperature of polymerization constant while varying the time of polymerization, and a 

sufficient temperature for polymerization reaction was found by keeping the M/I ratio, 

M/C ratio and time of polymerization constant and varying the temperature. To meet the 

second objective, by keeping the number of CL monomers in oligomer constant the 

effects of initiator’s chemical structure on Tm, degree of crystallinity and rheologic 

behaviour were examined. Finally, based on the results from preliminary experiments, 

the Mw was manipulated to achieve the desired Tm and the oligomer properties were 

examined.

3.2. Materials

e-caprolactone with 99% purity (Lancaster Inc.) was distilled over CaEE under 

reduced pressure. 20 mL glass ampoules (Kimble) were silanized with 

dichlorodimethylsilane (99%, Sigma, USA) and washed with methanol (99.9%, Fisher 

Scientific) and dried in an oven heated to 50 °C. Stannous octoate with 96% purity ( ICN 

Laboratories Inc., Canada) was used as received and stored in a dry nitrogen atmosphere. 

Glyceryl monooleate (GMO 85%, Eastman Kodak, USA), Vitamin D (99%, Sigma, 

USA), dichloromethane (99.9%, Fisher Scientific), ethanol (99.9%, Fisher Scientific), 1- 

butanol (99.8%, Fisher Scientific), 2-butanol (99.5%, Sigma, USA), 1-octanol (99%, 

Sigma, USA), 2-octanol (97.8%, Sigma, USA), 1-dodecanol (99%, TCI, America), 2- 

dodecanol (99%, Aldrich, USA), stearyl alcohol (99%, Sigma, USA), and oleyl alcohol 

(99%, Sigma, USA) were used as received.

3.3. Methods

3.3.1. Polymer Synthesis

The synthesis of oligo(e-caprolactone) was carried out by ring opening 

polymerization in the bulk (Figure 3.2b). Stannous octoate was used as a catalyst and 

various alcohols as the initiator. Thus a mixture of e-caprolactone, catalyst and initiator
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was charged into a 20 mL glass ampoule and vortex mixed. The sample size was 

adjusted around 18 mL to reduce the volume of void space remained at top of the 

ampoules. Nitrogen gas was bubbled into the mixture for 3-5 minutes and the ampoule 

was heat sealed under vacuum. The ampoule was transferred into a preheated oven 

(ranging from 80-140 °C) and the polymerization was carried out for several hours 

(ranging from 12-24 hrs).

3.3.2. Polymer Purification

A method was developed to purify and rid polymerized CL from unreacted 

monomers (if any), unreacted initiator and catalyst and yet result in an acceptable yield. 

15g of as-reacted PCL was first dissolved in 3 mL dichloromethane or chloroform to 

form a clear solution. Then it was precipitated in 500 mL cold ethanol (4 °C), and left 

undisturbed at this temperature for 12 hours. Oligomers precipitated only in cold ethanol 

(4 °C) due to their low solubility at this temperature. The precipitate was collected by 

filtration and transferred into a vacuum oven which was filled with nitrogen to reduce 

the possibility of oxidation of the oligomer by atmospheric oxygen. Then it was dried at 

room temperature and under reduced pressure for 48 hrs.

3.3.3. Instrumental Analysis

The purity and molar composition of the synthesized polymers were determined 

from lH-NMR spectra using a Bruker AM 300 MHz spectrometer. For this purpose, the 

polymer was dissolved in CDC13 at a 5 mg/mL concentration and transferred into 5mm 

NMR tubes.

Fourier transform infrared (FTIR) spectroscopy is best for analysis of films and 

liquids, where the sample is maintained in intimate contact with the crystal. The 

oligomers were dissolved in chloroform (10-15 mg/mL) and placed on the crystal and 

the IR spectrum was obtained using an FTIR spectrometer (model 550, Nicolet).

The thermal transitions and heat of fusion were measured by using a differential 

scanning calorimeter (DSC) (Seiko-120). Samples (3-5 mg) were heated twice at a rate 

of 10 °C/min and cooled at a rate of 20 °C/min to ensure that the thermal history of the 

samples was similar. The degree of crystallinity of the different oligomers was evaluated
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from the heat of fusion. By integrating the normalized area of the melting endotherm, 

determining the heat involved, and relating it to the reference 100% crystalline polymer 

(E-caprolactone heat of fusion of 139.5 mJ/mg (33)), the relative crystallinity of the 

oligomer product was assessed. The melting point of the material was taken to be the 

onset of melting as illustrated by P. Gallagher (11). As this point also corresponds to the 

onset of crystallization, it is of more interest than the peak melting temperature which is 

often used to describe the melting point of polymers.

Rheologic properties were measured using a Haake Viscotester (VT550) at 45, 

50 and 55 °C with cup and bob at the University of Alberta, Department of Chemical 

Engineering. Other viscosity measurements were done using a TA Rheometrics 500 at 

Queen’s University, Department of Chemical Engineering by Darryl Night.

The weight average molecular weight (Mw), number average molecular weight 

(Mn), and molecular weight distribution of the polymers were identified by using gel 

permeation chromatography (GPC) (Pump: HP 1100 series; Differential refractomer: 

Waters 410; Dynamic Light Scattering Detector: Precision Detectors PD-2000 DLS) and 

Precision Detectors software. The column was an SEC Phenogel 5ji 300x7.8mm 

purchased from Phenomenex, USA. The mobile phase was tetrahydrofuran (THF) with a 

flow rate of 1 mL/min. The injection volume was 20p.l from a stock solution of polymer 

dissolved in THF (2 mg/mL). The temperature of system at the time of measurement was 

35 °C and monodisperse polystyrene standard was used for initial system calibration.

The syringeability of the copolymers was confirmed by loading them into a 1 mL 

syringe and heating them to 55 °C to melt all the crystals in the polymer. Then, the 

loaded syringe was transferred into a preheated 46 °C oven and after 30 minutes 

incubation at this temperature they were manually pushed through a 22-gauge needle.

3.4. Results and Discussion

Glyceryl monooleate (GMO) is a glycerinated fatty acid and due to the presence 

of OH moiety in its chemical structure can be used as an initiator for the polymerization 

of e-caprolactone (Figure 3.4a). Once polymerized with e-caprolactone it provides 

lipophilic properties to the diblock oligomer, so the oligomer can more easily
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incorporate lipophilic drugs. This material has a low melting point of 34 °C and once 

polymerized with e-caprolactone can possibly produce a low viscosity material, due to 

its linear hydrocarbon structure. Inside the body it is expected that enzymes such as 

esterase catalyze the esteric bond between glycerin and oleate and produce glycerine and 

oleic acid, both of which are biocompatible. These characteristics made this material a 

good candidate to start with, for the purpose of this project, e-caprolactone was 

polymerized in the presence of stannous octoate (catalyst) and GMO (initiator) at 140 °C 

for 24 hrs. Table 3.1 presents the thermal behaviour of the diblock oligomer versus the 

mass ratios.

Unfortunately, after polymerizing e-caprolactone with GMO the resulting 

oligomer was a heterogenous (two phase) mixture with a clear phase on top and a white 

opaque precipitate on bottom of the polymerization vessel. This non-uniform mixture 

proved to compromise the reproducibility of the experiments. Commercially available 

GMO is a mixture of at least 5 different fatty acids (85% glyceryl monooleate) and the 

presence of 15% unknown impurities made this material unsuitable.

Vitamin D was the second initiator tried for polymerizing e-caprolactone. 

Vitamin D is a molecule with an available hydroxyl group; it is a liquid at room 

temperature (low Tm) and lipophilic due to the presence of the cyclic rings in its 

chemical structure (Figure 3.4b). When polymerized with e-caprolactone, it produced an 

orange colored oligomer with high viscosity at its melt state. This problem was attributed 

to the presence of the cyclic rings in the chemical structure of vitamin D. Since viscosity 

of the polymer at its melt state plays a significant role in this project, application of 

vitamin D as an initiator was abandoned. Due to these problems it was decided to start 

with simple initiators (e.g., 1-butanol) in a methodical approach.

As discussed previously, coordination polymerization is the most widely studied 

and simplest method of polymerization for e-caprolactone. Veld et al. (34), investigated 

the polymerization of e-caprolactone under various reaction times and temperatures. To 

determine the most suitable temperature and time in the polymerization process and 

confirm their results, the following experiments were conducted.
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3.4.1. Determination o f Sufficient Polymerization Time

To determine the sufficient time for the polymerization process, the 

monomer/initiator (M/I) ratio was kept constant at 8 mole/mole, because preliminary 

experiments indicated that this ratio produces CL oligomers with a melting point close to 

the desired melting point range for this project (38-41 °C). The monomer/catalyst (M/C) 

ratio was kept constant at 1000 mole/mole which is close to the M/C concentrations 

reported in the literature (34,35). 1-Butanol was used as an initiator and the 

polymerization temperature was 120 °C. Four samples were prepared in the manner 

described above with the time regimens for the polymerization process of 8, 12, 24, and 

48 hrs. These samples were analyzed by DSC to identify the presence of detectable 

unreacted monomers. Figure 3.5A is a DSC analysis of pure E-caprolactone which 

indicates that the monomer has a melting point of -1 °C. Once the monomer is 

completely polymerized, no endotherm corresponding to the melting point of the 

monomer should be observed. As can be seen in Figure 3.5B, which corresponds to the 

e-caprolactone polymerized for 8 hrs, there are two distinct endotherms. One is related to 

the melting point of e-caprolactone (around -5  °C) and the second is related to the PCL 

(around 30 °C). By increasing the time of the polymerization reaction it can clearly be 

seen that the endotherm related to monomer dwindles and gives rise to the endotherm 

related to the PCL (Figures 3.5C & 3.6). Based on the observed data it was concluded 

that the sufficient time of polymerization is 24 hrs and all the monomers are polymerized 

to PCL at this time point.

3.4.2. Determination o f Optimal Polymerization Temperature

Various temperatures have been reported for the polymerization of e- 

caprolactone ranging from 80-180 °C. To identify the sufficient temperature for the 

polymerization process the M/I ratio was again kept constant at 8 and M/C ratio at 1000. 

The time of polymerization was 24 hrs and temperatures of 80, 110, 120 and 140 °C 

were used. DSC analysis of data for polymerized e-caprolactone at 110, 120 and 140 °C

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



showed no endotherm related to unreacted monomers. By comparing the DSC data 

obtained from the samples polymerized at 110 °C (Figure 3.7), 120 °C (Figure 3.6) and 

140 °C (Figure 3.8) it can be observed that at 120 and 140 °C there is a broad peak 

(broad molecular weight distribution) which may be due to transesterification (36). 

Therefore, it was concluded that the sufficient temperature for the polymerization 

process is 110 °C. The peak broadening observed in Figures 3.6 and 3.8 can be attributed 

to the transesterification by-products produced at 120 and 140 °C. This finding confirms 

the result of the Kricheldorf et al.’s investigations discussed previously (31). The DSC 

analysis of polymerized e-caprolactone at 80 °C for 24 hours showed no endotherm 

related to unreacted monomers (Figure 3.9) but when a sample was analyzed by 'H  

NMR it was proved that still some unreacted monomers exist (Figures 1-3, Appendix C). 

Therefore, the most suitable temperature for the polymerization of £-caprolactone was 

concluded to be 110 °C. The chemical structures of all the samples were also analyzed 

by IR spectroscopy (Figure 3.10). The C =0 band at 1719 cm'1 and C-O band at 1162 cm' 

1 imply the presence of ester bonds in the chemical structure of CL-oligomers. Also the 

band at 3539 cm'1 shows the presence of the terminal O-H group in small molar ratio in 

comparison to the rest of the oligomer structure.

3.4.3. Effects o f  initiator’s chemical structure on the polymer properties

In the preceding discussion, the sufficient conditions for the polymerization 

process by using 1-butanol as an initiator were determined. 1-butanol is a short chain 

alcohol with an OH group positioned on Q , which is capable of opening the £- 

caprolactone ring and producing a linear PCL chain. By using long chain primary 

alcohols (i.e., 1-octanol, 1-dodecanol and stearyl alcohol) and secondary alcohols (i.e., 2- 

butanol, 2-octanol and 2-dodecanol) as initiators in the polymerization process of £- 

caprolactone, it was investigated whether the characteristics of the synthesized 

oligomers, such as degree of crystallinity, melting point and rheologic behaviour, were 

dependent on the nature of the initiator used. The M/C ratio of 1000 and M/I ratio of 8 

were kept constant for all the synthesized polymers and the polymers were examined as 

synthesized without any purification.
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It has already been shown that in Sn(Oct)2 catalyzed polymerization of e- 

caprolactone in the presence of an alcohol, the rate of conversion is 100% under certain 

conditions (heat of polymerization= 110 °C, M/C ratio= 1000, reaction time=24h, M/I 

ratio of 10), (34) which is in agreement with our results. Based on this fact, in the

absence of back-biting reactions, the degree of polymerization ( D P , number of 

monomer units per chain of polymer) can be calculated from the following formula (37):

M  % C on version
D P  =  —  X ---------------------  (equation 3.5)

I  100

where, M is the number of moles of monomer and I is the number of moles of initiator.

Therefore, the M n  of the polymer is:

—  M
M n  =  114 .14X —  +  M wi (equation 3.6)

Where, M n  is the number average molecular weight of polymer, MWj is the molecular 

weight of initiator and 114.14 is the molecular weight of e-caprolactone.

The theoretical molecular weights of the oligomers are shown in Table 3.2.

Practically, the number average molecular weight ( M n )  of the oligomers can be 

calculated from the !H-NMR spectrum (34). The number average molecular weight can 

be calculated from the intensity ratios of the OCH2 methylene proton signal (5=4.05) and 

the HOCH2 methylene proton signals (5=3.65) in the 'H-NMR spectra by using the 

following formula (34):

S =4.05(------- :—  + l)x  114.14 + Mwi =  M n  (equation 3.7)
S =3.65
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where Mwi is the molecular weight of the initiator and 114.14 is the molecular weight of 

e-caprolactone.

The results of theoretical M n  were compared with M n  of the oligomers 

obtained from NMR spectra and GPC (Appendix D, Figures 4-10 & Table 3.2). In 

synthetic polymerization reactions, the resultant macromolecules are heterodisperse. 

This means that they have different chain lengths and a range of molecular weights 

which can be described by average molecular weights (i.e., weight average and number 

average molecular weight) and weight distribution (8). Therefore, GPC provides more 

meaningful and realistic value for average molecular weight (Table 3.2). However, in 

light-scattering detection, the differential increment of refractive index (dn/dc) is used in 

calculating Mw and Mn while MWD is not affected by this constant, dn/dc changes with 

polymer composition as well as molecular weight. Since this value is unknown for oligo 

(e-caprolactone), we used the same dn/dc value as determined for polystyrene (i.e., 

0.184) which makes the accuracy of GPC results questionable. It can be used to calculate 

polydispersity, because this number is not affected by the dn/dc value. As determined 

and demonstrated in Table 3.2, all the MWD values are very close to each other. 

Therefore, the influence of low molecular weight fractions produced during the 

synthesizing process is not significant when comparing oligomers. In this case, by 

keeping the M/I ratio constant at 8, any changes observed in terms of melting point and 

degree of crystallinity, can be attributed to the differences between the chemical 

structures of the initiators.

3.4.3.I. Effects on Tm and Crystallinity

As mentioned earlier, Crescenzi et al. (33), determined the heat of fusion (AHf) of 

100% crystalline homopoly (CL) by means of DSC to be 139.5 mJ/mg. Using this value, 

the crystallinity of different CL oligomers was calculated. In this part of the study in 

order to compare the Tm of the oligomers, the midpoint of the DSC endotherms were 

considered as opposed to onset of melting. This is due to the fact that onset of melting is 

usually a range and hard to determine; and thereby subject to error, while DSC 

endotherm midpoint is usually a well defined point and can be determined with much
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more accuracy. DSC analysis (Appendix A, Figures 1-7) revealed that, by increasing the 

number of carbons in the structure of the primary alcohol initiators, heat of fusion and 

degree of crystallinity of the synthesized oligomers increased. Also by increasing the 

number of carbons in the initiators chain from 4 (i.e., 1-butanol) to 12 (i.e., 1 -dodecanol) 

the average melting point increased but statistical analysis of data showed no significant 

increase in melting point. However, when stearyl alcohol was used as an initiator, 

melting point increased significantly (Table 3.3, Figures 3.11 & 3.12). For example, 

using a 12-carbon initiator yielded a heat of fusion of 80.5 mJ/mg and a crystallinity of 

57.7% while an 18-carbon initiator produced a heat of fusion of 86 mJ/mg and a 

crystallinity of 61.6%. Moreover, the structure of the initiator, whether linear (primary 

alcohol) or branched (secondary alcohol), influenced the polymer melting point, heat of 

fusion and crystallinity (Table 3.3, Figures 3.11 & 3.12). However, a statistical analysis 

of the data (two-tailed student t-test, p<0.05) revealed that in secondary alcohols the 

degree of crystallinity and melting point didn’t change significantly when the number of 

carbons in the initiator increased. Overall, there was a significant difference between CL 

oligomers initiated by primary alcohols and secondary alcohols in terms of degree of 

crystallinity and melting point. Those oligomers initiated using secondary alcohols had 

significantly lower melting points and degrees of crystallinity. The presence of a pendant 

CH3 group in the structure of secondary alcohols may interfere with the hydrogen bonds 

and close alignment of the polymer chains and thereby reduce the degree of crystallinity 

and melting point.

Theoretically, we expected to observe a decrease in the degree of crystallinity 

and an increase in melting point as the number of carbons in the initiator’s chain 

increased, especially in primary alcohols with a linear structure. As the number of 

carbons in the structure of initiator increases the melting point increases. For example, 

the melting point of 1-butanol is -89.5 °C whereas the melting point of stearyl alcohol is 

61 °C. Inclusion of an initiator with higher melting point (i.e., stearyl alcohol) in the 

oligomer backbone can increase the melting point of the oligomer while the inclusion of

1-butanol may decrease the melting point of the oligomer. By introducing a non-polar 

hydrocarbon chain (i.e., initiator) to the polar structure of poly(e-caprolactone) it is 

possible that the non-polar structure of the initiator interferes with the hydrogen bonds or
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any polar bonds between the CL units in the backbone of CL-oligomer. This interference 

could inhibit the polymer chain alignment as well as decreasing the number of polar 

bonds in the bulk causing a reduced degree of crystallinity. Failing to observe a 

statistical difference among data does not mean that the different synthesized polymers 

are truly the same. The declaration of nonsignificance here probably means that the 

sample size was too small; that is, the same difference with a larger sample could be 

significant at the 5% level. Since the number of data obtained in each experiment was 

three (degree of freedom=2), it is possible that we made a type II error (failing to 

observe a statistical difference if a specified difference truly exists) due to the 

insufficient number of data which has a significant impact on the power (not making 

type II error) of the test (38). Since the degree of crystallinity has a great impact on the 

drug release profile and polymer degradation time, it is very important to characterize 

different synthesized polymers in terms of degree of crystallinity.

3.4.3.2. Effects on M elt Viscosity

Rheologic behaviour of these polymers also plays a significant role in this 

project. In order to be syringeable through a needle while heated slightly above its 

melting point, the polymer vehicle must have a low melt viscosity. Two factors such as 

the flexibility of the polymer backbone, which was discussed earlier, and the 

entanglement of the polymer chains with each other have a significant impact on the 

syringeability of the polymers (8). Primary alcohols can initiate the polymerization 

process of e-caprolactone and produce a linear chain PCL. In the melt state these 

polymer chains can slide over each other with minimum entanglement. This low 

entanglement between the polymer chains eases the passage of polymer through the 

needle. In contrast, secondary alcohols with an OH group positioned on the C2 of the 

initiator’s chain produce a PCL with a pendent CH3 in the backbone (Figure 3.13). The 

presence of this pendent group reduces the flexibility of the backbone chain as bond 

rotations are inhibited by steric hindrance and the number of configurations available to 

the chain becomes limited (9). Moreover, the smaller number of carbons in the structure 

of primary alcohols (e.g., 1-dodecanol) in comparison to their corresponding secondary 

alcohol (i.e., 2-dodecanol) can reduce the flexibility of the PCL chain and hence,
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produce a higher melt viscosity (39). This increased viscosity can make the polymer 

move through the needle with difficulty.

To test this theory, different polymers were synthesized (Table 3.4) and their 

rheologic behaviour was investigated. The results revealed that all the synthesized 

polymers behaved like Newtonian fluids at their melt state at three different temperatures 

(45, 50 & 55 °C) (Appendix B, Figures 1-8). To compare the viscosity of the polymers 

shown in Table 3.4 with each other at a constant temperature (e.g., 50 °C) a plot of shear 

stress versus shear rate was produced with the slope of the line being the viscosity 

(Appendix B, Figures 9-16). Figure 3.14 shows that by increasing the number of carbons 

in the structure of the initiator, the viscosity of the polymer decreases and overall 

primary alcohols produce lower viscosity polymers than secondary alcohols.

This observation can be justified with the same argument delivered above. The 

introduction of a non-polar initiator into the polar structure of CL oligomers can 

interefere with the hydrogen bonds available between CL oligomer chains and facilitate 

their movement while it is melted. Perhaps the result of the rheology study can be 

another reason to believe that the explanation of reduced melting point and degree of 

crystallinity by increasing the number of carbons in intiator’s chain is valid.

3.4.4. Oligomer Synthesis and Characterization with Desired Tm

One goal of this project was to produce CL oligomers with melting points 

slightly above body temperature. Knowing that melting point can be influenced by 

molecular weight, different M/I ratios were used. By changing the M/I ratio, different 

CL oligomers were synthesized using various initiators, and purified to obtain oligomers 

with a melting point in the desired range (Table 3.5). As can be seen in Table 3.5, a wide 

variety of initiators were used. Alcohols such as ethyl alcohol with two carbons (polar 

and hydrophilic) in its structure to oleyl alcohol with 18 carbons (polar and hydrophobic) 

were tested. Application of initiators with different hydrophobicities and structure 

introduces a broad range of hydrophobic nature to the structure of the synthesized CL 

oligomers. One of the initiators used for polymerization of e-caprolactone was oleyl 

alcohol, which has the same number of carbons as stearyl alcohol but bears some distinct 

characteristics and must be differentiated from stearyl alcohol. Firstly, this initiator is
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more hydrophobic than stearyl alcohol due to the C=C in the middle of the oleyl alcohol 

chain. Secondly, it has a lower melting point (5 °C) in comparison to stearyl alcohol 

which has a Tm=65 °C. This lower melting point is due to the presence of the C=C bond 

in its backbone.

After synthesis and the purification procedure the yield of the process was 

measured and found to vary from 20-40% (Table 3.5). This low yield emphasizes the 

production of a large number of low molecular weight oligomers which were solubilized 

and removed during the purification process leaving only oligomers with higher 

molecular weight. Only this portion of the oligomers were capable of precipitating and 

being collected. In order to collect a reasonable amount of oligomer with melting point 

in the desired range the M/I ratio of the oligomers initiated with 1-dodecanol, 2- 

dodecanol, stearyl alcohol, and oleyl alcohol had to be manipulated. The M/I ratio of 

these oligomers was increased from 2.1 up to 4 to produce enough oligomer with the 

desired melting point (Table 3.5). The CL oligomers initiated with the four- 

abovementioned initiators, didn’t precipitate in cold ethanol when an M/I ratio of 2.1 

was used. This may be attributed to the lower reactivity of these initiators in comparison 

to the small size initiators (i.e., ethanol and butanol). This lower reactivity can produce 

largely low molecular weight oligomers incapable of precipitating in cold ethanol and 

hence, no oligomer collection. Moreover, due to the presence of large number of initiator 

molecules in synthesized oligomers with M/I ratios of 2.1-4, some of these initiator 

molecules didn’t participate in the polymerization process and were left unreacted. By 

comparing the NMR spectmm of CL-oligomer (Appendix C, Figure 1), 2-butanol 

(Figure 3.15) and CL oligomer initiated with 2-butanol (M/I=2.1) (Figure 3.16) it is 

obvious that no CL monomer is left at the end of the polymerization process while some 

unreacted initiator is present. These unreacted initiator molecules were removed by the 

purification process.

The composition and molecular weight of the CL oligomers were determined by 

NMR spectroscopy (Appendix C, Figures 11-19 & Table 3.6). Two typical NMR 

spectrum related to PCL initiated by 1-butanol (primary alcohol) and 2-butanol 

(secondary alcohol), and their corresponding chemical structure, are shown in Figures 

3.17 and 3.18. The ’H-NMR assignment of all CL-oligomers initiated with primary
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alcohols is similar to 1 -butanol-initiated CL-oligomer, and that of secondary alcohols is

similar to 2-butanol- initiated CL-oligomer. The results of the calculated M n  from the

^ -N M R  and GPC are compared in Table 3.6. M n  values obtained with GPC were 

generally in agreement with those of NMR which confirm the production of oligofe-

caprolactone). By comparing the M n  obtained from GPC or NMR after purification

with theoretical M n  which is calculated based on unpurified oligomers it is obvious that

the theoretical M n  was much lower. It was speculated that when the low M/I ratios 

were used (i.e., 2.1-4) a very heterogeneous oligomer bulk was produced comprised of 

mainly very low molecular weight chains which were removed after purification leaving 

only higher molecular weight oligomer chains. The low yield of the purification process 

(20-40%) is another reason confirming this theory.

All the synthesized diblock oligomers were characterized in terms of their 

melting point and degree of crystallinity by using DSC (Appendix A, Figures 8-16, 

Table 3.6), molecular weight and molecular weight distribution by using GPC 

(Appendix D, Figures 1-8, Table 3.5), and melt viscosity using a rheometer (Table 3.7).

DSC results revealed that the synthesized diblock oligomers had melting points 

between 38-42 °C, which is in the desired range. Moreover, no sign of transesterification 

was observed in the DSC endotherms (no peak broadening). In this case the onset of 

melting was determined and reported, as this value is also the same as on set of 

crystallization. It is worth mentioning that the purified oligomers with Tm in the desired

range (M/I= 2.1-4) had almost the same M n  and Tm as unpurified oligomers (M/I= 8) 

mentioned above (Table 3.8). Basically, in both methods the same molecular weight 

oligomers with the same melting point, one with 100% yield and the other with on 

average 30% yield were produced. Although the purification method dramatically 

reduced the yield of the process but the resultant oligomer had a narrower MWD as 

shown in DSC graphs (Appendix A). This narrow MWD helps us to determine the onset 

of crystallization (same as onset of melting) with better pinpoint accuracy. 

Determination of onset of crystallization is important to us because it shows the
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temperature at which the undesirable crystallization phenomenon occurs; thereby, it can 

be adjusted.

The GPC results showed that the molecular weight distribution of the oligomers 

was narrow and the molecular weight of all the oligomers were below 5000 dal tons. 

Moreover, no distinct spectrum resulting from transesterification products was observed 

which was in agreement with the DSC results. A molecular weight of 5000 daltons is a 

critical point for caprolactone oligomers. It has been shown that at this molecular weight 

the caprolactone chains become small enough to diffuse out of the polymer bulk. 

Therefore, the polymer bulk becomes prone to fragmentaion and faster degradation (40).

Table 3.7 summarizes the melt viscosity of the synthesized and purified 

oligomers. It is obvious that by increasing temperature the melt viscosity of oligomers 

decreases. Moreover, it can be observed that all the synthesized oligomers are in the melt 

state at 46 °C emphasizing the possibility of being syringeable at this temperature. By 

comparing the results of melt viscosity produced at 50 °C for purified and unpurified 

oligomers (Table 3.4 and 3.7) it is obvious that the unpurified oligomers are showing 

higher values than that of the purified oligomers. It was expected to observe lower melt 

viscosity for the unpurified oligomers due to the higher MWD. This anomaly can be 

attributed to the difference between the equipment used for measurements at the 

University of Alberta and Queen’s University. Since two different rheometrics with two 

different sets of cup and bob were used, observation of this slight anomaly was expected.

3.5. Concluding Remarks

All the synthesized polymers mentioned above have a melting point in the 

desired range and they all are syringeable. They can all be used for the next part of the 

project, which focuses on the in vitro drug release studies. Among all these polymers 

four were chosen as the best candidates for further studies. CL oligomers initiated by 

oleyl alcohol and 2-dodecanol were chosen due to their low degree of crystallinity. PCL 

initiated with ethanol was another candidate chosen as a comparison sample. CL 

oligomer initiated by 1-dodecanol was another candidate and was chosen to be compared 

with CL oligomer initiated with 2-dodecanol. In this latter case we can study the effect 

of the initiator on the drug release profile.
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Figure 3.1. Chemical structure of the DL-lactide, glycolide and e-caprolactone and 

their corresponding polymers.
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Figure 3.2. a) Synthesis of E-caprolactone. b) Mechanism of ring opening 
polymerization of E-caprolactone. Reproduced from reference 14.
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Figure 3.3. The transestrification of PCL. a) Back-biting caused by intramolecular 
transestrification, b) Scrambling caused by intermolecular estrification. 
Reproduced from reference 14.
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Figure 3.4. A) Chemical structure of Glyceril Mono Oleate (GMO); B) Chemical 
structure of Vitamin D.
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Figure 3.5. A) DSC scans of e-caprolactone monomer. B) DSC scans of the 

polymerized PCL after 8 hours. C) DSC scans of the polymerized PCL 

after 12 hours.
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Figure 3.6. DSC scans of the polymerized PCL after 24 hours. Polymerization time 

and temperature were 24 hrs and 120 °C, respectively. The M/I ratio was 

8.
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DSC scans of the synthesized PCL at 140 °C. The M/C ratio, M/I ratio, 

time of polymerization and type of initiator were 1000, 8, 24 hrs and 1- 

butanol, respectively.
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Figure 3.9. DSC scans of the synthesized PCL at 80 °C. The M/C ratio, M/I ratio, 

time of polymerization and type of initiator were 1000, 8, 24 hrs and 1- 
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2949 cm-1 (Aliphatic C-H)

1162 cm-1 CC-O):

1719 cm-1 (C=0)

Figure 3.10. Typical IR spectrum of CL-oligomers. From the spectrum C -0  shift at 

1162 cm '1, C =0 shift at 1719 cm '1, O-H shift at 3539 cm"1 and aliphatic 

C-H shift at 2948 cm"1 were assigned.
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Figure 3.11. Effects of varying the number of carbons in initiator chain on the degree 

of crystallinity. Data are shown as average! standard deviation (n=3).
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Figure 3.13. Chemical structure of PCL initiated with 1-butanol (primary alcohol) and
2-butanol (secondary alcohol).
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at 50 °C. Data are shown as average± standard deviation (n=3).
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Figure 3.15. NMR spectrum for 2-butanol the initiator. Samples were prepared 
CDCR by using a 300 MHz NMR spectroscope.
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NM RC rajpLfor C l-2-butanol w ith  unparlfled

Figure 3.16. NMR spectrum for CL oligomer initiated by 2-butanol (M/I=2.1).
Multiplets at 5=1.5 and 5=3.75 corresponds to the presence of unreacted 
intiator (2-butanol). Samples were prepared in CDCI3 by using a 300 
MHz NMR spectroscope.
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Figure 3.17. The chemical structure of PCL initiated by 1-Butanol and its 
corresponding NMR spectrum. Samples were prepared in C D C I 3  by using 
a 300 MHz NMR spectroscope.
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Figure 3.18. The chemical structure of PCL initiated by 2-Butanol and its
corresponding NMR spectrum. Samples were prepared in CDCI3 by using 
a 300 MHz NMR spectroscope.
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Table 3.1. Melting point of the diblock oligomer (GMO-CL) with varying reactant 
composition. By polymerizing CL with GMO and increasing the 
CL/GMO molar ratio, the melting point increased.

Caprolactone/G M O

(g/g)
Melting Point

CO)
0* 34

0.6 16.4

1 18.6

3 37.3

4 46.3

5 49.5

6 50.5

7 53.5

*Only GMO
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Table 3.2. Theoretical M n  calculated by the following formula: 
—  MM n =114.14x-y- +  M wj for unpurified CL oligomers. The closeness

of MWD values of the oligomers to each other is indicative of narrow 
polydispersity.
All the GPC measurements were done in the University of Queens by 
Darryl Knight.

Initiator Theoretical Mn Mn by NMR Mn By GPC Mwby GPC MWD*

1-butanol 988 1176 701 828 1.21

2-butanol 988 1097 763 871 1.15

1 -octanol 1044 1171 630 732 1.16

2-octanol 1044 1230 872 988 1.14

1 -dodecanol 1100 1240 966 1036 1.08

2-dodecanol 1100 1043 672 747 1.11

Stearyl alcohol 1184 1213 619 693 1.12

* Molecular Weight Distribution
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Table 3.3. Effects of the number of carbons and position of OH group in the 
initiator’s chain, on the crystallinity and melting point. Degree of 
crystallinity was calculated based on the AH of fusion obtained from the DSC 
scans.

Initiator No. of Carbons 
in Initiator

M/C
(mol/mol)

Tm (°C) 
Midpoint

Tm (°C)
Onset

AH
(mJ/mg)

Crystallinity
%

1-Butanol 4 1000 46± 0.48 39.9+0.8 71.1 ±4.4 50.9± 3.2

2-Butanol 4 1000 44 4± 0.47 40.1 ±0.7 52.8±7.2 37.9± 5.2

1 -Octanol 8 1000 45.8± 0.41 40.9±0.5 72.8±6.0 52.2± 4.3

2-Octanol 8 1000 43.7±0.38 38.4+0.6 51,7±6.1 37.1± 4.4

1-Dodecanol 12 1000 46.6± 0.3 39.1 ±0.7 80.5±4.3 57.7± 3.1

2-Dodecanol 12 1000 43.1± 0.32 37.8±0.9 48.1 ±5.2 34.5± 3.8

Stearyl Alcohol 18 1000 49± 0.22 44.5±0.6 85.9± 3.9 61.6± 2.8
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Table 3.4. Comparison of the melt viscosity of polymerized £-caprolactone at 50 °C 
by using different initiators. Oligomers were not purified after synthesis.

PCL No. Initiator Average Viscosity (cP) at 
50 °C (n=3) S.D.

1 1 -butanol 0.262 0.002

2 2-butanol 0.428 0.004

3 1-octanol 0.240 0.002

4 2-octanol 0.283 0.002

5 1 -dodecanol 0.217 0.001

6 2-dodecanol 0.256 0.002

7 stearyl alcohol 0.198 0.002
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Table 3.5. Polymerized and characterized CL oligomers with desired melting point.
M/C ratio was kept constant and by manipulating the M/I ratio the desired 
melting point was obtained. All the oligomers were purified after 
synthesis to remove any unreacted initiator. The low yield value is an 
indicative of the removal of not only unreacted initiators but very low 
molecular weight oligomers.

PCL
No.

Initiator M/C M/I Mw Mn MWD Tm (°C)±SD 
Onset

AH

(mJ/mg)
crystallinity

%

Yield %

1 Ethanol 1000 2.1 1916 1366 1.402 41.7±0.4 114.82 82 29

2 1-Butanol 1000 2.1 2380 1945 1.226 40.2±0.62 107.25 76 21

3 2-Butanol 1000 2.1 3083 2776 1.111 41.8±0.52 117.65 84 23

4 1-Octanol 1000 2.1 2103 1844 1.141 40.8±0.56 124.66 89 27

5 2-Octanol 1000 2.1 2747 2219 1.238 40.4±0.66 105.95 75 25

6 1 -Dodecanol 1000 3.4 2232 1893 1.179 39.6±0.77 110.40 79 34

7 2-Dodecanol 1000 2.6 2164 1717 1.261 39.5±0.48 94.60 67 30

8 Stearyl Alcohol 1000 4 1883 1209 1.557 40.2±0.68 Unidentified Unidentified 45

9 Oleyl Alcohol 1000 3.2 2435 1575 1.545 37.9±0.51 93.12 66 40

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.6. Comparison of the M n  calculated from ^ -N M R  and GPC for CL 
oligomers after purification. The Mn obtained by GPC and NMR are very 
close to each other emphasizing the accuracy of these methods. Since the 
oligomers were purified and very low molecular weight oligomers were 
removed, the theoretical Mn is showing much lower values than those 
obtained by GPC and NMR.

PCL in itia to r M„ C a lc u la te d  by  G PC Mn C a lc u la te d  b y  NMR T h e o re tic a l Mn

P135 Ethanol 1366 1188 286

P136 1 -Butanol 1945 1101 314

P144 2-Butanol 2776 1330 314

P138 1 -Octanol 1844 1144 370

P145 2-Octanol 2219 2070 370

P152 1 -Dodecanol 1893 1442 574

P156 2-Dodecanol 1717 1898 483

P153 Stearyl Alcohol 1209 1070 727

P143 Oleyl Alcohol 1575 1524 634
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Table 3.7. Melt viscosity data at three different temperatures for polymerized e- 
caprolactone followed by purification. The viscosity values were obtained 
by plotting shear stress versus shear rate obtained from the rheometer.

PCL
No. Initiator Average Viscosity 

at 50 °C (cps) S.D. Average Viscosity 
at 48 °C (cps) S.D. Average Viscosity 

at 46 °C (cps) S.D.

1 ethanol 0.157 0.013 0.187 0.015 0.206 0.019

2 1 -octanol 0.120 0.005 0.134 0.008 0.146 0.010

3 2-octanol 0.210 0.015 0.250 0.020 0.273 0.023

4 1 -dodecanol 0.102 0.030 0.114 0.031 0.121 0.026

5 2-dodecanol 0.130 0.005 0.148 0.006 0.166 0.012

6 stearyl alcohol 0.147 0.005 0.167 0.006 0.178 0.005

7 oleyl alcohol 0.110 0.005 0.127 0.002 0.132 0.005
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Table 3.8. Melting point and molecular weight comparison between unpurified 
(M/I=8) and purified (M/I=2.1-4) oligomers. M/C ratio was kept constant 
at 1000 for the synthesized oligomers.

Initiator Mn by NMR T m  (°C)±SD 
O n s e t

M„ by NMR Tm  (°C)±SD 
O n s e t

1 -Butanol 

2-Butanol 

1 -Octanol 

2-Octanol

1-Dodecanol

2-Dodecanol 

Stearyl Alcohol

Purified 0

1101

1330

1144

2070

1442

1898

1070

lig o m e rs

40.2±0.62

41.8+0.52

40.8±0.56

40.4±0.66

39.6+0.77

39.5±0.48

40.2±0.68

U npurified

1176

1097

1171

1230

1240

1043

1213

O lig o m ers

39.9+0.8 

40.1+0.7 

40.9+0.5 

38.4±0.6 

39.1 ±0.7 

37.8±0.9 

44.5±0.6
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Chapter 4

CPT Solubility, Stability and Release
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4.1. Introduction

One of the problems associated with the delivery of CPT is the low solubility of 

the drug in water. It is reported that at 37 °C, only 3.B jig of CPT is soluble in one 

millilitre of water (1). Moreover, structure activity investigations elucidated that the 

preservation of the lactone ring of CPT is crucial for its anti-tumor activity (2). However, 

the delivery of the active form is quite challenging, since the lactone form exists in a pH 

dependent equilibrium with an open ring carboxyl ate form (2). At physiological pH 

more than 80% of the drug exists as the carboxylate form at equilibrium, whereas at a 

pH below 5, essentially the entire drug is in the lactone form (3). Furthermore, it has 

been shown that CPT requires a prolonged schedule of administration given 

continuously at low doses in order to spare normal haematopoeitic cells and mucosal 

progenitor cells while at the same time maintaining drug efficacy (4). Therefore, this 

drug would benefit from a localized controlled release depot system. However, any 

depot developed would also need to maintain the CPT in its active form prior to being 

released. Additionally, it is desirable that the polymer carrier be biodegradable to 

eliminate the need for device retrieval at the end of the delivery period.

4.1.1. Polymer Degradation

The degradation of biodegradable polymers such as PCL and PLGA has been 

studied by many investigators (5-8). They biodegrade by hydrolysis of the readily 

accessible and hydrolytically unstable aliphatic-ester linkages. The degradation time 

varies from a few weeks for PLGA to 1-2 years for PCL.

Biodegradable polymers undergo three stages of degradation in vitro (9). These 

three stages are not discrete and may overlap with each other. The first stage is the 

hydration of the implant after being placed in the physiologic fluid. In this stage, the 

device absorbs water from the surrounding environment. During the first stage of 

degradation process no weight loss occurs. The diffusion of water into the implant 

depends on the mass, surface area and hydrophilicity/hydrophobicity of the implant and 

occurs over the period of days or months. Amorphous parts of the polymer hydrate 

readily while the crystalline segments are not prone to hydration. In the second stage of
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degradation chemical cleavage of the polymer backbone occurs and results in a reduction 

in mechanical properties (e.g. strength). In this process, water molecules hydrolyse and 

covalent chemical bonds of the polymer such as esteric linkages (in the case of PLGA 

and PCL) and result in a reduction in average molecular weight (10,11). The third stage 

only applies to hydrophilic biomaterials such as PLGA and to some extent to PCL. PCL 

is much more hydrophobic than PLGA and the rate of water imbibition is much slower 

than PLGA. In this stage PLGA and PCL fragment into pieces of low molecular weight 

polymer due to the loss of mass integrity.

For biodegradable polymers two different erosion mechanisms have been 

proposed: 1) surface or heterogeneous erosion; and 2) bulk or homogeneous erosion (12) 

(Figure 4.1). In the case of surface eroding polymer matrices (e.g., polyanhydrides), the 

rate of polymer degradation is faster than the rate of the water imbibition by the polymer 

bulk. Therefore, degradation occurs on the superficial layers of the polymer. 

Consequently, erosion affects only the surface and not the inner parts of the matrix 

(heterogeneous process). In bulk eroding polymers (e.g., PLGA and PCL) water uptake 

by the system is much faster than polymer degradation and the polymer degrades slowly. 

Thus, the entire system is rapidly hydrated and polymer chains are cleaved throughout 

the polymer. Consequently, the erosion is not restricted to the polymer surface 

(homogeneous process) (13).

The degradation of such polymers thus depends on the initial molecular weight, 

degree of crystallinity, physical geometry of the specimen, and the physico-chemical 

environment (14,15). Molecular weight of the polymer plays a crucial role in the 

polymer degradation time. Since the high molecular weight polymer chains are water 

insoluble, it takes more time for water to hydrolyse and cleave these chains into small 

water soluble chains. Therefore, the higher the molecular weight the longer the 

degradation time (5). Crystallinity is known to play an important role in determining 

biodegradability because of the fact that the bulk crystalline phase is inaccessible to 

water and other permeants (16). The biodegradation rate is reduced by the decrease in 

accessible ester bonds. The physical geometry of the device determines its surface area 

to volume ratio. Geometries with large surface area and small volume degrade faster 

than those of small surface area and large volume. The physico-chemical environment is
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another important factor which can affect the degradation rate. Factors such as 

temperature and pH are among the most important physico-chemical factors which can 

easily increase or decrease the polymer degradation time. The hydrolysis of polyesters 

can be either acid or base catalyzed. The degradation products of polymers such as 

PLGA or PCL bear a terminal carboxylic group which are capable of decreasing the pH 

inside the polymer bulk. The decreased pH and the generated carboxylic acids cause 

autocatalytic effects leading to the faster erosion inside poly(a-hydroxy acids) in 

comparison to their surface (17).

4.1.2. Polymeric Drug Delivery

Table 4.1 categorizes the various controlled release technologies, including 

physical as well as chemical systems (18). The drug carrier complex used for implanting 

or injecting at a specific site can be formulated as either a reservoir type or a matrix type 

of drug delivery system (19). Most biodegradable systems for site-specific delivery are 

of the matrix type, where the drug is homogenously dissolved or dispersed throughout 

the polymer (20) (Figure 4.2A). Monolithic systems are probably the simplest and least 

expensive way to control the release of an active agent which is dispersed in an inert 

polymeric matrix (21). In reservoir systems (Figure 4.2B) a core of drug is surrounded 

by a swollen or non-swollen polymer film (20). The mechanism of drug release from 

these delivery systems can be a combination of solute diffusion, and polymer erosion 

and/or dissolution (19).

The release rate of drugs from a polymer implant can vary widely, and have been 

described by a variety of mathematical models. It is instructive to first examine 

diffusion-controlled release from a non-biodegradable polymer with constant 

permeability. Drug release from a diffusion controlled monolithic device made of non- 

biodegradable polymer can be discussed under two main categories: a) dissolved active 

agent case and b) dispersed active agent case. The former describes the situation in 

which the active agent is dissolved in the polymer at or below saturation level. For such 

a planar matrix of thickness 8, immersed in a well-agitated infinite medium, the amount 

of active agent released by time t is given by (22,23):
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(equation 4.1)

where Dm is the diffusivity of drug in polymer and ML is the amount released at infinite 

time; it is equal to the initial active agent loading less the amount in the device which is 

in equilibrium with the medium at infinite time. Important simplifications of this 

equation may be used if one is interested in avoiding the lengthy calculations of this 

series solution. For a slab, the expression for the initial stages of release is:

It is clear that when slabs of monolithic devices are kept at constant external 

concentration, the fractional release is proportional to the square root of time at early 

stages (up to 60%) and then decays exponentially.

In the dispersed active agent case, the initial active agent loading in the polymer 

exceeds its solubility in the polymer. The excess produces a separate phase at 

equilibrium. This phase is dispersed in the polymer and causes the release characteristics 

to be different from the dissolved active agent case. In these systems, dissolution of the 

drug may be the rate-limiting step of this release process. Therefore, several models have 

been proposed to describe this phenomenon. Higuchi (24) offered the first model for this 

type of device. Using this model the following expression for drag release from a slab 

has been derived (25):

M~ \ tc8 1 j

M t
for 0 < —  < 0.6 

ALo
(equation 4.2)

and the long-time approximation is:

for 0.4 < —  <1.0
Mo°

(equation 4.3)
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M
The fraction of drug released (— —) from a slab of thickness 8, at time t, is dependent of

M „

the drug’s diffusion coefficient (D), solubility in the matrix (Cs), and drug loading. Drug 

is initially removed from the surface regions of the polymer and consequently a 

progressively thicker drug-depleted layer forms adjacent to the surface of the device

(26).

Based on the mathematical models presented above, the in vitro performance of a 

diffusion controlled release device can be determined by a number of factors. Some of 

these factors are properties of the polymer-active agent system, such as drug diffusivity 

in the polymer vehicle and solubility. Others are design factors such as active agent 

loading, device geometry and barrier thickness that may be controlled independently 

(22).

Diffusion of an active agent in polymers occurs through the amorphous 

polymeric regions. The diffusivity is related to the mobility of the polymer chains and, 

thereby, to the free volume of the system. The free volume concept was originally 

proposed by Cohen and Turnbull (1959) which considers diffusion to occur due to local 

density fluctuations in the liquid. These fluctuations periodically open voids in between 

of the liquid molecules into which a diffusing molecule may jump (22). The free volume 

is, in turn, dependent upon a number of factors, the most prominent being the 

temperature of the system relative to the glass transition temperature Tg. As the system 

temperature is lowered and approaches Tg, the free volume available for diffusion 

decreases, thereby decreasing the diffusivity (22). Increasing temperature also affects 

viscosity as described in chapter 3 (WLF theory). At a certain temperature a polymer 

with lower viscosity bears more free volume therefore facilitates drug diffusion through 

its chains. The presence of crystallites in polymerserve to increase the tortuosity of the 

diffusion paths and thereby reducing diffusivity. The diffusivity of the active agent is
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also a function of its own characteristics. The most significant of these is the molecular 

weight of the diffusing species, with bigger molecules diffusing more slowly (27).

A factor not controlled by the designer of a controlled release system, but which 

nevertheless may have a significant influence on the release rate is the presence of a 

boundary layer on the surface of the device. The boundary layer serves as an extra 

diffusional resistance and can restrict or slow the transport of an active agent of low 

solubility. To avoid this, experimental studies in the laboratory are designed to be 

performed under well-stirred, infinite sink conditions.

Poly(e-caprolactone) is a water insoluble polymer that undergoes hydrolytic 

backbone cleavage and is solubilized by conversion to small, water-soluble molecules. 

Drug release from such a matrix is complicated because it is a combination of diffusion 

and erosion mechanisms. Diffusional drug release in the absence of erosion was 

described by equations 4.1 to 4.4 assuming that the diffusivity of drug through the 

polymer chains is constant at all times. In biodegradable polymers, diffusivity changes 

due to the change in molecular weight of the polymer. As the chains cleave they become 

more flexible and mobile and therefore produce more free volume in between the chains. 

Increased free volume facilitates drug diffusion and thereby, the drug release rate 

increases. With no erosion, drug release slowly declines following the so-called t"1/2 

kinetics. However, because of polymer degradation which causes diffusivity to rise 

above the initial value, the normal decline is slowed and then in the final stages it may 

even be reversed (Figure 4.3) (27).

4.1.3. Objectives

One hypothesis of this work is that incorporation of CPT into a generally 

hydrophobic polymer carrier would enhance the stability of the as-yet unreleased drug 

while within the polymer. Another hypothesis is that the incorporation of an alkane 

block to the caprolactone initiator would provide an increase in CPT solubility within the 

oligomer. To facilitate the implantation of the polymer-drug depot, an injectable system 

has been designed. The presence of the dispersed active agent, in our case CPT, can 

promote the formation of drug crystals which in turn increases the viscosity of the 

polymer/drug mixture. This increase in viscosity is not desirable due to its negative
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impact on the syringeability of the polymeric system. Therefore, we would like to have 

CPT dissolved in our delivery system without reaching its saturation point.

In this chapter the capability of the synthesized CL oligomers in solubilizing CPT 

and keeping it in its active lactone form is examined. Second, the release of CPT from 

PCLs initiated with different alcohols is investigated and compared with CPT release 

rates from PLGA (50:50 mole percent). PLGA (50:50) has been utilized in forming 

microspheres for stabilizing CPT (28), and this is used as a control to compare the 

performance of our system with other systems.

4.2. Materials

20-S-camptothecin (96% purity) was obtained from Aldrich (Milwaukee, WI). 

PLGA with an inherent viscosity of 0.19 dl/g (Mn= 6000 daltons) was purchased from 

Birmingham Polymers (Birmingham, AL). CL oligomers initiated with ethanol, 1- 

dodecanol, 2-dodecanol and oleyl alcohol were synthesized and purified as described in 

Chapter 2. 10 and 20 mL scintillation glass (Type I) vials with PTFE screw caps were 

purchased from Fisher Scientific. HPLC grade acetonitrile and water were purchased 

from Fisher Scientific. Analytical grade sodium chloride, di-sodium hydrogen 

phosphate, potassium dihydrogen phosphate, potassium chloride and Tween 80 were 

purchased from Sigma (USA).

4.3. Methods

4.3.1. Differential Scanning Calorimerty (DSC)

DSC was carried out using a Seiko 120 DSC. The heating rate was 10 °C/min and 

the drug/oligomer samples were weighed (10-15 mg) into crimped sealed aluminium 

sample pans.

4.3.2. CPT Solubility in PCL and PLGA (50:50)
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Given amounts of CPT were weighed into 10 mL glass vials. Into each vial 100 

mg of CL oligomer was added to prepare loading levels of 0-20% CPT. Aliquots of 

chloroform/methanol (8:2 v/v) were added to the vials and mixed untill it formed a clear 

solution. Under constant stirring on a stirrer/heater, and a constant stream of nitrogen 

and mild heat (60 °C) the solvent was evaporated. The precipitant was transferred into a 

preheated vacuum oven (30 °C) and kept under vacuum for 24 hrs to remove any 

residual solvent (29). The samples were removed from the oven and cooled to room 

temperature and analyzed by DSC.

4.3.3. Manufacture o f Paste Formulations

CPT, at loadings of 50% of its saturation concentration in CL oligomers (i.e., 5 

mg CPT/100 mg oligomer) and PLGA (i.e., 1.5 mg CPT/100 mg PLGA), was 

thoroughly dissolved in a choloroform/methanol mixture (8:2 v/v). The solvent was 

evaporated and the mixture was rendered solvent free as explained above. The CPT 

loaded pastes were weighed into 1 mL syringes and stored at 4 °C.

4.3.4. HPLC Analysis o f CPT

Carboxylate and lactone levels of CPT were determined by high performance 

liquid chromatography (HPLC), which allows separation of the two forms of the drug 

within a single chromatographic mn. The HPLC system consisted of the following: a 

Chem Mate pump, a Basic Marathon auto sampler (Rose Scientific) fitted with a 100 fil 

sample loop, a Waters 470 scanning fluorescent detector with 360nm excitation and 

440nm emission, and a Hewlett Packard 3390A integrator (Middleton, WI). The 

separation was carried out using a Phenomenex Hypersil BDS-Ci8 reverse phase column. 

The mobile phase was composed of 26% by volume acetonitrile and 74% triethylamine 

acetate buffer (TEAA) (1% v/v triethylamine in water, adjusted to pH 5.5 with glacial 

acetic acid) and was delivered at a flow rate of 1.0 mL/min in all experiments. The 

mobile phase was filtered and vacuum degassed prior to use. Retention times of the 

carboxylate and lactone were around 4 and 9 minute, respectively. A calibration curve 

was prepared before each experiment for the conversion of total lactone and carboxylate
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area to concentration. A typical calibration curve and chromatogram are shown in 

Figures 4.4 and 4.5.

4.3.5. Evaluation o f in Vitro Drug Release

Drug release from the samples was carried out in phosphate buffer saline (PBS) 

(8mM Na2HP04, ImM K H 2 P O 4 , 137 mM NaCl, 3mM KC1, pH=7.4) containing Tween 

80 (0.05% w/v) at 37 °C under perfect sink condition. Since CPT has poor solubility in 

water, Tween 80 was included to increase the solubility of CPT in PBS (28). 1 mL 

syringes loaded with drug/polymer mixture were placed in preheated oven (55 °C) for 30 

minutes to bring the mixture to a complete liquid state. The syringes were then 

transferred into another preheated oven (47 °C) and kept for 30 minutes. While inside the 

oven one drop of each sample (~ 50 pi) (Table 4.2) was transferred into a 20 mL 

scintillation glass vial and quickly transferred into a 37 °C-preheated oven. 20 mL PBS 

(37 °C) was added to the vials and the vials then mounted on a rotary shaker Model 

099A RD4524 (Fisher Scientific) which was already placed inside an oven (37 °C). The 

rotation speed was set to 10 rpm. The buffer was replaced at frequent time intervals 

initially to characterize the burst of the drug from samples, and then at less frequent 

intervals to examine the long-term release behaviour. Concentrations of both active 

lactone and carboxylate forms of CPT in the release media were determined by HPLC 

and used as the total amount released in each time point.

4.3.6. Examination o f the Stability o f  CPT in CL Oligomers

The extent to which CPT remained stable in the CL oligomers was evaluated by 

three methods: 1) by extracting the drug from CL oligomers right after drug 

incorporation to ensure that the method of preparation had no effect on CPT stability, 2) 

by capturing the CPT in the release media before significant lactone to carboxylate 

conversion could take place, and 3) by extracting CPT from the CL oligomers after 2 

months incubation in PBS (37 °C) to determine any significant lactone to carboxylate 

conversion.

In method one, 5 mg of the drug-loaded samples were weighed into a glass 

centrifuge tube. Chloroform 0.1 mL was added into the tube and mixed thoroughly to
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dissolve the oligomer while the drug remained undissolved. 5 mL cold methanol was 

added to the centrifuge glass tube to completely dissolve the CPT while forcing the 

oligomer to precipitate. The centrifuge tube was stored in the freezer (-10 °C) for 

complete precipitation of the oligomers. Then, it was centrifuged for 3 minutes at 5000 

rpm to collect the polymer sample into the bottom of the tube. 0.5 mL of the supernatant 

was taken out and diluted to 100 mL with TEAA buffer pH=6.1 and immediately 

analyzed by HPLC. In previous studies it was shown that the rate of lactone to 

carboxylate conversion is minimal at pH=6.5 (<8% of drug converts to carboxylate form 

in 10 minutes) and this gives enough time to the examiner to analyze the true 

composition of the drug before any significant conversion happens (28). In these studies, 

it was found that at pH=6.1 the rate of lactone to carboxylate is much slower than at 

pH=6.4 and it is more suitable to use this pH for the experiments (<1% of drug converts 

to carboxylate form in 10 minutes).

In the second method, drug-loaded samples were washed with water and exposed 

to PBS pH=6.1 for 10 minutes at 37 °C. The released CPT was immediately analyzed 

before significant lactone to carboxylate conversion could take place. By using this 

method, it was possible to determine not only what form of CPT is present in the 

samples, but also which form actually is released from the samples.

In the third method, samples were exposed to PBS pH 7.4 at 37 °C for 2 months. 

They were washed with pure water and CPT was extracted as explained in method 1. 

The drug was analyzed with HPLC for detection of any lactone to carboxylate 

conversion. By using this method, it was possible to determine whether PBS was able to 

penetrate through the oligomer chains and hydrolyse CPT.

4.4. Results and Discussion

4.4.1. CPT Solubility in Oligomers

To investigate the solubility of CPT in different CL oligomers and PLGA, the 

thermal behaviour of CL oligomers, PLGA and CPT was investigated separately. Figure 

4.6A illustrates the thermal behaviour of CL oligomers initiated with oleyl alcohol. The
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endotherm around 40 °C corresponds to the melting point of the polymer while the 

exotherm around 300 °C corresponds to oligomer decomposition. To confirm the thermal 

behaviour of the CL oligomer another sample (i.e., CL oligomer initiated with 2- 

dodecanol) was treated with heat in the same manner (Figure 4.6B). These oligomers 

clearly showed a melting point around 45 °C and decomposition point around 300 °C. 

The same method was utilized to determine the melting point and thermal behaviour of 

PLGA (Figure 4.7A) and CPT (Figure 4.7B).

The DSC analysis revealed that the melting point of CPT is around 265.5 °C 

which is in agreement with literature (265-267 °C) (28). By mixing CPT with CL 

oligomers, the drug can exist in the mixture either dissolved in the oligomer or 

undissolved (i.e., above saturation). In the first case (i.e., dissolved) no drug crystals 

exist in the mixture and DSC analysis of the drug/oligomer mixture is expected to show 

only one endotherm related to the melting point of the oligomer. In the second case 

where the drug is undissolved in oligomers and drug crystals are present in the 

drug/oligomer mixture, we expect to observe two separate endotherms, one related to 

oligomer melting point and the other related to CPT melting point (29).

Four different candidates (i.e., CL oligomer initiated by ethanol, 1-dodecanol, 2- 

dodecanol and oleyl alcohol) were chosen to investigate the effect of different initiators 

with different hydrophobicity on the solubility of CPT. The CL oligomer initiated by 

ethanol was the first tested and, as illustrated in Figure 4.8A, at a ratio of 9.2 mg CPT/ 

100 mg oligomer, the drug remained dissolved in the oligomers. When the concentration 

of CPT in the oligomer increased to 9.8 mg/lOOmg a small endotherm related to CPT 

crystals appeared in the DSC spectrum (Figure 4.8B). To confirm this observation and 

make sure that the observed endotherm truly corresponds to CPT, the concentration of 

CPT in the oligomer was increased to 20 mg/lOOmg (Figure 4.8C). Ertl et al. (1999)

(30), reported the same type of thermal behaviour for CPT dispersed in PLGA. CPT 

solubility in the other CL oligomers (Figures 1-4, Appendix E) and in PLGA (Figure 

4.9) was determined in the same manner.

Table 4.3 summarizes the result of CPT solubility in CL oligomers initiated with 

different initiators and in PLGA. The CL oligomers can solubilize CPT up to 11 mg in 

each 100 mg of oligomer, which is at least 10000 times more than its solubility in water
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(2.5 (ig/mL) and 3 times more than PLGA. The results depicted in Table 4.3 do not show 

a clear difference of CPT solubility in the different CL oligomers. It was hypothesized 

that different CL oligomers with different hydrophobicity would show different CPT 

solubility. This lack of differentiation could be attributed to the insufficient sensitivity of 

our DSC instrument for this experiment, or may be an indication that CPT solubility is 

determined solely by its affinity for the CL component of the oligomer.

4.4.2. Effects o f CPT Loading on Oligomer Physical Properties

The effect of CPT loading on the characteristics of the CL oligomers was 

investigated by determining the melting point changes. CL oligomers initiated with 

ethanol (the smallest initiator) and oleyl alcohol (the largest initiator) were chosen as two 

examples with different initiator, and alkane, chain sizes. In comparison to unloaded CL 

oligomers, the Tm of CPT-loaded-oligomers appeared to rise slightly but the increase 

was within the experimental error of the equipment (±0.2 °C) and so the result is not 

considered significant (Table 4.4).

4.4.3. CPT Stability

Since carboxylate conversion limits bioavailability and efficacy of CPT, 

maintenance of the lactone structure during preparation and release is a prerequisite for 

improved therapy using injectable implants. Different methods of analysis have been 

developed by different investigators to capture both lactone and carboxylate form of 

CPT by a single chromatographic run (31-34). Among all four methods tried, the method 

suggested by Warner et al., was adopted due to its simplicity and high degree of 

reproducibility (34). As determined by isocratic reversed-phase HPLC, at pH= 6.1 the 

conversion of lactone to carboxylate is minimal (Appendix F, Figures 1-3). Working at 

this pH makes it possible to analyse the true configuration of CPT as is without any 

significant conversion.

The carboxylate form of CPT, which is more hydrophilic than the lactone form, 

has a retention time of around 4 minutes while that of the lactone form is around 9 

minutes. Therefore, in a sample consisting of only the lactone form a lone peak at 9
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minutes is expected (Appendix F, Figure 1). Since the kinetics of lactone to carboxylate 

conversion at pH=6.1 is slow, after 30 minutes a small peak related to carboxylate form 

of CPT appeared while the peak related to lactone form dwindled (Appendix F, Figures 

2 & 3).

Based on this method, CPT after incorporation into the CL oligomers was 

analyzed and no lactone to carboxylate conversion was observed (Appendix F, Figures 

4-6). The presence of one peak around 9 minutes emphasized the existence of the lactone 

form only. To confirm this finding, a drug-loaded CL oligomer was prepared and 

incubated in PBS pH=6.1 for 10 minutes and the released CPT was captured for 

configuration analysis. The results showed that only the lactone form of CPT is present 

in the prepared sample and it is only the lactone form which is released into the media 

(Appendix F, Figure 7). Overall, it was concluded that the preparation method does not 

have any harmful effect on the stability of CPT and it is only the lactone configuration of 

CPT which is releasing into the buffer medium.

During long-term drug release studies in PBS (two months), no conversion of 

lactone to carboxylate was observed (Figure 4.10). This result proves that the delivery 

system was capable of preserving the lactone ring of CPT from water even after 

incubation for two months in PBS pH=7.4. This finding can be explained by considering 

the hydrophobicity of the CL oligomers which limits water penetration into the device 

and thus prevents hydrolysis of the CPT molecules.

4.4.4. In Vitro Studies

For in vitro studies, drug-loaded oligomers with a concentration of 5 mg CPT in 

100 mg of CL oligomer were prepared. As discussed above, this concentration is 

approximately 50% of the determined CPT saturation concentration in the oligomer. For 

the PLGA samples two different concentrations (i.e., 1.5 mg CPT/100 mg PLGA, & 5 

mg CPT/100 mg PLGA) were prepared.

According to the release of drugs from monolithic solution systems we should 

expect that the in vitro release profile of CPT from CL oligomers follow the square root 

of time kinetics up to mass fraction released of 0.6 (i.e., diffusion controlled) (Figures 

4.11 A & B). The slope of each line (mass released vs tm , Equation 4.2) is directly
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related to the diffusivity of CPT in each vehicle (Table 4.5). In the early stages, where 

the drug concentration is high and there has not been a significant polymer degradation 

and thereby, constant diffusivity; the release of the drug follows the square root of time. 

As time goes by, the drug concentration in the polymer bulk decreases and therefore, the 

rate of the release decays exponentially and doesn’t follow the square root of time 

anymore (equation 4.3). Meanwhile, the polymer starts to degrade into smaller molecular 

weight chains providing more free volume for the drug molecules to diffuse, hence the 

diffusivity of the drug within the polymer increases producing an increase in drug 

release rate. The combination of these factors that work against each other in terms of 

drug diffusivity, has made it difficult to predict the real mechanism of release from 

biodegradable polymers.

Examination of the defining equation shows that device thickness is important in 

determining how fast the drug will be released. In the prepared samples the thickness 

and shape of the oligomer/drug droplets were slightly different as they were randomly 

placed on the bottom of the glass vials. It is possible that this difference between the 

thicknesses of samples is responsible for the different rates of drug release. However, the 

impact of thickness was minimized by preparing the samples in triplicate as this 

difference is randomly dispersed among all the samples. Therefore, the drug release rate 

from the oligomers was compared by assuming no significant thickness effect in drug 

release.

The CPT release profile from CL oligomers was analyzed statistically by 

comparing the slope of the lines in the release profile using two tailed student’s t-test. 

The statistical analysis of results revealed that, overall, the drug release rate from the 

oligomers were different (p<0.05). As discussed earlier, the degree of crystallinity has a 

significant impact on drug release. The degree of crystallinity of the drug loaded 

oligomers was calculated and no significant difference among different oligomers was 

observed (Table 4.5). It is noteworthy that all the samples that prepared for in vitro 

studies had a melting point close to 37 °C and at this temperature it is plausible to 

assume that the crystallinity of the oligomer vehicle is reduced over that reported in 

Table 4.5. Therefore, the effect of degree of crystallinity on drug release rate can be 

considered insignificant.
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The second important factor which has an impact on drug release rate is the 

rheological behaviour of the oligomers. Oligomers with lower melt viscosity have more 

mobile chains, allowing the drug molecules to diffuse easier. Based on this fact the drug 

release profile of CPT from different oligomers was analysed. By comparing the slope of 

the release profile of CPT from different oligomers, the only non-significant difference 

was observed between CL-l-dodecanol (caprolactone oligomer initiated with 1- 

dodecanol) and CL-oleyl alcohol (caprolactone oligomer initiated with oleyl alcohol). It 

is obvious from Table 4.5 that CL-oleyl alcohol has almost the same melt viscosity as 

CL-l-dodecanol. This similarity can be interpreted into same free volume at a given 

temperature for both oligomers, allowing the drug molecules to release with the same 

pace. By analysing the rate of drug release from the other oligomers, it can be concluded 

that the lower the melt viscosity at a given temperature the higher the free volume and 

the faster the release rate (Table 4.5).

After 190 days of incubation in PBS (pH=7.4, 37 °C) it was only the CL-oleyl 

alcohol which showed signs of degradation while macroscopically the others remained 

intact. This faster rate of degradation can be attributed to the lower viscosity and lower 

melting point of the oligomer and thus a higher rate of water imbibition by the CL-oleyl 

alcohol block oligomers.

PLGA has a Tg of around 60 °C, therefore at the release conditions (37 °C) 

polymer is in its glassy state and drug release through the polymer chains is highly 

restricted (phase 1) (Figure 4.12.). This continues for a period of one month till water

cleaves the esteric linkages inside the PLGA therefore Mn and Tg of the oligomer 

decreases and it swells. This swelling changes the mobility of polymer chains and 

increases the water imbibition and the diffusivity of drug. All these changes lead to a 

significant release of drag in the second phase. The final stage is related to the release of 

drag from the fragmented pieces of polymer (phase 3) (14). This pattern of drag release 

which consisted of releasing drug in very small doses for a period of 30 days followed 

by a burst in drag release does not seem to be suitable for effective camptothecin 

delivery.
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The statistical analysis of drug release from PLGA loaded with 1.5% drug 

(PLGA 1.5%) and PLGA loaded with 5% drug (PLGA 5%) by using repeated measure 

analysis showed that the rate of release from the latter was slower (p<0.05). Higher load 

of CPT which is a hydrophobic drug in PLGA seems to delay the water imbibition 

process and therefore the drug released into the media with a slower pace.

4.5. Concluding Remarks

The newly developed delivery system provided a suitable carrier to preserve the 

active lactone form of drug and release of CPT in sustained fashion for a period of 190 

days. The active lactone form was preserved mainly by hydrophobicity of the oligomers 

and depriving the drug from its aqueous surrounding. CL-oleyl alcohol seemed to be 

more suitable for CPT delivery than the other oligomers due to its lower degradation 

lifetime. This depot system might present an alternative to unpleasant repeated i.v. 

administration.
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Figure 4.1. Schematic illustration of the principle of surface and bulk erosion.
Reproduced from reference 13 with permission from Elsevier Science.
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Figure 4.2. A) Idealized diffusion-controlled matrix release system. B) Idealized 
diffusion-controlled reservoir release system. Reproduced from reference 
20 .
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Figure 4.3. Model of Helen and Baker describing drug release from thin 
biodegradable polymer films under going bulk erosion (curve: 
Erossion+Diffusion). For comparison, also purely diffusion controlled 
release kinetics calculated using classical Higuchi equation are illustrated 
(curve: Diffusion). Reproduced from reference 13 with permission from 
Elsevier Science.
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Figure 4.4.
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A typical calibration curve for HPLC analysis of CPT. Concentrations of 
0.25, 0.5, 1, 2, 3 and 4 (Xg/mL of CPT were prepared and used as 
calibration points.
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i

Figure 4.5. HPLC analysis of CPT at pH=7.4. Peaks with Retention Time of 4.05 & 
9.59 minutes correspond to carboxylate and lactone forms of CPT.
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Figure 4.7. A) Thermal behaviour of PLGA. No endotherm was observed due to 
amorphous nature of PLGA. Tg was determined to be around 40 °C 
B) DSC analysis of CPT. The melting point of CPT determined to be 
265.5 °C
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Figure 4.8. DSC analysis of CL oligomer initiated with ethanol mixed with CPT.
Drug/ oligomer ratio of A) 9.2 mg/100 mg, B) 9.8 mg/100 mg, C) 20 mg/ 
100 mg.
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Figure 4.9.
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DSC analysis of PLGA mixed with CPT. Drug/ PLGA ratio of 3.5 
mg/100 mg. Presence of an endotherm at 250 °C corresponds to the 
presence of the CPT crystals.
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Figure 4.10. HPLC analysis of CPT after incorporation into CL oligomers and 
incubation in PBS (pH=7.4) for two months, (first injection, time=0 min). 
No retention time for carboxylate form was observed.
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9.50 100% Lactone form
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Figure 4.11. Cumulative release profile of CPT± SD from CL oligomers initiated with 
ethyl alcohol, 1-dodecanol, 2-dodecanol and oleyl alcohol (n=3). The 
drug load was 5 mg per 100 mg of oligomers. A) Amount releases versus 
time, B) Amount released versus square root of time for the short time 
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Table 4.1. Categories of polymeric systems for controlled release. Reproduced from

reference 18.

I- Physical Systems
A: Reservoir systems with rate-controlling membrane

1- Microencapsulation
2- Macroencapsulation
3- Membrane systems

B: Reservoir systems without rate-controlling membrane
1- Hollow fibres
2- Poroplastic® ultramicroporous cellulose triacetate
3- Porous polymeric substrate and foams

C: Monolithic Systems
1- Physically dissolved in nonporous, polymeric matrix

a: Nonerodible
b: Erodible
c: Environmental agent ingression
d: Degradable

2- Physically dispersed in nonporous, polymeric matrix
a: Nonerodible
b: Erodible
c: Environmental agent ingression
d: Degradable

D: Laminated Structures
1- Reservoir layers chemically similar to outer control layers
2- Reservoir layers chemically dissimilar to outer control layers

E: Other Physical Methods
1 - Osmotic pumps
2- Adsorption onto ion-exchange resins

II- Chemical Systems
A: Chemical erosion of polymer matrix

1- Heterogeneous
2- Homogeneous

B: Biological erosion of polymer matrix
1- Heterogeneous
2- Heterogeneous
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Table 4.2. Drug loaded samples for in vitro studies. In all samples in every 100 mg 
of polymer 5 mg drug was loaded, unless stated otherwise.

Sample Name Sample No. Sample Weight (mg) Sample Drug Content (mg)* Total Amount Remained (mg)**

PCL-ethanol 

(5% load)

1 16 0.800 0.027

2 14.9 0.745 0.024

3 15.2 0.760 0.009

PCL-1-dodecanol 

(5% load)

1 15.7 0.785 0.043

2 15.4 0.770 0.021

3 15.6 0.780 0.016

PCL-2-dodecanol 

(5% load)

1 16.3 0.815 0.017

2 16.2 0.810 0.015

3 16.1 0.805 0.023

PCL-Oleyl alcohol 

(5% load)

1 16.4 0.820 0

2 16.1 0.805 0

3 13.4 0.670 0

PLGA 

(1.5% load)

1 15 0.225 0

2 15.8 0.237 0

3 15.4 0.231 0

PLGA 

(5% load)

1 15.7 0.785 0

2 16 0.800 0 

3 14.2 0.710 0

* Sample drug content: expresses the amount of drug present in sample initially.
** Total Amount Remained: shows the total amount of drug remained in the samples at 
the end of in vitro studies.

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.3. Investigation of the solubility of CPT in CL oligomers initiated with 
different initiators. It can be observed that all the synthesized oligomers 
were capable of dissolving CPT around 10 mg in every 100 mg of the 
oligomer.

S a m p le  No. T y p e  of In itia to r CPT M ass  (m g) O lig o m er M a ss  (m g) S o lu b ility  S ta tu s

1 ethanol 9.2 100 yes
2 ethanol 9.8 100 no

3 oleyl alcohol 9 100 yes
4 oleyl alcohol 10.5 100 yes
5 oleyl alcohol 11 100 no

6 1 -dodecanol 9 100 yes
7 1 -dodecanol 11 100 yes
8 1 -dodecanol 11.5 100 no

9 2-dodecanol 9 100 yes
10 2-dodecanol 10 100 yes
11 2-dodecanol 10.5 100 no

PLGA (50:50) N/A 3 100 yes
PLGA (50:50) N/A 3.5 100 no
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Table 4.4. Effect of CPT loading on the melting point of unloaded CL oligomers. No 
significant difference was observed in terms of solubility of CPT in 
different oligoemrs. All samples were analyzed in triplicates.

CL oligom er Initiator CPT (mg) D rug/Polm er ratio Tm (°C)*

1 ethanol 0 0 46.1 ±0.1
2 ethanol 4 4/100 47.7±0.3
3 ethanol 7 7/100 47±0.2
4 ethanol 10 10/100 47.3+0.1
5 ethanol 20 20/100 47.3±0.2

6 oleyl alcohol 0 0 43.4+0.1
7 oleyl alcohol 4 4/100 45.3+0.1
8 oleyl alcohol 7 7/100 44.7+0.2
9 oleyl alcohol 10 10/100 44.6+0.3
10 oleyl alcohol 20 20/100 45+0.2

* Tm was determined based on the endotherm mid-point observed.
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Table 4.5. Effects of viscosity and crystallinity on the diffusivity of CPT from 
different vehicles. No significant difference was observed in terms of 
degree of crystallinity among different oligomer/ drug mixtures. The 
slope of the line is an indicative of the rate of drug release. It can be 
observed that the lower the viscosity the higher the drug release rate.

Initiator %crystallinity V iscosity at 50 °C Melting Point (°C) Slope S.D. R2

oleyl alcohol 65±8.6 0.11+0.005 37.9 8.72 0.1 0.997

2-dodecanol 65±7.4 0.13±0.005 39.5 6.79 0.06 0.998

1-dodecanol 73±8 0.10±0.030 39.6 8.65 0.05 0.978

ethanol 74±7.2 0.15±0.013 41.7 7.63 0.08 0.998
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Chapter 5

General Discussion and Conclusions
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5.1. History

Camptothecin, a plant alkaloid isolated from Camptotheca acuminata, is the 

prototype of a novel class of antitumor agents which exert their activities exclusively by 

inhibition of topoisomerase I (1). Topoisomerases are intranuclear enzymes that 

transiently break and rejoin DNA strands to facilitate processes like replication, 

recombination and transcription, and are essential for cell survival (1). During the initial 

phase I trials some promising responses were seen in colorectal carcinomas, melanoma 

and acute myeloid leukemia (2). Unfortunately, further clinical evaluation of 

camptothecin had to be discontinued due to its unpredictable toxicity profile including 

myelosuppression, gastrointestinal toxicity and haemorrhagic cystis. In biological 

systems CPT undergoes a pH dependent equilibrium. The active lactone form, is present 

at acidic pH (4.0-5.0) and converts into the inactive carboxylated form in a more basic 

environment (3). Moreover, its poor water solubility was a problem in the 

pharmaceutical formulation of the drug and was considered to be the cause of the 

bladder toxicity. CPT is highly lipophilic and dissolves only in aprotic polar solvents or 

can be formulated as a suspension in Tween 80:saline or lipid (4). CPT injected 

intramuscularly induced complete remission in mice implanted with a variety of human 

cancer xenograft lines. However, antitumor and toxic effects were found to vary 

remarkably with schedule and route of administration (5). Despite its promising 

antitumor activity in animal models, clinical development of the drug was halted for 

unpredictable toxic events. Later O’Leary et al. (1998) (6), reported that large doses of 

CPT given on intermittent schedules are not effective and to be most effective they 

require a prolonged schedule of administration given continuously at low doses or 

frequent intermittent dosing schedules.

To serve this purpose, many different types of delivery systems have been devised 

such as polymer conjugated camptothecin (7,8), micro- and nanoparticle encapsulated 

camptothecin (9,10) and liposomes (11). Unfortunately, none of these systems was flawless 

and they suffered from many drawbacks as discussed in chapter 1.

Recently, the development of new injectable drug delivery systems such as 

thermoplastic pastes (12), in situ crosslinked systems (13,14) and in situ polymer
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precipitation (15,16) has received considerable attention over the past few years. These 

systems can be used for local delivery of CPT to the tumor resection site or directly to a 

non-metastatic solid tumor. Among all these methods investigated, advantages such as lack 

of a potentially toxic solvent, no heat of reaction upon setting, facile syringeability, and 

degradability has made thermoplastic pastes the best candidate for CPT delivery.

5.2. General Discussion

A biodegradable short chain polymeric system (oligomer) was developed by using 

e-caprolactone as a monomer, Sn(Oct)2 as a catalyst and different alcohols as initiator. It 

was shown that the optimum polymerization temperature is 110 °C and the polymerization 

process needs at least 24hrs to complete.

It was hypothesized that the chemical structure of initiator can play a factor in 

characterizing the melting point, rheologic behaviour and degree of crystallinity in 

synthesized e-caprolactone oligomers. To prove this hypothesis primary alcohols (i.e., 1- 

octanol, 1-dodecanol, stearyl alchol) and secondary alcohols (i.e., 2-butanol, 2-octanol, 2- 

dodecanol) were used as an initiator while keeping the M/I ratio and M/C ratio constant at 

8 and 1000 respectively.

The composition and theoretical M n  of the synthesized oligomers was determined 

by using equation 3.7 and !H-NMR. The results showed that number average molecular 

weight of the oligomers ranged between 1000 to 1300 daltons (Table 3.2) confirming the 

production of short chain e-caprolactone polymer. By using the heat of fusion reported for 

100% crystalline PCL (i.e., 139.5mJ/mg) (17) the degree of crystallinity of synthesized 

oligomers was calculated. DSC results revealed that by increasing the number of carbons in 

the structure of the primary alcohol initiators, heat of fusion and the crystallinity of the 

synthesized polymers increased whereas the melting point was not significantly affected 

(Table 3.3). Also, it was shown that the structure of the initiator, whether linear (primary 

alcohol) or branched (secondary alcohol), influenced the polymer melting point, heat of 

fusion and crystallinity (Table 3.3). All the results were analysed statistically and some of 

the differences observed were not significant (p>0.05). For example, in secondary alcohols 

the degree of crystallinity and melting point didn’t change significantly when the number
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of carbons in the initiator increased and in CL oligomers initiated by primary alcohols no 

significant difference was observed in terms of melting point while a significant difference 

was observed in terms of degree of crystallinity. Finally, a significant difference was 

observed between CL oligomers initiated by primary alcohols and secondary alcohols in 

terms of degree of crystallinity and melting point. Those oligomers initiated using 

secondary alcohols had significantly lower melting points and degrees of crystallinity. One 

of the reasons that no significant difference was observed could be attributed to the small 

sample size. Possibly, by increasing the number of samples a significant difference could 

be observed. Since the number of data obtained in each experiment was three (degree of 

freedom=2), it is possible that we made a type II error due to the insufficient number of 

data which has a significant impact on the power (not making type II error) of the test (18). 

Theoretically, we expected to observe a decrease in the degree of crystallinity and an 

increase in melting point as the number of carbons in the initiator’s chain increased, 

especially in primary alcohols with a linear structure. As the number of carbons in the 

structure of initiator increases the melting point increases. For example, the melting point 

of 1-butanol is -89.5 °C whereas the melting point of stearyl alcohol is 61 °C. Inclusion of 

an initiator with higher melting point (i.e., stearyl alcohol) in the oligomer backbone can 

increase the melting point of the oligomer while the inclusion of 1-butanol may decrease 

the melting point of the oligomer. By introducing a non-polar hydrocarbon chain (i.e., 

initiator) to the polar structure of poly(e-caprolactone) it is possible that the non-polar 

structure of the initiator interferes with the hydrogen bonds or any polar bonds between the 

CL units in the backbone of CL-oligomer. This interference could inhibit the polymer 

chain alignment as well as decreasing the number of polar bonds in the bulk causing a 

reduced degree of crystallinity.

Rheologic behaviour of these polymers also plays a significant role in this 

project. In order to be syringeable through a needle while heated slightly above its 

melting point, the polymer vehicle must have a low melt viscosity. Two factors such as 

the flexibility of the polymer backbone, which was discussed earlier, and the 

entanglement of the polymer chains with each other have a significant impact on the 

syringeability of the polymers (19). Primary alcohols can initiate the polymerization 

process of e-caprolactone and produce a linear chain PCL. In the melt state these
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polymer chains can slide over each other with minimum entanglement. This low 

entanglement between the polymer chains eases the passage of polymer through the 

needle. In contrast, secondary alcohols with an OH group positioned on the C2 of the 

initiator’s chain produce a PCL with a pendent CH3 in the backbone which reduces the 

flexibility of the backbone chain as bond rotations are inhibited by steric hindrance. 

Moreover, the smaller number of carbons in the structure of primary alcohols (e.g., 1- 

dodecanol) in comparison to their corresponding secondary alcohol (i.e., 2-dodecanol) 

can reduce the flexibility of the PCL chain and hence, produce a higher melt viscosity 

[39]. This increased viscosity can make the polymer move through the needle with 

difficulty.

To test this theory, different polymers were synthesized (Table 3.4) and their 

rheologic behaviour was investigated. The results revealed that all the synthesized 

polymers behaved like Newtonian fluids at their melt state. To compare the viscosity of 

the polymers shown in Table 3.4. with each other at a constant temperature (e.g., 50 °C) 

a plot of shear stress versus shear rate was produced with the slope of the line being the 

viscosity. It was shown that by increasing the number of carbons in the structure of the 

initiator, the viscosity of the polymer decreases and overall primary alcohols produce 

lower viscosity polymers than secondary alcohols. This observation can be justified with 

the same argument delivered above. The introduction of a non-polar initiator into the 

polar structure of CL oligomers can interefere with the hydrogen bonds available 

between CL oligomer chains and facilitate their movement while it is melted. One goal 

of this project was to produce CL oligomers with melting points slightly above body 

temperature. Knowing that melting point can be influenced by molecular weight, 

different M/I ratios were used. By changing the M/I ratio, different CL oligomers were 

synthesized using various initiators, and purified to obtain oligomers with a melting 

point in the desired range (Table 3.5). The composition and molecular weight of the CL 

oligomers were determined by NMR spectroscopy (Table 3.6.). Also, the results of the

calculated M n  from the *H-NMR and GPC are compared in Table 3.6. Mn  values 

obtained with GPC were generally in agreement with those of NMR which confirm the

production of oligo(e-caprolactone). By comparing the M n  obtained from GPC or
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NMR after purification with theoretical M n  which is calculated based on unpurified

oligomers it is obvious that the theoretical M n  was much lower. It was speculated that 

when the low M/I ratios were used (i.e., 2.1-4) a very heterogeneous oligomer bulk was 

produced comprised of mainly very low molecular weight chains which were removed 

after purification leaving only higher molecular weight oligomer chains.

DSC results revealed that the synthesized diblock oligomers had melting points 

between 38-42 °C, which is in the desired range. The GPC results showed that the 

molecular weight distribution of the oligomers was narrow and the molecular weight of 

all the oligomers were below 5000 dal tons. A molecular weight of 5000 daltons is a 

critical point for caprolactone oligomers. It has been shown that at this molecular weight 

the caprolactone chains become small enough to diffuse out of the polymer bulk. 

Therefore, the polymer bulk becomes prone to fragmentation and faster degradation (20).

Table 3.7. summarizes the melt viscosity of the synthesized and purified 

oligomers. It is obvious that by increasing temperature the melt viscosity of oligomers 

decreases. Moreover, it can be observed that all the synthesized oligomers are in the melt 

state at 46 °C emphasizing the possibility of being syringeable at this temperature.

Among all these polymers, four were chosen as the best candidates for further 

studies. CL oligomers initiated by oleyl alcohol and 2-dodecanol were chosen due to 

their low degree of crystallinity. PCL initiated with ethanol was another candidate 

chosen as a comparison sample. CL oligomer initiated by 1-dodecanol was another 

candidate and was chosen to be compared with CL oligomer initiated with 2-dodecanol. 

In this latter case we can study the effect of the initiator on the drug release profile.

One hypothesis of this work is that incorporation of CPT into a generally 

hydrophobic polymer carrier would enhance the stability of the as-yet unreleased drug 

while within the polymer. Another hypothesis is that the incorporation of an alkane 

block to the caprolactone initiator would provide an increase in CPT solubility within the 

oligomer. To facilitate the implantation of the polymer-drug depot, an injectable system 

has been designed. To investigate the solubility of CPT in different CL oligomers and 

PLGA, the thermal behaviour of CL oligomers, PLGA and CPT was investigated 

separately. Four different candidates (i.e., CL oligomer initiated by ethanol, 1-dodecanol,
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2-dodecanol and oleyl alcohol) were chosen to investigate the effect of different 

initiators with different hydrophobicity on the solubility of CPT (Table 4.3.)- The CL 

oligomers can solubilize CPT up to l lm g  in each lOOmg of oligomer, which is at least 

10000 times more than its solubility in water (2.5pg/mL) and 3 times more than PLGA. 

The results depicted in Table 4.3. do not show a clear difference of CPT solubility in the 

different CL oligomers. It was hypothesized that different CL oligomers with different 

hydrophobicity would show different CPT solubility. This lack of differentiation could 

be attributed to the insufficient sensitivity of our DSC instrument for this experiment, or 

may be an indication that CPT solubility is determined solely by its affinity for the CL 

component of the oligomer.

Since carboxylate conversion limits bioavailability and efficacy of CPT, 

maintenance of the lactone structure during preparation and release is a prerequisite for 

improved therapy using injectable implants. Based on a method developed for HPLC, we 

analyzed CPT after incorporation into the CL oligomers and at the time of release into 

the buffer media and no lactone to carboxylate conversion was observed (Appendix F, 

Figures 4-6). During long-term drug release studies in PBS (two months), no conversion 

of lactone to carboxylate was observed. This result proves that our delivery system was 

capable of preserving the lactone ring of CPT from water even after incubation for two 

months in PBS pH=7.4. This finding can be explained by considering the hydrophobicity 

of the CL oligomers which limits water penetration into the device and thus prevents 

hydrolysis of the CPT molecules.

For in vitro studies, drug-loaded oligomers with a concentration of 5mg CPT in 

lOOmg of CL oligomer were prepared. This concentration is approximately 50% of the 

determined CPT saturation concentration in the oligomer. For the PLGA samples two 

different concentrations (i.e., 1.5mg CPT/lOOmg PLGA, & 5mg CPT/lOOmg PLGA) 

were prepared. In the early stages, where the drug concentration is high and there has not 

been a significant polymer degradation and thereby, constant diffusivity; the release of 

the drug follows the square root of time. As time goes by, the drug concentration in the 

polymer bulk decreases and therefore, the rate of the release decays exponentially and 

doesn’t follow the square root of time anymore (equation 4.3). Meanwhile, the polymer 

starts to degrade into smaller molecular weight chains providing more free volume for
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the drug molecules to diffuse, hence; increase in drug release rate. The CPT release 

profile (Figure 4.11) from CL oligomers and PLGA were analysed by using analysis of 

variance. The statistical analysis of results revealed that, overall, the drug release profiles 

from the oligomers were different (p<0.05). As discussed earlier, the degree of 

crystallinity has a significant impact on drug release. The degree of crystallinity of the 

dmg loaded oligomers was calculated and no significant difference among different 

oligomers was observed (Table 4.5). It is worth mentioning that all the samples that were 

prepared for in vitro studies had a melting point close to 37 °C and at this temperature it 

is plausible to assume that a great deal of the crystals are in melt state. Therefore, the 

effect of degree of crystallinity on drug release profile was considered insignificant. 

Oligomers with lower melt viscosity have more mobile chains, allowing the drug 

molecules to diffuse easier. Based on this fact the dmg release profile of CPT from 

different oligomers was analysed. By comparing the slope of the release profile of CPT 

from different oligomers, the only non-significant difference was observed between CL-

1-dodecanol (caprolactone oligomer initiated with 1-dodecanol) and CL-oleyl alcohol 

(caprolactone oligomer initiated with oleyl alcohol). It is obvious from Table 4.5. that 

CL-oleyl alcohol has almost the same melt viscosity as CL-1-dodecanol. This similarity 

can be interpreted into same free volume at a given temperature for both oligomers, 

allowing the dmg molecules to release with the same pace. By analysing the rate of drag 

release from the other oligomers, it can be concluded that the lower the melt viscosity at 

a given temperature the higher the free volume and the faster the release rate (Table 4.5).

After 190 days of incubation in PBS (pH=7.4, 37 °C) it was only the CL-oleyl 

alcohol which showed signs of degradation while macroscopically the others remained 

intact. This faster rate of degradation can be attributed to the lower viscosity and lower 

melting point of the oligomer and thus a higher rate of water imbibition by the CL-oleyl 

alcohol block oligomers.

PLGA has a Tg of around 60 °C, therefore at the release conditions (37 °C) 

polymer is in its glassy state and drag release through the polymer chains is highly 

restricted (Figure 4.12.). This continues for a period of one month till water cleaves the

esteric linkages inside the PLGA therefore Mn and Tg of the oligomer decreases and it
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swells. This swelling changes the mobility of polymer chains and increases the water 

imbibition and the diffusivity of drug. All these changes lead to a significant release of 

drug in the second phase. The final stage is related to the release of drug from the 

fragmented pieces of polymer. This pattern of drug release which consisted of releasing 

drug in very small doses for a period of 30 days followed by a burst in drug release does 

not seem to be suitable for effective camptothecin delivery.

5.3. Conclusions

1- The newly developed delivery system was syringeable at temperatures as low as 

45 °C which provides a clear advantage over the other thermoplastic pastes 

discussed in Chapter 2.

2- This system provided a suitable carrier to preserve the active lactone form of 

CPT.

3- Active lactone form of CPT was released into the PBS media in a sustained 

fashion for a period of 190 days.

4- CL-oleyl alcohol seemed to be more suitable for CPT delivery than the other 

oligomers due to its lower degradation time.

5.4. Future Perspective

The developed and characterized injectable implant system showed that it is 

capable of solubilizing and stabilizing CPT to a significant extent while releasing the 

drug in a sustained fashion for 190 days. However, the implant composed of CL-oleyl 

alcohol showed signs of degradation after 4.5 months incubation in PBS. This time of 

degradation can be shortened by blending the synthesized CL-oleyl alcohol oligomer 

with other oligomers made of PLGA which possess short degradation time. In another 

approach, a mixture of e-caprolactone with DLLA can be used as monomers to be 

polymerized and produce an oligomer with shorter degradation time. This is due to the
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fact that DLLA is an amorphous and partially hydrophilic monomer which can increase 

the rate of water imbibition and thereby, shorter degradation time. Ultimately, our 

localized drug delivery system needs to be tested on animal models. Although the in 

vitro studies showed promising results, it is an in vivo study which can prove the efficacy 

our polymeric implant system in a biological environment. Two important factors need 

to be considered before injecting this delivery system into the body. First, the presence 

of residual solvent and second sterility. The presence of residual solvents in the delivery 

system is undesirable due to their harmful effects on tissues. This can be tested by using 

instruments such as Gas Chromatography or Thermal Gravimetric Assay. Before 

injection this delivery system needs to be sterilized and this purpose can be achieved by 

using y-radiation (21).
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Appendix A

(DSC Scans for Oligomers)
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Figure 1: DSC scans for unpurified PCL initiated by 1-butanol (M/C= 1000; M/I=
8; Heat= 110 °C). Heating rate was set at 10 °C /minute. The midpoint of 
the endotherm was used to determine the melting point.
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Figure 2: DSC scans for unpurified PCL initiated by 1-dodecanol (M/C= 1000;
M/I= 8; Heat= 110 °C). Heating rate was set at 10 °C /minute. The 
midpoint of the endotherm was used to determine the melting point.
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Figure 3: DSC scans for unpurified PCL initiated by stearyl alcohol (M/C= 1000;
M/I= 8; Heat= 110 °C). Heating rate was set at 10 °C /minute. The 
midpoint of the endotherm was used to determine the melting point.
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Figure 4: DSC scans for unpurified PCL initiated by 2-butanol (M/C= 1000; M/I=
8; Heat= 110 °C). Heating rate was set at 10 °C /minute. The midpoint of 
the endotherm was used to determine the melting point.
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Figure 5: DSC scans for unpurified PCL initiated by 1-octanol (M/C= 1000; M/I=
8; Heat= 110 °C). Heating rate was set at 10 °C /minute. The midpoint of 
the endotherm was used to determine the melting point.
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Figure 6: DSC scans for unpurified PCL initiated by 2-octanol (M/C= 1000; M/I=
8; Heat= 110 °C). Heating rate was set at 10 °C /minute. The midpoint of 
the endotherm was used to determine the melting point.
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Figure 7: DSC scans for unpurified PCL initiated by 2-dodecanol (M/C= 1000;
M/I= 8; Heat= 110 °C). Heating rate was set at 10 °C /minute. The 
midpoint of the endotherm was used to determine the melting point.
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Figure 8: DSC scans for polymerized and purified PCL by using ethanol as an
initiator. Heating rate was set at 10 °C /minute. The onset of melting was 
obtained from the endotherm.
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DSC scans for polymerized and purified PCL by using 1-butanol as an 
initiator. Heating rate was set at 10 °C /minute. The onset of melting was 
obtained from the endotherm.
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Figure 10: DSC scans for polymerized and purified PCL by using 2-butanol as an
initiator. Heating rate was set at 10 °C /minute. The onset of melting was 
obtained from the endotherm.
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DSC scans for polymerized and purified PCL by using 1-octanol as an 
initiator. Heating rate was set at 10 °C /minute. The onset of melting was 
obtained from the endotherm.
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Figure 12: DSC scans for polymerized and purified PCL by using 2-octanol as an
initiator. Heating rate was set at 10 °C /minute. The onset of melting was obtained from 
the endotherm.
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DSC scans for polymerized and purified PCL by using 1-dodecanol as an 
initiator. Heating rate was set at 10 °C /minute. The onset of melting was 
obtained from the endotherm.
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DSC scans for polymerized and purified PCL by using 2-dodecanol as an 
initiator. Heating rate was set at 10 °C /minute. The onset of melting was 
obtained from the endotherm.
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DSC scans for polymerized and purified PCL by using stearyl alcohol as 
an initiator. Heating rate was set at 10 °C /minute. The onset of melting 
was obtained from the endotherm.
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Figure 16: DSC scans for polymerized and purified PCL by using oleyl alcohol as an
initiator. Heating rate was set at 10 °C /minute. The onset of melting was 
obtained from the endotherm.
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Appendix B

(Rheometrics)
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Figure 1: Rheologic behaviour of PCL initiated by 1-butanol at three different
temperatures. As the temperature increases the oligomer becomes more 
fluid. Since plot of shear rate versus shear stress is a straight line, it was 
concluded that the oligomer behaves as a Newtonian fluid.
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Figure 2: Rheologic behaviour of PCL initiated by 2-butanol at three different
temperatures. As the temperature increases the oligomer becomes more 
fluid. Since plot of shear rate versus shear stress is a straight line, it was 
concluded that the oligomer behaves as a Newtonian fluid.
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Figure 3: Rheologic behaviour of PCL initiated by 1-octanol at three different
temperatures. As the temperature increases the oligomer becomes more 
fluid. Since plot of shear rate versus shear stress is a straight line, it was 
concluded that the oligomer behaves as a Newtonian fluid.
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Figure 4: Rheologic behaviour of PCL initiated by 2-octanol at three different
temperatures. As the temperature increases the oligomer becomes more 
fluid. Since plot of shear rate versus shear stress is a straight line, it was 
concluded that the oligomer behaves as a Newtonian fluid.
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Figure 5: Rheologic behaviour of PCL initiated by 1-dodecanol at three different
temperatures. As the temperature increases the oligomer becomes more 
fluid. Since plot of shear rate versus shear stress is a straight line, it was 
concluded that the oligomer behaves as a Newtonian fluid.
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Figure 6: Rheologic behaviour of PCL initiated by 2-dodecanol at three different
temperatures. As the temperature increases the oligomer becomes more 
fluid. Since plot of shear rate versus shear stress is a straight line, it was 
concluded that the oligomer behaves as a Newtonian fluid.
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Figure 7: Rheologic behaviour of PCL initiated by stearyl alcohol at three different
temperatures. As the temperature increases the oligomer becomes more 
fluid. Since plot of shear rate versus shear stress is a straight line, it was 
concluded that the oligomer behaves as a Newtonian fluid.
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Figure 8: Rheologic behaviour of PCL initiated by oleyl alcohol at three different
temperatures. As the temperature increases the oligomer becomes more 
fluid. Since plot of shear rate versus shear stress is a straight line, it was 
concluded that the oligomer behaves as a Newtonian fluid.

215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



y = 0 i963x 
R9 =- 0 9983

80

70

(A
(A0>tm

50

«<D
«  30

20

1000 200 400300

Shear Rate (1/s)

Figure 9: Plot of shear stress versus shear rate at 50oC for PCL initiated by stearyl
alcohol. Slope of the line is viscosity (cP).

80 y = 0 1916x 
RJ -■= 0.998570

$ 50 ©
?  40«j
w 30

20

0 100 200 300 400 500

Shear Rate (1/s)

Figure 10: Plot of shear stress versus shear rate at 50 °C for PCL initiated by oleyl
alcohol. Slope of the line is viscosity (cP).
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Figure 11: Plot of shear stress versus shear rate at 50 °C for PCL initiated by 2
dodecanol. Slope of the line is viscosity (cps).
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Figure 12: Plot of shear stress versus shear rate at 50 °C for PCL initiated by 1
dodecanol. Slope of the line is viscosity (cP).
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Figure 13: Plot of shear stress versus shear rate at 50 °C for PCL initiated by 2
octanol. Slope of the line is viscosity (cP).
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Figure 14: Plot of shear stress versus shear rate at 50 °C for PCL initiated by 1
octanol. Slope of the line is viscosity (cP).
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Figure 15: Plot of shear stress versus shear rate at 50 °C for PCL initiated by 2-
butanol. Slope of the line is viscosity (cP).
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Figure 16: Plot of shear stress versus shear rate at 50 °C for PCL initiated by 2-
butanol. Slope of the line is viscosity (cP).

219

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix C 

(NMR Spectra)
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Important Peak Integrations

1- Peak at 4.24 ppm with integration of 2.00
2- Peak at 2.65 ppm with integration of 2.13
3- Peak at 1.9D ppm with integration of 6.68

Figure 1: NMR spectrum of e-caprolactone in CDCI3 and its corresponding
chemical structure.
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important Peak Integrations:
1-Peak at 2.30 ppm with Integration of 2.01
2-Peak at 3.65 ppm with Integration of 0.24
3-Peak at 4.10 ppm with integration of 2.00

Figure 2: The chemical structure of PCL initiated by 1-Butanol and its
corresponding NMR spectrum in CDCI3. M/I=8, M/C=1000.
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Figure 3: NMR spectrum of PCL initiated by 1-butanol in CDCI3. Polymerized for
24 hrs at 80 °C with M/I and M/C ratio of 8 and 1000, respectively. The 
peaks at 2.65 ppm and 4.25 ppm correspond to unreacted £-caprolactone 
monomer.
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Chemical Shift Integration

3.65
4.1

0.23
1.99

Figure 4: NMR spectrum in CDC13 for PCL initiated by 1 -butanol without
purification. M/t=8, M/C=1000.
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Figure 5:

Chemical Shift Integration

3.65 0.23
4.1 1.83

NMR spectrum in CDC13 for PCL initiated by 2-butanol without any 
purification.
M/I=8, M/C=1000.
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Chemical Shift Integration

3.65 0.25
4.1 2.03

Figure 6: NMR spectrum in CDC13 for PCL initiated by 1-octanol without any
purification.
M/I=8, M/C=1000.
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3.0 u  ,i-s

Chemical Shift Integration

3-65 0.22
4-1 1.9

Figure 7: NMR spectrum in CDC13 for PCL initiated by 2-octanol without any
purification.
M/I=8, M/C=1000.
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Chemical Shift Integration

3.65 0.21
4.1 1.73

Figure 8 : NMR spectrum in CDC13 for PCL initiated by 1-dodecanol without any
purification.
M/I=8, M/C=1000.
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Chemical Shift Integration

3.65 0.3
4.1 1.95

Figure 9: NMR spectrum in CDCI3 for PCL initiated by 2-dodecanol without any
purification.
M/I=8, M/C=1000.
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SB
‘rlT T

Chemical Shift Integration

3.65 0.27
4.1 1.96

Figure 10: NMR spectrum in CDC13 for PCL initiated by stearyl alcohol without any
purification.
M/I=8, M/C=1000.
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Important Peak Integrations:
1 -Peak at 2.35 ppm with Integration of 2.01
2-Peak at 3.65 ppm with Integration of 0.21
3-Peak at 4.10 ppm with Integratoln of 2.00

Figure 11: NMR spectrum in CDCI3 for CL oligomer initiated by ethanol
after purification.
M/I=2.1, M/C=1000.
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Important Peak Integrations;
1-Peak at 2.30 ppm with Integration of 2,01
2-Peak at 3.65 ppm with Integration of 0.24
3-Peak at 4.10 ppm with integration o f 2.00

Figure 12: NMR spectrum in CDCI3 for CL oligomer initiated by 1-butanol after
purification.
M/I=2.1, M/C=1000.
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Importan Peak Integrations:
1- Peak at 2.30 ppm with integration of 2.00
2- Peak at 3.65 ppm with integration of 0.19
3- Peak at 4.05 ppm with Integration of 1.87
4- Peak at 4.85 ppm with Integration of 0.07

Figure 13: NMR spectrum in CDCI3 for CL oligomer initiated by 2-butanol after
purification.
M/I=2.1, M/C=1000.
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Important Peak Integrations:
1-Peak at 2.30 ppm with integration of 2.08
2-Peak at 3.65 ppm with integration of 0.23
3-Peak at 4.05 ppm with Integration of 2.00

Figure 14: NMR spectrum in CDC13 for CL oligomer initiated by 1-octanol after
purification.
M/I=2.1, M/C=1000.
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Important Peak Integrations:
1- Peak at 2.35 ppm with Integration of 2.21
2- Peak at 3.65 ppm with Integration of 0.13
3- Peak at 4.10 ppm with Integration of 2.00
4 -Peak at 4.90 ppm with Integration of 0.04

Figure 15: NMR spectrum in CDCI3 for CL oligomer initiated by 2-octanol after
purification.
M/I=2.1, M/C=1000.
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I

Im p o rta n t P e a k  In teg ra tio n s :
1 -P e a k  a t  2.30 ppm  w ith  In teg ra tio n  o f 2 JO
2 -P e a k  a t  3.65 ppm  w ith  In te g ra tio n  o f  0.14
3 -P e a k  a t  4.05 ppm  w ith  In te g ra tio n  o f  1.83
4 -P e a k  a t  4.90 ppm  w ith  In teg ra tio n  o f  0.05

Figure 16: NMR spectrum in CDCI3 for CL oligomer initiated by 2-dodecanol after
purification.
M/I=2.6, M/C=1000.

236

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Important Peak Integrations:
1- Peak at 2.35 ppm with Integration of 2.08
2- Peak at 3.65 ppm with Integration of 0.19
3- Peak at 4.1 ppm with integration o f 2.00

Figure 17: NMR spectrum in CDCI3 for CL oligomer initiated by 1-dodecanol after
purification.
M/I=3.4, M/C=1000.
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Important Peak Integrations:
1-Peak at 2.30 ppm with Integration of 2.07
2-Peak at 3.65 ppm with integration of 0.32
3-Peak at 4.05 ppm with integration of 2.00

Figure 18: NMR spectrum in CDCI3 for CL oligomer initiated by stearyl alcohol
after purification.
M/I=4, M/C=1000.
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Important Peak Integrations:
1-Peak at 2.30 ppm with Integration of 2.52
2-Peak at 3.85 ppm with Integration of 0.24
3-Peak at 4.10 ppm with Integration of 2.00
4-Peak at 5.35 ppm with Integration of 0.16

Figure 19: NMR spectrum in CDCI3 for CL oligomer initiated by oleyl alcohol after
purification.
M/I=3.2, M/C=1000.
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Important Peak Integrations:

1-Peak at 2.3 ppm with integration of fl.9
2-Peak at 1,0 ppm with integration of 10.0

Figure 20: NMR spectrum in CDCI3 for stannous octoate and its corresponding
chemical structure.
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Appendix D

(GPC Spectrums)
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Figure 1: GPC spectrum for PCL initiated by ethanol. The peaks at 11 and 13
minutes correspond to oligomer and solvent, respectively.
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Figure 2: GPC spectrum for PCL initiated by 1-butanol. The peaks at 11 and 13
minutes correspond to oligomer and solvent, respectively.
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Figure 3: GPC spectrum for PCL initiated by 1-octanol. The peaks at 11 and 13
minutes correspond to oligomer and solvent, respectively.
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Figure 4: GPC spectrum for PCL initiated by 2-octanol. The peaks at 11 and 13
minutes correspond to oligomer and solvent, respectively.
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Figure 5: GPC spectrum for PCL initiated by 1-dodecanol. The peaks at 11 and 13
minutes correspond to oligomer and solvent, respectively.
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Figure 6: GPC spectrum for PCL initiated by 2-dodecanol. The peaks at 11 and 13
minutes correspond to oligomer and solvent, respectively.
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Figure 7: GPC spectrum for PCL initiated by stearyl alcohol. The peaks at 11 and
13 minutes correspond to oligomer and solvent, respectively.
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Figure 8: GPC spectrum for PCL initiated by oleyl alcohol. The peaks at 11 and 13
minutes correspond to oligomer and solvent, respectively.
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Appendix E

(DSC Scans for Solubility Studies)
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Figure 1: DSC analysis of CL oligomer initiated with oleyl alcohol mixed with
CPT. Drag/ oligomer ratio of A) 9mg/100mg, B) 10.5mg/100mg, C) 
11 mg/ lOOmg.
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Figure 2: DSC analysis of CL oligomer initiated with 1-dodecanol mixed with
CPT. Drug/ oligomer ratio of A) 9mg/100mg, B) lOmg/lOOmg, C) 11.5mg/ lOOmg.
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Figure 3: DSC analysis of CL oligomer initiated with 2-dodecanol mixed with
CPT. Drug/ oligomer ratio of A) 8mg/100mg, B) 9mg/100mg, C) 10mg/ 
lOOmg.
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Figure 4: DSC analysis of PLGA mixed with CPT. Drug/ PLGA ratio of A)
3mg/100mg, B) 3.5mg/100mg.
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Appendix F 

(HPLC Spectra)
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Figure 1: HPLC analysis of CPT at pH=6.1 after the first injection (first injection,
time=0 min).

Retention Time___________ Area%
4.93 0.05% Carboxylate form
9.54 99.95% Lactone form
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Figure 2: HPLC analysis of CPT at pH=6.1 after the second injection (second
injection, time=30 min).

Retention Time___________ Area%
4.93 1.4%
9.54 98.6%
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Carboxylate form 
Lactone form
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RT= 9.52 min

Figure 3: HPLC analysis of CPT at pH=6.1 after the second injection (third
injection, time=60 min).

Retention Time___________ Area%
4.92 5.5% Carboxylate form
9.52 94.5% Lactone form
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Figure 4: HPLC analysis of CPT at pH=6.1 after incorporation into CL oligomers, 
(first injection, time=0 min). No retention time for carboxylate form was 
observed.

Retention Time___________ Area%
9.50 100% Lactone form
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Figure 5: HPLC analysis of CPT at pH=6.1 after incorporation into CL oligomers,
(second injection, time=30 min).

Retention Time___________ A rea%
4.90 0.5% Carboxylate form
9.50 99.5% Lactone form
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Figure 6: HPLC analysis of CPT at pH=6.1 after incorporation into CL oligomers,
(third injection, time=60 min).

Retention Time___________ A rea%
4.90 1.5% Carboxylate form
9.50 98.5% Lactone form
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Figure 7: HPLC analysis of released CPT after incubation in PBS for 10 minutes in 
buffer pH=6.1 from CL oligomers, (first injection, time=0 min). No 
retention time for carboxylate form was observed.

Retention Time___________Area%
9.52 100% Lactone form
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