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1. Local and sustained drug delivery 
The majority of drugs, being developed and marketed by the 

pharmaceutical industry are formulated as immediate-release tablets or 
capsules for oral administration [1-5]. Besides, there is a large number of 
drugs or drug candidates that have potential efficacy in therapies, but poor 
effects are often observed after oral administration due to a low 
bioavailability and the rate and extent at which the drugs are deposited in 
the target tissues. Another issue regarding the oral delivery route of drugs is 
the clinical safety. Toxicity is often observed due to high systemic 
concentrations required to obtain a therapeutic effective drug concentration 
at the target side, while frequent administrations to maintain the local drug 
concentration at sufficient level for prolonged periods lead to fluctuating 
plasma levels and a lack of patient compliance [1]. 

Drug delivery systems (DDSs) that release the loaded active 
pharmaceutical ingredients (APIs) in a controlled and sustained manner with 
less adverse effects have been developed and account for ~80 new approvals 
by the Food and Drug Administration (FDA) per year [1,6-9]. Furthermore, 
DDSs made of poly(lactide-co-glycolide) (PLGA) in the form of injectable 
depots or microspheres have entered the market and led to important 
pharmaceutical products like Lupron Depot®, Zoladex®, Decapeptyl®, 
Eligard®, Enantone®, Trenantone®, Nutropin Depot®, Sandostatin LAR® and 
Profact® [7].  

Over the last decades, DDSs that are easy to inject have been developed 
for local delivery to reach high local effective drug concentrations and less 
systemic absorption, hence less adverse effects. The administration routes can 
be, amongst others, subcutaneous (s.c.), intramuscular, intra-tumoral, intra-
ocular, and intra-articular (i.a.). So, local delivery can serve in cancer 
treatments, inflammation treatments, anaesthesia, and regenerative 
treatments of cartilage, bone and nerve tissues when combined with tissue 
engineering constructs to deliver growth factors [8-16]. 

 
2. Osteoarthritis and local and sustained drug delivery 
2.1. Clinical manifestations, epidemiology and pathogenesis 
Osteoarthritis (OA) is a common joint disease of which the symptoms are 

pain and loss of joint functionality, mainly involving hips or knees and 
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leading to walking-disability [17-19]. OA prevalence increases with risk 
factors such as demographic (age, gender, ethnicity), and genetic factors, but 
also with modifiable factors like obesity and joint injury [17,20-22]. Because 
of ageing of the population and increasing prevalence of obesity, the OA 
prevalence is rapidly increasing [20,23,24]. In the United States population, 
the lifetime risk of developing symptomatic knee and hip OA has been 
estimated recently at ~45 % [25] and ~25 % [26], respectively. 

The pathogenesis of OA is complex and multifactorial, and is likely a 
combination of different genetic, biochemical and biomechanical factors 
leading to a high degree of degradation of the cartilage [19,27]. This 
degradation has been linked to a disequilibrium between anabolic and 
catabolic processes in the joint, by for instance the upregulation of catabolic 
enzymes such as matrix metalloproteinases (MMPs) and aggrecanases, and 
the expression of pro-inflammatory cytokines such as interleukin 1B (Il-1B) 
and tumour necrosis factor α (TNF-α) [27-31].  

Mainly because the pathogenesis of OA is poorly understood, there are no 
disease modifying osteoarthritic drugs (DMOADs) available yet [32,33], and 
consequently OA is presently a non-curable disease, which often requires 
total joint replacement surgery [27]. 

 
2.2. Palliative treatments of osteoarthritis 
Because OA patients experience pain associated with joint inflammation 

[27,34], current treatments are mainly based on oral administration of pain 
medication like Celebrex®, which are tablets of the non-steroidal anti-
inflammatory drug (NSAID) celecoxib, which inhibits the enzyme 
cyclooxygenase 2 (COX-2) [20,27,34-38]. Oral administration of Celebrex® 
does not target specifically the diseased joints but acts systemically and 
thereby leads to side-effects like toxicity on the myocardial muscle [37,39-41].  

I.a. injection of Kenalog® (an aqueous suspension containing 
triamcinolone acetonide, a corticosteroid) allows for local delivery into the 
diseased joints while minimizing systemic exposure [42]. However, this 
formulation provides limited effects since the rapid turnover of the drug in 
the synovial fluid leads to sub-therapeutic local drug concentrations after    
~1 week [20,43]. Therefore, multiple i.a. injections are required [44-46], which 
can cause cartilage and joint damage [20,37,46]. Better performing local 
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DDSs for OA should provide sustained drug concentrations for longer 
duration, and thus require less frequent administrations [47,48].  

 
2.3. Experimental treatment of osteoarthritis with drug delivery systems 
Injectable DDSs developed for controlled i.a. release are mainly based on 

liposomes or polymeric nano-/micro-particles [49-54], but they show 
limitations that hinder their clinical applicability (e.g., low encapsulation 
efficiency, high burst, incomplete drug recovery, non-straightforward 
pharmaceutical manufacturing). A highly concentrated solution (400 mg/ml) 
of celecoxib in poly(ethylene glycol) 400 (PEG400) is presently under 
investigation as an in situ forming depot for injection into equine joint 
cavities [55]. After injection in an aqueous medium like the synovial fluid, 
PEG400 is diluted in the medium and celecoxib precipitates/crystallizes; 
hence, its sustained release is achieved by slow dissolution of the drug 
depot/crystals [55]. Even though local celecoxib concentrations in time after 
i.a. injection have not been evaluated, this in situ forming system shows the 
potential as depot material for i.a. delivery but does not provide possibilities 
to modulate release rates and durations. Also, the administration of the 
system led to granulomatous synovitis 10 days after injection, which warrants 
investigations on better performing systems to guarantee better tolerability.  

 
3. In situ forming gels based on polyester/PEG copolymers  
3.1. Mechanism of sol-to-gel transition 
DDSs based on block copolymers of polyester and PEG that form in situ 

depots are under investigation for biomedical and pharmaceutical 
applications because of their ease of injection (due to low viscosity and 
homogeneity), their tolerability after s.c. injection and their biodegradability 
[56-61]. One stimulus for the formation of in situ depots is a temperature 
trigger: the DDSs are sols at room temperature and upon injection in the 
body at 37 °C they transform into gels. The mechanism responsible for the 
sol-to-gel transition of aqueous systems based on polyester/PEG block 
copolymers has been unravelled with 13C NMR spectroscopy [58,62-67]. In the 
sol state, the polyester/PEG copolymers form micelles with a hydrophobic 
polyester core and a hydrated PEG shell. These micelles are flower-like 
micelles if the copolymers are ABA triblock copolymers with PEG as B-block 
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flanked by two hydrophobic polyester A-blocks. In the gel state, significant 
phase mixing between the PEG- and polyester-blocks occurs. Thereby, the 
shell-core structure of the micelles is partially destroyed and hydrophobic 
interactions are enhanced leading to aggregation of the micelles and 
mesoscopical phase-separation. As the temperature further increases, 
hydrophobic interactions are further enhanced causing phase-separation at a 
macroscopic level [58,67-71].  

 
3.2 Drug release and clinical applications 
Aqueous systems based on polyester/PEG block copolymers offer 

possibilities for the encapsulation of drugs and ease of modulation of their 
release kinetics [72-74]. In particular, they have been shown to be suitable for 
the solubilisation of hydrophobic drugs [72-75] like, for instance, the 
anticancer drug paclitaxel [72]. A temperature-responsive gelling system  
based on poly(lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(lactide-co- 
glycolide) (PLGA-PEG-PLGA) has already found clinical applications for the 
release of this drug [76]. The release of paclitaxel from this system is 
mediated by a combination of diffusion and chemical polymer degradation, 
which takes approximately six weeks in vitro as well as in vivo [72-74].  

For some applications, longer release durations are however required, and 
to slow down hydrolysis and increase the degradation duration, PLGA blocks 
have been replaced by poly(ε-caprolactone-co-lactide) (PCLA) blocks. 
Systems based on PCLA-PEG-PCLA are indeed stable for longer time 
depending on the ratio of caproyl units (CL) to lactoyl units (LA). For 
instance, systems composed of PCLA blocks containing 70 mol% CL showed 
complete degradation in about six months [77,78]. 

 
3.3. Acylation of hydroxyl-terminated polyester-PEG-polyester copolymers 
Interestingly, modification of the terminal hydroxyl groups of polyester-

PEG-polyester copolymers allows modulating the sol-to-gel transition 
temperature [67,79]. As an example, Jo and co-workers [79] reported the 
effect of modifying the terminal hydroxyl end groups of PCLA-PEG-PCLA, 
with hexanoyl and lauroyl aliphatic groups. Whereas a system of hydroxyl 
triblock copolymer of 20 wt% in water was transparent sols until 40 °C, the 
fully acylated triblock copolymer was insoluble in water. It was further 
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shown that, depending on the degree of acylation, temperature-responsive 
gelling systems can be prepared: acylated triblock copolymer with 50% 
hexanoyl modification in water of 20 wt% had a sol-to-gel transition at 30 °C 
making this system suitable as injectable system for biomedical applications. 
Investigations on the effect of the acylation degree on the degradation time 
and mechanism have yet to be carried out.  

 
4. Aim and outline of this thesis  
The aim of the work described in this thesis is to design an in situ forming 

gel based on acylated poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-
b-poly(ε-caprolactone-co-lactide) (PCLA-PEG-PCLA) for the local and 
sustained release of celecoxib in the joint cavity, which can be used for the 
treatment of OA. Celecoxib is a registered drug for the oral treatment of OA 
for which daily administration is required and concerns on its toxicity on the 
myocardial muscle have risen [37, 40-41]. Celecoxib is therefore the drug of 
choice for preparing DDSs for sustained and local release in the treatment of 
OA. In particular, the focus of this thesis is on the design of a celecoxib-
loaded gel with good tolerability after i.a. administration as well the ability 
for local and sustained release of celecoxib for more than 10 days, which 
would allow less frequent administration than the systems currently available 
for the i.a. treatment of OA [20,42,55]. 

Chapter 2 describes a novel approach to tailor the sol-to-gel transition 
temperature and degradation properties of temperature-responsive gelling 
systems. Blending uncapped (i.e. hydroxyl-terminated) and fully hexanoyl-
capped PCLA-PEG-PCLA triblock copolymers having the same backbone 
composition results in a practical method to modulate gel properties of the 
systems. In vitro degradation of these systems at 37 °C and pH 7.4 occurs by 
gel dissolution while enrichment of the residual gels in CL is caused by 
preferential leaching out of CL-poor polymer chains. 

Chapter 3 investigates the parameters to modulate degradation 
properties of aqueous systems composed of acylated PCLA-PEG-PCLA. 
Subtle changes in the polymer composition, and in particular in the CL 
content, have significant effect on the degradation/dissolution properties. In 
addition, it is demonstrated that degradation of the systems is retarded by 
crystallization of the CL-rich domains and degradation/dissolution time of 
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the gels can be varied between 3 and 9 months depending on the CL 
sequence length. 

Chapter 4 describes the end capping of PCLA-PEG-PCLA with 
triiodobenzoyl groups as an approach to prepare a radiopaque in situ forming 
gel. This chapter shows that the in situ forming gel containing a 
triiodobenzoyl-capped polymer is in vivo visible for 90 and 30 days after s.c. 
and i.a administration in rats, respectively. Although in vitro and s.c. 
degradation occurs for similar duration, in vitro degradation occurs 
exclusively by dissolution whereas in vivo likely enzymatic degradation is 
involved as well. Also, it is demonstrated that 50 μl of a similar gel based on 
acetyl-capped PCLA-PEG-PCLA is well tolerated after i.a. injection. 

Chapter 5 describes the use of temperature-responsive gelling systems 
composed of an acetyl-capped PCLA-PEG-PCLA polymer to release 
celecoxib in a sustained manner in vitro as well as in vivo. Celecoxib-
releasing systems are prepared with different drug loadings and it is 
demonstrated that the release is mediated by polymer dissolution in vitro 
and hence can be modulated by the polymer composition. In addition, this 
chapter shows that after single s.c. injection in rats, celecoxib plasma 
concentrations are detectable for 4-8 weeks, and that after single i.a. injection 
of 50 μl, the system is well tolerated as no signs of cartilage damage are 
observed.  

Chapter 6 describes the use of celecoxib-loaded systems for i.a. delivery 
of celecoxib in equine joint cavities. The systems are loaded with two doses of 
celecoxib (50 mg/g and 260 mg/g), and sterilized by autoclaving without 
significant polymer hydrolysis and have low endotoxin content. After i.a. 
administration of 2 ml, the systems induce a transient inflammation for 72 
hours of a similar extent than that of the commercially available hyaluronic 
acid gel, Hyonate®. Importantly, no indication of cartilage degradation is 
observed, and thus the gels are well tolerated. Celecoxib is detected in 
synovial fluid for 4 weeks after injection while in plasma its concentration is, 
depending on the drug loading, 150 to 330 times lower than in synovial fluid 
for the first 3 days after administration and thereafter dropped below the 
detection limit. 

This thesis is concluded with a summarizing discussion (Chapter 7). 
With the chapters of this thesis as guiding principle, the use of in situ 
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forming gels based on acylated PCLA-PEG-PCLA triblock copolymers for 
i.a. delivery of drugs is discussed. Furthermore, future perspectives of these 
hydrogel systems for treatment of OA are discussed.  
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Abstract 
In this study, the ability to modulate rheological and degradation 

properties of temperature-responsive gelling systems composed of aqueous 
blends of a poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-b-poly(ε-
caprolactone-co-lactide) (PCLA-PEG-PCLA) triblock copolymer (i.e. 
uncapped) and its fully capped derivative was investigated. Uncapped and 
capped PCLA-PEG-PCLA triblock copolymers, abbreviated as degree of 
modification 0 and 2 (DM0 and DM2, respectively), were composed of 
identical PCLA- and PEG-blocks but different end groups: namely hydroxyl- 
and hexanoyl-end groups.  

DM0 was synthesized by ring opening polymerization of L-lactide and     
ε-caprolactone in toluene using PEG as initiator and tin (II) 2-ethylhexanoate 
as the catalyst. A portion of DM0 was subsequently reacted with an excess of 
hexanoyl chloride in solution to yield DM2. The cloud point and phase 
behaviour of DM0 and DM2 in buffer as well as that of their blends were 
determined by light scattering in diluted state and by vial tilting and 
rheological measurements in concentrated state. Degradation/dissolution 
properties of temperature-responsive gelling systems were studied in vitro at 
pH 7.4 and 37 °C.  

The cloud points of DM0/DM2 blends were ratio-dependent and could be 
tailored from 15 to 40 °C for blends containing 15 to 100 wt% DM0. Vial 
tilting and rheological experiments showed that, with solid contents between 
20 and 30 wt%, DM0/DM2 blends (15/85 to 25/75 wt/wt) had a sol-to-gel 
transition temperature at 10-20 °C, whereas blends with less than 15 wt% 
DM0 formed gels below 4 °C and the ones with more than 25 wt% DM0 did 
not show a sol-to-gel transition up to 50 °C. Complete degradation of 
temperature-responsive gelling systems took ~100 days, independent of the 
DM0 fraction and the initial solid content. Analysis of residual gels in time 
by GPC and 1H NMR showed no chemical polymer degradation, but 
indicated gel degradation by dissolution. Preferential dissolution of lactoyl-
rich polymers induced enrichment of the residual gels in caproyl-rich 
polymers. To the best of our knowledge, degradation of temperature-
responsive gelling systems by dissolution has not been reported or 
hypothesized as being the consequence of acylation of polymers.  

In conclusion, blending of PCLA-PEG-PCLA triblock polymers composed 
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of identical backbones but different end groups provides for a straightforward 
preparation of temperature-responsive gelling systems with well-characterized 
rheological properties and potential in drug delivery. Furthermore, acylation 
of triblock copolymers may allow for the design of bioerodible systems with 
control over degradation by polymer dissolution. 
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1. Introduction 
Hydrogels composed of copolymers containing polyester and PEG are of 

general interest for biomedical and pharmaceutical applications as they are 
biocompatible and biodegradable, while also possessing properties of 
injectability, crystallinity, network mesh size that are easy to modulate [1-6]. 
Triblock copolymers made of PEG as middle block flanked by two aliphatic 
polyester blocks form, in aqueous medium, flower-like micelles in the low 
concentration range [7]. At higher concentrations and above critical gel 
temperature, these polymers rearrange to form viscoelastic hydrogels [8,9]. 
Such temperature-responsive gelling systems are developed as injectable drug 
delivery depots and, in particular, an aqueous system containing poly(lactide-
co-glycolide)-b-poly(ethylene glycol)-b-poly(lactide-co-glycolide) (PLGA-
PEG-PLGA) triblock copolymers, loaded with paclitaxel, has already found 
clinical applications in oncology [10]. Paclitaxel is essentially located in the 
hydrophobic domains of the system and its release is mediated by a 
combination of diffusion and chemical polymer degradation, which takes 
around six weeks in vitro as well as in vivo to degrade completely [11-13].  

When designing temperature-responsive gelling systems for drug delivery, 
it is important to understand and to be able to modulate rheological and 
release/degradation properties. Rheological properties can be modulated by 
polymer composition and molecular weight (Mn) of the building blocks [8,14]. 
In particular, temperature-responsive gelling systems ideally fulfill two 
requirements: (i) liquid at room temperature for ease of handling and 
injection, and (ii) viscoelastic at 37 °C to form hydrogel depots upon 
administration, which requires a sol-to-gel transition temperature between 20 
and ~30-35 °C. The sol-to-gel transition temperature depends on the 
hydrophilic/hydrophobic balance of the copolymers (i.e. Mn of PEG as well 
as Mn and type of polyester). Moreover, the composition of polymers also 
governs the release/degradation properties of temperature-responsive gelling 
systems, which is of key importance in modulating the mobility/diffusion of 
loaded drug molecules. 

Blending in water of PLGA-PEG-PLGA copolymers made of PLGA 
blocks with different Mn’s was shown to be a practical method to prepare 
temperature-responsive gelling systems with easy to modulate rheological 
properties and complete degradation taking four to eight weeks [15,16]. For 
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some clinical applications, longer degradation times are desired, which can be 
achieved by decreasing the rate of hydrolysis through the use of PCLA 
instead of PLGA. Degradation of systems composed of PCLA-PEG-PCLA 
copolymers depends on the ratio of caproyl units (CL) to lactoyl units (LA), 
and systems containing 70/30 mol/mol CL/LA ratio showed complete 
degradation occurring after six months [17,18].  

Interestingly, modification of hydroxyl-end groups of polyester-PEG-
polyester triblock copolymers also allows for modulation of rheological 
properties [19]. As an example, Jo and co-workers [20] modified hydroxyl-end 
groups of PCLA-PEG-PCLA copolymers, with hexanoyl and lauroyl aliphatic 
groups. At 20 wt% in water, a hydroxyl-terminated PCLA-PEG-PCLA 
copolymers was transparent sols until at least 40 °C and a fully acylated one 
aggregated, whereas a polymer bearing 50 % hexanoyl modification showed a 
sol-to-gel transition at 30 °C, suitable for biomedical applications.  

In this study, we investigated a novel approach to modulate the 
rheological and degradation properties of temperature-responsive gelling 
systems. We hypothesized that blending, in aqueous medium, of uncapped 
(i.e. hydroxyl-terminated) and capped (i.e. fully hexanoyl-modified) PCLA-
PEG-PCLA triblock copolymers made of identical PCLA- and PEG-blocks 
would allow modulation of the phase behaviour, gel properties and 
degradation rate of temperature-responsive gelling systems. 

 
2. Experiments and protocols 
2.1. Materials 
Except L-lactide (obtained from Purac Biochem, The Netherlands), all 

chemicals were obtained from Aldrich and used as received.  
 
2.2. Synthesis of uncapped and fully hexanoyl-capped PCLA-PEG-PCLA  
The synthesis of uncapped and fully hexanoyl-capped PCLA-PEG-PCLA 

triblock copolymers, abbreviated as degree of modification 0 and 2 (DM0 and 
DM2) respectively, was performed essentially as previously described by Jo 
and co-workers [20]. Briefly, in a three-neck round-bottom flask equipped 
with a Dean Stark trap and a condenser, 50 g PEG1500 (33 mmol), 12 g       
L-lactide (83 mmol), 48 g ε-caprolactone (421 mmol) and 150 ml toluene were 
introduced and, while stirring, heated to reflux under nitrogen atmosphere. 
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The solution was azeotropically dried by distilling off ~65 ml toluene/water. 
Next, it was cooled to ~90 °C and 0.7 ml tin(II) 2-ethylhexanoate (1.7 mmol) 
was added. Ring-opening polymerization was carried out at 110-120 °C 
overnight under nitrogen atmosphere. Subsequently, the solution was cooled 
to room temperature and aliquoted in two equal portions of ~90 g.  

To obtain DM2, 100 ml of dichloromethane and 10 ml of triethylamine 
(99 mmol) were added to one of the portions. At 0 °C, while stirring, 10 ml 
hexanoyl chloride (74 mmol, ratio hexanoyl/PEG = 4/1 mol/mol) was added 
dropwise and acylation was allowed to proceed for 3 hours. Dichloromethane 
was removed under vacuum at 60-65 °C, and ethyl acetate (100 ml) was 
added. Triethylamine hydrochloride salts were removed by filtration.  

DM0 and DM2 were precipitated by addition of 900 ml of a 1:1 mixture of 
hexane and diethyl ether. Upon storage at -20 °C, DM0 and DM2 separated 
as waxy solids, from which the non-solvents containing unreacted monomers 
and hexanoyl chloride could be decanted easily. Finally, precipitated DM0 
and DM2 were dried in vacuo and obtained in good yield (51 g and 49 g, 
respectively). 

 
2.3. 1H NMR analysis 
1H NMR analysis of DM0 and DM2 dissolved in CDCl3 was performed 

using a Varian Oxford, operating at 300 MHz. 1H NMR spectra were 
referenced to the signal of chloroform at 7.26 ppm:  

5.25-4.95 (I5.1, 1H, -CO-CH(CH3)-O-); 4.35-4.15 (2H, -PEG-O-CH2-CH2-
O-CO- and 1H, -CO-CH(CH3)-OH); 4.15-3.95 (2H, -C-(CH2)4-CH2-O-CO-); 
3.85-3.25 (-O-CH2-CH2-O- and 2H, -CO(CH2)4)-CH2-OH); 2.85 (1H, -CO-
CH(CH3)-OH); 2.50-2.35(I2.4, 2H, -CO-CH(CH3)-O-CO-CH2-(CH2)3-C-); 2.35-
2.20 (I2.3, 2H, -O-CO-CH2-(CH2)4-O-CO-CH2-(CH2)3-C-); 1.80-1.25 (2H, -CO-
CH2-CH2-CH2-CH2-C-; 3H, -CO-CH(CH3)-O- and 2H, -CO-CH2-CH2-CH2-
CH2-CH2); 0.95-0.70 ppm (I0.8, 3H, –CO-(CH2)4-CH3-) [20-23]. 

Since the peak belonging to -CO-(CH2)4-CH2-OH of terminal CL and       
-O-CH2-CH2-OH of unreacted PEG overlap with the peak belonging to        
-C-O-CH2-CH2-O-C- of PEG at 3.85-3.25 ppm, the shift reagent 
trichloroacetylisocyanate (TCAI) was used to react with free hydroxyl-end 
groups of CL and PEG and to form -CH2-O-C(O)-NH-C(Cl)3 urethane-
containing moieties. The protons belonging to -CH(2)-O-C(O)-NH-C(Cl)3 of 
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CL, PEG and LA have chemical shifts around 1 ppm higher than that of the 
initial hydroxyl moieties (4.6, 4.4 and 5.2 ppm, respectively) [24].  

After addition of an excess of TCAI, the composition of DM0 and DM2 
was established from the integral of signals belonging to methine protons of 
LA subdivided in four quadruplets (I5.1), methylene protons of PEG (I3.6 at 
3.72-3.55 ppm), methylene protons of CL subdivided in two triplets (I2.4 + 

I2.3), and methyl protons of hexanoyl-end group (I0.8). Signals of TCAI-
reacted moieties are relatively small, as DM0 only contains a few protons 
adjacent to hydroxyl-end groups. The equation used to calculate the 
composition of DM0 and DM2 is given in the appendices (Equation A.1 to 
A.12).  

 
2.4. Gel permeation chromatography analysis (GPC) 
Mn of DM0 and DM2 were determined by GPC using an Agilent system 

Series 100 equipped with three Varian columns (PLgel, 5μm, 500Å, 300 × 7.5 
mm). Detection was performed with a light scattering detector. PEGs of 
different molecular weights were used for calibration. The eluent was THF, 
the elution rate was 1 ml/min, and the column temperature was 30 °C. The 
concentration of the samples was 20 mg/ml in THF and the injection volume 
was 50 μl.  

 
2.5. Differential scanning calorimetry analysis (DSC) 
Thermal properties of DM0, DM2 and PEG1500 were determined by DSC 

(TA Instruments DSC Q2000 apparatus). Samples of ~10 mg in closed 
aluminium pans were heated from room temperature to 60 °C with a heating 
rate of 5 °C/min and a nitrogen flow rate of 50 ml/min. Next, the samples 
were cooled to -90 °C with the same cooling rate, followed by a second 
heating cycle at the same heating rate to 60 °C. Using the second heat run, 
the glass transition temperature (Tg) was determined as the midpoint of heat 
capacity change and the melting enthalpy (ΔH) as the integral of the 
endothermic area. 

 
2.6. X-ray diffraction (XRD) 
X-ray diffraction patterns were recorded for PEG1500 and DM0          

using a Bruker X8-Proteum with Helios mirrors using CuKα radiation        
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(λ = 0.1.5418 Å) on a Platinum-135 CCD detector. The patterns were 
recorded at a sample-to-detector distance of 60 mm. Separate blank patterns 
were recorded to allow subtraction of air- and capillary wall-scattering. The 
two-dimensional X-ray scattered intensities were transformed into one-
dimensional intensity with 2θ as x-axis.  

 
2.7. Preparation of blends  
DM0 and DM2 were separately dissolved in 15 ml ethyl acetate at a 

concentration of 500 mg/ml. The solutions were mixed to achieve specific 
ratios and the obtained mixtures were transferred to 11-cm Petri dishes. The 
solvent was removed under nitrogen flow for 48 hours (1H NMR analysis 
indicated a residual ethyl acetate content of less than 0.5%). 

 
2.8. Dynamic light scattering (DLS) 
DLS measurements were performed using a Malvern CGS-3 multiangle 

goniometer with a JDS Uniphase 22mW He-Ne laser operating at 632.8 nm 
at a 90 ° angle. Polymer concentrations were 1, 10 and 100 mg/ml in 
phosphate buffer (50 mM, 0.07 mM NaCl, 0.02% NaN3, pH 7.4). The samples 
were cooled to 5 °C and temperature was increased to 50 °C at a rate of       
1 °C/min. The change in solvent viscosity with temperature was corrected by 
the software. 

 
2.9. Cloud Point (CP) determination  
CP of DM0 and DM2 as well as that of their blends (prepared as described 

in section 2.7) were measured using an UV spectrometer with temperature 
control (Shimatzu UV2450). 10 ml phosphate buffer was added to 20 mg 
polymers (concentration of 2 mg/ml). The samples were incubated for 10 min at 
4 °C and subsequently the absorbance at 650 nm was measured while the 
samples were heated to 50 °C with a heating rate of 1 °C/min. 

 
2.10. Vial tilting and rheological characterization  
Phosphate buffer was added to 500 mg DM0 or its blends with DM2 

(prepared as described in section 2.7) in screw-capped vials of 1-cm diameter to 
yield systems at the desired solid content (ranging from 20 to 30 wt%). The 
samples were heated for 15 min at 50 °C to allow melting of the polymers and 
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vortexed. The samples were placed at 4 °C for 48 hours to allow formation of 
homogeneous systems.  

Vial tilting was used to visually characterize sol and gel state [8,14]. Vial 
tilting was performed at 4 °C and at 37 °C after 30 min incubation. Immobility, 
after 10 min with vials upside, was used to discriminate between mobile sols and 
immobile gels. 

Rheological characteristics were monitored by oscillatory temperature- and 
time-sweep experiments using a TA AR-G2 rheometer equipped with a Peltier 
plate (1 ° steel cone, 20 mm diameter with solvent trap) at 0.5 % strain and     
7 Hz frequency. The solvent trap of the Peltier plate was filled with water to 
prevent dehydration of the samples during measurement. For temperature-
sweep measurements, the plates of the rheometer were pre-cooled to 4 °C and 
subsequently 70 μl sample was introduced between the plates. The sample was 
heated from 4 to 50 °C with a heating rate of 1 °C/min. For time-sweep 
measurements, samples were incubated overnight at 37 °C. Polymer-rich 
fractions of the phase-separated systems were introduced between the plates of 
the rheometer, pre-heated to 37 °C, and then measured for 5 min.  

 
2.11. Degradation behaviour  
Blends with 25 wt% solid content and 75 wt% phosphate buffer containing 

different DM0/DM2 ratios (15, 20 and 25 wt% DM0) as well as blends 
containing 20 wt% DM0 with varying solid contents (20, 25 and 30 wt%) were 
used to study the degradation properties of gels in physiological conditions     
(37 °C, pH 7.4). Sols (300 μl) were transferred via a syringe to glass vials      
(8.2 × 40 mm). This handling was performed at 4 °C, temperature at which the 
sols were homogeneous. The vials were placed at 37 °C to allow gel formation. 
After 30 min, 700 μl phosphate buffer was added. At predetermined time points, 
the buffer was removed, the weight of residual gels was measured, and fresh 
buffer was added. In addition, samples were freeze-dried for further analysis 
(dry weight determination and analysis by GPC and 1H NMR using an excess of 
TCAI). Dry weight was determined by weighing residual gels after freeze-
drying. Solid content is defined as the ratio between dry and wet weights and 
corresponds to the concentration of polymer in residual gels. 

 
 



Blends of a PCLA-PEG-PCLA copolymer and its fully hexanoyl-capped derivative 

35 

C
ha

pt
er

 2
 

B
le

nd
s 

3. Results and discussion 
3.1. Synthesis and characterization of uncapped and capped copolymers  
The synthesis of PCLA-PEG-PCLA triblock copolymers (abbreviated as 

DM0) was performed by ring opening polymerization of L-lactide and               

ε-caprolactone in solution using PEG1500-diol as macroinitiator and tin(II) 2-
ethylhexanoate as catalyst (yield 93 %). Subsequently, acylation of hydroxyl-
end groups of DM0 using an excess of hexanoyl chloride resulted in the 
formation of DM2 (yield 89 %). 1H NMR spectra of DM0 and DM2 are shown 
in Figure A.1 of the appendices. The characteristic peaks at 5.25-4.95, 3.65-
3.55, 2.50-2.10 and 0.95-0.70 ppm correspond to methine protons of LA, 
methylene protons of PEG, methylene protons of CL [21,22], and methyl 
protons of hexanoyl-end groups [20], respectively. Because of overlap of the 
peaks belonging to methylene protons of PEG and methylene protons of 
hydroxyl CL at 3.65-3.55 ppm, the integral of the peaks was performed using 
the spectra of DM0 and DM2 after addition of an excess of TCAI. Figure A.2 
shows the peak of protons belonging to -O-CH(CH3)-O-C(O)-NH-C(Cl)3 of 
LA with a chemical shift ~5.2 ppm; the peaks of protons belonging to  -CH2-
O-C(O)-NH-C(Cl)3 of CL and PEG are difficult to distinguish as they are 
relatively small and have chemical shifts around 4.2-4.6 ppm, which partially 
overlap with the peaks of protons belonging to -PEG-O-CH2-CH2-O-CO- at 
4.35-4.15 ppm. 

The composition of DM0 and DM2 was determined according to Equation 
A.1 to A.11. The molar ratio of CL to LA (defined in Equation A.7), k, was 
1.6, which corresponds to 71 wt% CL, in accordance with the feed of 80 wt%. 
Each PCLA block, which is composed on average of 6.0 CL (~700 g/mol) and 
3.8 LA, i.e. 1.9 lactide (~300 g/mol), has a Mn of ~1000 g/mol. The weight 
ratio of PCLA to PEG (PCLA/PEG) of DM0 and DM2 (composed of one 
PEG1500 block as middle block flanked by two PCLA1000 blocks), was thus 1.3, 
which is in accordance with the feed ratio of 1.2. The average block length of 
the CL sequences was estimated according to Equation A.12 and shown to be 
4.8 CL indicating not complete randomization of LA and CL. DM0 was 
prepared at 110-120 °C with tin(II) 2-ethylhexanoate as the catalyst and also 
Kricheldorf et al. have shown that this procedure results in not fully random 
polymers [25]. 
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Table 1: Characteristics of uncapped and fully hexanoyl-capped PCLA-PEG-PCLA 
triblock copolymers. 

Polymer HO-PCLA-PEG-PCLA-OH Hex-PCLA-PEG-PCLA-Hex 

Abbreviation DM0 DM2 

PEG feed [g] 50 g 

ε-caprolactone 
feed [g] 

48 g 

Lactide feed [g] 12 g 

Hexanoyl chloride 
feed [g] 

- 10 

Aimed Mn [g/mol] 3200 3500 

Yield [%] 93 89 

PCLA/PEGa) 1.3 

CL [wt%]b) 71 

DMc) 0 2.0 

Mn
d) [g/mol] 3300 3500 

PDIe) 1.27 1.24 

a) weight ratio of PCLA to PEG determined by 1H NMR 
b) weight ratio of ε-caprolactone to L-lactide determined by 1H NMR 
c) number of end groups per triblock copolymer determined by 1H NMR 
d) number average molecular weight determined by GPC, relative to PEG standards 
e) polydispersity (= Mw/Mn) determined by GPC 

 
3.2. Thermal properties of DM0 and DM2 determined by DSC 
The melting and crystallization behaviour of DM0, DM2 and PEG1500 was 

determined by DSC (Figure A.4 in the appendices). The thermograms of 
DM0 and DM2 showed a single Tg around -60 °C, which is close to that of 
poly(ε-caprolactone) (PCL) [26,27] and can therefore be ascribed to the Tg of 
CL-rich PCLA. The thermogram of PEG1500 showed a melting endotherm at 
45 °C and no Tg, likely because of high crystallinity as reflected by a ΔH of 
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202 J/g. The thermograms of DM0 and DM2 were very similar to each other 
and showed broad melting endotherms from 0 to 40 °C (ΔH of DM0 and 
DM2 were 60 J/g and 48 J/g, respectively), which can either be ascribed to 
melting of PCLA (high Mn PCL has a melting temperature between 40 and 
70 °C [26,27], and depending on Mn, oligo(ε-caprolactone) have melting 
temperature between -25 and 31 °C [28]) or to melting of PEG [29-31] (see 
the thermogram of PEG in Figure A.4). X-ray diffraction analysis 
convincingly showed that the crystallinity of DM0 can be exclusively 
attributed to PEG (Figure A.5 in the appendices), even though one could 
expect PCLA to be crystalline taking into account the average CL-sequence 
length of 4.8 CL [25,32]. Based on ΔH of PEG and PEG content of DM0 and 
DM2 (according to 1H NMR: 43 wt% and 40 wt%, respectively), one would 
expect a ΔH of DM0 and DM2 due to the melting of PEG of ~87 J/g and 
~81 J/g, respectively. The lower observed ΔH values (60 and 48 J/g for DM0 
and DM2, respectively) is likely due to the imperfect crystallinity of PEG 
because of partial miscibility with PCLA [33,34]. 

 
3.3. Influence of temperature on the polymers and blends in diluted state 
DLS analysis showed that DM2 at 10 mg/ml in buffer at 4 °C formed large 

aggregates in the micrometer range (data not shown). Conversely, under 
similar conditions, DM0 formed stable and transparent dispersions and DLS 
measurements showed the presence of micelles of 10 nm with a small size 
distribution (as reflected by a PDI of 0.15) at temperatures below 40 °C 
(Figure 1). Because of the ABA architecture of DM0, the micelles are likely 
flower-like micelles with a shell formed by B loops (PEG) anchored by A 
blocks (PCLA) in the micellar core [2,7,35,36].  

Above 40 °C, the micellar dispersion of DM0 became turbid and structures 
in the mesoscopic range were formed due to aggregation/precipitation (Figure 
1A). Micellar dispersions of polyester/PEG block copolymers with 
temperature-dependent aggregation/precipitation have been observed 
previously [37-39]. Figure 1B shows the CP of DM0/DM2 blends with 
varying DM0 fractions (the corresponding temperature-turbidity curves are 
shown in Figure A.6 of the appendices). With increasing DM0 fraction, and 
thus hydrophilicity, the CP increases, which is in line with previous studies 
[19,32]. The driving force for micellar aggregation is the dehydration of PEG 
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Figure 1: Behaviour of dilute aqueous micellar suspensions with temperature. 1A shows 
the radius of micelles (lower lines) and that of the aggregates (upper line) measured by DLS 
of DM0 at 10 mg/ml. 1B shows the cloud point of DM0/DM2 blends at 2 mg/ml. 
 
upon increasing temperature leading in turn to increasing hydrophobic 
polymer-polymer interactions [9,19,32,40]. In line with this proposal,         
13C NMR analysis on similar systems has shown that the core-shell structure 
of micelles composed of PEG-polyester copolymers is partially destroyed 
above the CP [38], due to phase mixing of PEG and polyester [3,32,40]. 

We also measured micellar dispersions of DM0 at 1 mg/ml and 100 mg/ml 
with DLS and it appeared that the size of micelles at 5 oC was in the same 
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range (10 nm) as measured at 10 mg/ml. However, above CP, the aggregates, 
formed at 100 mg/ml, settled down very rapidly leading to formation of 
white gel-like pellets: sol-to-gel transition at concentrations above the critical 
gel concentration was also shown to originate from aggregation/precipitation 
[19,38-41].  

 
3.4. Rheological properties of aqueous DM0/DM2 blends  
Figure 2A shows photographs of a sample with a solid content of 25 wt% 

containing a DM0/DM2 blend (20 wt% DM0 fraction). At 4 °C, the sample 
was a turbid sol, whereas it formed an immobile opaque gel at 37 °C. 
Samples containing less than 15 wt% DM0 were already immobile gels at     
4 °C whereas samples containing more than 25 wt% DM0 were still sols at  
37 °C. Compositions ranging from 15 to 25 wt% DM0 are thus the most 
interesting ones for application as injectable drug delivery depots since they 
are liquid in the low temperature range and form gels at 37 °C. Figure 2B 
shows the temperature-dependent storage and loss moduli (G’ and G”, 
respectively) of samples with a solid content of 25 wt% in buffer containing 
DM0 only and a DM0/DM2 blend (20 wt% DM0). The DM0 sample showed 
only little variations of its moduli between 4 and 50 °C: this sample remained 
a sol. On the other hand, the DM0/DM2 sample showed a G”/G’ cross-over 
point (tan δ = 1) at 15 °C, which is in the range of the CP determined by 
light scattering (Figure 1B). Above 20-25 °C, the system phase-separated and 
both moduli slightly decreased, an observation that can likely be ascribed to 
an artifact in the measurement due to loss of contact between the plates of 
the rheometer and the gel.  

The mechanism behind the sol-to-gel transition in systems similar to those 
investigated in the present study have previously been unravelled with      
13C NMR [3,9,14,19,39,41,42]. In the sol state, polyester/PEG copolymers 
form micelles with a hydrophobic polyester core and a hydrated PEG shell. 
In the gel state and at elevated temperatures, PEG is dehydrated and 
polymer-polymer interactions become stronger, resulting in phase mixing and 
consequently disruption of the organised shell-core structure of the micelles, 
leading to aggregation/precipitation and mesoscopic phase-separation. As the 
temperature further increases, hydrophobic polymer-polymer  interactions are 
enhanced causing phase-separation to a macroscopic level [3,9,19]. In the case 
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Figure 2: Behaviour of concentrated aqueous micellar suspensions with temperature. 2A 
shows photographs of a 25 wt% sample containing DM0/DM2 blend (20/80 w/w) after 30 
min at 4 and 37 °C. 2B shows rheological temperature sweep measurements of 25 wt% 
samples containing DM0 (triangles) and a DM0/DM2 blend 20/80 w/w (squares). The 
closed and open symbols represent G’ and G”, respectively.  
 
of flower-like micelles, aggregation of the micelles is additionally facilitated 
by the presence of inter-micellar bridges [3,9,14,19,37-42].  

To gain additional insight into the influence of the DM0 weight fraction 
on the moduli of aqueous DM0/DM2 blends at 37 °C, samples with 25 wt% 
solid content and varying DM0/DM2 ratios were incubated overnight at     
37 °C resulting in phase-separated systems (~80 vol% polymer-rich fraction 
and ~20 vol% polymer-poor fraction). The moduli of polymer-rich fractions at 
37 °C were measured and the results suggest that for blends containing less 
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than 25 wt% DM0, G’ was larger than G” with moduli in the range of 1 to 
10 kPa (Figure 3). Tan δ increased with increasing DM0 fraction mainly 
because G” increased and, hence, the systems became less elastic and more 
viscous liquid-like. These results show that blending of DM0 and DM2 is a 
practical approach to modulate the sol-to-gel transition temperature of 
aqueous DM0/DM2 blends. It should be stressed that in Figure 3, only the 
polymer-rich fractions were measured which explains the higher modulus 
values compared to that measured during the temperature-sweep 
measurements as depicted in Figure 2. 

 

 
Figure 3: Rheological properties of the polymer-rich fractions of DM0/DM2 blends after 
phase separation at 37 °C showing G’ (black), G’’ (white) and tan δ (striped).  

 
3.5. In vitro degradation of gels with varying ratios and solid contents  
Gel degradation was investigated at 37 °C in phosphate buffer (pH 7.4). 

Figure 4A shows the wet weight, in time, of residual gels with an initial solid 
content of 25 wt% and varying DM0/DM2 ratios (15, 20 and 25 wt% DM0). 
Independent of the DM0/DM2 ratio, gels showed significant decrease in wet 
weight during the first phase of the experiment, which can be ascribed to 
phase separation (Figure 2A). The extent of the initial decrease in wet weight 
of the gels was dependent on the DM0 fraction: gels containing 25 wt% DM0 
had a more rapid decrease in wet weight than gels containing 15 and 20 wt% 
DM0. This initial wet weight loss was accompanied by a decrease in dry 
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weight, which was however ratio-independent (Figure 4B). With increasing 
the DM0 fraction, the hydrophilicity of the gels increases, and one would 
expect a less extended phase separation and more water absorption, resulting 
in an increase in wet weight. However, the increase in the DM0 fraction also 
leads to formation of weaker gels, i.e. higher tan δ (Figure 3). Therefore, gels 
with high DM0 fractions might be more prone to damage due to external 
factors such as mechanical stress induced by buffer refreshment, offering a 
possible explanation for the faster decrease in wet weight observed. After     
25 days, no further gel shrinking occurred and a value of about 70-80 % of the 
initial wet weight was reached. The residual gels then contained ~80 % of the 
initial polymer weight (see Figure 4B), meaning a solid content of 30 wt% 
(calculated using the data of Figure 4A and 4B, see Figure 4C). Upon further 
incubation, the dry weight decreased linearly, but the solid content remained 
relatively constant until day 50. At day 50, 70 and 90 for gels containing 25, 
20 and 15 wt% DM0 respectively, the wet weight dropped substantially until 
complete degradation at ~100-110 days, independent on the DM0 fraction. 
The difference in time, depending on the DM0/DM2 ratio before the drop in 
wet weight, is also observed for the dry weight and is in line with the 
difference in hydrophilicity of the systems.  

Figure 5 shows the degradation of gels with a fixed DM0/DM2 ratio (20 
wt% DM0 fraction) and varying initial solid contents of 20, 25 and 30 wt%. 
As described previously for the effect of the DM0/DM2 ratio (Figure 4), the 
gels showed a significant decrease in wet weight during the first phase of the 
experiment, which can again be ascribed to phase separation. After 25 days, 
no further gel shrinking occurred. Upon further incubation, the dry weight 
decreased linearly, but the solid content remained relatively constant until 
day 40. Thereafter, wet weight, dry weight and solid content dropped until 
complete degradation at ~100-110 days, independent of the initial solid 
content. Degradation of the gels in ~100-110 days is in line with degradation 
times found for other systems containing PCLA-PEG-PCLA triblock 
copolymers with a molar ratio CL/LA close to k = 1.6 [17]. 

GPC analyses were carried out to estimate the Mn of the residual polymer 
chains. The chromatograms showed a single peak with a Mn increasing slightly 
in time from 3700 to 3900 g/mol at day ~90-100 (Figure 6). These results 
suggest that no chemical polymer degradation took place during incubation of 
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Figure 4: Degradation of gels (25 wt% in buffer) composed of DM0/DM2 15/85 (squares), 
20/80 (crosses) and 25/75 (triangles) in time at 37 °C. 4A shows the wet weight of the gels. 
4B shows the dry weight of the gels. 4C shows the solid content of the gels. Experiments 
were performed at 37 °C (pH 7.4). Error bars represent standard deviation (n = 3). 
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Figure 5: Degradation of gels (DM0/DM2 20/80 w/w) with an initial solid content of      
30 wt% (squares), 25 wt% (crosses) and 20 wt% (triangles) in time at 37 °C. 5A shows the 
wet weight of the gels. 5B shows the dry weight of the gels. 5C shows the solid content of 
the gels. Experiments were performed at 37 °C in phosphate buffer (pH 7.4). Error bars 
represent standard deviation (n = 3). 
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Figure 6: Degradation of the gel (DM0/DM2 20/80 w/w) with an initial solid content of 25 
wt% in time at 37 °C showing the Mn (squares) and PDI (triangles) of the residual gels as 
determined by GPC. 
 

 
Figure 7: Number of CL (squares), LA (triangles) and hexanoyl group (crosses) per 
polymer chain, estimated by 1H NMR after addition of an excess TCAI, during degradation 
in residual gels containing DM0/DM2 (20 wt% DM0) with an initial solid content of 25 wt% 
polymer in buffer. Experiments performed at 37 °C in phosphate buffer (pH 7.4). 
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the gels at 37 °C in phosphate buffer pH 7.4 and this finding was confirmed 
by 1H NMR analysis after addition of an excess of TCAI, which showed no 
significant formation of hydroxyl-terminated moieties (Figure A.7) and no 
variations in the ratio of the peaks belonging to -LA-O-CO-CH2-(CH2)4- and  
-CL-O-CO-CH2-(CH2)4- of CL or hexanoyl-end groups (at 2.50-2.35 and 2.35-
2.20 ppm, respectively). As mentioned previously, the degradation time of 
our systems matches those reported in literature, however it is normally 
induced by chemical polymer degradation [17,18,43]. Chemical polymer 
degradation of polyester is caused by cleavage of ester bonds occurring 
randomly along polyester chains. Compared to high molecular weight 
polyesters, mPEG-oligo(polyester) copolymers, having a relatively high 
amount of hydroxyl chain ends located at the hydrophobic-hydrophilic 
interface (e.g., micelle core-water phase interface), degrade mainly by chain 
end cleavage, i.e. backbiting [44-46]. End capping of mPEG-oligo(polyester) 
polymers protects polyester chains from chain end cleavage as no hydroxyl-
end groups are located inside the hydrophobic micellar cores, hence end 
capping slows down chemical polymer degradation [43-46]. For instance, the 
half life of benzoyl-capped mPEG750-PCL containing 5 CL was estimated to be 
25 years in buffer [44]. This finding is in line with the observed chemical 
stability of our gels for at least 100 days, which consist of polymers with ~10 
ester bonds containing 75 mol% CL-CL ester bonds while 75 to 85 % of the 
chains are end-capped [16,17,23,47]. As a consequence, gel degradation 
observed for our systems (see Figure 4 and 5) occurs by polymer dissolution 
instead of polymer hydrolysis.  

Figure 7 shows that 1H NMR analysis revealed enrichment in CL of the 
residual gels whereas the LA/PEG and hexanoyl/PEG molar ratios remained 
constant in time. The CL/LA molar ratio, k initially of 1.6, increased to 
approximately 2.7 in 100-110 days; at day ~100, the PEG/CL molar ratio, 
initially of 0.08, was 0.05, hence a decrease of ~35%. Enrichment in the most 
hydrophobic component of polyester/PEG block copolymers in time during 
degradation is in line with previous studies on similar systems, but is 
generally associated with chemical polymer degradation [16,17,23,47]. In the 
case of chemical polymer degradation, short polyester/PEG triblock 
copolymers, PEG-polyester diblock copolymers, PEG-diol, (un)capped 
polyesters are formed (because of backbiting, cleavage of ester bonds and 
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random chain scission in polyesters) and, depending on their hydrophilicity, 
partially leach out of gels, which leads in turn to an enrichment of the 
residues in hydrophobic moieties. Chemical polymer degradation translates 
thus in the formation of significant amounts of hydroxyl-terminated moieties 
in the residual gels, which, as mentioned previously (see also Figure A.7) was 
not observed in this study. This suggests that degradation in time occurred 
by dissolution with preferential leaching of triblock copolymers rich in LA 
leading to CL-enriched residues. The most hydrophilic (high LA content) 
polymers have thus the highest tendency to dissolve out of gels, leaving 
longer and more hydrophobic copolymers (high CL content).  

 
4. Conclusions 
In this study, the physical properties of blends composed of a PCLA-

PEG-PCLA triblock copolymer (DM0) and its fully hexanoyl-capped 
derivative (DM2) in buffer were investigated. The self-assembly of DM0 into 
micelles was assessed by DLS. The cloud point of DM0/DM2 blends in 
buffer was ratio-dependent and could be tailored from 15 to 40 °C. 
DM0/DM2 blends containing 15 to 25 wt% DM0 with solid content between 
20 to 30 wt% were sols at low temperature and viscoelastic gels at 37 °C. 
Gel degradation of the temperature-responsive gelling systems proceeded by 
dissolution in ~100 days, independent of the DM0/DM2 ratio and the initial 
solid content. To the best of our knowledge, this is the first study that 
demonstrates that temperature-responsive gelling systems based on acylated 
triblock copolymers rather dissolve than hydrolyse during degradation with a 
preferential leaching out of CL-poor polymer chains.   

Systems based on blends of PCLA-PEG-PCLA copolymers and their 
hexanoyl end-capped derivatives have therefore potential as injectable 
systems for the controlled release of drugs. The mixing ratio allows to 
accurately preparing temperature-responsive gelling systems and gel 
degradation by dissolution brings opportunities for further development. 
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Appendices 

Equation 
 
Equation A.1: Theoretical number of methylene protons in PEG1500 per mole, IPEG 

1364 






EG

PEG
PEG M

MI  with MPEG = 1500 g/mol and MEG = 44 g/mol. 

 
Equation A.2: Number of methylene protons in PEG at 3.72-3.55 ppm, I3.6 
This value was determined by adding an excess of TCAI to PEG1500. The formation of 
Cl3C-NH-C(O)-(O-CH2-CH2)n-O-C(O)-NH-CCl3 led to the formation of a new peak at 
4.40ppm (I4.4, 4H, Cl3C-NH-C(O)-O-CH2-CH2-O-) [24].  
I3.6 = 122 for I4.4 = 4. This value is in agreement with the expected value of 136 – 4 = 132 
H (as determined in Equation A.1.). 
 
Equation A.3: Number of CL-CL bonds per mol PEG 
This value is estimated from the spectrum of DM0 since -C(O)-CH2-(CH2)3-CH3 of the end 
groups of DM2 has a chemical shift at 2.50-2.20 ppm. 

2
2.2In CLCL   for normalized I3.6 = 122.  

 
Equation A.4: Number of CL-LA bonds per mol PEG 
This value is estimated from the spectrum of DM0 since -C(O)-CH2-(CH2)3-CH3 of the end 
groups of DM2 has a chemical shift at 2.50-2.20 ppm. 

2
3.2In LACL   for normalized I3.6 = 122. 

 
Equation A.5: Number of CL per polymer chain 

LACLCLCLCL nnn   . 

 
Equation A.6: Number of LA per polymer chain 
This value is estimated from the spectrum of DM2 since -C(O)-CH(CH3)-OH of DM0 has a 
chemical shift at 4.30-4.20 ppm. 

1.5InLA   for normalized I3.6 = 122. 

 
Equation A.7: Molar ratio CL/LA 

LA

CL
n

nk  . 
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Equation A.8: Number average molecular weight of PCLA  
72114,  LACLPCLAn nnM . 

 
Equation A.9: Weight CL content 

 




 

PCLAn

CL
M

nwtCL
,

114100%)( . 

 
Equation A.10: Weight ratio PCLA/PEG  

PEG

PCLAn

M
M

PEG
PCLA , . 

 
Equation A.11: Degree of Modification  

3)( 8.0ImolDM   for normalized I3.6 = 122. 

 
Equation A.12: Number average molecular weight  

 DMMMM
PCLAnPEGNMRn  99,, . 

 
Equation A.13: Average length of the CL blocks 

  1/   CLLACLCLCL nnL . 
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Figure 
 
 
 
 

 
Figure A.1: 1H NMR spectra of DM0 and DM2 in CDCl3. 
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Figure A.2: Integrated spectra of DM0 and DM2 after addition of an excess of TCAI. 
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Figure A.3: GPC chromatograms of the DM0 and DM2. 
 

 
Figure A.4: DSC thermograms (second heating) of DM2 (A), DM0 (B) and PEG1500 (C). 
Glass transition (Tg) and melting enthalpy (ΔH) are the average of two measurements. 
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Figure A.5: X-ray diffraction patterns of PEG1500 (dotted line) and DM0 (continue line) 
polymers. 
 
 
 

 
Figure A.6: Turbidity curves of DM0 and DM2 and their physical mixture DM0/DM2 = 
20/80 in phosphate buffer at 2 mg/ml. 
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Figure A.7: 1H NMR spectra of polymers in the residual gels (t= 60 days) of DM0/DM2 
(20/80) at 25 wt% in phosphate buffer before and after addition of an excess of TCAI. No 
quantifiable peaks were observed at 4.2-4.6 ppm in the 1H NMR spectra of degradation 
samples, indicating gel degradation by dissolution and not by chemical polymer 
degradation. 
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Abstract 
In this study, the ability to modulate the rheological and degradation 

properties of temperature-responsive gelling systems composed of acyl-capped 
poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-b-poly(ε-caprolactone-
co-lactide) (PCLA-PEG-PCLA) triblock copolymers was investigated.  

Eight polymers with varying molecular weights of PCLA, caproyl/lactoyl 
ratios (CL/LA) and capped with either acetyl- or propionyl-groups were 
synthesized by ring opening polymerization of L-lactide and ε-caprolactone 
in toluene using PEG as initiator and tin (II) 2-ethylhexanoate as catalyst, 
and subsequently reacted in solution with an excess of acyl chloride to yield 
fully acyl-capped PCLA-PEG-PCLA. The microstructure of the polymers 
was determined by 1H NMR and the thermal properties and crystallinity of 
the polymers in dry state and in 25 wt% aqueous systems were studied by 
DSC and X-ray diffraction. Rheological and degradation/dissolution 
properties of aqueous systems composed of the polymers in 25 wt% aqueous 
systems were studied.  

1H NMR analysis revealed that the monomer sequence in the PCLA blocks 
was not fully random resulting in relatively long CL sequences, even though 
transesterification was demonstrated by the enrichment with lactoyl units and 
the presence of PEG-OH end groups. Except the most hydrophilic polymer 
composed of acetyl-capped PCLA1400-PEG1500-PCLA1400 having a CL/LA 
molar ratio of 2.5, the polymers of 25 wt% in buffer were sols below room 
temperature and transformed into gels between room temperature and 37 °C, 
which makes them suitable as temperature-responsive gelling systems for 
drug delivery. Over a period of weeks at 37 °C, the systems containing 
polymers with long CL sequences (~8 CL) and propionyl end-groups became 
semi-crystalline as shown by X-ray diffraction analysis. Degradation of the 
gels by dissolution at 37 °C took 100-150 days for the amorphous gels and 
250-300 days for the semi-crystalline gels.  

In conclusion, this study shows that changes in the polymer composition 
allow an easy but significant modulation of rheological and degradation 
properties. 
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1. Introduction 
Aqueous systems containing copolymers composed of poly(lactide-co-

glycolide) (PLGA) and poly(ethylene glycol) (PEG) can form temperature-
responsive gelling systems [1-3], which have been evaluated in clinical trials 
for applications in oncology, particularly as matrices for the sustained release 
of paclitaxel [4-7]. Similar systems, composed of ABA triblock copolymers 
with PEG as B block and poly(ε-caprolactone-co-lactide) (PCLA) as A 
blocks, are also of interest since they have longer degradation times than 
PLGA-PEG-PLGA-based systems [8,9]. To mention, degradation times of 
over six months were shown for polymers based on PEG1500 and PCLA [8], 
while PLGA/PEG copolymers typically degrade in one to two months 
[5,10,11]. 

Furthermore, Kang et al. [12] showed that the PCL block of 
methoxyPEG-b-PCLA diblock copolymers can form crystalline domains that 
affect the degradation kinetics of the systems in water. Indeed, it is known 
that crystalline domains are less rapidly degraded than amorphous domains 
due to limited hydration [13]. The crystalline structure of PCLA depends not 
only on the monomer ratio [12] but also on the monomer sequence, i.e. its 
microstructure [14]. The microstructure of aliphatic copolyesters is tailored 
by the polymerization conditions and extensive efforts have been made to 
understand and modulate it [14-16]. Ring opening of the lactones using a 
suitable initiator (e.g., a compound with a (primary) alcohol (such as PEG) 
and a catalyst (e.g., stannous octoate) involves cleavage of their acyl-oxygen 
bond followed by propagation and transesterification reactions [17]. The 
reaction parameters that influence transesterification reactions are 
temperature, reaction time, the type and concentration of catalyst, and the 
nature of the lactone [16-21]. In the case of copolymerization of lactide with 
ε-caprolactone, the reactivity of lactide is considerably higher than that of 
caprolactone. Consequently, in the first step of copolymerization, lactide is 
preferentially polymerized and thereafter, transesterification takes place due 
to the attack of an active caproyl centre on the polylactide blocks resulting in 
randomization of the structure [14,22-26]. 

Besides the type of aliphatic copolyester and its microstructure that allow 
modulation of the degradation/dissolution kinetics of aqueous polyester-PEG-
polyester-based systems, also modification of the terminal hydroxyl end-
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groups of the polyester blocks has been applied to modulate the rheological 
as well as degradation/dissolution properties [25,27,28]. We showed 
previously [25] that the fraction of hexanoyl-capped PCLA-PEG-PCLA in 
aqueous blends with uncapped PCLA-PEG-PCLA allows control of the sol-
to-gel transition temperature as well as of the viscoelasticity of the systems 
at 37 °C. It was also shown that temperature-responsive gelling systems 
composed of these blends degrade in vitro in ~3-4 months by dissolution and 
not by polymer hydrolysis [29-33]. However, these systems showed phase 
separation at temperatures above 20 °C, which makes them difficult to 
handle.  

To prepare systems with improved properties, such as: (i) ease of 
administration (higher sol-to-gel transition temperature), (ii) none or slower 
phase-separation (i.e. higher gel-to-precipitate transition temperature) and 
(iii) controllable dissolution rate, structure-function relationships have to be 
established. It has been shown that the composition, the molecular weight 
and type of end groups of the PEG/polyester copolymers forming in situ 
gelling systems are important variables to take into consideration          
[8,10-12,25,27,28,34,35].  

In this study, we synthesized eight structurally related polymers with 
varying compositions and investigated thoroughly the microstructure of the 
PCLA blocks. Also, we studied how these changes allow modulation of 
rheological and degradation properties of aqueous systems composed of acyl-
capped PCLA-PEG-PCLA. 

  
2. Experiments and protocols 
2.1. Materials 
L-lactide was obtained from Purac Biochem, The Netherlands. All other 

chemicals were obtained from Aldrich and used as received.  
 
2.2. Experimental Design 
Eight polymer compositions with three independent variables: Mn 

(number average molecular weight) of PCLA block (1400 vs. 1700 g/mol), 
caproyl/lactoyl (CL/LA) molar ratio (2.5/1 vs. 5.7/1 mol/mol) and type of 
end-group (acetyl or propionyl) were selected. We further refer to specific 
polymers as, for instance, PEG(PCLA1700CL5.7Prop)2 being a polymer with 
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Mn,PCLA = 1700 g/mol per PCLA block, high CL content (CL/LA = 5.7/1, 
i.e. 90 wt% CL) and propionyl end-groups. The polymer series used in this 
study were composed of nine polymer batches: eight polymers with different 
compositions and one polymer composition, namely 
PEG(PCLA1700CL2.5Acet)2, was synthesized in duplicate to evaluate the 
reproducibility of the synthetic procedure (Table 1). 

 
Table 1: Composition of the polymers synthesized in this study. 

Abbreviation 
Mn,PCLA 

[g/mol]
CL/LA 

[mol/mol] 
Acyl end-group 

PEG(PCLA1400CL2.5Acet)2 1400 
2.5/1 

acetyl- 
PEG(PCLA1700CL2.5Acet)2* 1700 

PEG(PCLA1400CL5.7Acet)2 1400 
5.7/1 

PEG(PCLA1700CL5.7Acet)2 1700 

PEG(PCLA1400CL2.5Prop)2 1400 
2.5/1 

propionyl- 
PEG(PCLA1700CL2.5Prop)2 1700 

PEG(PCLA1400CL5.7Prop)2 1400 
5.7/1 

PEG(PCLA1700CL5.7Prop)2 1700 

* polymer synthesized in duplicate  

 
2.3. Synthesis of acyl-capped PCLA-PEG-PCLA 
The synthesis of acyl-capped PCLA-PEG-PCLA was performed essentially 

as previously described [25]. Briefly, in a three-neck round-bottom flask 
equipped with a Dean Stark trap and a condenser, PEG1500 (10-50 g),         
L-lactide (1-22 g), ε-caprolactone (10-90 g) and toluene (30-150 ml) were 
introduced and, while stirring, heated to reflux (~140 °C; i.e. the boiling 
point of toluene is 111 °C but that of the mixture is ~140 °C) under nitrogen 
atmosphere. Table A.1 gives the amount of PEG1500 and monomers used for 
the synthesis of each of the nine different polymer batches. The solutions 
were azeotropically dried by distilling off toluene/water (~50 vol% of the 
initial volume). Next, the solutions were cooled to ~90 °C and               



Chapter 3 

68 

C
hapter 3 

D
O

E
 

tin(II) 2-ethylhexanoate (5 mmol per mol PEG1500) was added. Ring-opening 
polymerization was carried out at 110-120 °C overnight under nitrogen 
atmosphere. The solutions were cooled to room temperature and 
dichloromethane (20-100 ml) and triethylamine (3 mol per mol PEG1500) were 
added. The solutions were then cooled to 0 °C in an ice bath, and while 
stirring, an excess of acyl chloride (acetyl or propionyl chloride, ratio 
acyl/PEG = 4 mol/mol) was added drop wise and acylation was allowed to 
proceed for three hours. Dichloromethane was removed under vacuum at   
60-65 °C. Next, ethyl acetate (20-100 ml) was added and triethylamine 
hydrochloride salts were removed by filtration. The polymers were 
precipitated by addition of a 1:1 mixture of hexane and diethyl ether       
(20-90 ml). Upon storage at -20 °C, the polymers separated as waxy solids 
from which non-solvents containing unreacted monomers and excess of acyl 
chloride could be decanted easily. The precipitated polymers were dried in 
vacuo and obtained in yield of at least 85 %. 
 

2.4. Synthesis of diacetyl-PEG 
PEG1500 (10 g, 6.7 mmol) and 4.5 ml (45 mmol) triethylamine were 

dissolved in 25 ml dry dichloromethane. The stirred solution was cooled in an 
ice bath and subsequently 2.1 ml acetyl chloride (27 mmol, ratio acyl/PEG = 
4 mol/mol) was added slowly. The reaction was allowed to proceed for 3 
hours at room temperature. The solvent was removed under vacuum and the 
obtained yellowish residue was dissolved in ~100 ml ethyl acetate and 
subsequently filtered. Hexane was added to precipitate the acetyl-capped 
PEG, which was subsequently dried in vacuo. The yield was 9 g. 

 
2.5. 1H NMR and GPC analysis 
1H NMR analysis of the polymers dissolved in CDCl3 was performed using 

a Varian Oxford, operating at 300 MHz. 1H NMR spectra were referenced to 
the signal of chloroform at 7.26 ppm. The characteristic peaks of the PCLA-
PEG-PCLA backbone were identified as previously described [25].  

Acetyl-end group: 2.14-2.12 ppm (I2.13, CH3-CO-O-CH(CH3)-); 2.03-2.05 
ppm (I2.04, CH3-CO-O-(CH2)5-) [27,36-39], and 2.10-2.08 ppm (I2.09, CH3-CO-
O-(CH2)2-O-) as shown in Figure A.1 in the appendices.  



Rheological and degradation properties of systems composed of acylated copolymers 

69 

C
ha

pt
er

 3
 

D
O

E
 

Propionyl-end group: 1.18 ppm (I1.2, CH3-CH2-CO-O-); 2.4 ppm       
(CH3-CH2-CO-O-) [27,36]. 

Since the peaks belonging to -CO-(CH2)4-CH2-OH of terminal CL and      
-O-CH2-CH2-OH of unreacted PEG overlap with the peak belonging to        
-C-O-CH2-CH2-O-C- of PEG at 3.85-3.25 ppm, the shift reagent 
trichloroacetylisocyanate (TCAI) was used to react with free hydroxyl end-
groups to form -O-C(O)-NH-C(Cl)3 urethane-containing moieties [25]. The 
protons belonging to -CH(2)-O-C(O)-NH-C(Cl)3 of CL, PEG and LA have 
chemical shifts around 1 ppm higher than that of protons before reaction 
with TCAI (4.6, 4.4 and 5.2 ppm, respectively) [25,40]. After addition of an 
excess of TCAI, the composition of the polymers was established from the 
integral of signals belonging to methine protons of LA (I5.1), methylene 
protons of PEG (I3.6 at 3.72-3.55 ppm), methylene protons of CL (I2.4 + I2.3), 
and methyl protons of end groups (I2.13+I2.09+I2.04 and I1.2 for acetyl and 
propionyl, respectively). The equation used to calculate the composition of 
the synthesized block copolymers is given in the appendices (Equation A.1 to 
A.12). 

The Mn and polydispersity index (PDI) of the polymers were determined 
by GPC as previously described [25]. 

 
2.6. Differential scanning calorimetry (DSC) analysis of the polymers 
The thermal properties of acyl-capped PCLA-PEG-PCLA were 

determined by DSC (TA Instruments DSC Q2000 apparatus). Samples of 
~10 mg were introduced into aluminum pans, which were subsequently sealed 
and heated from room temperature to 60 °C with a rate of 5 °C/min under 
nitrogen flow (50 ml/min). Next, the samples were cooled to -90 °C with the 
same rate, followed by a second heating cycle with the same rate to 60 °C. 
Using the second heat run, the glass transition temperature (Tg) was set as 
the midpoint of heat capacity change, the temperature range of the melting 
(Tm) was defined as the temperature range of the endothermic area and the 
melting enthalpy (ΔH) as its integration.  

 
2.7. Preparation of aqueous systems containing 25 wt% polymer 
1.5 ml phosphate buffer pH 7.4 (44 mM Na2HPO4, 9 mM NaH2PO4,       

72 mM NaCl, 0.02 wt% NaN3) was added to 500 mg of polymers in screw-
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capped vials of 1-cm diameter to yield systems with 25 wt% solid content. 
The vials were closed and heated for 15 min at 50 °C, subsequently vortexed 
and then incubated at 4 °C for 48 hours to yield homogeneous dispersions.  

 
2.8. X-ray diffraction (XRD) 
X-ray diffraction patterns of the dry polymers as well as of 25 wt% 

aqueous systems after storage at 4 and 37 °C were recorded at room 
temperature. The samples were temporarily taken out of storage and 
measured within 2 hours. X-ray diffraction analysis was performed using a 
Bruker-AXS D8 Advance Powder X-ray diffractometer, in Bragg-Brentano 
mode, equipped with automatic divergence slit and a PSD Våntec-1 detector. 
The radiation used was Cobalt Kα1,2, λ = 1.79026 Å, operated at 30 kV,    
45 mA. The X-ray diffraction patterns were recorded at a sample-to-detector 
distance of 435 mm. Separate patterns of blank samples were also recorded to 
allow subtraction of air- and capillary wall-scattering. 

 
2.9. Vial tilting and rheological characterization 
Vial tilting was used to visually establish the sol and gel state of systems 

of 25 wt% polymer in phosphate buffer. Vial tilting was performed at 4 °C, 
room temperature (20-22 °C) and at 37 °C after 30 min incubation. 
Immobility for 10 min, with vials upside down, was used to discriminate 
between mobile sols and immobile gels [25]. 

Rheological characteristics of systems of 25 wt% polymer in phosphate 
buffer were determined by oscillatory temperature sweep experiments using a 
TA AR-G2 rheometer equipped with a Peltier plate (1 ° steel cone, 20 mm 
diameter with solvent trap) at 1 % strain and 1 Hz frequency. The solvent 
trap of the Peltier plate was filled with water to prevent dehydration of the 
samples during the measurement. Samples (70 μl, ~4 °C) were introduced 
between the plates of the rheometer (pre-cooled to 4 °C), and were heated 
from 4 to 50 °C under oscillatory force with a heating rate of     1 °C/min.  

 
2.10. Degradation properties 
The degradation properties of the systems of 25 wt% polymer in 

phosphate buffer at 37 °C were investigated. Sols (300 μl) at 4 °C were 
transferred via a syringe into glass vials (8.2 × 40 mm). Next, the vials were 
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closed and placed at 37 °C to allow gel formation, and after 30 min, 700 μl 
phosphate buffer pre-heated to 37 °C was added. At predetermined time 
points, the buffer was removed, the weight of remaining gels was measured 
and fresh buffer was added. Also, samples were freeze-dried for further 
analysis (dry weight determination, GPC and 1H NMR analysis before and 
after addition of an excess of TCAI) [25]. Dry weight was determined by 
weighing residual gels after freeze drying. 

 
3. Results and discussion 
3.1. Synthesis and characterization of acyl-capped PCLA-PEG-PCLA 
PCLA-PEG1500-PCLA triblock copolymers were synthesized by ring 

opening polymerization of L-lactide and ε-caprolactone in solution with 
PEG1500-diol as macroinitiator and tin(II) 2-ethylhexanoate as catalyst. 
Subsequently, acylation of the hydroxyl end-groups using an excess of acetyl 
or propionyl chloride resulted in the formation of acetyl- or propionyl-capped 
PCLA-PEG-PCLA, respectively with a yield of ~85 %. Representative       
1H NMR spectra of PEG(PCLA1400CL2.5Acet)2 and PEG(PCLA1700CL5.7Prop)2 
are given in Figure 1. 

To get more insight into the microstructure of the PCLA polymers, 1H 
NMR spectra were analyzed in detail and Figure 2 shows the obtained 
information regarding the composition of the polymers, i.e. CL/LA molar 
ratio (Figure 2, #1), degree of end-group modification (Figure 2, #2), the 
monomer (CL or LA) adjacent to PEG (Figure 2, #3), the monomer (CL or 
LA) adjacent to the acyl groups (Figure 2, #4) and the randomness of the 
PCLA blocks (Figure 2, #5). As an example, the information related to 
PEG(PCLA1700CL2.5Acet)2, which was synthesized twice, is reported here in 
detail.  

 
#1: CL/LA molar ratio of PEG(PCLA1700CL2.5Acet)2 
The peaks at 5.25-4.95 and 2.50-2.10 ppm, corresponding to the methine 

protons of LA and the methylene protons of CL respectively, were used to 
calculate the molar ratio of CL to LA (Equation A.7). The molar ratio 
CL/LA was 2.2±0.1 mol/mol (n = 2), which is 12 % lower than the CL/LA 
feed of 2.5. Assuming that the more reactive L-lactide fully reacted during 
jjjjj 
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Figure 1: 1H NMR spectra of PEG(PCLA1400CL2.5Acet)2 and PEG(PCLA1700CL5.7Prop)2 in 
CDCl3. PEG(PCLA1400CL2.5Acet)2 (Mn,PCLA = 1400 g/mol per block, CL/LA = 2./1 mol/mol 
(i.e 80 wt% CL), acetyl-end groups) and PEG(PCLA1700CL5.7Prop)2 (Mn,PCLA = 1700 g/mol 
per block, CL/LA = 5.7/1 mol/mol (i.e. 90 wt% CL), propionyl-end groups).  
 

 
 
Figure 2: Composition and microstructure of the copolymers. 
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ring opening polymerization, a molar ratio CL/LA means that 88 % of          

ε-caprolactone has reacted, which is in line with the yield of ~85 %. The Mn 
of the PCLA blocks, calculated from the 1H NMR analysis (Equation A.8), 
was 1600±100 g/mol (n = 2), which is slightly lower that the calculated Mn 
of 1700 g/mol, but in line with the incomplete polymerization of  ε-
caprolactone (see discussion above). GPC analysis (calibration with PEG 
standards) showed that the Mn was 5100±400 g/mol (n = 2), which is close 
to the value determined by 1H NMR (4700±200 g/mol).  

 
#2: Degree of modification of PEG(PCLA1700CL2.5Acet)2 
The degree of acylation as determined by 1H NMR (Equation A.11) was 

above 93±8%, which is in line with previously reported data for polymers 
acylated under similar experimental conditions [25]. 

 
#3: Monomer adjacent to PEG of PEG(PCLA1700CL2.5Acet)2 
The molar ratio -CL-PEG/-LA-PEG bonds calculated from the integrals 

of the -CL-O-CH2-CH2-O- peak at 4.23-4.15 ppm and -LA-O-CH2-CH2-O- 
peak at 4.35-4.23 ppm, was 1.6±0.1, whereas a ratio of 2.2 was expected. 
Thus, there is a slight enrichment in LA of the PEG-PCLA bonds, meaning 
that PEG-OH preferentially reacted with L-lactide during the ring opening 
polymerization, likely due to the higher reactivity of lactide compared to      
ε-caprolactone, as reported previously [21].  

 
#4: Monomer adjacent to the acyl groups of PEG(PCLA1700CL2.5Acet)2  
The methylene protons of propionyl-groups displayed quadruplets at     

2.4 ppm, which overlap with the methylene protons of CL linked to LA, 
whereas the methyl protons of the propionyl groups showed triplets at 1.18 
ppm [27,36]. On the other hand, the methyl protons of acetyl end-groups 
showed distinct peaks with different chemical shifts depending on the 
monomer (CL or LA) to which they are attached. Namely, the methyl 
protons of acetyl end-groups are found at 2.14-2.12 ppm for CH3-CO-LA- 
[27,36-38], 2.03-2.05 for CH3-CO-CL- [39] as well as at 2.08-2.10 ppm for 
CH3-CO-O-PEG- (originating from the reaction of PEG-OH and acetyl 
chloride) (Figure A.1 shows these different peaks and their assignments). To 
kkjkklk 



Chapter 3 

74 

C
hapter 3 

D
O

E
 

 

 
 
Figure 3: 1H NMR spectra of uncapped PEG(PCLA1400CL5.7)2 before (a) and after (b) 
addition of trichloroacetylisocyanate (TCAI) as well as that of uncapped polymers spiked 
with PEG1500 (c) and that of PEG1500 (d) after addition of TCAI. The solvent was CDCl3.  
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confirm the presence vvof PEG-OH groups, TCAI was added as shift reagent 
to react with free -OH groups present after polymerization but before 
acylation. Figure 3 shows that the 1H NMR spectrum of uncapped 
PEG(PCLA1400CL5.7)2 reacted with TCAI had a peak with a chemical shift at 
4.40 ppm, which is ascribed to PEG hydroxyl end-groups reacted with TCAI 
[25,40] and indeed demonstrates the presence of a small amount of PEG-OH 
end-groups in the synthesized polymers. The integrals of the three singlet 
peaks of the methyl protons of acetyl-end groups of 
PEG(PCLA1700CL2.5Acet)2 show that the percentage of acetyl-LA (I2.13), 
acetyl-PEG (I2.09) and acetyl-CL (I2.04) moieties was 71±14, 5±2 and 24±12 
mol%, respectively. In the polymerization feed, 11.6 mol      ε-caprolactone 
and 2.3 mol L-lactide per PEG hydroxyl end group was present. Statistically, 
the number of free PEG hydroxyl groups at the end of the ring opening 
polymerization is about 7*10-3 % (see Equation A.13 in the appendices), 
which is far less than the 5 % observed. Moreover, as mentioned above, 1H 
NMR analysis showed that there was a significant enrichment of PCLA chain 
ends with LA (71 mol% whereas 31 mol% is expected based on the CL/LA 
molar ratio of 2.2), which could originate from the lower reactivity of LA-OH 
groups compared to CL-OH for transesterification [14,23,24]. 

Ring opening polymerization of cyclic lactones with metal alkoxides, like 
tin(II) 2-ethylhexanoate, initiated by a compound with an alcohol 
functionality, occurs by activation of the hydroxyl group and a subsequent 
coordination-insertion mechanism that allows growing of the polymer chains 
by oxygen-acyl cleavage of cyclic lactones [14-16,41]. The active hydroxyl 
groups of growing polymer chains are known to be able to attack, besides the 
cyclic lactones, also ester bonds of a formed polymer chain 
(transesterification), which randomizes the copolymer chain microstructure 
[22,24,42,43]. Figure 4 shows that cleavage of PCLA chains by 
transesterification can occur in the polyester chain but also at the PEG-
polyester bond. In the case of PEG(PCLA1700CL2.5Acet)2, the percentages of 
LA-ester, PEG-ester (2 per mol PEG) and CL-ester bonds based on molar 
ratio of LA, PEG and CL are 29, 6, and 65 mol%, respectively. The presence 
of the ~5 mol% of PEG-OH thus matches with the calculated probability 
that such a bond is formed. 
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Figure 4: Schematic representation of transesterification reactions explaining the presence 
of PEG hydroxyl groups in PCLA/PEG copolymers. 

 
#5: Randomness of the PCLA blocks of PEG(PCLA1700CL2.5Acet)2 
The randomness of PCLA blocks was calculated from the integration of 

the ω-methylene protons of CL linked to CL, ICL-CL at 2.20-2.35 ppm, and to 
LA, ILA-CL at 2.50-2.35 ppm, respectively [21,26,44,45]. The length of the CL 
blocks was calculated as follows:   1/   CLLACLCLCL IIL  (Equation 1) and found 
to be 4.9±0.5 (n = 2) for PEG(PCLA1700CL2.5Acet)2. Taking into account 
that each PCLA block is composed of 11.1±0.5 CL and 5.0±0.1 LA units, 
there are thus in average 2.3 CL sequences of ~4.9 CL per PCLA block 
separated by LA sequences, which indicates a rather blocky structure of 
PCLA, as we also observed in our previous study [25]. Thus, although 
transesterification took place during polymerization, as confirmed by the 
nnnnn 
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presence of PEG hydroxyl groups and the enrichment of the end chains with  
LA units, we hypothesized that the PCLA blocks were not fully random 
because of the higher reactivity of CL hydroxyl groups (primary alcohol) 
than LA hydroxyl group (secondary alcohol) to attack ester bonds       
[14,22-24,26,46,47]. The consequences of the different reactivity of CL and 
LA on the randomness of PCLA and the incomplete randomness of PCLA 
even after transesterification is in line with literature [14,23-26], but has not 
been explained yet in terms of differential alcohol reactivity. 

An overview of the characteristics of PEG(PCLA1700CL2.5Acet)2 as well as 
that of the seven other polymers of this study as determined by 1H NMR and 
GPC is given in Table 2. Six of the seven other polymers showed 
characteristics in line with those reported for 
PEG(PCLA1700CL2.5Acet)2.iuoOnly PEG(PCLA1400CL2.5Acet)2 showed CL 
sequences of 8.2 CL whereas the expected length was 3-5 CL as observed for 
the polymers synthesized with an identical feed molar ratio CL/LA of 2.5. 
Thus PEG(PCLA1400CL2.5Acet)2 had a more blocky structure than the other 
polymers likely because of a difference in the batch size (20 g vs. 30-160 g for 
the other batches) that might have resulted in an inhomogenous temperature 
distribution in the polymer solution during synthesis. 

 
3.2. Thermal properties of the polymers determined by DSC 
The thermal properties of PEG1500 and the synthesized acyl-capped 

PCLA-PEG-PCLA polymers were investigated using DSC (Figure A.2). The 
thermograms of the polymers showed a single Tg around -60 °C, which can be 
ascribed to the Tg of the PEG block or the PCLA blocks, or that of their 
physical mixtures [45,48]. 

Figure A.2 and Figure 5 show that the three polymers with CL sequence 
lengths of ~4 had a melting endotherm in the range of 0-20 °C, whereas the 
other five polymers with CL sequences of ~8 (i.e. the 
PEG(PCLA1x00CL5.7Acet)2, PEG(PCLA1x00CL5.7Prop)2 and PEG(PCLA1400 

CL2.5Acet)2) showed broader and higher melting endotherms (0-40 °C), which 
can be attributed to the melting of PCL crystals [49,50] in line with the X-
ray diffraction patterns (see Figure A.3). It is thus noteworthy that 
PEG(PCLA1400CL2.5Acet)2, which has long CL sequences of ~8 CL units 
behaves like the other polymers with similar sequence length but higher 
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CL/LA ratio rather than like the polymers with shorter CL sequence length 
but similar CL/LA ratio. 

Both PEG(PCLA1700CL2.5Acet)2 batches showed a crystallization exotherm 
between -30 and -45 °C of 20-25 J/g in the second heat cycle, whereas the 
other seven polymers showed a crystallization exotherm in the cooling cycle. 
The differences in crystallization behaviour can be attributed to slow 
crystallisation as both PEG(PCLA1700CL2.5Acet)2 batches also showed the 
lowest melting enthalphy (ΔH = ~37±2 J/g) of the polymer series.  

 
Figure 5: Melting temperature of end-capped PCLA-PEG-PCLA polymers determined by 
DSC (second heating) as a function of the average CL sequence lengths (as determined by 
1H NMR). Squares and triangles represent the acetyl- and propionyl-capped polymers, 
respectively.  

 
Figure 6 shows that the melting enthalpy (ΔH) increased with the CL 

sequence length, in line with the effect on Tm (Figure 5). This figure also 
shows that ΔH increased with the length of the end groups likely because 
acetyl groups to some extent inhibit formation of PCL crystals. 

Based on the ΔH of 100 % crystalline poly(ε-caprolactone) (ΔH°) and the 
CL weight fraction of the polyester block, FCL, in the polymers, the degree of 
crystallinity, χ, of the CL-rich blocks can be calculated using Equation 2.  
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The most commonly used value of 100 % crystalline poly(ε-caprolactone) 
is ΔH°=139 J/g, as reported by Crescenzi and co-workers [51]. Using this 
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was 0.5±0.1 (n = 2) and the extent of crystallinity of the other polymers was 
between 0.5 and 0.9. Figure 7 shows that χ increased with the CL sequence 
length and was dependent on the nature of the end group. In particular, 
propionyl groups increased CL crystallization, again in line with the effect 
observed on Tm and ΔH. 

 
Figure 6: Melting enthalpy (ΔH) of end-capped PCLA-PEG-PCLA polymers determined 
by DSC (second heating) as a function of the average CL sequence lengths. Squares and 
triangles represent the acetyl- and propionyl-capped polymers, respectively.  

     
Figure 7: Crystallinity, χ (calculated using Equation 2) of the PCLA blocks (capped with 
acetyl (squares) or propionyl end-groups (triangles) as determined by DSC as a function of 
the average CL sequence length. 
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Figure 8: Behaviour of the systems during storage. 8A shows photographs of systems of   
25 wt% acyl-capped PCLA-PEG-PCLA after one month storage at 4 °C and their 
respective crystallinity, χ as determined by Equation 2. 8B shows the X-ray diffraction 
patterns of PEG(PCLA1400CL2.5Acet)2 systems of 25 wt% in buffer after one month at 4 °C. 

 
3.3. Crystallinity in the dry and wet state determined by X-ray diffraction 
X-ray diffraction patterns of the acyl-capped PCLA-PEG-PCLA polymers 

with short CL sequences (~4 CL units) recorded at room temperature (Figure 
A.3) showed that the polymers were amorphous. On the other hand, 
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polymers with average CL sequence lengths of ~8 showed diffraction peaks at 
2θ of 24.8 and 27.2 °, which are ascribed to CL crystals [50].  

Figure 8A shows photographs of the systems of the acyl-capped PCLA-
PEG-PCLA triblock copolymers of 25 wt% in buffer, after one month storage 
at 4 °C. The samples, initially sols, were after storage:  

 Opaque gels: PEG(PCLA1400CL2.5Acet)2, PEG(PCLA1400CL5.7Acet)2, 
PEG(PCLA1400CL5.7Prop)2, i.e. the three polymers with χ>0.90. 
Figure 8B shows that the X-ray diffraction pattern of 25 wt% systems 
of PEG(PCLA1400CL2.5Acet)2 (the more blocky polymer) after one 
month storage at 4 °C. The diffraction pattern clearly shows two 
diffraction peaks at 24.8 and 27.2 °, which confirms the presence of 
CL crystals and thus that the immobility of the systems upon storage 
can be ascribed to crystallization of the CL-rich domains as also 
observed in a study of Kang et al [12]. 

 Sols: the other six polymers with χ <0.7. 

 
Figure 9: X-ray diffraction patterns of gels of 25 wt% in buffer pH 7.4 after 1-month 
storage at 37 °C.  
 

The presence of crystallinity in aqueous systems after 2 days and 1 month 
incubation at 37 °C was investigated using X-ray diffraction. No crystallinity 
was observed after 2 days (results not shown), but Figure 9 shows that after 
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1 month at 37 °C, CL crystals were detected in the gels composed of the 
polymers with the highest melting temperature (>35 °C, Figure 5). Thus, the 
high crystallinity and relatively high melting temperature of the polymers 
with relatively long CL sequences (~8 CL) lead to crystallization of the gels 
at 37 °C, which is in agreement with observations on CL-rich methoxyPEG-
b-PCLA systems [12]. The gels containing acyl-capped PCLA-PEG-PCLA 
with average CL sequence length of ~5 did not show crystallinity after 1 
month at 37 °C, in line with the lower crystallinity of their CL-rich domains 
(see Figure 5, 6 and 7).  

ff 

 
Figure 10: Behaviour of aqueous suspensions (25 wt%) containing 
PEG(PCLA1700CL2.5Acet)2 at different temperatures. 10A shows photographs of samples 
made with both PEG(PCLA1700CL2.5Acet)2 batches (vial 1, 2) after 30 min at 4, at ~22 and 
37 °C. 10B shows rheological temperature sweep measurements averaged for both 
PEG(PCLA1700CL2.5Acet)2 batches. The closed and open symbols represent G’ and G”, 
respectively. Error bars represent standard deviations.  
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3.4. Rheological properties of aqueous systems of the acyl-capped polymers 
Figure 10 shows the rheogram of PEG(PCLA1700CL2.5Acet)2 of 25 wt% in 
buffer. For all polymers (except PEG(PCLA1400CL2.5Acet)2), the samples were 
mobile sols at room temperature (G”>G’) and immobile gels (G’>G”) at 37 
°C after 30 minutes. The system (PEG(PCLA1400CL2.5Acet)2) was a sol up to 
50 °C, most likely, because this polymer is too hydrophilic (lowest 
PCLA/PEG and CL/LA ratio, and shortest end group) to form a gel. 

The storage modulus of samples prepared from both 
PEG(PCLA1700CL2.5Acet)2 batches (Figure 10B) increased with temperature 
from ~20 Pa at 5 °C to ~360 Pa at 36 °C. Above 36 °C, both G’ and G” 
slightly decreased, which can likely be ascribed to an artefact in the 
measurements because of phase-separation and subsequent loss of contact 
between the plates of the rheometer and the gels. An increase in moduli with 
temperature was observed for all polymers (see Figure A.5) even for 
PEG(PCLA1400CL2.5Acet)2 (i.e. the most hydrophilic polymer with blocky 
structure), which surprisingly did not form an immobile gel using the vial 
tilting test. The different gelling behaviour of this system is likely related to 
the hydrophilicity and/or more blocky structure of the PCLA blocks and 
higher crystallinity compared to that of the other polymer systems. 

No significant effect of the composition of the polymers on G’ was 
observed at 4 °C, whereas significant effects were observed at temperatures 
lklkgl;fgkl; 

 
Figure 11: Maximum storage modulus (G’max) of 25% gels as a function of the nature of 
the end group. 
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close to 37 °C at which G’ reached its maximum. Figure 11 shows that the 
propionyl-capped polymers have a higher G’max (600±200 Pa) than the 
acetyl-ones (200±100 Pa). The effect of the type of end groups on G’max is in 
line with the study of Yu and co-workers [27] and likely originates from the 
fact that increasing hydrophobicity of the end groups strengthens the 
hydrophobic interactions between the polymer chains, and thus stronger gels 
with propionyl-capped polymers were formed than with acetyl-capped ones. 
It should be mentioned that crystallinity does not contribute to the strength 
of the gels, because it was demonstrated (see Paragraph 3.3) that the 
formation of CL crystals takes some time.  

 
3.5. Degradation of gels based on the acyl-capped triblock copolymers 
The degradation of the acyl-capped PCLA-PEG-PCLA triblock copolymer 

gels (at a fixed initial solid content of 25 wt%) was investigated at 37 °C in 
phosphate buffer (pH 7.4). Systems composed of PEG(PCLA1400CL2.5Acet)2 
did not form gels at 37 °C and were therefore excluded from the degradation 
experiments. The wet and dry weight degradation profiles of the seven other 
gels are shown in Figure A.6. Figure 12 shows the degradation profiles of 
three representative examples. 

For PEG(PCLA1700CL2.5Acet)2 (Figure 12A, insert), both wet and dry 
weight remained constant during the first 5 days of incubation, and 
thereafter the wet weight of the gels increased, i.e. the gels swelled whereas 
the dry weight did not change. For PEG(PCLA1700CL5.7Acet)2 (Figure 12B, 
insert), the swelling of the gel started immediately upon incubation. For 
PEG(PCLA1700CL5.7Prop)2 (Figure 12C, insert), the gels first contracted 
during day 1 due to phase separation into a polymer-rich and polymer-poor 
phase and they started to swell after 15-20 days. Higher tendency to phase 
separate of the gels composed of propionyl-capped polymers can be ascribed 
to hydrophobicity of the propionyl end-groups that strengthens the 
hydrophobic interactions between polymer chains [27]. 

The time to reach the maximum swelling was dependent on the polymer 
composition and was, for example, 30, 50 and ~100-150 days for gels 
composed of PEG(PCLA1700CL2.5 Acet)2, PEG(PCLA1700CL5.7Acet)2 and 
PEG(PCLA1700CL5.7Prop)2, respectively (see Figure 12 and A.6). The swelling 
phase was followed by a drop in wet weight until complete degradation in 
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90±5, 160 and 280 days for gels composed of PEG(PCLA1700CL2.5Acet)2, 
PEG(PCLA1700CL5.7Acet)2 and PEG(PCLA1700CL5.7Prop)2, respectively.  

 

 
Figure 12: Degradation of gels (25 wt% in buffer) with the closed squares and open 
triangles for the wet and dry weight, respectively. The inserts show the degradation profile 
for the first 20 days. 11A shows the degradation profile of PEG(PCLA1700CL2.5Acet)2 
(average values of two batches). 11B shows the profile of PEG(PCLA1700CL5.7Acet)2. 11C 
shows the profile of PEG(PCLA1700CL5.7Prop)2. Experiments were performed at 37 °C in 
phosphate buffer (pH 7.4). Error bars represent standard error of the mean (n = 3). 
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Figure 13: Overview of degradation time of the gels of 25 wt% in phosphate buffer at    
37 °C as a function of their composition and tendency to crystallize. 

 

As the gels swelled, their dry weight started to decrease progressively in 
time with a substantial drop in the last ~25-50 days depending on the 
composition. PEG(PCLA1700CL5.7Acet)2 is the only polymer that showed a 
near-to-linear decrease of dry weight in time (Figure 12B), which might be 
an important feature for the controlled release of drugs from this gel driven 
by polymer dissolution.  

An overview of the degradation characteristics of the gels as well as the 
properties of the polymers they contain as determined by DSC and X-ray 
diffraction is given in Table 3. Figure 13 shows an overview of the main 
factors that influence the degradation time of the gels. The degradation time 
increased with CL crystallinity of the gels at 37 °C, which is in line with 
literature on amorphous and semi-crystalline polyester systems [13]. In 
particular, both gels containing propionyl-capped polymers that showed 
crystallization upon storage at 37 °C (Figure 9) showed degradation time of 
~275 days, whereas the other gels that did not show crystallinity at 37 °C 
(and thus were fully amorphous) degraded in 100 to 150 days.  

kljl;lkl;’ 
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Figure A.7 shows the time-dependent Mn and composition (GPC and 1H 
NMR analysis) of PEG(PCLA1700CL5.7Prop)2. GPC analysis showed that Mn 
was constant in time demonstrating that no chain hydrolysis occurred. 1H 
NMR analysis however showed enrichment in CL content, which is ascribed 
to a preferential leaching of CL-poor triblock copolymers from the gels. 
Therefore, degradation of the acyl-capped PCLA-PEG-PCLA gels is driven 
by polymer dissolution as also observed for systems containing hexanoyl- 
capped polymers [25], and not due to chemical hydrolysis of ester bonds. 
Both the high CL content of the polymers [12,52] and the end-capping [29-33] 
of PCLA-PEG-PCLA contribute to the observed lack of ester hydrolysis. 

 
4. Conclusions 
In this study, the physical properties of systems containing propionyl- or 

acetyl-capped PCLA-PEG-PCLA triblock copolymers in buffer (25 % solid 
content) were investigated. Except for the most hydrophilic polymer system, 
all systems showed a temperature-dependent sol-to-gel transition between   
22 and 37 °C. Gel degradation of the systems proceeded by dissolution and 
occurred in 90 to 280 days. It was found that gels, in which crystallinity was 
detected at 37 °C had much longer degradation times. This study clearly 
shows that the CL sequence length is an important parameter that can be 
exploited to tailor the degradation time of in situ forming gels based on 
PCLA block copolymers. Systems containing acyl-capped PCLA-PEG-PCLA 
copolymers have the potential as injectable systems for the controlled release 
of drugs for therapies of a duration between a few months up to almost a 
year.  
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Appendices 
 
Equation 
 
Equation A.1: Theoretical number of methylene protons in PEG1500 per mole, IPEG 

1364 






EG

PEG
PEG M

MI
 with MPEG = 1500 g/mol and MEG = 44 g/mol. 

 
Equation A.2: Number of methylene protons in PEG at 3.72-3.55 ppm, I3.6 
This value was determined by adding an excess of TCAI to PEG1500. The formation of 

Cl3C-NH-C(O)-(O-CH2-CH2)n-O-C(O)-NH-CCl3 led to the formation of a new peak at 
4.40ppm (I4.4, 4H, Cl3C-NH-C(O)-O-CH2-CH2-O-) [40].  

I3.6 = 122 for I4.4 = 4. This value is in agreement with the expected value of 136 – 4 = 
132 H (as determined in Equation A.1.). 

 
Equation A.3: Number of CL-CL bonds per mol PEG 

2
2.2In CLCL   for normalized I3.6 = 122.  

 
Equation A.4: Number of CL-LA bonds per mol PEG 

62
2.13.2 IIn LACL   for normalized I3.6 = 122. 

 
Equation A.5: Number of CL per polymer chain 

LACLCLCLCL nnn   . 
 
Equation A.6: Number of LA per polymer chain 

1.5InLA   for normalized I3.6 = 122. 
 
Equation A.7: Molar ratio CL/LA 

LA

CL
n

nk 
. 

 
Equation A.8: Number average molecular weight of PCLA 

72114,  LACLPCLAn nnM . 
 
Equation A.9: Weight CL content 

 




 

PCLAn

CL
M

nwtCL
,

114100%)(
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Equation A.10: Weight ratio PCLA/PEG  

PEG

PCLAn

M
M

PEG
PCLA ,

. 
 
Equation A.11: Degree of Modification 

3)( 3 CHI
molDM  for normalized I3.6 = 122 with 3.13

IICH   and 

04.209.213.23
IIIICH   for the propionyl- and acetyl-capped polymers, respectively. 

 
Equation A.12: Number average molecular weight 

 DMxMMM
PCLAnPEGNMRn  ,,  with x = 43 and 57 g/mol for acetyl- and 

propionyl-capped polymers, respectively. 
 
Equation A.13: Probability for the presence of unreacted PEG at the end of the 

synthesis of PEG(PCLA1700CL2.5Acet)2 
Statistically, the probability of each monomer to be or not be attached to PEG is 

50/50, hence the number of free PEG hydroxyl groups at the end of the ring opening 
polymerization is 0.5(11.6+2.3) = 7*10-3 % for a feed molar ratio of CL/PEG and lactide/PEG 
of 11.6 and 2.3, respectively. 
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Figure 

 

 

Figure A.1: 1H NMR spectra of PEG(PCLA1400CL2.5Acet)2 and acetylated PEG1500 as well 
as their 1:1 mixture. The methyl protons of CH3-CO-O-C(H2)2-O- of acetylated PEG have a 
chemical shift at 2.10-2.08 ppm. The methyl protons of the acetyl groups of 
PCLA2x1400CL2.5Acet have chemical shifts at 2.14-2.12 and 2.03-2.05, corresponding to CH3-
CO-O-CH(CH3)-) and CH3-CO-O-(CH2)5-, respectively as well as a chemical shift at 2.10-
2.08 ppm. The spectrum of the mixture acetylated PEG1500/PEG(PCLA1400CL2.5Acet)2 
shows different ratios of the three peaks between 2.14 and 2.03 ppm, which clearly 
demonstrates that the chemical shift at 2.10-2.08 corresponds to CH3-CO-O-C(H2)2-O-. 
Hence, acetylated PCLA-PEG diblock copolymers are present in PEG(PCLA1400CL2.5Acet)2, 
which is likely to originate from the formation of diblocks due to transesterification.  
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Figure A.2: DSC thermograms (second heating) of the acyl-capped triblock copolymers. 
A.2A shows the patterns for the acetyl-capped triblock copolymers. A.2B shows the 
patterns for PEG1500 and the propionyl-capped triblock copolymers.  
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Figure A.3: X-ray diffraction patterns. A.3A shows the patterns for PEG1500 and the 
propionyl-capped triblock copolymers. A.3B shows the patterns for the acetyl-capped 
triblock copolymers. It should be stressed that in Figure A.3, the thermal history of the 
polymers was not removed as in the case of the DSC measurements depicted in Figure A.2.  
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Figure A.4: Photographs of samples made of the polymers at 25 wt% solid content after 
30 min at 4, at ~22 and 37 °C. It is noteworthy that the propionyl-capped polymer 
solutions were colourless whereas the acetyl-capped polymer solutions were yellow. 
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Figure A.5: Temperature sweep of samples at 25 wt% acyl-capped triblock copolymers 
with the closed and open symbols representing G’ and G”, respectively.  

5 15 25 35 45
0.01

0.1

1

10

100

1000

Temperature [oC]

M
o

d
u

lu
s

 [P
a

]

PEG(PCLA1400CL2.5Acet)2

10 20 30 40
0.01

0.1

1

10

100

1000

Temperature [oC]

M
od

u
lu

s
 [P

a
]

PEG(PCLA1400CL2.5Prop)2

10 20 30 40
1

10

100

1000

PEG(PCLA1700CL2.5Acet)2 
(n=2)

Temperature [oC]

M
o

d
u

lu
s

 [P
a

]

10 20 30 40
0.01

0.1

1

10

100

1000

Temperature [oC]

M
o

d
u

lu
s

 [P
a

]

PEG(PCLA1700CL2.5Prop)2

10 20 30 40
0.01

0.1

1

10

100

1000

Temperature [oC]

M
o

d
u

lu
s

 [
P

a
]

PEG(PCLA1400CL5.7Acet)2

10 20 30 40
0.01

0.1

1

10

100

1000

Temperature [oC]

M
o

d
u

lu
s

 [P
a

]

PEG(PCLA1400CL5.7Prop)2

10 20 30 40
0.01

0.1

1

10

100

1000

Temperature [oC]

M
o

d
u

lu
s

 [P
a

]

PEG(PCLA1700CL5.7Acet)2

10 20 30 40
0.01

0.1

1

10

100

1000

PEG(PCLA1700CL5.7Prop)2 

Temperature [oC]

M
o

d
u

lu
s

 [P
a

]



Chapter 3 

102 

C
hapter 3 

D
O

E
 

 

Figure A.6: Degradation of gels (25 wt% in buffer) composed of acyl-capped triblock 
copolymers. Squares and triangles represent wet weight and dry weight, respectively. 
Experiments were performed at 37 °C in phosphate buffer (pH 7.4). Error bars represent 
standard error of the mean (n = 3).  
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Figure A.7: Analysis of residual gels of PEG(PCLA1700CL5.7Prop)2 in time. A.7A shows the 
Mn (squares) and PDI or Mw/Mn ratio (crosses) as determined by GPC. A.7B shows the 
composition of the residual polymers with CL (diamonds), LA (triangles), end group 
(crosses) and PEG (squares) as determined by 1H NMR data after addition of an excess 
TCAI.  
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Abstract 
Sustained intra-articular drug delivery opens up new opportunities for 

targeted treatment of osteoarthritis. In this study, we investigated the in 
vitro and in vivo properties and performance of a newly developed hydrogel 
based on acyl-capped PCLA-PEG-PCLA specifically designed for intra-
articular use. The hydrogel formulation consisted of a blend of polymers 
either capped with acetyl, or with triiodobenzoyl (TIB) moieties. TIB was 
added to visualize the gel using μCT, enabling longitudinal quantification of 
its degradation. Blends containing a TIB-capped polymer degraded in vitro 
(37 °C, pH 7.4) through dissolution over a period of ~20 weeks, and degraded 
slightly faster (~12 weeks) after subcutaneous injection in rats. This in vivo 
acceleration was likely due to active (enzymatic) degradation, shown by 
changes in polymer composition and molecular weight as well as the presence 
of macrophages. After intra-articular administration in rats, the visualized 
gel gradually lost signal intensity over the course of 4 weeks. Good 
cytocompatibility of an acetyl-capped polymer-based hydrogel was proven in 
vitro on erythrocytes and chondrocytes. Moreover, intra-articular 
biocompatibility was demonstrated using μCT-imaging and histology, since 
both techniques showed no changes in cartilage quality and/or quantity. 
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Longitudinal visualization of acyl-capped PCLA-PEG-PLCA systems in vivo
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based end group:
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1. Introduction 
Osteoarthritis (OA) is a common joint disease that affects approximately 

30 % of the elderly population [1]. Current treatment is mainly based on pain 
prevention through orally administered drugs, like often non-steroidal anti-
inflammatory drugs [2], since disease modifying drugs (DMOADs) are not 
(yet) available. The development and application of DMOADs are hindered 
by the fact that it is difficult to obtain sufficient intra-articular (i.a.) 
concentrations, while high systemic exposure of some putative drugs leads to 
unwanted side-effects [2,3]. The best local therapies for OA so far are i.a. 
injections (of hyaluronic acid or corticosteroids), thereby circumventing the 
problem of sub-therapeutic local drug concentrations. However, i.a. injections 
also provide limited effects, due to the rapid i.a. drug turnover leading to a 
fast decline of the local drug concentrations to therapeutically inactive levels. 
For example, i.a. administration of Kenalog® (triamcinolone acetonide 
suspension) allows for local delivery [4], but only for a limited period of one 
week [4,5,6]. Therefore, often multiple i.a. injections are given [7], leading to 
the risk of cartilage and joint damage and/or infections [2,5,7,8]. 

Ideally, a single i.a. injection of a local drug delivery system (DDS) for 
OA would provide sustained drug concentrations in a joint in a controlled 
way for at least one month. Suitable DDSs are easy to inject, show high 
encapsulation efficiency with low burst release, tunable release kinetics, and 
full recovery of the loaded drug. Ideal systems release a drug of interest for 
weeks while maintaining a therapeutically effective concentration at the 
target site. DDSs developed for i.a. use have, up to now, been mainly based 
on liposomes or polymeric nano/microparticles [9,10]. Liposomes for local i.a. 
treatment (and other non-vascular routes) usually show a short drug release 
duration, which is hardly adjustable [11] although biological stability of 
liposomes can be improved by surface PEGylation [12,13]. On the other 
hand, microparticle-based systems show a more controllable and sustained 
release [11,14]. The main drawback of both liposome- and microparticle-based 
systems is their costly and non-straightforward manufacturing mainly 
because up-scaling is challenging [11,15,16]. 

Alternatively, an in situ forming depot containing highly concentrated 
solutions (400 mg/ml) of the hydrophobic drug celecoxib in poly(ethylene 
glycol) 400 (PEG400) has recently been developed [17]. Upon i.a. injection, 
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PEG400 is diluted and celecoxib precipitates/crystallizes, allowing a sustained 
release by slow dissolution (~10 days). This shows the potential i.a. use of in 
situ forming depots, but modulating release rates and durations using this 
system are not possible [18]. Temperature-responsive gelling systems 
(composed of ABA triblock copolymers with a PEG middle block flanked by 
polyester blocks of diverse compositions, dispersed in aqueous medium) do 
meet desirable DDS properties including high encapsulation efficiency, low 
burst and good drug recovery. They can be injected as a solution and 
transform into a gel after injection [19-24]. Moreover, terminal hydroxyl-end 
group modification of the polyester-PEG-polyester triblock copolymers 
enables further modulation of rheological and degradation/dissolution 
properties of aqueous and temperature-responsive gelling systems [25,26]. 
Indeed, we previously showed that the rheological properties of aqueous 
systems containing acyl-capped poly(ε-caprolactone-co-lactide)-b-
poly(ethylene glycol)-b-poly(ε-caprolactone-co-lactide) (PCLA-PEG-PCLA) 
are easy to modulate [27]. 

Getting more insight into the in vivo behaviour of DDSs is a crucial step 
towards clinical applications for treatment in a joint. In that respect, it is 
pivotal to determine whether a DDS forms a depot that is retained at the 
injection site and to investigate its degradation kinetics. Fluorescent particles 
[28,29] and dye-loaded microparticles [28] are examples of visible DDSs used 
previously. For both systems, the initial distribution of the particles after 
administration can be visualized, however due to diffusion and release of the 
dyes from the DDSs, biodegradation kinetics cannot be investigated. To 
circumvent this problem, dyes have been covalently bound to polymeric 
particles [30]. This method facilitates visualization, but only through ex vivo 
sectioning, hence lacking longitudinal follow-up possibilities of particle 
quantification and spatiotemporal distribution. Non-invasive in vivo imaging 
of DDSs can be achieved by, for instance, computed tomography (CT) using 
iodine-containing moieties that confer a degree of X-ray opacity [31,32]. 
Indeed, others have shown that different systems, for instance 
polymethacrylate-based microparticles [33] and hydrogels [34], containing 
covalently bound 2-(2′,3′,5′-triiodobenzoyl) moieties (TIB) are suitable for in 
vivo visualization. 

In the current study, we investigated the potential of biodegradable, 
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temperature-responsive gelling systems made of an aqueous acyl-capped 
PCLA-PEG-PCLA triblock copolymer dispersion for in vivo use, and in 
particular i.a. application. Primarily, we assessed the real time degradation 
kinetics of the gel both in vitro and in vivo (subcutaneous (s.c.) and i.a.) in a 
non-invasive manner. For this, we modified the hydroxyl end groups of 
PCLA-PEG-PCLA with 2-(2′,3′,5′-triiodobenzoyl) moieties (TIB) to obtain 
radiopaque gels suitable for long-term in vivo visualization using μCT. 
Secondly, the cytocompatibility and i.a. biocompatibility of the gels were 
tested. 

 
2. Experiments and protocols 
2.1. Materials 
L-lactide was obtained from Purac Biochem, The Netherlands. Hexabrix 

320®, a clinical iodine-based contrast agent, was obtained from Guerget, The 
Netherlands. All other chemicals were obtained from Aldrich and used as 
received. 

 
2.2. Synthesis of TIB chloride 
2-(2′,3′,5′-triiodobenzoyl) (TIB) chloride was synthesized as described 

previously [35]. Briefly, 2,3,5-triiodobenzoic acid (10.5 g, 21 mmol) was 
dissolved in dichloromethane (100 ml), followed by the addition of a catalytic 
amount of dimethylformamide (10 mg, 0.14 mmol) [35]. An excess of oxalyl 
chloride (10 ml; 79 mmol, -COCl/-COOH = 8 mol/mol) was added drop 
wise and the mixture was stirred for two days at room temperature. Volatiles 
were evaporated under reduced pressure and the remainder was stripped with 
toluene three times to yield 9.3 g (85 %) of TIB chloride. Characterization of 
TIB chloride dissolved in CDCl3 was done with 1H NMR using a Varian 
Oxford, operating at 300 MHz. 1H NMR spectra were referenced to the signal 
of chloroform at 7.26 ppm. 

 
2.3. Synthesis of acetyl-capped and TIB-capped polymers 
The acetyl-capped and TIB-capped PCLA-PEG-PCLA triblock 

copolymers (namely PCLA2×1700CL2.5Acet, PCLA2×1700CL2.5TIB and 
PCLA2×750CL5.7TIB) used in this study were essentially synthesized and 
characterized as described previously [27]. In short, L-lactide and               
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ε-caprolactone dissolved in toluene were polymerized with PEG1500-diol as a 
macroinitiator in the presence of tin(II) 2-ethylhexanoate as a catalyst. The 
exact amounts used in the synthesis are summarized in Table 1. For 
PCLA2×1700CL2.5 and PCLA2×750CL5.7, a caproyl/lactoyl (CL/LA) molar ratio 
of 2.5/1 and 5.7/1 mol/mol, respectively were used. Subsequently, acylation 
of the hydroxyl end-groups using an excess of acetyl chloride or TIB chloride 
(ratio chloride/OH groups = 4 mol/mol) resulted in the formation of acetyl-
capped and TIB-capped PCLA-PEG-PCLA respectively, with a yield of    
85 %. 

TIB-end group: 8.40-7.60 ppm (I8.0, m, 2H, Ar H) [36-38]. 
Acetyl-end group: 2.14-2.12 ppm (I2.13, CH3-CO-O-CH(CH3)-); 2.03-2.05 

ppm (I2.04, CH3-CO-O-(CH2)5-) [26,39-42] and 2.10-2.08 ppm (I2.09, CH3-CO-
O-C(H2)2-O-) as shown in Figure A.1. 

The composition of acyl-capped PCLA-PEG-PCLA was established from 
integral of signals belonging to methine protons of LA subdivided in four 
quadruplets (I5.1 at 5.25-4.95 ppm), methylene protons of PEG (I3.6 at 3.72-
3.55 ppm), methylene protons of CL subdivided in two triplets (I2.4 + I2.3 at 
2.50-2.20 ppm). The degree of modification was calculated from the ratio 
between protons of the end groups and methylene protons of PEG (I3.6 at 
3.72-3.55 ppm).  
 

2.4. Gel permeation chromatography (GPC) analysis 
Molecular weight (Mn) of the synthesized polymers was determined by 

GPC as described previously [25]. The characteristics of PCLA2×1700CL2.5Acet, 
PCLA2×1700CL2.5TIB and PCLA2×750CL5.7TIB are given in Table 1. 
 

2.5. Preparation of blends 
PCLA2×1700CL2.5Acet and PCLA2×1700CL2.5TIB or PCLA2×750CL5.7TIB were 

separately dissolved in 15 ml ethyl acetate at a concentration of 500 mg/ml. 
The solutions were mixed to achieve specific ratios and the obtained mixtures 
were transferred to 11-cm Petri dishes. The solvent was removed under 
nitrogen flow for 48 hours (gas chromatography analysis indicated a residual 
ethyl acetate content <0.5%). 
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Table 1: Characteristics of acetyl-capped and TIB-capped PCLA-PEG-PCLA triblock 

copolymers. 

Polymer 
Acetyl-capped 

PCLA1700-PEG1500-
PCLA1700 

TIB-capped 
PCLA1700-PEG1500-

PCLA1700 

TIB-capped 
PCLA750-PEG1500-

PCLA750 

Abbreviation PCLA2×1700CL2.5Acet PCLA2×1700CL2.5TIB PCLA2×750CL5.7TIB 

PEG feed [g] 50 50 50 

ε-caprolactone 
feed [g] 

88 88 45 

Lactide feed [g] 10 10 5 

Acetyl chloride 
feed [g] 

10 0 0 

TIB chloride 
feed [g] 

0 9.3 9.3 

Aimed Mn,PCLA 
[g/mol] 

4900 4900 3200 

PCLA/PEGa) 2.1/1 2.1/1 1.1/1 

CL/LA 
[mol/mol]b) 

4.9/1 5.7/1 4.4/1 

DM [%]c) 93 90 90 

Mn [g/mol] d) 4700 3100 3400 

PDIe) 1.4 1.2 1.3 

a) weight ratio of PCLA to PEG determined by 1H NMR 
b) weight ratio of ε-caprolactone to L-lactide determined by 1H NMR 
c) degree of modification represents the number of end groups per triblock copolymer 
determined by 1H NMR 
d) determined by GPC 
e) determined by GPC 
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2.6. Preparation of the aqueous dispersions 
21 ml phosphate buffer (44 mM Na2HPO4, 9 mM NaH2PO4, 72 mM NaCl, 

pH 7.4) was added to 7 g PCLA2×1700CL2.5Acet, PCLA2×1700CL2.5Acet/ 
PCLA2×1700CL2.5TIB or PCLA2×1700CL2.5Acet/ PCLA2×750CL5.7TIB blend in 50-
ml centrifuge tubes to yield systems with 25 wt% solid content. Samples were 
heated for 15 min at 50 °C and vortexed thoroughly. Next, the samples were 
stored at 4 °C for 48 h to allow formation of homogeneous systems. 

 
2.7. Rheological characterization 
Oscillatory stress was applied to the PCLA2×1700CL2.5Acet/ 

PCLA2×750CL5.7TIB system (25 wt% in buffer) from 10 to 400 Pa with 10 
points per decade using a TA AR-G2 rheometer equipped with a Peltier plate 
(1 ° steel cone, 20 mm diameter with solvent trap). The run duration was     
2 min and the time between runs was <30 s. Rheological analysis of 70 μl 
samples of PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB systems (25 wt% in 
phosphate buffer) was done by dynamic mechanical analyzer (DMA, TA 
Instruments). A static force sweep of 5 N/min, starting at 0.1 N, was applied 
on a sample-loaded syringe (2 ml). 

 
2.8. In vitro degradation behaviour 
PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB (25/75 w/w) systems of 25 wt% 

solid content were used to study degradation properties of gels under 
physiological conditions (37 °C, pH 7.4). Samples (300 μl) cooled to 4 °C 
were transferred via a syringe into glass vials (8.2 × 40 mm). The closed vials 
were placed at 37 °C to induce a sol-to-gel transition. After 30 min, 700 μl 
phosphate buffer was added. At different time points, the buffer was 
removed, the weight of residual gels was measured, and fresh buffer was 
added. In addition, samples were freeze-dried for further analysis (dry weight 
and analysis by GPC and 1H NMR). 

 
2.9. In vitro cytocompatibility of PCLA2×1700CL2.5Acet 
Cytocompatibility tests of the PCLA2×1700CL2.5Acet gel (25 wt% in 

phosphate buffer) were performed on primary equine chondrocytes. Full 
thickness cartilage was harvested from metacarpophalangeal joints from four 
horses and digested in 0.15 % collagenase type II in DMEM (10 % FBS,    



In situ forming acyl-capped PCLA-PEG-PCLA triblock copolymer based hydrogels 

115 

C
ha

pt
er

 4
 

R
ad

io
pa

qu
e 

ge
l 

100 U/ml penicillin, 100 U/ml streptomycin, 25 mM Hepes) overnight. Then, 
the digest was filtered through a 100-μm cell strainer, and centrifuged       
(10 min, 1500 rpm, 4 °C). The supernatant was aspirated and the pellet 
resuspended in PBS and centrifuged (10 min, 1500 rpm, 4 °C); this step was 
repeated twice. Subsequently, PBS was aspirated and cells were resuspended 
in DMEM/F12 supplemented with 5 % FBS, 100 U/ml penicillin, 100 U/ml 
streptomycin, 0.5 % Fungizone, 0.085 mM vitamine C, 1 % glutamax and 
cultured (37 °C, 5 % CO2). Cytocompatibility of the gel was assessed by 
AlamarBlue (Invitrogen) assay. Cells were seeded in 96-well plates at        
104 cells per well in 100 μl DMEM/F12 containing aforementioned 
supplements and incubated (37 °C, 5 % CO2) for 24 hours. Then 100 μl of 
PCLA2×1700CL2.5Acet, Pluronic® F-127 (a non-ionic copolymer frequently used 
for cell culture; positive control) or SDS (sodium dodecyl sulphate, negative 
control) were dissolved in DMEM/F12 (1 % ITS, 100 U/ml penicillin,       
100 U/ml streptomycin, 0.5 % Fungizone, 0.085 mM vitamine C, 1 % 
glutamax and 5 mg/ml BSA) at concentrations ranging from 0.001 to        
2.0 mg/ml. After 24 hours incubation, DMEM/F12 was replaced by 100 μl 
fresh medium containing AlamarBlue (1:10) followed by 24 hours incubation 
at 37 °C and the absorbance was measured at 570 nm. Cytocompatibility is 
expressed as relative viability; cells cultured in blank DMEM/F12 medium 
served as a control, which was set at 100 %. 

Hemolytic activity of PCLA2×1700CL2.5Acet and its dissolving buffer       
(44 mM Na2HPO4, 9 mM NaH2PO4, 72 mM NaCl) was measured. PBS 
solution containing 1 % Triton X-100 was used as a positive, and PBS as a 
negative control. Equine erythrocytes were isolated from fresh citrate treated 
blood, washed with PBS by four centrifugation cycles (10 min, 1000 rpm,     
4 °C). The erythrocyte pellet was diluted 10-fold in 150 mM NaCl. Next,    
50 μl of 25 wt% polymer or buffer were added to a 450-μl erythrocyte 
suspension, and incubated at 4 or 37 °C for 1 hour under constant shaking. 
Eppendorfs were centrifuged (5 min, 2000 rpm) and 60 μl supernatant was 
transferred into a flat bottom 96-well plate. Hemoglobin content was 
obtained by measuring absorbance at 540 nm. 

 
2.10. In vivo experiments 
Sixteen 16-week-old (400–450 g) male Wistar rats (Charles River 
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Nederlands, Maastricht, The Netherlands) were housed in the animal facility 
of the Erasmus Medical Center, with a 12-h light–dark regimen, at   21 °C. 
Animals were fed with standard food pellets and water ad libitum. The 
animal ethic committee of the Erasmus Medical Center, Rotterdam, The 
Netherlands, approved all conducted procedures. 

Group 1: in vivo retention and degradation of PCLA2×1700CL2.5Acet/ 
PCLA2×750CL5.7TIB (25/75) blends (25 wt% in buffer) was assessed in a first 
group of six rats. Four rats received a s.c. injection of 100 μl 
PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB (25 wt% solid content) each; the 
other two rats received an injection of 50 μl in the knee joint. The gels were 
scanned regularly to visualize degradation longitudinally. All rats received 
two additional s.c. injections of 100 μl PCLA2×1700CL2.5Acet/ 
PCLA2×750CL5.7TIB, which were explanted at predetermined time points, 
dried and analyzed by GPC and 1H NMR. 

Group 2: In a second group of rats (n = 10), in vivo biocompatibility was 
assessed. Each rat received an injection at t = 0 of 50 μl aqueous dispersion 
of PCLA2×1700CL2.5Acet (25 wt% solid content) in the left knee and 50 μl of 
saline in the right knee (control). Of both knees, μCT scans were acquired 
before gel injection and at 6 and 12 weeks, to visualize potential cartilage 
degeneration (using a contrast agent). Simultaneously, each rat received a 
500 μl 25 wt% PCLA2×1700CL2.5Acet s.c. injection (tibia region) in order to 
follow in vivo gelling properties and degradation kinetics. The total s.c. gel 
volume was measured at set time points using a skin fold meter. 

 
2.11. μCT-imaging 
In vitro: Vials containing PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB or 

PCLA2×1700CL2.5Acet/PCLA2×1700CL2.5TIB were scanned in vitro. Scans were 
performed using the following scanner settings: isotropic voxelsize of 35 μm; 
55 kV; 170 mA; 35 mm field of view; 0.5 mm Al filter; 0.8 rotation step over 
198 °; frame averaging of 3. 

Group 1: Scans were performed t = 0, 1 day, 4 days, 1 week and 
thereafter on a weekly basis until the PCLA2×1700CL2.5Acet/ 
PCLA2×750CL5.7TIB blend was no longer visible. The following scan settings 
were used; isotropic voxelsize of 35 μm; 55 kV; 170 mA; field of view 35 mm; 
a 0.5 mm Al filter; 0.8 rotation step over 198 ° with a frame averaging of 3. 
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Group 2: cartilage quality (sulfated glycosaminoglycan (sGAG) content) 
and quantity (thickness) was measured with in vivo μCT arthrography. 
Therefore, knees were injected with a radiographic contrast (Hexabrix mixed 
with 10 μg/ml Epinephrine) as described previously [43,44]. Influx of 
Hexabrix into the cartilage correlates inversely with sGAG content [45,46] to 
detect early changes in cartilage quality using in vivo μCT arthrography 
[43,44]. After injecting Hexabrix, rats were placed in a custom-made scanner 
bed fixing the hind limb in extended position. Scans were performed using 
the following scanner settings: isotropic voxelsize of 35 μm; 55 kV; 170 mA; 
35 mm field of view; 0.5 mm Al filter; 0.8 rotation step over 198 °; frame 
averaging of 2. 
 

2.12. μCT data analysis 
Raw μCT images were converted into 3D reconstructions using the 

reconstruction software nRecon version 1.5 (SkyScan). With 3D Calc 
software, segmentation into binary images [47] took place creating a mask 
overlaying bone and Hexabrix in the original gray value images of Group 2 
(ImageJ; NIH, http://imagej.nih.gov/ij/index.html) [43]. Subsequently, 
regions of interest (ROI's) were drawn around the patellar cartilage          
(40 slices) for which attenuation and thickness were calculated. In the 
datasets of Group 1 (gel degradation) as well as the in vitro degradation 
images, ROI's were drawn directly around the visible gels in the 
reconstructed images. Subsequently, segmentation took place between gel and 
surrounding tissue and attenuation and volume of the gels were calculated. 

 
2.13. Histology 
Following the last scan, the rats of Group 2 (n = 10) were sacrificed and 

the knee joints were fixed with formalin, decalcified and embedded in 
paraffin. Next, 6-μm sections were prepared sagitally at 300-μm intervals and 
stained with Safranin-O. Patellar, tibial (lateral/medial) and trochlear 
cartilage were scored using a modified Mankin scoring system (0, normal 
cartilage; 1, slight reduction; 2, moderate reduction; 3, severe reduction; 4, no 
dye noted) [48] for GAG-staining and a modified Pritzker score for structure 
composition (0, surface intact; 1, surface discontinuity; 2, vertical fissures; 3, 
erosion; 4, denudation; 5, deformation) [49]. Both scores were multiplied by 
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number representing the affected area (1: <10 %; 2: 10–25 %; 3: 25-40 %;    
4: >40 %). Final score is expressed as a percentage of the maximal score 
(GAG-depletion: 16; structural score: 20). Then, the average of all regions 
per knee was calculated, resulting in total knee joint scores ranging from 0 % 
(not affected) to 100 % (severe OA in >40 % of the joint). 

At the same time, also the site of the PCLA2×1700CL2.5Acet depot including 
the surrounding tissue was resected en-bloc, fixed in 4 % paraformaldehyde 
(48 h at 4 °C), embedded in paraffin and sectioned at 6 μm. These sections 
were dewaxed and pre-treated with heat mediated antigen retrieval (Dako 
S1699, Glostrup, Denmark) at 90 °C for 20 min. Subsequently, sections were 
incubated with CD68 (1:100, Acris, Herford, Germany) for 60 min and 
visualized with PO link and label kit (Biogenex, Fremont, CA, USA), 
followed by a DAB (3,3′-diaminobenzidine) substrate. Sections were dried 
overnight and mounted with Vectamount (Vector Laboratories, Burlingame, 
CA, USA). 

 
2.14. Statistical analysis 
Differences in μCT-data and histological scoring between the gel-injected 

and saline-injected knees were analyzed using type-1, two-tailed, paired t-
tests. In vitro biocompatibility data were analyzed using one-way ANOVA 
with Bonferroni correction for multiple testing. All data are presented as 
mean ± SD, p-values <0.05 were considered significant. 

 
3. Results and discussion 
3.1. Synthesis and characterization of the copolymers 
1H NMR analysis showed the presence of characteristic peaks of 

PCLA2×750CL5.7TIB for methine protons of LA, methylene protons of PEG 
and methylene protons of CL at 5.25-4.95, 3.65-3.55 and 2.50-2.10 
respectively (Figure A.1 in the appendices) [25,27]. A CL content of 87 wt% 
CL (CL/LA = 2.1 mol/mol) was found by 1H NMR, which is slightly lower 
than the feed (90 wt%), a finding in accordance with previous data [27]. The 
extent of acylation (calculated by comparison of the integral of the aromatic 
peaks of TIB groups to the methylene peak of PEG) was 1.8, indicating     
90 % TIB capping. The Mn of PCLA2×750CL5.7TIB and PCLA2×1700CL2.5TIB 
(determined by 1H NMR) was respectively 3400 g/mol and 3100 g/mol and 
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the Mn determined by GPC relative to PEG standards showed equal values 
(see Table 1). 

 
3.2. Selecting a blend suitable for longitudinal in vivo gel visualization 
PCLA2×1700CL2.5TIB was synthesized, but appeared to be too hydrophobic 

and consequently did not form a homogeneous suspension in buffer. In order 
to obtain homogeneity, it was mixed with PCLA2×1700CL2.5Acet at different 
PCLA2×1700CL2.5Acet/PCLA2×1700CL2.5TIB ratios (25/75 w/w, 50/50 w/w and 
75/25 w/w; all 25 wt% solid content). μCT scanning (Table 2) revealed that 
of these three different blends, only the 75/25 PCLA2×1700CL2.5Acet/ 
PCLA2×1700CL2.5TIB blend formed a homogeneous suspension. The acetyl-
/TIB-capped polymer ratio slightly influenced attenuation (higher TIB-ratios 
led to a higher attenuation). Based on the minor differences in attenuation 
combined with the formation of a heterogeneous blend, the 75/25 
PCLA2×1700CL2.5Acet/PCLA2×1700CL2.5TIB blend was injected i.a. However, 
the μCT scan revealed that radiopacity of this blend was too low for 
longitudinal in vivo visualization. In order to be able to inject a homogeneous 
blend and follow it by μCT over time, a blend with a higher wt% of TIB was 
used, which was obtained by TIB capping of a triblock copolymer with the 
same PEG molecular weight but with a shorter PCLA chains 
(PCLA2×750CL5.7TIB). This polymer was blended with PCLA2×1700CL2.5Acet 
and all PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB blends (25/75, 50/50, 75/25) 
were homogenous. Importantly, the attenuation greatly increased as 
compared to the blends containing PCLA2×1700CL2.5TIB. Based on the good 
attenuation and homogeneity, the blend containing the highest TIB content 
(75 %) was injected i.a. and was indeed well visible. This blend is therefore 
suitable for longitudinal μCT visualization and all following experiments were 
consequently performed using this blend. 

 
3.3. Rheological properties of 25 wt% blend (25/75) 
The PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB (25/75) blend of 25 wt% in 

buffer was a gel at temperatures below 10–15 °C and rapidly phase-separated 
at higher temperatures (as seen on the μCT images). This behavior is 
different from the behavior of PCLA2×1700CL2.5Acet only of 25 wt% in buffer 
and is likely due to the hydrophobicity of the TIB moieties as also observed 
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for hexanoyl-capped PCLA-PEG-PCLA [27]. However, the cold 
PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB gel could be manually injected 
through a 27 G needle (normally used for i.a. injection into a rat knee) and 
DMA analysis confirmed that a force of 5.8 N was required to expel the gel 
from the syringe, which is slightly higher than the force required to expel air 
or PCLA2×1700CL2.5Acet dispersion (~4 °C) from the syringe (1.5 and 1.8 N, 
respectively). 

 
Table 2: μCT analysis of in vitro scanned blends with different polymer compositions 

(PCLA2×1700CL2.5TIB vs PCLA2×750CL5.7TIB) and acetyl-/TIB-capped ratios. 

Polymer blend  

(Acetyl-/TIB-capped ratio) 

Attenuation 
(a.u.) 

Homogeneitya) 
Intra-articular 

visibilityb) 

PCLA2×1700CL2.5Acet/ 
PCLA2×1700CL2.5TIB (75/25) 

25.0 + too low 

PCLA2×1700CL2.5Acet/ 
PCLA2×1700CL2.5TIB (50/50) 

30.4 +/− n.t. 

PCLA2×1700CL2.5Acet/ 
PCLA2×1700CL2.5TIB (25/75) 

35.8 – n.t. 

PCLA2×1700CL2.5Acet/ 
PCLA2×750CL5.7TIB (75/25) 

39.3 + n.t. 

PCLA2×1700CL2.5Acet/ 
PCLA2×750CL5.7TIB (50/50) 

58.3 + n.t. 

PCLA2×1700CL2.5Acet/ 

PCLA2×750CL5.7TIB (25/75) 
60.5 + Good 

a.u.: arbitrary unit. 
a) −: Heterogeneous; +/−: slight heterogeneous areas; + homogenous. 
b)  not tested. 

 
To get more insight into the rheological properties of 25/75 

PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB (25 wt% in buffer), oscillatory stress 
experiments were performed (Figure 1). At 4 °C, the gel had a storage 
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modulus (G′) of 350 Pa and a tan δ (G″/G′) of 0.6 at an oscillatory stress 
below 200 Pa. However, at an oscillatory stress of around 250 Pa, the gel 
started to loosen and its G′ decreased to <30 Pa with an increase in tan δ to 
5. After releasing and subsequently applying the same oscillatory stress, the 
exact same G′ and tan δ patterns were found during subsequent stress 
applications. These findings indicate thixotropic behaviour of the gel and 
explain its injectability through a thin 27 G needle. Thixotropic behaviour of 
aqueous polyester/PEG temperature-responsive systems has not been 
reported yet, but is very similar to what was reported for thixotropic systems 
based on charged hydrogel microspheres [50]. In the sol state, the 
polyester/PEG copolymers form micelles with a hydrophobic polyester core 
and a hydrated PEG shell [22,26,39]. The flow in thixotropic systems is likely 
due to weakening/loosing interactions that exist between the particles. 

 

 
Figure 1: Stress sweeps of 25 wt% sample containing PCLA2×1700CL2.2Acet/ 
PCLA2×750CL5.7TIB (25/75) at 4 °C. Three consecutive measurements (<30 s between 
measurements) were performed at 1 Hz. 

 
3.4. In vitro degradation behaviour of the 25 wt% blend (25/75) 
Upon incubation of PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB blend of 25 

wt% in PBS buffer (pH 7.4, 37 °C), a 20 wt% decrease in wet weight was 
observed during the first 2 hours, which was not accompanied by loss in dry 
weight. Most likely, phase-separation of the gel into a polymer-rich and 
polymer poor phase occurred without degradation and/or dissolution of the 
triblock copolymers. During the next 30-40 days of incubation, a linear 
decrease in wet weight from 80 to 50 wt% was observed, accompanied by a 
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10 % decrease in dry weight. Thereafter, wet and dry weight stabilized at   
50 % and 90 %, respectively, until day 80. Then, both wet and dry weight 
dropped substantially at a constant rate until complete degradation at     
130-140 days (Figure 2). These findings are very similar to the in vitro 
degradation previously reported for acyl-capped PCLA-PEG-PCLA blends 
[27].  

The drop in volume could be depicted accurately using μCT. Also, the 
changes in dry weight correlated well with the attenuation values acquired 
using μCT; samples containing 90-100 % of the initial dry weight showed an 
attenuation of 60.7±3.5 whereas for samples containing <50 % of the initial 
dry weight, this value dropped to 36.6±2.2. These findings prove that μCT is 
indeed a useful surrogate for longitudinal follow-up of gel degradation 
kinetics. 

 

 
Figure 2: In vitro degradation of gels composed of PCLA2×1700CL2.2Acet/ 
PCLA2×750CL5.7TIB blends (25 wt% in buffer) presented as loss [%] of wet (n = 6) and dry 
weight (n = 2) over time. Experiments were performed in phosphate buffer at 37 °C. Under 
the graph, representative μCT images are depicted for the corresponding time points on the 
x-axis, showing a decline in volume and attenuation (see color scheme) during degradation.  

 
The Mn of the residual polymer mixture of PCLA2×1700CL2.5Acet/ 

PCLA2×750CL5.7TIB gels (GPC analysis) as well as the copolymer composition 
(1H NMR analysis) remained constant during the entire duration of in vitro 
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degradation (data not shown). This demonstrates that degradation of the gel 
took place through polymer dissolution and not by chemical polymer 
degradation, which is in line with our previous data on other acyl-capped 
PCLA-PEG-PCLA systems [27]. 

 
3.5. Subcutaneous degradation of the 25 wt% blend (25/75 Acet/TIB) 
Upon s.c. injection of 25 wt% PCLA2×1700CL2.5Acet, a depot was formed 

immediately that could be palpated easily. Total gel volume remained stable 
for 2 weeks, after which the volume started to decrease and complete 
degradation was observed in a range of 4-12 weeks. Although these data give 
a good indication of in vivo gelation and degradation kinetics, this method 
lacks accuracy on quantification and no distinction could be made between 
gel volume and possible fibrous tissue present at the injection site. Also, no 
longitudinal details about the type of degradation (e.g., surface or bulk 
erosion, loss in wet or dry weight) could be obtained using this method. In 
order to facilitate reliable and accurate longitudinal in vivo degradation data, 
the PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB blend was used for the rest of 
the degradation experiments. PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB 
showed a 25 % drop in volume within the first day after s.c. injection, while 
attenuation (proportional to the total amount of TIB-polymer present in the 
gel) remained stable during this phase (Figure 3). This is in line with our in 
vitro observations of early phase separation in a polymer-rich and a polymer-
poor phase (Figure 2). Subsequently, a decline in attenuation was observed 
between day 1 and day 21, while the volume of the gel hardly changed during 
this period (which is quite similar to the findings on s.c. degradation of 
PCLA2×1700CL2.5Acet were no volume changes were found during the first 2 
weeks). This indicates that the polymers dissolved while wet volume was 
maintained. Subsequently, attenuation stabilized at a value of 20 while the 
gel volume decreased slowly, indicating a gradual gel degradation with equal 
degradation rates for wet and dry weight. The s.c. gel degradation followed a 
pattern with regions of high attenuation in the center surrounded by lower 
attenuation in the peripheral regions. This indicates that degradation occurs 
mainly at the surface while the polymer within the center of the depot 
remained unchanged, a phenomenon that has been shown before for other 
biomaterials implanted in animals [51,52,53]. 
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Figure 3: Volume [%] and attenuation [arbitrary unit] changes over time following s.c. 
injection of 25% PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB blend (n = 4). For each time 
point, representative CT-images of the s.c. depots are depicted under the graph, with the 
color representing the attenuation of the gel.  

 
Figure 4: GPC chromatograms of the PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB depots in 
time in vitro and in vivo. No changes were observed during the in vitro degradation, while 
in vivo a broadening of the polymer peak occurred which indicates shorter chain lengths 
thus (active) polymer degradation. 
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Figure 5: In vivo degradation of 25 wt% PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB gels 
(25/75) after s.c. injection in time. The graph shows the weight fraction of CL, LA, 
TIB and acetyl, PEG, determined by 1H NMR. 

 

 

Figure 6: Representative images of immunohistochemistry CD68 staining of the excised 
subcutaneous depot at t = 12 weeks. 6A shows  macrophage infiltration (deep brown 
staining), surrounded by fibrous tissue at the site of the depot, indicating active 
degradation of the gel in vivo (magnification 10×). 6B shows the same image in a higher 
magnification (20×); the dark arrows indicate macrophages.  

 
GPC analysis showed that during in vivo gel degradation the peak of the 

polymer broadened towards longer retention times, hence shorter Mn’s, 
accompanied with an increase in PDI (Figure 4). This indicates the formation 
of polymer entities with shorter chain lengths, which is not in line with the 
findings for in vitro degradation. In addition, the composition of residual 
polymer determined by 1H NMR significantly changed in time (Figure 5). 
The CL content increased from 37 wt% at day 0 to 56 wt% at day 75, and 
the LA weight fraction increased during the same time frame from 7 to 16 
wt%. On the other hand, the PEG weight fraction decreased from 37 wt% 



Chapter 4 

126 

C
hapter 4 

R
adiopaque gel 

(day 0) to 12 wt% (day 75). These changes in composition are likely due to 
chain scission preferentially at the PEG-PCLA bonds and dissolution of 
PEG-rich chains [54], as also observed previously for structurally related gels 
[27]. This indicates that, opposed to in vitro, the in vivo degradation did not 
only take place by dissolution, but also by another (active) degradation 
mechanism [54-57]. Others have previously shown that macrophages secrete 
enzymes including lipase, known for catalyzing PCL and PLLA degradation 
[51,52]. Immunohistochemistry on the excised s.c. PCLA2×1700CL2.5Acet depots 
indeed showed positive CD68 staining, indicating macrophage infiltration 
(Figure 6). It is therefore very likely that enzyme-catalyzed degradation also 
played a significant role in the in vivo (active) degradation of our 
PCLA/PEG-based gels. TIB-content remained more or less stable over the 
course of degradation, proving that the attenuation changes observed by μCT 
were in fact due to gel degradation and not chain cleavage of the TIB-capped 
polymer. 
 

3.6. I.a. injection of the 25 wt% blend (25/75 Acet/TIB) 
Directly after i.a. injection of PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB, 

the gel volume distributed to the supra-patellar pouch (Figure 7). After 8 
days, 50 % of the initial injected volume was still present within this pouch 
and 25 % remained at day 14. At 3 weeks, traces of the depot were still 
visible but the signal was too weak for proper quantification and 4 weeks 
post-injection no gel could be detected. It is very important for a DDS that is 
specifically designed for i.a. application to stay within the injected joint for a 
period of time long enough to release the incorporated drug in a timescale 
where it can be effective for joint repair and/or pain relief. Although the 
PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB blend could indeed be traced for a 
period of 3 weeks within the knee joint, complete degradation was much 
faster compared to s.c. application (~12 weeks). Multiple factors might 
contribute to this large difference. Most importantly, the geometry and size 
of the gel in the knee cavity are quite different from the confined s.c. 
environment. The injected i.a. volume is smaller and also, due to dispersion 
and mechanical loading in the joint the geometry is quite different with 
higher surface/volume ratio compared to s.c. application, leading to faster 
degradation. In addition the mechanical stress in the weight bearing joint 
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may even create smaller sequestered gel particles that subsequently become 
phagocytosed by macrophages. In case these particles become smaller than 5 
μm and stay detached from the larger gel-depot-mass, they could leave the 
joint with the normal physiological (daily) efflux of synovial fluid directly 
through gaps within the fenestrated synovial tissue [58]. While the results 
that were found for the i.a. injected PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB 
blend are very promising and rendered good longitudinal visualization, 
quantification was more difficult. Firstly, i.a. dispersion of the gel makes 
volume and attenuation values less reliable compared to the s.c. depot. 
Secondly, differentiation between the PCLA2×1700CL2.5Acet/ 
PCLA2×750CL5.7TIB blend and structures within the joint is hindered due to 
mvx 

 
Figure 7: Reconstructed 3D μCT images of i.a. injected PCLA2×1700CL2.5Acet/ 
PCLA2×750CL5.7TIB. The gel (red) was contained i.a. while slowly degrading over time. At 
the 4-week scan, the gel was no longer visible.  
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Figure 8: In vitro PCLA2×1700CL2.5Acet biocompatibility. 8A shows the viability of primary 
equine chondrocytes after addition of PCLA2×1700CL2.5Acet compared to positive control (F-
127) and negative control (SDS) detected by AlamarBlue assay. Primary equine 
chondrocytes cultured with culture medium only served as a control and were set as 100% 
viability (n = 4). Values are depicted as mean±SD, * p <0.05 vs. PCLA2×1700CL2.5Acet,     
# p <0.05 vs. F-127. 8B shows the hemolytic activity of PCLA2×1700CL2.5Acet (gel) and its 
buffer. PBS was set as a negative control while 1% Triton X-100 was set as a positive 
control (n = 3). * p <0.05 vs. 1 % Triton X-100. 

 
similar attenuations most likely leading to an underestimation of the amount 
of gel at later time points. Despite this, the i.a. degradation data clearly show 
that our gel has the capacity to remain within the joint for a period of time 
that, to our knowledge, has not been shown before for any other gelling 
systems [11]. 
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3.7. In vitro cytocompatibility of PCLA2×1700CL2.5Acet 
In terms of cytocompatibility and in vivo biocompatibility, we are 

interested in the purest form of the gel (PCLA2×1700CL2.5Acet) since this is 
the formulation that would eventually be used for i.a. treatment and is 
representative for the acyl-capped PCLA-PEG-PCLA family. Also, the TIB-
group might have an (negative) effect on cytocompatibility and/or i.a. 
hjkhjkjkh 

 

Figure 9: Tolerability of the gels after intra-articular administration. 9A shows a graph 
representing left (gel)-to-right (saline) ratio of patellar cartilage attenuation and thickness 
at 3 time points (n = 10). 9B shows representative histological images of the tibia plateau 
(* indicating the cartilage). 9C shows μCT images (patella) of 25 wt% PCLA2×1700CL2.5Acet-
injected (left images) and saline-injected (right images) knees 12 weeks after injection 
(arrow indicating the cartilage); no changes in cartilage thickness and attenuation occurred 
(see color scheme; a low attenuation represents high sGAGs thus good cartilage quality).  
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biocompatibility. Therefore, primary equine chondrocytes were incubated 
with PCLA2×1700CL2.5Acet (up to 2 mg/ml). The viability of the cells was not 
affected when compared to medium only or F-127 (negative control). Also, no 
differences in hemolytic activity were observed for erythrocytes incubated 
with PCLA2×1700CL2.5Acet (in buffer) or its buffer alone at body temperature 
(37 °C). The results on viability and hemolytic activity prove good 
cytocompatibility of the gel (Figure 8). Previously, similar results were found 
for uncapped polymers [59] and our findings demonstrate that 
cytocompatibility of the polymers was not jeopardized by capping acetyl 
groups. 
 

3.8. I.a. biocompatibility of PCLA2×1700CL2.5Acet 
Left knees were injected with 25 wt% PCLA2×1700CL2.5Acet; right knees 
received a saline injection and served as a control (n = 10, minus n = 1 due 
to incomplete Hexabrix influx). No toxic responses such as joint 
redness/swelling or changed locomotion occurred during the entire 12-weeks 
follow-up period in neither gel injected nor control knees. At 0, 6 and 12 
weeks post-injection the patellar cartilage did not show any significant 
thickness nor attenuation differences with the contralateral control side 
(Figure 9A). Histology of the joint samples after 12 weeks (n = 10) confirmed 
these findings (Figure 9B); GAG-depletion score for the gel injected knees 
was 13±7 % vs. 10±3 % for the control knees and no structural changes were 
seen (0 %). These findings show that the PCLA2×1700CL2.5Acet gel is safe for 
i.a. use. 

 
4. Conclusion 
Acyl-capped PCLA-PEG-PCLA polymers form a hydrogel depot that 

degrades gradually both s.c. and i.a. In vivo degradation of the gel depot 
differed from in vitro degradation and was driven both by dissociation and 
active degradation by macrophages. The desirable degradation kinetics 
combined with the excellent i.a. biocompatibility makes these gels suitable 
for i.a. drug delivery. 
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Appendices  
 
 
 

 

 
 
Figure A.1: 1H NMR spectra of TIB-capped PCLA-PEG-PCLA in CDCl3. The 
characteristic peaks at 5.25–4.95, 3.65–3.55, 2.50–2.10 and 8.40–7.60 ppm correspond to 
methine protons of LA, methylene protons of PEG, methylene protons of CL [25], and 
aromatic protons of TIB-end groups [36,37,38], respectively. 
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Abstract 
In this study, we investigated the in vitro and in vivo properties and 

performance of a celecoxib-loaded hydrogel based on a fully acetyl-capped 
PCLA-PEG-PCLA triblock copolymer. Blends of different compositions of 
celocoxib, a drug used for pain management in osteoarthritis, and the acetyl-
capped PCLA-PEG-PCLA triblock copolymer were mixed with buffer to 
yield temperature-responsive gelling systems. These systems containing up to 
50 mg celecoxib per gram polymer, were sols at room temperature and 
converted into immobile gels at 37 °C. In vitro, release of celecoxib started 
after a ~10 days lag phase followed by a sustained release of ~90 days. 
Celecoxib release was proven to be mediated by polymer dissolution from the 
gels. In vivo (subcutaneous injection in rats) experiments showed an initial 
celecoxib release of ∼30 % during the first 3 days followed by a sustained 
release of celecoxib for 4-8 weeks. The absence of a lag phase and the faster 
release seen in vivo were likely due to the enhanced celecoxib solubility in 
biological fluids and active degradation of the gel by macrophages. Finally, 
intra-articular biocompatibility of the 50 mg/g celecoxib-loaded gel was 
demonstrated using μCT-scanning, where no cartilage or bone changes were 
observed following injection into the knee joints of healthy rats. In 
conclusion, this study shows that celecoxib-loaded acetyl-capped PCLA-PEG-
PCLA hydrogels form a safe drug delivery platform for sustained intra-
articular release. 
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1. Introduction 
Celecoxib (Figure 1) is a non-steroidal anti-inflammatory drug (NSAID) 

and a selective inhibitor of cyclo-oxygenase-2 (COX-2), approved as 
Celebrex® for the pain management of, amongst others, rheumatic diseases 
and osteoarthritis [1]. Some authors even consider celecoxib to have anti-
catabolic and/or even anabolic potential on cartilage, however, there is quite 
some conflicting data and further research is needed regarding this topic     
[2-4]. Celecoxib has a very low aqueous solubility (<1 μg/ml) with a large 
apparent volume of distribution (>~1 l/kg) due to its high plasma protein 
binding (~97 %) [5]. Concerns have risen about the systemic toxicity of 
celecoxib, mainly on myocardial muscles [6], and consequently there is a need 
for formulations reducing its toxicity. One way to reach this goal is to 
develop formulations, which are able to locally release drugs for a prolonged 
period. These drug delivery systems (DDSs) ideally lead to therapeutically 
effective local concentrations while plasma concentrations remain below toxic 
level. Moreover, not only the exposure is targeted and localized, but also 
patient compliance is greatly improved compared to daily oral 
administration.  
 

 
Figure 1: Chemical structure of celecoxib, a NSAID COX-2 inhibitor. 

 
Other desired DDS properties are ease of injection, high encapsulation 

efficiency (preferably 100 %), and a low burst release to prevent high drug 
concentrations (and consequently possible toxic side effects) shortly after 
administration. In addition, the ideal DDS should have tunable release 
kinetics and show full recovery of the loaded drug. Injectable DDSs 
developed for the controlled release of celecoxib have been based up to now 
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mainly on micro/nano-particles composed of poly(lactide-co-glycolide) 
(PLGA) [7-12]. These systems show some limitations in encapsulation 
efficiency (as low as 50 %), burst release (up to 60 %), and recovery rates 
(down to 25 %), which all together hinder their clinical applicability [7-12]. 
Recently, highly concentrated solutions of celecoxib in PEG400 (400 mg/ml) 
were used as in situ forming depots after injection in equine joint cavities 
[13]. Upon injection, PEG400 is diluted in the synovial fluid of the joints and 
celecoxib subsequently precipitates/crystallizes. Its release is achieved by 
slow dissolution of the celecoxib precipitates/crystals, which is however 
difficult to predict and control and the crystals may harm the cartilage.  

Temperature-responsive aqueous formulations of ABA triblock copolymers 
composed of PEG as middle block flanked by polyester blocks of diverse 
compositions, are systems that fulfil the aforementioned desired DDS 
properties [14-23]. Importantly, these gels offer the possibility of complete 
encapsulation of hydrophobic drugs with release kinetics that can be 
modulated [24-26]. Systems based on PLGA-PEG-PLGA loaded with 
paclitaxel were clinically evaluated up to Phase IIa in oncology for targeted 
delivery to the tumor via intralesional injection or placement into the tumor 
cavity [27]. Drug release from these systems is mediated by a combination of 
diffusion and chemical polymer degradation, which takes around six weeks 
(both in vitro and in vivo) [24-26]. For some applications, however, longer 
release times are required. To slow down hydrolysis and thereby increase the 
degradation time, PLGA blocks have been replaced by poly(ε-caprolactone-
co-lactide) (PCLA) blocks. Indeed, gels based on PCLA-PEG-PCLA 
(depending on the ratio of caproyl units (CL) to lactoyl units (LA)) are more 
stable compared to PLGA-based gels. For instance, systems with PCLA 
blocks containing 70 mol% CL showed a complete degradation time of 
approximately six months [28,29]. Moreover, modification of the terminal 
hydroxyl groups of these triblock copolymers allowed modulation of 
mechanical properties and provided extended degradation time of 
temperature-responsive gelling systems made of these copolymers 
[15,16,19,30]. 

In this study, we investigated the feasibility of acetyl-capped PCLA-PEG-
PCLA triblock copolymer-based temperature-responsive gelling systems as an 
intra-articular drug delivery system for celecoxib. We characterized the 
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systems (in vitro release and gel degradation), examined in vivo release 
kinetics of a subcutaneous injected formulation and the biocompatibility of 
the same formulation after intra-articular injection. 

 
2. Experiments and protocols 
2.1. Materials 
Celecoxib was obtained from LC Laboratories, USA. TNFα was obtained 

from Ebioscience, Austria. Hexabrix 320®, a clinical iodine-based contrast 
agent, was obtained from Guerget, The Netherlands. All other chemicals 
were obtained from Aldrich and used as received.  

 
2.2 Synthesis of acetyl-capped PCLA-PEG-PCLA  
The acetyl-capped PCLA-PEG-PCLA triblock copolymer used in this 

study was synthesized and characterized as described previously [16]. In 
short, in a three-neck round-bottom flask equipped with a Dean Stark trap 
and a condenser, PEG1500 (50 g), L-lactide (22 g), ε-caprolactone (88 g) and 
toluene (150 ml) were introduced and, while stirring, heated to reflux    
(~140 °C; i.e. the boiling point of toluene is 111 °C but that of the mixture is 
~140 °C) under nitrogen atmosphere. The solution was azeotropically dried 
by distilling off toluene/water (~50 vol% of the initial volume). Next, the 
solution was cooled to ~90 °C and tin(II) 2-ethylhexanoate (5 mmol per mol 
PEG1500) was added. Ring-opening polymerization was carried out at       
110-120 °C overnight under a nitrogen atmosphere. The solution was cooled 
to room temperature and dichloromethane (100 ml) and triethylamine (6 mol 
per mol PEG1500) were added. Then, the solution was cooled to 0 °C in an ice 
bath, and while stirring, an excess of acetyl chloride (10 g, ratio acetyl 
chloride/PEG = 4 mol/mol) was added drop wise and acylation was allowed 
to proceed for three hours. Next, dichloromethane was removed under 
vacuum at 60-65 °C, ethyl acetate (100 ml) was subsequently added and 
triethylamine hydrochloride salts were removed by filtration. The polymer 
was precipitated by adding a 1:1 mixture of hexane and diethyl ether      
(290 ml). Upon storage at -20 °C, the polymer separated as a waxy solid 
from which non-solvents containing unreacted monomers and the excess of 
acyl chloride could be decanted easily. The precipitated polymer was dried in 
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vacuo and obtained in yield of 85 %. The polymer was characterized by     
1H NMR and GPC as previously described [15]. 

 
2.3. Miscibility of celecoxib in PEG1500 and in PCLA-PEG-PCLA 
Celecoxib, PEG1500 and PCLA-PEG-PCLA were separately dissolved in 

ethyl acetate (300, 150 and 300 mg/ml, respectively). The solutions were 
mixed to prepare celecoxib/PEG1500 mixtures with weight ratios between 
10/90 and 80/20 w/w as well as celecoxib/PCLA-PEG-PCLA mixtures with 
weight ratios between 5/95 and 70/30 w/w. The solutions (1-10 ml) were 
transferred into 6-cm Petri dishes. Next, the solvent was removed under 
nitrogen flow for 48 hours. The thermal properties of the mixtures were 
analyzed by DSC (see paragraph 2.5).  

 
2.4. Solubility of celecoxib in polymer/buffer systems 
100 mg of celecoxib/PEG1500 (10/90 w/w) mixture was added to 750 μl 

phosphate buffer pH 7.4 (44 mM Na2HPO4, 9 mM NaH2PO4, 72 mM NaCl, 
0.02 wt% NaN3). Similarly, 260 to 830 mg of celecoxib/PCLA-PEG-PCLA 
mixtures 10/90 to 80/20 were added to 750 μl phosphate buffer to yield 
celecoxib-loaded aqueous PCLA-PEG-PCLA of 25 wt% gel formulations. 
Samples were vortexed for 1 min and then incubated at 4 °C for 48 hours. To 
check for possible presence of celecoxib crystals, the samples were 
investigated under a microscope (Nikon Eclipse TE2000U) and analyzed by 
X-ray diffractometry as described previously [16].  

Celecoxib/PEG1500/buffer mixtures were further filtered with standard 
GPC/HPLC syringe filters (0.45 μm), and the amount of celecoxib in the 
transparent filtrates was measured by UPLC (see Paragraph 2.8). 

 
2.5. Differential Scanning Calorimetry (DSC) analysis 
The thermal properties of celecoxib and the polymers (PEG1500 and 

PCLA-PEG-PCLA) as well as those of the celecoxib/polymer mixtures were 
determined by DSC (TA Instruments DSC Q2000 apparatus). Samples of 
~10 mg in closed aluminum pans were heated under nitrogen flow at a rate of 
50 ml/min from room temperature to 170 °C and kept at this temperature 
for 5 min. Next, the samples were cooled to -80 °C with a rate of 10 °C/min, 
followed by a second heating cycle at the same rate to 170 °C. Using the 
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second heat run, the glass transition temperature (Tg) was set as the 
midpoint of heat capacity change and the melting enthalpy (ΔH) as the 
integration of the endothermic area.  

 
2.6. Gelling properties of celecoxib-loaded PCLA-PEG-PCLA systems 
Vial tilting to visually characterize sol and gel state of celecoxib-loaded 

PCLA-PEG-PCLA 25 wt% systems was performed at 4 °C, room 
temperature and at 37 °C after 30 min of incubation. Immobility of the 
systems for 10 min with the vial upside down was used to discriminate 
between mobile sols and immobile gels [16,18]. 

Rheological characteristics of the systems were monitored by oscillatory 
temperature sweep experiments using a TA AR-G2 rheometer equipped with 
a Peltier plate (1 ° steel cone, 20 mm diameter with solvent trap) at 1 % 
strain and a frequency of 1 Hz. The solvent trap of the Peltier plate was 
filled with water to prevent dehydration of the samples during measurement. 
A 70 μl sample (cooled to 4 °C) was introduced between the rheometer plates 
(pre-cooled to 4 °C), and subsequently heated from 4 to 50 °C under 
oscillatory force with a heating rate of 1 °C/min.  

 
2.7. Degradation and release behaviour of celecoxib-loaded gels  
The in vitro degradation and release behaviour of unloaded and loaded 

(0.125, 1.25 and 50 mg celecoxib per g gel) PCLA-PEG-PCLA 25 wt% gel 
was investigated in phosphate buffer pH 7.4 (same composition as described 
in section 2.4) with 0.2 wt% Tween® 80. Tween® 80 (sorbitan oleate ester,   
M = 1310 g/mol) is a surfactant with a critical micelle concentration (CMC) 
of 0.02 mM, i.e. 0.0026 wt% [31], which increases the solubility of celecoxib 
[12,32]. Celecoxib solubility in phosphate buffer pH 7.4 with Tween® 80 was 
investigated. Therefore, an excess of celecoxib (~10 mg) was added to 1 ml of 
phosphate with 0.1 to 2.0 wt% Tween® 80 (i.e. above its CMC), which was 
incubated for 24 hours at room temperature and after centrifugation for 5 
min at 3500 rpm, celecoxib concentrations in the supernatant were 
determined by UPLC (see Paragraph 2.8).  

For the in vitro degradation and release, 6 g of dry celecoxib/PCLA-PEG-
PCLA mixture was added to 21 ml phosphate buffer pH 7.4. Samples were 
heated for 15 min at ~50 °C (i.e. above the melting temperature of the 
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polymer in dry state), subsequently vortexed (1 min) and then incubated at  
4 °C for 48 hours to allow formation of homogeneous dispersions. 
Subsequently, 300 μl sample cooled to 4 °C was transferred into glass vials 
(8.2 × 40 mm) using a syringe. The vials were incubated at 37 °C to allow 
gel formation, 30 min later 700 μl phosphate, with or without 0.2 wt% 
Tween® 80 was added. At predetermined time points, the buffer was 
removed, the weight of the remaining gels was measured and fresh buffer 
containing Tween® 80 was added. In addition, gel samples were freeze-dried 
and analyzed for their dry weight and for the Mn of the polymer by GPC as 
described previously [16]. The buffer samples that were taken during the 
release experiments were observed under a microscope (Nikon Eclipse 
TE2000U) and celecoxib concentrations were determined by UPLC (see 
Paragraph 2.8). 

 
2.8. Determination of celecoxib concentration in release samples 
The celecoxib concentration in the different release samples was 

determined by UPLC using a Waters UPLC system equipped with a Waters 
column (BEH C18 1.7 μm, size: 2.1 x 100 nm). Celecoxib was dissolved in 
DMSO at 5 mg/ml. This celecoxib solution was diluted 10 times with DMSO 
and subsequently with buffer containing Tween® 80 to prepare celecoxib 
standards used for calibration (final celecoxib concentration ranged from 0.5 
to 100 μg/ml). Two eluents containing 0.1 vol% trifluoroacetic acid       
(TFA) were used: 95/5 vol/vol acetonitrile/water (Eluent A) and              
45/45/10 vol/vol/vol methanol/acetonitrile/water (Eluent B), the elution 
rate was 0.08 ml/min, and the column temperature was 50 °C. A gradient 
was run from 100 % Eluent A to 100 % Eluent B in 2 minutes and kept at 
100 % B for 10 min before returning to 100 % Eluent A. Detection was 
performed with a UV detector at 254 nm and the injection volume was 10 μl. 
The retention time of celecoxib was 10.5 min with a total run time of 16 min. 
The autosampler temperature was 20 °C. The release samples were analyzed 
undiluted and after a 4× dilution with acetonitrile (ACN) to dissolve gel 
particles, if present. 
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2.9. In vivo celecoxib release study  
The Animal Ethic Committee of the Erasmus Medical Center, Rotterdam, 

The Netherlands, approved all conducted procedures (Agreement number 
EMC2255(116-11-02)). Six 14-week-old (400-450 g) male Wistar rats (Charles 
River Nederland, Maastricht, The Netherlands) were housed in the animal 
facility of the Erasmus Medical Center, with a 12-h light-dark regimen, at   
21 °C. Animals were fed standard food pellets and water ad libitum. 
Experiments started after an acclimatization period of 2 weeks. To 
investigate the in vivo celecoxib release kinetics from the gel, six rats were 
injected subcutaneously in the neck region with 500 μl aseptically prepared 
PCLA-PEG-PCLA 20 wt% gel loaded with 50 mg/g celecoxib. Experiments 
(see Figure A.1 in the appendices) showed that there is no difference in in 
vitro release kinetics between the 20 and 25 wt %. The 20 wt% formulation 
had the right viscosity for injection (the viscosity of the 25 % formulation 
was too high) and was therefore selected for investigation of the in vivo 
performance. At predetermined time points between 0 and 100 days, blood 
samples (500 μl) were taken from the lateral tail vein using Vacutainer 
SSTTM II Advance (BD Plymouth) tubes that contain Silica (clot activator). 
After spinning down the cells (3500 rpm, 10 min), 100 μl of serum was taken 
and extracted with ethyl acetate [33]. Briefly, 100 μl serum was mixed with 
100 μl internal standard (200 ng paracoxib in 5 % BSA). Then, 200 μl 0.1 M 
Na acetate buffer (pH 5.0) was added, followed by ethyl acetate (1 ml) and 
the samples were vortexed for 10 min. Then, samples were centrifuged at 
11,000 rpm for 10 min and stored at -80 °C for at least 30 minutes. The 
upper ethyl acetate phases were transferred into HPLC glass vials and 
evaporated under nitrogen atmosphere. After evaporation, the samples were 
dissolved in 100 μl of methanol:acetate buffer (3:1 vol:vol) of which 5 μl was 
injected onto a Kinetex® C18 (30 × 3.0 mm, particle size of 2.6 μm) 
analytical column (Phenomenex, Utrecht, The Netherlands). Separation was 
performed at a flow rate of 500 μl/min, with a total runtime of 3 minutes. 
The mobile phases consisted of acetonitrile:water (1:1 vol:vol) (A), and 
acetonitrile:methanol (1:1 vol:vol) (B). Samples were separated using the 
following gradient A/B vol/vol: 0-0.6 minutes, 100/0; 0.6-0.7 minutes, 100/0 
to 30/70 0.7-1.6 minutes, 30/70 to 0/100; 1.6-2.4 minutes, 0/100; 2.4-2.7 
minutes, 0/100 to 100/0; 2.7-3.0 minutes, 100/0 at a column temperature of 
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40 °C. The column effluent was introduced by an atmospheric pressure 
chemical ionization (APCI) interface (Sciex, Toronto, USA) into a API3000 
mass spectrometer. For maximal sensitivity and for linearity of the response, 
the mass spectrometer was operated in multiple-reaction monitoring (MRM) 
mode at unit mass resolution. Peaks were identified by comparison of 
retention time and mass spectra of standards. For each component two ion 
transitions were monitored, celecoxib: 380.3316.3 and 380.3276.3 
(collision energy: -50 V, both), and paracoxib: 369.3250.2 and           
369.3234.2 (collision energy: -30 V, both). The following MS parameters 
were used: nebulizer gas: 10 psi; curtain gas: 10 psi; ion current: -2 μA; 
source temperature: 500 °C; gas flow 1: 30 psi; gas flow 2: 20 psi: decluster 
potential: -70 V and entrance potential: -10 V. Data were analyzed with 
Analyst software version 1.4.2 (Applied Biosystems, Nieuwerkerk a/d IJssel, 
The Netherlands). Celecoxib peak areas were corrected for the paracoxib 
recovery, and concentrations were calculated using a celecoxib reference line 
ranging from 0.5 ng to 1000 ng/ml. The reference line was linear in this range 
(r=0.9997). Further calculations on the pharmacokinetics were done using 
the freeware PK solver [34]. AUC was calculated using the “linear trapezoidal 
method”. 

 
2.10. Intra-articular biocompatibility of celecoxib-loaded 25 wt% gels 
Five 14-week-old (400-450 g) male Witsar rats (Charles River Nederland, 

Maastricht, The Netherlands) were housed in the animal facility of the 
Erasmus Medical Centre, with a 12-hour light-dark regimen, at 21 °C. The 
animals (kept under the same conditions as described in 2.9) were used to 
investigate intra-articular biocompatibility of celecoxib-loaded temperature-
responsive gels composed of PCLA-PEG-PCLA of 25 wt% polymer in 
phosphate buffer (without NaN3) loaded with 50 mg celecoxib per gram gel. 
Gels were prepared aseptically and 50 μl (cooled to 4 °C) was injected 
directly into the knee joint through the patellar tendon using Luer-lock® 
syringes mounted with 27G needles. After injection, the knee was flexed and 
extended a couple of times to distribute the gel within the knee. 
Contralateral knees were injected with saline to serve as negative control.  

12 weeks post injection, the animals were euthanized and both knee joints 
were harvested for equilibrium partitioning of a contrast agent using μCT 
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(EPIC-μCT) analysis, a method that has a strong correlation with cartilage 
sulphated-glycosaminoglycan (sGAG) content, which is a direct measurement 
for cartilage quality [35,36]. All samples were incubated in a 40 % Hexabrix 
solution (diluted with PBS) for 24 hours at room temperature [37]. EPIC-
μCT was performed on a Skyscan 1076 in vivo μCT scanner (Skyscan, 
Kontich, Belgium), using previously described scan settings [36]. In all EPIC-
μCT datasets, X-ray attenuation (arbitrary gray values inversely related to 
sGAG content) and thickness were calculated for cartilage of the medial and 
lateral tibial plateau [37]. Using Skyscan analysis software, all datasets were 
segmented using a fixed attenuation threshold between air (30) and 
subchondral bone (120). In all segmented μCT datasets, regions of interest 
(150 slices) were drawn around the cartilage of the medial and lateral plateau 
of the tibia separately and for these regions, cartilage attenuation and 
thickness (μm) were calculated. As a positive control, osteoarthritic knee 
joints from a previous article in rats of the same aage, sex and species as the 
animals in our current study were used [36]. In short, a strenuous running 
protocol was combined with 3 unilateral papain injections, leading to 
cartilage damage. The abovementioned protocols for EPIC-μCT scanning as 
well as data analysis were used.  

 
2.12. Statistical analysis 
Differences in μCT-data between the gel-injected and saline-injected knees 

were analyzed using type-1, two-tailed, paired t-tests. Comparing both the 
celecoxib loaded gel-injected knees to the osteoarthritis induced knees (PRO) 
and the saline-injected knees to the OA induced knees (PRO), type-1, two-
tailed, unpaired t-tests were performed. Distribution normality for both 
analysis was >0.05 (Shapiro-Wilk). All data are presented as mean±SD, p-
values <0.05 were considered significant.  

 
3. Results and discussion 
3.1 1H NMR and GPC analysis of acetyl-capped PCLA-PEG1500-PCLA  
The acetyl-capped PCLA-PEG1500-PCLA copolymer used in this study 

was synthesized by ring opening solution polymerization of a mixture of L-
lactide and ε-caprolactone using PEG1500 as initiator and tin(II) 2-
ethylhexanoate as catalyst, followed by capping of the terminal hydroxyl 
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with acetyl groups by reaction with an excess of acetyl chloride as previously 
described [15]. It was aimed to synthesize a fully acetylated polymer with two 
PCLA blocks of 1700 g/mol and with a CL/LA molar ratio of 2.5. 1H NMR 
analysis and GPC analysis showed that the polymer had two PCLA blocks of 
1600 g/mol with a molar CL/LA ratio of 2.2, hence slightly below the feed 
value as previously reported [15]. The degree of acylation was almost 
quantitative. The characteristics of the synthesized triblock copolymer are 
summarized in Table 1. 
 

Table 1: Characteristics of the acetyl-capped PCLA-PEG-PCLA triblock copolymer used 

in this study. 

Polymer Acetyl-capped PCLA-PEG1500-PCLA 

Mn,PCLA [g/mol]a) 1600 

CL/LA ratio [mol/mol]b) 2.2/1 

Average CL-sequence length 4.9 

Degree of acylation [%]c) 93 

Mn,NMR [g/mol]d) 4800 

Mn,GPC [g/mol]e) 5100 

PDIf) 1.38 

a) molecular weight of each PCLA block determined by 1H NMR 
b) molar ratio of CL to LA in PCLA determined by 1H NMR 
c) determined by 1H NMR 
d) number average molecular weight determined by 1H NMR 
e) number average molecular weight determined by GPC, relative to PEG standards 
f) polydispersity determined by GPC 
 
3.2. Miscibility of celecoxib with PEG and acetyl-capped copolymer 
The miscibility of celecoxib with PEG1500 and acetyl-capped PCLA-PEG-

PCLA triblock copolymer was investigated by DSC analysis (Figure A.2 in 
the appendices). The thermogram of PEG1500 showed no Tg and a melting 
endotherm at ~50 °C (ΔH = 156 J/g), which is in accordance with literature 
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[38]. The thermogram of celecoxib showed no Tg and a melting endotherm at 
165 °C (ΔH = 102 J/g), also in accordance with literature [39,40]. The 
thermogram of the celecoxib/PEG1500 mixture (10/90 w/w) showed a melting 
endotherm at ~50 °C (ΔH=138 J/g), which can be ascribed to melting of 
PEG. Similarly, the thermograms of celecoxib/PEG1500 mixtures (30/70 and 
40/60 w/w) showed melting enthalpies of the PEG endotherm at ~50 °C (ΔH 
of 77 and 2 J/g, respectively) whereas no melting endotherm of celecoxib was 
observed. However the thermograms showed a Tg at -47 and -33 °C, 
respectively, which likely can be ascribed to miscibility of celecoxib and PEG 
(Fox equation, see below). Hence celecoxib/PEG1500 mixtures with weight 
ratios 10/90, 30/70 and 40/60 have an amorphous celecoxib/PEG1500 phase 
and crystalline PEG1500 domains. Upon further increase in celecoxib weight 
ratio, the thermograms of the celecoxib/PEG1500 mixtures (50/50 and 80/20 
w/w) showed a further increase of the Tg (-23 and 25 °C, respectively) and 
no melting endotherm of PEG and celecoxib. Hence, these mixtures were 
composed of an amorphous celecoxib/PEG1500 phase only. Table 2 
summarizes the thermal properties of celecoxib/PEG1500 mixtures.  
 

Table 2: Thermal properties of celecoxib/PEG1500 mixtures as determined by DSC.  

Celecoxib [wt%] PEG1500 [wt%] Tg [°C] Tm [°C] ΔH [J/g] 

0 100 not detectable ~50* 156 

10 90 not detectable ~50* 138 

30 70 -47 ~50* 77 

40 60 -33 ~50* 2 

50 50 -23 not detectable not detectable

80 20 25 not detectable not detectable

100 0 not detectable 165# 102# 

* melting due to PEG 
# melting due to celecoxib 
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Figure 2: Reciprocal Tg of celecoxib/PCLA-PEG-PCLA (squares) and celecoxib/PEG1500 
(triangles) mixtures as a function of celecoxib weight fraction (Fcelecoxib).  

 
Table 3: Thermal properties of celecoxib/PCLA-PEG-PCLA mixtures as determined by 

DSC.  

Celecoxib [wt%] 
PCLA-PEG-PCLA 

[wt%] 
Tg [°C] Tm [°C] ΔH [J/g] 

- 100 -58 0-25* 38 

5 95 -55 -10-20* 33 

17 83 -47 10-20* 13 

22 78 -43 not detectable - 

40 60 -22 not detectable - 

50 50 -12 not detectable - 

70 30 -2 not detectable - 

100 0 - 165# 102 

* melting due to PCLA-PEG-PCLA 
# melting due to celecoxib 
 

Figure 2 shows that the reciprocal Tg of celecoxib/PEG1500 mixtures 
linearly decreases with increasing celecoxib weight fraction (FCelecoxib), which 
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indicates that the Tg of these mixtures follows the Fox Equation (Equation 1 

[41]) in which FCLB and FPolymer are the weight fraction of celecoxib and 
PEG1500, respectively. 

PolymerCLB g

Polymer

g

CLB

g T

F

T

F

T


1   (Equation 1) 

Extrapolation of the weight fraction of celecoxib to 100 % and 0 (100 % 
PEG1500) gives a calculated Tg for celecoxib and PEG1500 of 70 and -70 °C 
respectively, which is only slightly deviating of the reported Tg of celecoxib 
and PEG (51 °C [40] and -60 °C [38], respectively). The results therefore 
confirm that celecoxib and PEG1500 are miscible, which is in line with the 
reported miscibility of celecoxib with PEG6000

 [39] and PEG400 [13,42]. 
Evidence of the miscibility of drugs structurally related to celecoxib (i.e. 
drugs containing –SO2N- moieties) and PEG has been discussed elsewhere 

[39,42-45] and, FTIR analysis showed the occurrence of intermolecular 
interactions and hydrogen bonding but also non-polar interactions between 
PEG and the studied drugs.  

The thermograms of PCLA-PEG-PCLA and its mixtures with celecoxib 
are shown in Figure A.3. The thermogram of PCLA-PEG-PCLA showed a Tg 
at -58 °C, which can be ascribed to the Tg of the PCLA domains [16,18-20] 
and a crystallization exotherm at around -40 °C (38 J/g), as well as a 
melting endotherm at 10-40 °C (ΔH = 40 J/g), which can be ascribed to 
melting of PEG as we showed previously that this polymer do not show 
crystallinity of the CL-rich domains because the CL sequence length are too 
short, i.e. less than 5 CL units [16,18-20]. With increasing celecoxib content, 
the thermograms of celecoxib/PCLA-PEG-PCLA mixtures (5/95 and 17/83 
w/w) showed an increasing Tg (-55 and -47 °C, respectively), a crystallization 
exotherm at higher temperature and of lower enthalphy (-30 °C (ΔH =      
25 J/g) and 0 °C (ΔH = 1 J/g), respectively), which is likely attributed to 
miscibility of celecoxib and PCLA-PEG-PCLA. In line herewith, these 
thermograms also showed a melting endotherm at ~10-40 °C and of 
decreasing melting enthalpy (ΔH = 33 and 13 J/g, respectively). Hence these 
systems have amorphous celecoxib/PCLA/PEG domains and PEG crystals. 
Upon further increase of the celecoxib weight fraction, the thermograms of 
celecoxib/PCLA-PEG-PCLA mixtures (22/78, 40/60, 50/50 and 70/30) 
showed a further increase in Tg (-43 to -2 °C, respectively), and no 
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crystallization/melting endotherm. This shows that these systems consist of 
one amorphous celecoxib/PCLA/PEG phase. Table 3 summarizes the 
thermal properties of celecoxib/PCLA-PEG-PCLA mixtures. 

As can been seen in Figure 2, the reciprocal Tg of celecoxib/PCLA-PEG-
PCLA mixtures linearly decreases with increasing celecoxib weight fraction 
(Fox Equation [41], see Equation 1) confirming that celecoxib and PCLA-
PEG-PCLA are miscible. Extrapolation of the weight fraction of celecoxib to 
100 % and 0 (100 % PCLA-PEG-PCLA) gives a calculated Tg for celecoxib 
and PCLA-PEG-PCLA of 49 and -56 °C respectively, which is in good 
agreement with the reported Tg of celecoxib (51 °C [40]) and of PCLA-PEG-
PCLA (-58 °C, Table 3). The presence of favorable interactions between 
celecoxib and PCLA-PEG-PCLA is in line with the miscibility of celecoxib 
with PLGA [7,9,10] and might be ascribed to hydrogen bonding between the 
N-H groups of celecoxib and the carbonyl C=O groups of polymers as 
described for celecoxib/PLGA and celecoxib/polyvinylpyrrolidone systems 
[46]. Because of favorable interactions of celecoxib with both PEG and 
PCLA, celecoxib is soluble to more than 70 wt% in the acetyl capped PCLA-
PEG-PCLA.  
 

3.3. Phase behaviour of aqueous celecoxib-loaded systems 
Visualization by light microscopy and X-ray diffraction analysis were 

performed on aqueous systems (25 wt% PCLA-PEG-PCLA in buffer) with 
celecoxib/PCLA-PEG-PCLA ratios between 0/100 to 50/50 w/w. In systems 
of celecoxib/PCLA-PEG-PCLA ratios from 0/100 to 17/83, no crystals were 
detected, but above a concentration of 70 mg/g celecoxib, needle-shaped 
crystals (~500 × 1 μm) were observed and identified as celecoxib crystals by 
X-ray analysis (see Figure A.4 in the appendices). Although celecoxib is 
molecularly dispersed in celecoxib/PCLA-PEG-PCLA mixtures (with 
celecoxib loading from 22 wt% to 70%, Table 3 and Figure A.2), it (partly) 
crystallizes upon addition of buffer. The solubility of celecoxib in 
PEG1500/buffer mixtures (10/90 w/w, corresponding to the same PEG 
content as in PCLA-PEG-PCLA 25 wt% systems) was only ~35 μg/g, 
meaning that, because celecoxib is highly soluble in PCLA-PEG-PCLA      
25 wt% systems (~50 mg/g), celecoxib is solubilized in the hydrophobic 
PCLA domains of the gel. The high solubility of celecoxib in aqueous PCLA-
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PEG-PCLA 25 wt% systems (~50 mg/g) is in line with the reported good 
solubility (5-15 mg/g gel) of other hydrophobic drugs such as paclitaxel [24], 
cyclosporine A [24], docetaxel [26] and indomethacin [25] in other 
structurally-related temperature-responsive gelling systems based on PLGA-
PEG-PLGA.  

 
3.4. Gelling properties of celecoxib-loaded 25 wt% systems 
Photographs of aqueous PCLA-PEG-PCLA 25 wt% systems with a 

celecoxib load of 1.25 mg per g formulation are shown in Figure 3A. At 4 °C 
and room temperature, the samples were sols, whereas they formed immobile 
opaque gels at 37 °C, similar to samples without celecoxib. This sol-to-gel 
conversion between 21 and 37 °C occurred in all tested celecoxib-loaded 
PCLA-PEG-PCLA 25 wt% systems containing up to 50 mg/g celecoxib. 

 

 
Figure 3: Phase behaviour and rheological properties of celecoxib-loaded PCLA-PEG-
PCLA systems of 25 wt% in phosphate buffer. 3A shows photographs of systems containing 
1.25 mg celecoxib per gram PCLA-PEG-PCLA formulation at 4, 21 and 37 °C. 3B shows 
the temperature-dependent storage modulus G’ of systems containing different celecoxib 
loadings (n = 3). Error bars represent the standard deviation of the mean.  
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Figure 3B shows the temperature-dependent storage modulus (G’) of 
PCLA-PEG-PCLA 25 wt% systems with different celecoxib loadings (up to 
50 mg/g containing fully dissolved celecoxib, see Paragraph 3.3). The G’ of 
the unloaded systems was below 10 Pa at 4 °C, and increased to 100 Pa at  
40 °C. Above 40 °C, a drop in G’ was observed which is likely caused by 
phase separation of the systems and loss of contact between the gel phase and 
the plate of the rheometer. The G’ of systems loaded with 1.25 to 50 mg/g 
celecoxib at 4 °C increased with increasing celecoxib loading from ~10 to   
100 Pa, but these values were independent of the celecoxib loading at 
temperatures above 25 °C. Despite the observed increase of G’ with 
increasing celecoxib loading (up to 50 mg/g), no significant effect on the sol-
to-gel transition temperature of the systems was detected. The effect of drug 
loading on rheological properties of temperature-responsive systems has been 
described in literature before, but the underlying mechanism for the observed 
effects is not yet fully understood [26,47,48]. However, it was shown that a 
lowering of the sol-to-gel transition temperature of the systems, measured by 
rheological measurements or vial tilting, was observed with increasing drug 
loading as reported for systems made of PLGA-PEG-PLGA loaded with 
docetaxel [26], PEGylated-camptothecin [47] as well as that of paclitaxel in 
systems composed of sulfamethazine-capped PCLA-PEG-PCLA copolymers 
[48]. 
 

3.5. In vitro release and degradation of celecoxib-loaded 25 wt% gels 
Degradation and release behaviour of PCLA-PEG-PCLA 25 wt% gels 

with or without celecoxib (1.25 mg/g) was investigated at 37 °C in phosphate 
buffer (pH 7.4) in the absence and presence of Tween® 80 (to ensure sink 
conditions for celecoxib; solubility of celecoxib in buffer without Tween® 80 
was <1 μg/ml while addition of 0.2% Tween® 80 increased it to 500 μg/ml). 
Degradation of gels without celecoxib and with 1.25 mg celecoxib per gram 
loaded gels in the presence of Tween® 80 as well as that of 1.25 mg/g 
celecoxib loaded gels in the absence of Tween® 80 started after a lag time of 
~10 days in a sustained manner over ~100 days (Figure A.5A in the 
appendices). Hence, no difference in gel degradation behaviour in the 
presence and absence Tween® 80 was observed. The Mn of the polymer of the 
kk 
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Figure 4: Release and degradation behaviour (n = 6) of PCLA-PEG-PCLA 25 wt% gels 
loaded with 1.25 mg celecoxib per g gel at 37 °C in the presence of Tween® 80 (0.2 wt%). 
4A shows celecoxib release before (crosses) and after (closed squares) dilution of the release 
samples with acetonitrile. 4B shows celecoxib release (closed symbols) and polymer 
dissolution (open symbols). 

 
residual gels did not change in time (Figure A.4B in the appendices). This 
shows that the in vitro degradation of the gels loaded with 1.25 mg/g 
celecoxib was not affected by the celecoxib load and occurred via polymer 
dissolution, in line with previous data [16]. Hence, Tween® 80 is not required 
to solubilize celecoxib (and respect sink condition) during the in vitro release 
experiments. Previously, we reported [15] that the gels in phosphate buffer 
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first swelled (lag time in dissolution) to reach <20 wt% polymer content and 
thereafter start to dissolve. However, no swelling was observed in phosphate 
buffer containing Tween. This makes the lag time in dissolution difficult to 
explain and warrants further research, but is likely linked to disentanglement 
of the polymer chains. 

The release of celecoxib started after the lag time of ~10 days (Figure 
4A), after which a sustained release was maintained until day 75, where it 
reached a plateau at 40 % of the loaded amount. The chromatograms of the 
samples showed an injection peak with high absorption at 254 nm, which is 
hypothesized as a peak corresponding to micelles/gel particles loaded with 
celecoxib. Full recovery of celecoxib was achieved only after dilution of the 
release samples with ACN, which likely led to the disassembly of the 
celecoxib-loaded micelles present in the samples. This might be linked to the 
fact that gels made of triblock copolymers release (flower-like) micelles loaded 
with drug as reported previously [49].  

In line with the release of celecoxib-loaded micelles, the release of 
celecoxib followed the polymer dissolution (Figure 4B), demonstrating that 
celecoxib release was mediated by polymer dissolution as earlier reported for 
other temperature-responsive gelling systems based on amphiphilic 
copolymers, loaded with hydrophobic drugs like paclitaxel [24,49,50] and 
indomethacin [51]. The observed release lag phase might be due to the high 
solubility of celecoxib in the gels (50 mg/g) compared to its solubility in 
Tween® (~50 μg/ml). 
 

3.6. Effect of the celecoxib loading on its release from 25 wt% gels 
The release of celecoxib from PCLA-PEG-PCLA 25 wt% gels with different 

celecoxib loadings in the presence of Tween® 80 is shown in Figure 5A. 
Independent of the drug loading, the release started after a lag phase of    
~10 days, after which the drug was released in a sustained manner to reach 
100 % release at day 75-100, depending on the drug loading. Dissolution time 
of the gels increased from 75 days for gels loaded with 0.125 mg/g to 100 
days for gels loaded with 1.25 mg/g and 50 mg/g (Figure 5B). This 
observation suggests that celecoxib affects gel stability, which can be ascribed 
to the, hydrophobicity of the celecoxib and its interactions with PCLA-PEG- 
PCLA, thereby influencing the mechanical integrity of the gel (Figure 3).  k 
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Figure 5: Release and degradation behaviour (n = 6) of PCLA-PEG-PCLA 25 wt% gels 
loaded with 0.125 (triangles), 1.25 mg/g (squares) and 50 mg/g (crosses) at 37 °C. 5A 
shows celecoxib release after dilution of the release samples with acetonitrile. 5B shows 
polymer dissolution in the presence of Tween® 80 (0.2 wt%). 
 

The effect;of loading on the release of drugs from temperature-responsive 
systems has been reported in other studies and is controversial [24,48,51,52]. 
No effect of drug loading on the release of paclitaxel from PLGA-PEG-PLGA 
systems (loading up to 20 mg/g) was reported [24] as well as from 
sulfamethazine-capped PCLA-PEG-PCLA hydrogels (loading up to 10 mg/g) 
[48]. However, PLGA-PEG-PLGA systems showed longer release periods 
with increasing drug loading of docetaxel [26] and bee venom peptide (up to 
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8 mg/g) [51]. Finally, faster release of salmon calcitonin was observed from 
PEG-PLGA-PEG gels with increasing loading (loading up to 5 mg/g) [52]. 
 

3.8 In vivo pharmacokinetics (PK) data of gels with 50 mg/g celecoxib 
The designed gel is aimed for local release of celecoxib in the knee while 

minimizing the systemic exposure. However, the small total volume of 
synovial fluid in rat knees (<50 μl) does not allowed for synovial fluid 
sampling after intra-articular administration in order to monitor local PK. 
Therefore, the serum levels acquired from rats with subcutaneous 
administration of the gel with the highest celecoxib loading (50 mg/g) were 
utilized to gather insight in the in vivo duration and kinetics of celecoxib 
release from the gel. Figure 6 shows the serum concentration of celecoxib in 
time after subcutaneous injection of 500 μl 20 % PCLA-PEG-PCLA 
containing 50 mg/g celecoxib, with a Cmax of 705±322 ng/ml after 8 hours. 
After 24 hours, celecoxib concentrations dropped to 278±103 ng/ml and from 
day 3, a continuous and sustained drug release was observed with average 
serum concentrations between 5-80 ng/ml for a period of 4-8 weeks after 
injection. Four out of the six animals still showed measurable celecoxib serum 
concentrations at the end of the experiment (8 weeks). Total area under the 
curve (AUC) was 2565±396 ng×d/ml with the initial peak in the first day 
accounting for 17 % and the peak of the first 3 days for 30 % of the total 
release, meaning that ~70-80% of the dose was released in a sustained mode 
over 4-8 weeks. 

In vivo, no lag time of celecoxib release from the gel was observed, in 
contrast to what was observed in vitro, where the lag time was linked to a 
lag time in gel dissolution (see Figure 4). In our previously conducted 
experiment using unloaded gel (500 μl) of similar composition, the same 
difference was observed with the absence of an in vivo lag time, while in vitro 
this was present [17]. Another observation is the significantly faster in vivo 
release compared to in vitro for both the previously conducted experiments 
[17] and the celecoxib-loaded gels of the current study. Non-linearity of level 
A in vitro/in vivo correlations (IVIVCs) was addressed by Dunne and 
coworkers [53] and is likely explained by the complex phenomena that govern 
release and absorption in vivo compared to in vitro models. The absence of 
an in vivo lag phase might be due to the enhanced celecoxib solubility in 
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biological fluids likely caused by the relatively high protein binding of 
celecoxib [1,54,55]. Differences in gel degradation kinetics were shown to be 
influenced by the in vivo presence of macrophages as well as differences in gel 
depot geometry with a larger surface area and therefore multi-directional 
diffusion of the gels in vivo [17,56,57].  

 
Figure 6: In vivo release of celecoxib from 20 wt% gels with 50 mg celecoxib per g gel. 
The serum concentrations of celecoxib after injection of 500 μl subcutaneously in rats are 
shown. Each dot represents the individual measurements; error bars represents standard 
error of the mean (n = 6).  

 
3.9. Intra-articular biocompatibility of 25 wt% gels with 50 mg/g celecoxib 
In a previous study, we have shown good intra-articular biocompatibility 

of unloaded PCLA-PEG-PCLA 25 wt% gels [17]. Now, we want to show that 
loading these gels with the highest amount of celecoxib does not jeopardize 
this biocompatibility. This formulation is representative for the lower 
celecoxib/PCLA-PEG-PCLA ratios as well, and by showing the combination 
of highest amount of polymer (25 wt%) with the highest celecoxib loading 
(50 mg/g) does not harm the injected joint, we can conclude that the other 
formulations would also be safe. Healthy knees (n = 5) of 16-week old Wistar 
rats were injected with 50 μl gel of high polymer content (25 wt%) containing 
50 mg/g celecoxib, while the contralateral knees of these rats served as 
control (50 μl saline injection). During the entire follow-up period, no clinical 
signs of a toxic response, such as joint redness/swelling or changed 
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locomotion occurred. The EPIC-μCT (Figure 7) of these five rats showed 
significantly (p = 0.025) thicker cartilage in the lateral compartment of 
celecoxib-loaded gel injected knees compared to saline (230±13 vs.      
205±12 μm), with no difference in attenuation (70.7±1.5 vs. 71.2±1.1). 
Medially, the celecoxib-loaded gel injected knees showed significantly (p = 
0.033) higher attenuation values, indicating a lower amount of sGAGs, 
compared to saline injected knees (69.3±1.3 vs. 65.6±2.5) while no significant 
difference in thickness was present (276±17 vs. 301±17 μm).  

 

 

Figure 7: Intra-articular biocompatibility of celecoxib-loaded gel (50 mg/g; 50 μ l). 7A 
shows the thickness and attenuation of both the medial and lateral tibial plateau of the 
different groups (celecoxib-gel (n = 5), saline injected (n = 5), OA (n =  9)) measured by 
EPIC-μCT 12 weeks after intra-articular injection of either celecoxib-loaded gel, saline of 
papain (OA). * significant difference (p <0.05) between celecoxib-loaded gel and saline 
injection (paired t-test); # significant difference (p <0.05) between saline or celecoxib 
loaded gel injection and OA model (unpaired t-test). 7B shows representative EPIC-μCT 
images of the three different groups.  

 
All values of healthy knees injected with either saline or celecoxib-loaded 

gel remained within the range of what is normally seen in healthy cartilage 



Celecoxib-loaded thermogels: in vitro and in vivo release behaviour and i.a. biocompatibility 

165 

C
ha

pt
er

 5
 

IV
IV

C
 i
n 

ra
ts

 

[36]. It should be noticed that due to the high sensitivity of EPIC- μCT very 
subtle differences in cartilage quality and quantity that would have remained 
unnoticed when using less quantitative techniques like histology, are picked 
up.  

To better understand the clinical relevance of our values, we compared 
them to what was found earlier for knees in which osteoarthritis was induced 
[36]. These osteoarthritic knees indeed showed significantly (p <0.01) worse 
attenuation and cartilage thickness values for both compartments, with 
(respectively medial and lateral) attenuation values of 84.1±4.1 and 79.0±3.0 
and cartilage thickness of 211±33 and 137±29 μm.  

Since bone changes are also a feature of osteoarthritis [58], scans were 
inspected for bone changes in terms of osteophyte formation. Neither in the 
saline injected knees, nor the knees injected with celecoxib-loaded gel these 
changes occurred.  

The findings on both cartilage and bone show that celecoxib-loaded 
PCLA-PEG-PCLA 25 wt% gel is safe for intra-articular use. A next step will 
be to apply these celecoxib-loaded gels in an osteoarthritis model in order to 
achieve positive treatment effects in these joints.  

 
4. Conclusions 
Acetyl-capped PCLA-PEG-PCLA based gels show good potential as a 

drug delivery system for the sustained and local release of celecoxib with 
desirable release kinetics (in vitro as well as in vivo) intra-articular 
biocompatibility. Therefore, this drug delivery system has great potential in 
the field of orthopedics, especially for the local treatment of osteoarthritis.  
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Appendices  
 
Figure 

 
Figure A.1: Release (n = 3) of PCLA-PEG-PCLA 25 wt% gels (closed squares) and      
20 wt% gels (open circles) loaded with 50 mg celecoxib/g gel at 37 °C in the presence of 
Tween® 80 (0.2 wt%).  
 
 

 
Figure A.2: DSC thermograms of PEG1500, celecoxib and their mixtures (second heating).  
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Figure A.3: DSC thermograms of acetyl-capped PCLA-PEG-PCLA, celecoxib and their 
mixtures (second heating). The insert shows the thermograms of celecoxib/PCLA-PEG-
PCLA mixture (17/83 w/w) between -60 and 50 °C. 
 

 
Figure A.4: X-ray diffraction pattern of celecoxib and a representative sample at         
260 mg/g celecoxib containing celecoxib crystals. 

-100 -50 0 50 100 150 200
Temperature (°C)

PCLA‐PEG‐PCLA: :Tg=‐58 oC; ΔH=40 J/g 

CLB/PCLA‐PEG‐PCLA (5/95): Tg=‐55 oC; ΔH=33 J/g 

CLB: ΔH=102 J/g 

CLB/PCLA‐PEG‐PCLA (17/83): Tg=‐47 oC; ΔH=13 J/g 

CLB/PCLA‐PEG‐PCLA (22/78): Tg=‐43 oC 

CLB/PCLA‐PEG‐PCLA (40/60): Tg=‐22 oC 

CLB/PCLA‐PEG‐PCLA (50/50): Tg=‐12 oC 

CLB/PCLA‐PEG‐PCLA (70/30): Tg=‐2 oC 

10 20 30 40

CLB

CLB-loaded systems
(260 mg/g)

2 theta2 θ 



Chapter 5 

174 

C
hapter 5 

IV
IV

C
 in rats 

 
 

   

           
Figure A.5: Effect of Tween® 80 and celecoxib on the degradation of PCLA-PEG-PCLA 
gels A.5A shows dissolution rate of the polymers from the gels without celecoxib (crosses) 
in the presence of Tween® 80 as well as that of gels with 1.25 mg/g celecoxib in the 
presence of Tween® 80 (squares) and in the absence of Tween® 80 (triangles). A.5B shows 
the Mn (squares) and PDI (triangles) of the polymers in the residual acetylated PCLA-
PEG-PCLA gels loaded with 1.25 mg/g celecoxib in the presence of Tween® 80 as 
determined by GPC.  
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Abstract 
In this study, the intra-articular tolerability and suitability for local and 

sustained release of an in situ forming gel composed of an acetyl-        
capped poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-b-poly(ε-
caprolactone-co-lactide) (PCLA-PEG-PCLA) copolymer loaded with 
celecoxib was investigated in horse joints.  

The systems were loaded with two dosages of celecoxib, 50 mg/g (‘low 
CLB gel’) and 260 mg/g (‘high CLB gel’). Subsequently, they were injected 
into the joints of five healthy horses. For 72 hours after intra-articular 
injection, they induced a transient inflammatory response, which was also 
observed after application of Hyonate®, a commercial formulation containing 
hyaluronic acid for the intra-articular treatment of synovitis in horses. 
However, only after administration of the ‘high CLB gel’ the horses showed 
signs of discomfort (lameness score: 1.6 ± 1.3 on a 5-point scale) 1 day after 
injection, which completely disappeared 3 days after injection. Importantly, 
there was no indication of cartilage damage. Celecoxib Cmax in the joints was 
reached at 8 hours and 24 hours after administration of the ‘low CLB gel’ 
and ‘high CLB gel’, respectively. In the joints, concentrations of celecoxib 
were detected 4 weeks post administration. Celecoxib was also detected in 
plasma at concentrations of 150 ng/ml at day 3 post administration and 
thereafter its concentration dropped below the detection limit.  

These results show that the systems were well tolerated after intra-
articular administration and showed local and sustained release of celecoxib 
for 4 weeks with low and short systemic exposure to the drug, demonstrating 
that these injectable in situ forming hydrogels are promising vehicles for 
intra-articular drug delivery. 
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Local and sustained release of celecoxib in equine joints 

 
 ‘Low CLB gel’ ‘High CLB gel’ 

 Synovial fluid Serum Synovial fluid Serum 

tmax [h] 8-24 8-24 8-72 8-24 

Cmax [μg/ml] 23.6±6.6 0.081±0.072 36±13 0.23±0.22 

AUC [μg×d/ml] 30.8±8.9 0.18±0.08 113±85 0.38±0.33 
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1. Introduction 
Osteoarthritis (OA) is a major cause of disability in the elderly [1]. OA is, 

among others, characterized by progressive loss of cartilage in the joint, 
which disrupts its functional integrity, and is accompanied by chronic pain 
[2]. The current treatment options for OA are merely symptomatic, focusing 
on attenuation of inflammation and pain relief [3]. The most commonly used 
approach to treat inflammation and pain associated with OA is 
administration of non-steroidal anti-inflammatory drugs (NSAIDs) [4]. These 
drugs exert their effect by inhibiting cyclo-oxygenase (COX), a key enzyme 
involved in the conversion of arachidonic acid to prostaglandins, mediators of 
pain and inflammation. At present, three COX isoforms are known: COX-1, 
COX-2 and COX-3. The first-line drug for the treatment of OA is the COX-2 
inhibitor celecoxib [5,6]. Although celecoxib induces fewer side effects than 
less specific NSAIDs (e.g., naproxen and ibuprofen), prolonged use and high 
dosages increase the risk for cardiovascular events [7]. Hence, local drug 
delivery might be suitable to avoid drug-related systemic side effects [8-14]. 

One of the strategies to reduce drug disposition to other organs than the 
target tissue is the use of drug-loaded in situ forming systems [15-17]. In 
particular, systems composed of ABA triblock copolymers (a PEG middle 
block flanked by polyester blocks of diverse compositions) meet the basic 
requirements for drug delivery systems (DDSs), e.g., encapsulation efficiency 
close to 100%, burst < 10%, sustained and controlled release for prolonged 
duration and complete drug recovery [16,18-21], while being easy to inject 
and having the capacity of forming gels at body temperature. Indeed, these 
systems have been shown to be suitable for loading and release of 
hydrophobic drugs [22-24]. A good example is the paclitaxel-loaded system 
based on poly(lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(lactide-co-
glycolide) (PLGA-PEG-PLGA) [25]. The release of paclitaxel from this 
system is mediated by a combination of diffusion and chemical polymer 
degradation, which takes around six weeks in vitro as well as in vivo [22-24].  

For some applications however, longer release times are required. 
Therefore, to slow down hydrolysis and increase the degradation time, the 
PLGA blocks have been replaced by poly(ε-caprolactone-co-lactide) (PCLA) 
blocks. Systems based on PCLA-PEG-PCLA are indeed stable for longer 
times depending on the ratio of caproyl units (CL) to lactoyl units (LA). For 
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instance, systems with PCLA blocks containing 70 mol% CL showed 
complete degradation in about six months [26,27]. Moreover, modification of 
the terminal hydroxyl groups of these triblock copolymers allows modulating 
the rheological and degradation properties of the in situ forming systems 
made of these copolymers [28,29]. These systems showed sustained release of 
celecoxib after subcutaneous injection and are well tolerated after intra-
articular (i.a.) injection in rats [21,30].  

The rat is an inappropriate animal model for frequent sampling of 
synovial fluid for local drug concentration determination. Therefore in the 
present study we used the horse, which is a much more suitable animal 
model to further investigate whether these systems are suitable for i.a. and 
sustained release of drugs. Also, horses have been shown to be a good 
translational animal model for OA, with treatment outcomes relevant for 
human OA [31-33]. Further, when developing new gels for i.a. administration, 
it is interesting to compare their tolerability with that of a registered 
hyaluronic acid gel (Hyonate®), clinically used for the treatment of horses 
suffering from lameness due to non-septic joint disease, which is usually 
accompanied by some form of synovitis [34]. Hyonate® is an aqueous solution 
of sodium hyaluronate, which due to polymer entanglements has high 
viscosity. Even though its efficacy is controversial, Hyonate® is used as a 
lubricant and has shock-absorbing as well as anti-inflammatory properties 
when injected into a joint. It is clinically used to replenish the hyaluronic 
acid concentration in the joint, which is known to be decreased in the 
synovial fluid of both human and equine OA patients [35-38].  

In the present study, we investigated the tolerability of in situ forming 
systems composed of an acetyl-capped poly(ε-caprolactone-co-lactide)-b-
poly(ethylene glycol)-b-poly(ε-caprolactone-co-lactide) (PCLA-PEG-PCLA) 
triblock copolymer for i.a. administration and performed a comparative study 
with Hyonate®. Also, we investigated the suitability of these systems to 
release locally celecoxib in a sustained and prolonged manner. We 
administered our systems in the joints of healthy horses. 
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2. Experiments and protocols 
2.1. Materials 
L-lactide was obtained from Purac Biochem, The Netherlands. Celecoxib 

was obtained from LC Laboratories, USA. Hyonate® was purchased from 
Bayer Animal Health. Sterile water for injection was purchased from B. 
Braun Medical. All other chemicals were obtained from Aldrich and used as 
received.  

 
2.2. Synthesis of fully acetyl-capped PCLA-PEG-PCLA 
The synthesis of acetylated PCLA-PEG-PCLA was performed essentially 

as previously described [28-30,39]. Briefly, in a three-neck round-bottom flask 
equipped with a Dean Stark trap and a condenser, 50 g PEG1500 (1 mol eq.), 
22 g L-lactide (4.6 mol eq.), 88 g ε-caprolactone (23 mol eq.) and 600 ml 
toluene were introduced and, while stirring, heated to reflux under nitrogen 
atmosphere. The solution was azeotropically dried by distilling off 
toluene/water (~100 ml). Next, the solution was cooled to ~90 °C and 0.214 g 
tin(II) 2-ethylhexanoate (0.016 mol eq. relative to PEG hydroxyl groups) was 
added. Ring opening polymerization was performed at reflux for 16 hours (i.e. 
110-120 °C, the boiling temperature of the solution of toluene, PEG, 
caprolactone and lactide) under nitrogen atmosphere. Subsequently, the 
solution was cooled to ~90˚C, followed by addition of 20 g triethylamine    
(6 mol eq.) and 11 g acetic anhydride (3.3 mol eq.). The reaction mixture 
was allowed to reflux for ~4 hours. 

The solution was slowly dropped into 2 l of a 1:1 mixture of pentane and 
diethyl ether to precipitate the polymer. Upon storage at -20 °C, the polymer 
separated as waxy solid from which non-solvents containing unreacted 
monomers, unreacted acetic anhydride and formed acetic acid could be 
decanted easily. The precipitated polymer was dried in vacuo. 

 
2.3. 1H NMR analysis 
1H NMR analysis of the polymers dissolved in CDCl3 was performed using 

a Varian Oxford, operating at 300 MHz. 1H NMR spectra were referenced to 
the signal of chloroform at 7.26 ppm.  

PCLA-PEG-PCLA backbone: 5.25-4.95 (I5.1, 1H,-CO-CH(CH3)-O-); 4.35-
4.23 (2H,-PEG-O-CH2-CH2-O-C(O)-CH(CH3)-O- + 1H,-CO-CH(CH3)-OH); 
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4.23-4.15 (2H, PEG-O-CH2-CH2-O-C(O)-(CH2)4)-); 4.15-4.05 (2H, -
CO(CH2)4-CH2-O-CO-CH(CH3)-O-); 4.05-3.95 (2H, -CO(CH2)4)-CH2-O-
C(O)-(CH2)4)-); 3.85-3.25 (I3.6, 132H, -O-CH2-CH2-O- + 2H, CO(CH2)4)-
CH2-OH); 2.50-2.35(I2.3, 2H, -O-CO-CH(CH3)-O-CO-CH2-(CH2)4); 2.35-2.20 
(I2.2, 2H, -O-CO-CH2-(CH2)4-O-CO-CH2-(CH2)4); 1.80-1.55 (2H, -CO-CH2-
CH2-CH2-CH2-CH2-O-); 1.58-1.44 (3H, -CO-CH(CH3)-O-); 1.45-1.25 (2H, -
CO-CH2-CH2-CH2-CH2-CH2-) [28,30]. 

Acetyl-end group: 2.14-2.12 ppm (I2.13, CH3-CO-O-CH(CH3)-); 2.03-2.05 
ppm (I2.04, CH3-CO-O-C(H2)5-) and 2.10-2.08 ppm (I2.09, CH3-CO-O-C(H2)2-
O-) [28,30]. 

 
2.4. Preparation of celecoxib-loaded PCLA-PEG-PCLA mixtures 
Before preparing the systems, the glassware was depyrogenized at 260 °C 

for 2 hours. Use was made of the solubility of celecoxib (~300 mg/ml) and 
acetylated PCLA-PEG-PCLA triblock copolymers (>300 mg/ml) in ethyl 
acetate to prepare celecoxib/polymer solutions with celecoxib/polymer weight 
ratios between 14/86 and 54/46 w/w. The solutions were filtered with 0.2 μm 
PTFE filters, aseptically transferred into 6-cm Petri dishes and ethyl acetate 
was evaporated under nitrogen flow for 48 hours. 
 

2.5. Preparation of gels of the copolymer with and without celecoxib 
Before preparing the systems, the glassware was depyrogenized at 260 °C 

for 2 hours. For the unloaded systems (‘placebo’), 3.1 g of polymer was added 
to 6.9 g of phosphate buffer pH 7.4 (20 mM Na2HPO4, 5 mM NaH2PO4, 120 
mM NaCl prepared using sterile water for injection). For the systems loaded 
with 50 (‘low CLB gel’) and 260 mg/g celecoxib (‘high CLB gel’), 3.6 g and 
5.7 g of celecoxib/polymer mixture (containing 3.1 g polymer mixed with   
0.5 and 2.6 g celecoxib, respectively) was added to 6.4 and 4.3 g of the same 
buffer, respectively. Subsequently, the samples were autoclaved for 15 min at 
120 °C. In addition, the effect of the autoclaving on the properties of 25 wt% 
unloaded system was measured by GPC and rheometry as previously 
described [28-30]. Also the pH of the mixture after autoclaving was measured.   

After autoclaving, the samples were vortexed for 1 min and subsequently 
incubated at 4 °C for 48 hours to yield macroscopically homogeneous 
systems, i.e. a gel with fully dissolved celecoxib for the ‘low CLB gel’ and a 
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paste containing undissolved celecoxib for the ‘high CLB gel’. All handing 
steps were performed aseptically and resulted in samples containing low 
endotoxin (<0.1 EU/ml as assessed by a LAL test (PyroGene™, Lonza). To 
check for the presence of celecoxib crystals, samples were observed under a 
microscope (Nikon Eclipse TE2000U).  

 
2.6. X-ray diffraction (XRD) analysis 
X-ray diffraction patterns were recorded for celecoxib, the acetylated 

PCLA-PEG-PCLA triblock copolymer, the celecoxib-loaded acetylated 
PCLA-PEG-PCLA block copolymers and the celecoxib-loaded acetylated 
PCLA-PEG-PCLA block copolymer gel (31 wt% in phosphate buffer pH 7.4, 
as described above) using a Bruker-AXS D8 Advance powder X-ray 
diffractometer, in Bragg-Brentano mode, equipped with automatic divergence 
slit and a PSD Våntec-1 detector. The radiation used was cobalt K1,2,  = 
1.79026 Å, operated at 30 kV, 45 mA. The patterns were recorded at a 
sample-to-detector distance of 435 mm. Separate blank patterns were also 
recorded to allow subtraction of air- and capillary wall-scattering.  

 
2.7. In vivo experimental set up 
The study design was approved by the institutional Ethics Committee on 

the Care and Use of Experimental Animals in compliance with Dutch 
legislation on animal experimentation. 2 ml of unloaded gel formulation of 
acetylated PCLA-PEG-PCLA triblock copolymer (‘placebo’) was 
administered into the right middle carpal joint of five healthy geldings with 
clinically normal carpal and talocrural joints, as determined by radiographic 
evaluation. 2 ml Hyonate® was injected into the contra-lateral middle carpal 
joint. 2 ml of 50 mg/g celecoxib loaded gel formulation (‘low CLB gel’) was 
injected into the left talocrural joint, while 2 ml of 260 mg/g celecoxib loaded 
formulation (‘high CLB gel’) was injected into the right talocrural joint       
4 weeks later to allow quantification of the systemic exposure to celecoxib for 
both gels separately.  

 
2.8. Evaluation of clinical response to the treatment 
Lameness examinations (scored on a standardized 0 to 5 scale [31] were 

conducted at 0, 8, 24, 72 hours and 1, 2, 3, 4 weeks (i.e. post injection of 
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Hyonate®, ‘placebo’ and ‘low CLB gel’). At 4 weeks, the right talocrural 
joint was injected with ‘high CLB gel’ and lameness examinations were 
performed again at the same timepoints (i.e. 0, 8, 24, 72 hours and 1, 2, 3,    
4 weeks post injection). Horses were monitored throughout the study for 
signs of discomfort. 

 
2.9. Collection of synovial fluid and plasma 
Synovial fluid of the treated joints and plasma samples were aspirated at 

0, 8, 24, 72 hours and 1, 2, 3, 4 weeks after the first series of injections 
(Hyonate®, ‘placebo’ and ‘low CLB gel’) as well as 4 weeks later with the 
same schedule after injection of ‘high CLB gel’. A portion of the fluid was 
processed for white blood cell (WBC) count and total protein content. The 
remaining volume was centrifuged, and the supernatant was stored at -80 °C 
until celecoxib content determination. The serum samples were used for 
celecoxib content determination 

 
2.10. Synovial fluid analysis 
The synovial fluid WBC and total protein concentrations were determined 

using a Coulter Counter® Z1 (Beckman Coulter, Inc.) and refractometer 
[31,40], respectively. Protein concentrations were measured using a validated 
method based on refractometry [31,40] that is used in the clinic. Synovial 
fluid samples were also evaluated for glycosaminoglycan (GAG) 
concentrations using a modified 1,9-dimethylmethylene blue dye-binding 
assay as previously described [41]. To check for possible damage to the 
collagen network of the cartilage, we also measured the concentration of the 
C2C epitope of collagen in synovial fluid, as previously reported [42].  

 
2.11. Celecoxib concentrations in the synovial fluid and serum 
Celecoxib was extracted from the synovial fluid as well as from serum 

samples. Briefly, 100 μl synovial fluid or serum was used to which 100 μl 
internal standard (200 ng paracoxib (Dynastat, Pfizer) in 5 % BSA) was 
added. Then, 200 μl 0.1 M Na acetate buffer (pH 5) was added. Ethyl acetate 
(1 ml) was added and the samples were vortexed for 10 min. Then, the 
samples were centrifuged at 11,000 rpm for 10 min and stored at -80 °C for 
at least 30 min. The upper ethyl acetate phase was transferred into an HPLC 



Sustained intra-articular release of celecoxib from in situ forming gels in horses 

185 

C
ha

pt
er

 6
 

P
K

 i
n 

ho
rs

es
 

glass vial and the solvent was evaporated under nitrogen flow. The extraction 
was repeated on the remaining aqueous phase with 1 ml hexane and this 
fraction was added to the evaporated ethyl acetate fraction. After 
evaporation of hexane, the residues were dissolved in 100 μl of a 3:1 vol:vol 
methanol:acetate buffer (0.1 M, pH 5), of which 10 μl was injected onto a 
Kinetex® C18 (150 × 3.0 mm, particle size of 2.6 μm) analytical column 
(Phenomenex, Utrecht, NL). Separation was performed at a flow rate of 250 
μl/min, with a total runtime of 13 minutes. The mobile phases consisted of 
acetonitrile:water (1:1 vol:vol) (A), and  acetonitrile:methanol (1:1 vol:vol) 
(B). Samples were separated using the following gradient A/B vol/vol: 0–2 
min, 100/0; 2-8.5 min 25/75 to 0/100; 8.5-11 min, 0/100; 11-12 min 0/100 to 
100/0; 12-13 min 100/0. The column effluent was introduced by an 
atmospheric pressure chemical ionization (APCI) interface (Sciex, Toronto) 
into an API3000 mass spectrometer. For maximal sensitivity and for linearity 
of the response, the mass spectrometer was operated in multiple-reaction 
monitoring (MRM) mode at unit mass resolution. Peaks were identified by 
comparison of retention times and mass spectrum of celeoxib and paracoxib. 
For each component two ion transitions were monitored, celecoxib: 
380.3316.3 and 380.3276.3 (collision energy: -50 V, both), and paracoxib 
(Dynastat, Pfizer): 369.3250.2 and 369.3234.2 (collision energy: -30 V, 
both). The following MS parameters were used: nebulizer gas: 10 psi; curtain 
gas: 10 psi; ion current: -2 μA; source temperature: 500 °C; gas flow 1: 30 psi; 
gas flow 2: 20 psi: decluster potential: -70 V and entrance potential: -10 V. 
Data were analyzed with Analyst software version 1.4.2 (Applied Biosystems, 
The Netherlands). Celecoxib peak areas were corrected for the recovery of 
paracoxib, and concentrations were calculated using celecoxib standards with 
concentrations ranging from 5 pg to 20 ng/ml. The calibration curve was 
linear in this range (r=0.998) and the average extraction efficiency was 68 %. 
Further calculations on the pharmacokinetics were done using the freeware 
PK solver [43]. AUC was calculated using the “linear trapezoidal method”. 

 
2.12. Solubility of celecoxib in 10 % fetal bovine serum 
Celecoxib has a very low aqueous solubility (<1 μg/ml) with a large 

apparent volume of distribution (>~1 l/kg) due to its high plasma protein 
binding (~97 %) [44]. As the protein content of equine synovial fluid is 1-2 g/dl 
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[41,42,45], we investigated the effect of plasma protein on the solubility of 
celecoxib in cell medium (DMEM 31965 + pen/strep) with 10 % fetal bovine 
serum (FBS, 30 g/dl [46]). Therefore, an excess of celecoxib (~100 mg) was 
added to 1 ml of cell medium with FBS, which was incubated for 24 hours at 
room temperature and after centrifugation for 5 min at 3500 rpm, the sample 
was filtered using a 0.2 μm filter. Subsequently, the proteins present in the 
sample were precipitated by adding 1 vol of acetonitrile. The celecoxib 
concentrations in the supernatant were determined by UPLC using a Waters 
UPLC system equipped with a Waters column (BEH C18 1.7 μm, size: 2.1 × 
100 nm). Standards were prepared by dissolving celecoxib in DMSO at            
5 mg/ml. This celecoxib solution was diluted 10 times with DMSO and 
subsequently with buffer containing Tween® 80 to prepare celecoxib standards 
used for calibration (final celecoxib concentration ranged from 0.5 to            
100 μg/ml). Two eluents containing 0.1 vol% trifluoroacetic acid (TFA) were 
used: 95:5 vol:vol acetonitrile/water (Eluent A) and 45:45:10 vol:vol:vol 
methanol/acetonitrile/water (Eluent B); the elution rate was 0.08 ml/min, and 
the column temperature was 50 °C. A gradient was run from 100 % Eluent A to 
100 % Eluent B in 2 minutes and kept at 100 % B for 10 min before returning 
to 100 % Eluent A. Detection was performed with a UV detector at 254 nm and 
the injection volume was 10 μl. The retention time of celecoxib was 10.5 min 
with a total run time of 16 min. The autosampler temperature was 20 °C. 

 
2.13. Histological analysis of articular cartilage 
8 weeks after the start of the study, i.e. the administration of Hyonate®, 

‘placebo’ and ‘low CLB gel’, and thus 4 weeks after the injection of ‘high 
CLB gel’, the animals were sacrificed. Full thickness cartilage was harvested 
from the injected joints and fixed in buffered formaldehyde 4 % solution 
(Klinipath, The Netherlands) and, after embedding in paraffin, sections      
(5 μm) were cut. The sections were deparaffinized and stained as previously 
described by Gawlitta et al [47]. 

 
2.14. Statistical analysis 
Synovial fluid data (WBC, total protein, GAG content, C2C epitope) 

were compared using two-way ANOVA for repeated measures (GraphPad 
Prism 5). Significance level was set at p ≤0.05; differences were further 
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analyzed using a Bonferroni post-hoc test. The data are presented as 
mean±SEM. 

 
3. Results and Discussion  
3.1. Synthesis and characterization of fully acetylated PCLA-PEG-PCLA  
The synthesis of PCLA-PEG1500-PCLA was performed by ring opening 

polymerization of L-lactide and ε-caprolactone in solution with PEG1500-diol 
as macroinitiator in the presence of tin(II) 2-ethylhexanoate as catalyst. 
Subsequently, acylation of hydroxyl-end groups using an excess of acetic 
anhydride resulted in the formation of acetyl-capped PCLA-PEG-PCLA with 
a yield of 81 %. The 1H NMR spectrum of the polymer is given in Figure 1 
and shows the characteristic peaks at 5.25-4.95, 3.65-3.55 and 2.50-2.10 ppm 
corresponding to the methine protons of LA, the methylene protons of PEG 
and the methylene protons of caproyl units [28-30]. Also, 1H NMR analysis 
shows that the acetyl-capped triblock copolymers have peaks belonging to 
the methyl protons of acetyl-end groups at 2.14-2.03 ppm [28]. The 
composition of the polymers was determined according to Equation A.1 to 
A.13 as described previously [28-30]. The molar ratio of CL to LA (as defined 
in Equation A.7), k, was calculated from the 1H NMR spectrum and found to 
be 2.7 mol/mol, in accordance with the CL/LA feed of 2.5 mol/mol. The 
average length of CL sequences was calculated according to Equation A.13 
and found to be 4.3. This indicates an incomplete random distribution of the 
monomers in PCLA as previously reported for similar polymers [28-30]. The 
number molecular weight (Mn) of the synthesized polymer as determined by 
1H NMR analysis (equation A.12) was 4500 g/mol, which is slightly below 
the Mn of 4900 g/mol expected from the feed. The extent of acetylation, 
calculated by comparing the methyl peaks of end groups to the methylene 
peak of PEG measured by 1H-NMR, was found to be ~100 % indicating that 
the polymer was fully capped with acetyl end-groups. Table 1 summarizes 
the characteristics of the polymer. 

 
3.2. Characteristics of celecoxib-loaded acetylated PCLA-PEG-PCLA gels  
Figure 2A shows a microscopic photograph of a ‘high CLB gel’ (a 

celecoxib-loaded gel made of acetylated PCLA-PEG-PCLA triblock 
copolymers in buffer containing celecoxib at 260 mg/g (i.e. 26 wt%) and     
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31 wt% polymer). Needle-shaped crystals (~500 × 1 μm) were clearly visible 
which were neither present in the unloaded systems (‘placebo’) nor in the    
50 mg/g celecoxib (‘low CLB gel’), as reported previously for similar gels of 
25 wt% polymer in buffer [21]. X-ray analysis convincingly showed that 
celecoxib crystals were present (Figure 2B). Thus, celecoxib up to 50 mg/g 
was fully dissolved in the gel, but present in the form of crystals at          
260 mg/ml.  

 

 
Figure 1: 1H NMR spectrum of acetyl-capped PCLA-PEG-PCLA in CDCl3. 

 
The formulation without celecoxib as well as that loaded with 50 mg 

celecoxib/g (‘low CLB gel’) were injectable sols at room temperature and gels 
at 37 °C. However, ‘high CLB gel’ was a paste at room temperature and 
above, but could still be injected through an 18 G needle, which is the size 
mostly used to inject medications into horse joints.  
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Table 1: Characteristics of the acetyl-capped PCLA-PEG-PCLA triblock copolymer used 
in this study 

Polymer Acetyl-PCLA-PEG-PCLA-Acetyl

PEG feed [g] 50 

ε-caprolactone feed [g] 88 

L-lactide feed [g] 22 

Acetic anhydride feed [g] 11.1 

Aimed Mn [g/mol] 4900 

yield [%] 81 

PCLA/PEGa) 1.9 

CL/LA [mol/mol]b) 2.7 

DMc) ~2 

Mn
d) [g/mol] 4300 

a) weight ratio of PCLA to PEG determined by 1H NMR 
b) weight ratio of ε-caprolactone to L-lactide determined by 1H NMR 
c) degree of modification represents the number of end groups per triblock copolymer 
determined by 1H NMR  
d) number average molecular weight determined by 1H NMR  
 
 
Table 2: Effect of autoclaving on acetyl-capped PCLA-PEG-PCLA of 25 wt% in buffer as 
measured by 1H NMR, GPC, oscillatory rheometry and pH.  

Treatment 
Mn,NMR 

[g/mol] 

GPC 
G'max 
[Pa] 

pH 
Mn 

[g/mol] 
PDI 

none 4600 4900 1.40 192 7.1 

121 °C for 15 minutes 4600 5000 1.42 154 6.9 

 



Chapter 6 

190 

C
hapter 6

P
K

 in horses 

 
Figure 2: Samples of ‘high CLB gel’ (260 mg celecoxib per g gel). 2A shows a 
microphotograph (magnification = 10×). 2B shows the X-ray diffraction pattern of 
celecoxib and the gel.  
 

Table 2 shows that no significant effects of the autoclaving of unloaded 
systems of 25 wt% in buffer compared to control were observed as measured 
by GPC and oscillatory rheology measurements, even though a slight 
decrease of ~40 Pa was observed for G’max (i.e. the maximum value of G’ in 
the temperature range 4 to 50 °C). Table 2 shows a slight drop in pH from 
7.1 to 6.9 after autoclaving, which might indicate formation of traces of 
acidic degradation products. Sterilization of polyester-based drug delivery 
systems by autoclaving have not been reported, likely because significant 
hydrolysis of the polymers will occur. We hypothesized that autoclaving of 
our systems with only minimal hydrolysis of the polyester chains is possible 
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because of the presence of end-capping groups, which slows down back biting 
reactions and thus in turn degradation [21,28-30]. 
 

3.3. Clinical response to intra-articular injection of the gels 
All horses were free of lameness prior to injection and none of the limbs 

injected with Hyonate®, ‘placebo’ or ‘low CLB gel’ showed signs of lameness 
throughout the study. However, four of the five horses, which received an 
injection of ‘high CLB gel’ in their left tarsus showed signs of lameness       
24 hours post injection (average lameness score was 1.6±1.3 on a 5-point 
scale). The lameness was only temporary as at 72 hours post injection it had 
disappeared. These temporary adverse clinical symptoms can be ascribed to 
the acute inflammatory response to ‘high CLB gel’, likely triggered by the 
presence of needles of crystalline celecoxib (Figure 2A).  
 

3.4. Synovial fluid analysis 
Figure 3 shows the WBC count, total protein count, GAG content and 

C2C content in synovial fluid prior and post injection of Hyonate®, ‘placebo’ 
and celecoxib-loaded gels. At 8 hours post injection, the synovial fluid from 
joints injected with Hyonate®, ‘low CLB gel’ or ‘high CLB gel’ all had an 
increased WBC count (>10×109 cells/l) compared to synovial fluid from 
joints injected with ‘placebo’. At 24 hours post injection, only WBC in joints 
treated with Hyonate and ‘high CLB gel’ remained significantly increased 
(~30 and ~20×109 cells/l, respectively). At 72 hours post injection, the WBC 
count of all injected joints returned to control levels (~2×109 cells/l) and 
remained at this level until the end of the study (Figure 3A), indicating that 
the inflammatory response to the gels was transient and of a similar 
magnitude as after Hyonate® injection. 

Concentrations of synovial fluid proteins are known to vary with the 
extent of joint inflammation [31,40,42]. At 8 hours post injection, the 
synovial fluid from joints injected with ‘placebo’ or ‘high CLB gel’ had an 
increased protein content (~4 g/dl) compared to synovial fluid from joints 
injected with Hyonate or ‘low CLB gel’ (1-2 g/dl). At 24 hours post 
injection, the synovial fluid from joints injected with ‘placebo’ or ‘high CLB 
gel’ had still an increased protein content of 4 g/dl, whereas the synovial 
jkhjk 
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Figure 3: Synovial fluid analysis. 2A shows the white blood cell count. 2B shows the total 
protein levels. 2C shows the GAG content. 2D shows the C2C content. Values are depicted as 
mean±SEM (n = 5); *: p <0.05 vs. ‘placebo’.  
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fluid from joints injected with ‘low CLB gel’ remained close to baseline, and 
that of Hyonate® had an increased protein content of 6 g/dl. Just like WBC, 
the total protein concentrations returned to control levels 72 hours post 
injection (Figure 3B), again indicating that the inflammatory response due to 
the injected gel was transient and in the same range as after Hyonate® 
injection.  
 

 
Figure 4: Representative histological sections of cartilage harvested from injected joints 
stained with Safranin O/ Fast green. 4A shows full thickness cartilage harvested from a joint 
injected with Hyonate® 8 weeks post injection. 4B shows full thickness cartilage harvested 
from a joint injected with ‘placebo’ 8 weeks post injection. 4C shows full thickness cartilage 
harvested from a joint injected with ‘high CLB gel’ 4 weeks post injection. 4D shows full 
thickness cartilage harvested from a joint injected with ‘low CLB gel’ 8 weeks post injection.  
 

To determine whether the inflammatory response had a detrimental effect 
on the cartilage, the GAG content as well as the concentration of the C2C 
epitope of collagen in the synovial fluid samples was measured. Figure 3C 
shows the total GAG content in the synovial fluid samples. At 8 hours post 
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injection, the synovial fluid from all injected joints showed a GAG content in 
the range of the baseline level (50 μg/ml). At 24 hours post injection, the 
synovial fluid from joints injected with Hyonate® or ‘high CLB gel’ had an 
increased GAG content (271 and 197 μg/ml, respectively). Just like WBC 
and protein content, the GAG concentrations returned to control levels      
72 hours post injection, again indicating that the inflammatory response due 
to the injected gel was transient and in the same range as after Hyonate® 
injection.  

Figure 3D shows the concentration of the C2C epitope of collagen type 
II, a biomarker for cartilage damage [31,42]. There were no significant 
differences in level of C2C epitope of collagen between the Hyonate®, 
‘placebo’ and the celecoxib-loaded gels indicating that the treatments did not 
have adverse effects on the collagen component of the cartilage. 

To further confirm this finding, histological staining of cartilage harvested 
from the injected joints was performed. Figures 4A-D show representative 
histological sections of cartilage from the joints injected with Hyonate®, 
‘placebo’ and the celecoxib-loaded gels. The surface of the cartilage was 
smooth, indicating that the treatments had not damaged the structural 
components of the cartilage. Moreover, the intact cartilage stained deeply 
reddish with safranin-O for glycosaminoglycans, which further demonstrates 
that no lasting cartilage damage occurred, as there were no differences 
between Hyonate®, ‘placebo’, ‘low CLB gel’ and ‘high CLB gel’. Any GAG 
loss from the extracellular matrix of the cartilage, as may have occurred 
shortly after the injection given the temporary rise in synovial fluid GAG 
content, was hence repaired in the following period. It is known that in 
articular cartilage damage GAG loss is reversible, as long as the collagen 
network remains intact [48]. The fact that no increase occurred in C2C 
content demonstrates there was no significant damage to the collagen 
network in our study. Thus, the gels were well tolerated. Larsen et al. [49] 
reported the injection into equine carpal joints of 2 ml in situ forming depot 
composed of PEG400 and celecoxib loaded at 290 mg celecoxib per g solution, 
which is similar to the dose of the ‘high CLB gel’ (2 ml of 260 mg celecoxib 
per g gel). They did however report the presence of granulomatous synovitis 
10 days after i.a. injection of the PEG400 solution of celecoxib, and the 
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synovial membrane being hyperaemic, which indicate tolerability issues of 
their system.  

 
3.5. In vivo release of celecoxib from gels administered in the horse joints 
After administration of the ‘low CLB gel’ and ‘high CLB gel’, the 

celecoxib concentrations in synovial fluid as well as in plasma were measured 
over time. Figure 6 shows the celecoxib concentrations in synovial fluid. 
Celecoxib concentration in synovial fluid 8 hours after i.a. administration was 
20-25 μg/ml and independent of the type of gel administered. For the ‘low 
CLB gel’, the Cmax of celecoxib in synovial fluid was reached at 8 hours (four 
animals) and 24 hours (one animal) post injection (23.6±6.6 μg/ml). For the 
‘high CLB gel’, the Cmax of celecoxib in synovial fluid was reached at 8 hours 
(three animals) and 72 hours (one animal) with a tmax at 24 hours for one 
animal and was 36±14 μg/ml. The high values of the Cmax are in line with 
celecoxib solubility in 10 % FSB solution, which was found to be 10-20 μg/ml 
likely due to celecoxib solubilization by proteins. After tmax, the celecoxib 
concentration in synovial fluid of the joints treated with ‘low CLB gel’ 
rapidly decreased in time reaching a concentration of 0.034±0.041 μg/ml      
7 days post injection, whereas the celecoxib concentration in synovial fluid 
taken from the joints that received ‘high CLB gel’ decreased more slowly to 
reach 1.6±1.4 μg/ml at day 7 and finally dropped at day 28 below 0.1 μg/ml. 
The calculated AUC in synovial fluid was 30.8±8.9 and 113±85 μg×d/ml for 
the joints that received the ‘low CLB gel’ and ‘high CLB gel’, respectively. 
Thus, there is a factor 3-4 difference in the AUCs between the joints that 
received the ‘low CLB gels’ and ‘high CLB gels’, which is in the range of the 
factor ~5 difference in loading between the two administered gels (50 and 260 
mg/g, respectively). Table 3 summarizes the pharmacokinetics values.   

Figure 7 shows that serum celecoxib concentrations in horses that received 
the celecoxib-loaded gels were detected up to 72 hours. The Cmax of celecoxib 
in plasma was reached at 8 hours (one animal) and 24 hours (four animals) 
post injection (81±72 and 230±220 ng/ml for ‘low CLB gel’ and ‘high CLB 
gel’, respectively). The plasma Cmax values were thus 150 and 330 times lower 
than in synovial fluid for ‘low CLB gel’ and ‘high CLB gel’, respectively. It is 
remarkable that the serum Cmax coincided with the maximum of the 
inflammatory response (Figure 3A-B), which indicates that celecoxib leaked 
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from the joint into the periphery most likely because of the increased 
vascular permeability due to the inflammatory response in the joints [50,51]. 
In line with the biochemical analysis of the synovial fluid (WBC, protein 
count) showing inflammation for 3-7 days, no celecoxib could be detected     
in plasma at 7 days. The AUC in serum was 0.177±0.075 and            
0.38±0.33 μg×d/ml for horses that received ‘low CLB gel’ and ‘high CLB 
gel’, respectively. Thus, there is a factor 2-3 difference between the serum 
AUC of animals that received the ‘low CLB gels’ and ‘high CLB gels’, which 
is in line with that of synovial fluid.  

 

 
Figure 6: Celecoxib concentrations in synovial fluid after i.a. administration of ‘low CLB 
gel’ (open circles) and ‘high CLB gel’ (closed circles) loaded with 50 and 260 mg celecoxib 
per g gel, respectively. 

 
In the earlier referred study by Larsen et al. [49], celecoxib was detected 

in serum samples for ten days after intra-articular administration of a 
formulation of celecoxib in PEG400, but they could not quantify these low 
concentrations (~1 ng/ml) and no data regarding celecoxib concentrations in 
synovial fluid were reported. Although we show a higher systemic exposure to 
celecoxib in the present study than reported by Larsen et al., we found a 
shorter systemic exposure time. 
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Figure 7: Celecoxib concentrations in serum after i.a. administration of ‘low CLB gel’ 
(open circles) and ‘high CLB gel’ (closed circles) loaded at 50 and 260 mg celecoxib per g 
gel, respectively. 

 
 

Table 3: Pharmacokintics parameters of celecoxib in synovial fluid and in serum as 
calculated by the PKsolver after injection of ‘low CLB gel’ and ‘high CLB gel’. 

 ‘Low CLB gel’ ‘High CLB gel’ 

 Synovial fluid Serum Synovial fluid Serum 

tmax [h] 8-24 8-24 8-72 8-24 

Cmax [μg/ml] 23.6±6.6 0.081±0.072 36±13 0.23±0.22 

AUC [μg×d/ml] 30.8±8.9 0.18±0.08 113±85 0.38±0.33 

 

A study by Gika et al. [52] showed that in only six out of seventeen 
patients, treated with 200 mg celecoxib/day for 5 days orally, celecoxib could 
be detected in synovial fluid (0.33-0.79 μg/ml), while the plasma 
concentrations after oral administration (200 mg/day for 5 days) ranged from 
350-1850 ng/ml. In the present study, 8 hours after administration of the 
celecoxib-loaded gels, a celecoxib concentration in the synovial fluid of      
20-25 μg/ml was reached (Figure 6), thus ~50 times higher than that after 

0 5 10 15
0

100

200

300

400

15 20 25 30

C
e

le
co

xi
b

 s
e

ru
m

 c
o

n
ce

n
tra

tio
n

 [n
g

/m
l]

Time [days]



Chapter 6 

198 

C
hapter 6

P
K

 in horses 

oral administration [52]. Importantly, 24 hours after a single injection of the 
celecoxib-loaded gels, the peak serum concentration was 75-145 ng/ml 
(Figure 7), thus 5-25 times lower than that after oral administration [52]. 
Hence, by using in situ forming gels based on acetyl-capped PCLA-PEG-
PCLA triblock copolymers loaded with celecoxib, we greatly improved the 
celecoxib concentrations in synovial fluid while drastically reducing the 
exposure to systemic concentrations of the drug. It can be assumed that, by 
reducing the systemic celecoxib concentrations through local delivery, the 
occurrence of side effects will also be reduced [53].  

 

4. Conclusions 
This study demonstrates that gels based on acetyl-capped PCLA-PEG-

PCLA triblock copolymer loaded with celecoxib have potential for successful 
local drug delivery for the treatment of osteoarthritis. It is shown that 
injection in the joints of horses results in high local celecoxib concentrations 
in the joint for a prolonged time, while significantly limiting systemic 
exposure. Histological and synovial fluid analyses showed that the gels had a 
good tolerability and did not result in damage of the cartilage. These gels are 
therefore attractive vehicles for local drug administration which generate high 
local doses without the risk of side effects associated with oral administration 
and have therefore potential for clinical applications.  
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Appendices 
 
Equation 
 
Equation A.1: Theoretical number of methylene protons in PEG1500 per mole, IPEG 

 with MPEG = 1500 g/mol and MEG = 44 g/mol. 
 
Equation A.2: Number of methylene protons in PEG at 3.72-3.55 ppm, I3.6 
This value was determined by adding an excess of TCAI to PEG1500. The formation of 

Cl3C-NH-C(O)-(O-CH2-CH2)n-O-C(O)-NH-CCl3 led to the formation of a new peak at 
4.40ppm (I4.4, 4H, Cl3C-NH-C(O)-O-CH2-CH2-O-).  

 for I4.4 = 4. This value is in agreement with the expected value of 136 – 4 = 

132 H (as determined in Equation A.1.). 
 
Equation A.3: Number of CL-CL bonds per mol PEG 

 for normalized I3.6 = 122.  
 
Equation A.4: Number of CL-LA bonds per mol PEG 

.
2 for normalized I3.6 = 122. 

 
 
Equation A.5: Number of CL per polymer chain 

. 
 
Equation A.6: Number of LA per polymer chain 

 for normalized I3.6 = 122. 
 
Equation A.7: Molar ratio CL/LA 

. 
 
Equation A.8: Number average molecular weight of PCLA 

. 
 

1364 






EG

PEG
PEG M

MI

1226.3 I

2
2.2In CLCL 

LACLCLCLCL nnn  

1.5InLA 

LA

CL
n

nk 

72114,  LACLPCLAn nnM



Sustained intra-articular release of celecoxib from in situ forming gels in horses 

205 

C
ha

pt
er

 6
 

P
K

 i
n 

ho
rs

es
 

Equation A.9: Weight CL content 

. 
 
Equation A.10: Weight ratio PCLA / PEG 

. 
 
Equation A.11: Degree of Modification 

 for normalized I3.6 = 122 with . 

 
Equation A.12: Number average molecular weight 

 with x = 43 . 

 
Equation A.13: Average length of the CL blocks  
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1. Summary 
The work described in this thesis is a part of the broader project, 

OAcontrol, which was financed by the Dutch public-private consortium 
Biomedical Materials (BMM). OAcontrol aimed at developing new 
treatments for osteoarthritis (OA). Within this project, the scope of this 
thesis work was to develop a drug delivery system for the local and sustained 
release of drugs into joints. During this development, many challenges needed 
to be overcome, which were related to the design of proper formulations for 
the delivery of the drugs of interest, and their efficacy and safety in vivo. A 
variety of injectable drug carriers have been developed to efficiently 
encapsulate and deliver drugs locally, for example, in situ forming depots. 
These systems are aimed at obtaining therapeutically effective concentrations 
of the encapsulated drug after local administration for prolonged times [1-5].  

Amongst the polymers used to prepare those drug carriers, polyester/PEG 
block copolymers represent a large and various class of well-tolerated and 
biodegradable polymers with a broad range of physicochemical properties. 
They have been extensively investigated as biomedical materials for different 
applications such as use as implantable medical devices, in tissue engineering 
and in drug delivery. Amphiphilic polyester/PEG block copolymers form 
micellar suspensions in aqueous medium at low temperature. When these 
suspensions are brought to body temperature and above their critical gel 
concentration, they transform into viscoelastic hydrogels. Such systems have 
found clinical applications as in situ forming gels for drug delivery [6]. 
Interestingly, modification of the terminal hydroxyl groups of polyester-PEG-
polyester copolymers allows modulation of the sol-to-gel transition 
temperature of these systems [7,8]. Therefore, one of the main themes of this 
thesis was to further understand the impact of this modification on 
rheological properties and degradation kinetics and to investigate whether 
such systems would enable local and sustained drug delivery in joints. In the 
studies described in this thesis, the non-steroidal anti-inflammatory drug 
(NSAID) celecoxib, which is used for the palliative oral treatment of OA, was 
chosen as the drug of choice.  

Chapter 1 provides an introduction to the challenges of OA therapy and 
an overview of temperature-responsive gelling systems made of 
polyester/PEG block copolymers. Particular attention is given to a subclass 
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of acylated poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-b-    
poly(ε-caprolactone-co-lactide) (PCLA-PEG-PCLA) triblock copolymers. 
Subsequently, the aim and outline of this thesis are presented. 

In Chapter 2, the blending of a PCLA-PEG-PCLA triblock copolymer 
and its hexanoyl-capped derivative is described focusing on the temperature-
responsive gelling behaviour and the modulation of rheological and 
degradation properties [9]. The cloud point of the blends was composition-
dependent and could be tailored from 15 to 40 °C for blends containing 15 to 
100 wt% uncapped polymer (and thus 85 to 0 % of the capped polymer). 
Aqueous systems with solid content between 20 and 30 wt% containing 15 to 
25 wt% uncapped polymers showed a sol-to-gel transition temperature at   
10-20 °C and are thus interesting injectable gels for drug delivery [10]. 
Complete degradation of these gels at pH 7.4 and 37 °C took ~100 days, 
independent of the blend ratio and the initial solid content. Interestingly, gel 
degradation is not due to chemical polymer hydrolysis but to polymer 
dissolution. The approach of blending uncapped and hexanoyl-capped 
polymers to prepare temperature-responsive gelling systems has however 
some limitations: 

(i) the range of blending ratios, which results in temperature-responsive 
gelling systems, is rather narrow 

(ii) temperature-responsive gelling systems prepared by this method 
quickly phase-separate at room temperature, which renders their handling 
difficult and might be detrimental for sustained delivery of water-soluble 
drugs as these drugs might preferentially partition in polymer-poor fractions 
and be released in a burst.  

(iii) these systems dissolve in ~3-4 months, independent of the blending 
ratio and the initial solid content, whereas modulation of degradation time is 
highly desired to match the requirements of specific therapies. 

To circumvent these shortcomings, the relationships between composition, 
PCLA microstructure, rheological and degradation properties are investigated 
in Chapter 3 using a design of experiments [11]. Eight polymers with 
varying molecular weights of PCLA, caproyl/lactoyl ratios (CL/LA) and 
capped with either acetyl- or propionyl-groups were synthesized. Rheological 
and degradation/dissolution properties of aqueous systems composed of the 
polymers at 25 wt% concentration were studied. 1H NMR analysis revealed 
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that the monomer sequence in the PCLA blocks was not fully random, 
resulting in relatively long CL sequences, even though transesterification was 
demonstrated by the enrichment with lactoyl units and the presence of PEG-
OH end groups. Except the most hydrophilic polymer of acetyl-capped 
PCLA1400-PEG1500-PCLA1400 with a CL/LA molar ratio of 2.5, all the 
polymers of 25 wt % in buffer were sols below room temperature and 
transformed into gels between room temperature and 37 °C, which makes 
them suitable as temperature-responsive gelling systems for drug delivery. 
Over a period of weeks at 37 °C, the systems containing polymers with long 
CL sequences (~8 CL units) and propionyl end-groups became semi-
crystalline, as shown by X-ray diffraction analysis. Degradation of the gels by 
dissolution at pH 7.4 and 37 °C took 100-150 days for the amorphous gels 
and 250-300 days for the semi-crystalline gels. In conclusion, this chapter 
shows that changes in the polymer composition allow an easy modulation of 
both rheological and degradation properties. 

To get more insight into the tolerability and biodegradation of in situ 
forming hydrogels made of acyl-capped PCLA-PEG-PCLA copolymers, 
polymers capped with triiodobenzoyl (TIB) groups were synthesized as a 
means to prepare radiopaque systems in Chapter 4 [12]. TIB capping 
renders the gel radiopaque properties, enabling its in vivo visualization and 
quantification using micro-computed tomography (μCT). A gel containing 
TIB-capped polymer degraded in vitro (37 °C, pH 7.4) through dissolution 
over a period of ~20 weeks, and degraded slightly faster (~12 weeks) after 
subcutaneous injection in rats. This in vivo acceleration is likely due to active 
(enzymatic) degradation, shown by changes in polymer composition and 
molecular weight as well as by the presence of macrophages at the injection 
site. After intra-articular administration in rats, the visualized gel gradually 
lost signal intensity over the course of 4 weeks. Also, good cytocompatibility 
of an acetyl-capped polymer-based hydrogel was proven in vitro for 
erythrocytes and chondrocytes. Moreover, the intra-articular tolerability of 
this gel was demonstrated using μCT-imaging and histology, since both 
techniques showed no changes in cartilage quality and/or quantity.  

In Chapter 5, the in vitro and in vivo properties and performance of a 
celecoxib-loaded hydrogel based on a fully acetyl-capped PCLA-PEG-PCLA 
triblock copolymer were investigated [13]. Mixtures of different compositions 
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of celocoxib and the acetyl-capped PCLA-PEG-PCLA triblock copolymer 
were added to buffer to yield temperature-responsive gelling systems. These 
systems containing up to 50 mg celecoxib per g gel were sols at room 
temperature and convert into immobile gels at 37 °C. In vitro release of 
celecoxib started after a ~10 days lag phase followed by a sustained release of 
~90 days. Celecoxib release was shown to be mediated in vitro by polymer 
dissolution of the gels. In vivo (subcutaneous injection in rats) experiments 
showed an initial celecoxib release of 25 % of the loading during the first     
3 days followed by a sustained release of celecoxib for 30-60 days. The 
absence of a lag phase and the faster release seen in vivo are likely due to the 
enhanced celecoxib solubility in biological fluids and active degradation of the 
gels by enzymes and/or macrophages, respectively. Finally, intra-articular 
tolerability of the 50 mg/g celecoxib-loaded gel was demonstrated using μCT-
scanning, where no cartilage or bone changes were observed following 
injection into the knee joints of healthy rats. Thus, celecoxib-loaded acetyl-
capped PCLA-PEG-PCLA hydrogels form a safe drug delivery platform for 
sustained intra-articular release. 

To further evaluate the potential of the system for local drug delivery 
within the knee, the pharmacokinetics of celecoxib released from a gel after 
intra-articular administration in horses was studied in Chapter 6 [14]. The 
gel was loaded with two dosages of celecoxib (50 mg/g and 260 mg/g), and 
sterilized by autoclaving without significant polymer hydrolysis. After intra-
articular injection in joints of healthy horses, the gel induced a transient 
inflammatory response for 72 hours, which is similar to the control injection 
of Hyonate®, a commercially available hyaluronic acid gel used for intra-
articular administration in horses. After injection of the gel loaded with the 
high dose celecoxib, the horses showed some slight signs of discomfort        
24 hours after injection, which however completely disappeared 72 hours after 
injection. Importantly, there was no indication of damage of the cartilage. 
Celecoxib was detected in the joints at a concentration of 20 μg/ml at         
8 hours after injection and its concentration decreased progressively in         
4 weeks. Celecoxib was also detected in plasma at concentrations of          
150 ng/ml for 3 days after administration and thereafter dropped below the 
detection limit. These results show that the systems allow for sustained intra-
articular levels of celecoxib for 4 weeks with only very low and short systemic 
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exposure to the drug, demonstrating that these injectable in situ forming 
hydrogels are promising vehicles for intra-articular administration of non-
steroidal anti-inflammatory drugs.  

 
2. Discussion and perspectives 
The main topic of this thesis was the development and evaluation of an 

injectable in situ forming gel made of acylated PCLA-PEG-PLCA 
copolymers for the local and sustained release of celecoxib, which is to date 
the drug of choice for the treatment of OA (Chapter 1). As shown in this 
thesis, the advantageous properties of gels composed of acylated PCLA-PEG-
PCLA copolymers is the straightforward preparation and the versatility in 
the rheological and degradation/release properties as well as ease of injection 
and good tolerability/biodegradability. Rheological and degradation/release 
properties can easily be modulated by the polymer composition and 
microstructure (Chapter 2 & 3 [9,11]). The ease to modulate properties 
combined with the possibility of functionalizing the end groups with, for 
instance, iodine-containing groups allowing longitudinal imaging by computed 
tomography shows that the systems have potential for in vivo applications 
(Chapter 4 [12]). Also, celecoxib is released from the gel in a sustained 
manner after subcutaneous injection in rats (Chapter 5 [13]) and also 
locally after intra-articular injection in horses (Chapter 6 [14]). The 
systemic exposure and duration is low and short and, plasma concentrations 
are a factor 150-330 lower than the levels in synovial fluid. This demonstrates 
clearly the potential of the system for local drug delivery with relatively high 
local drug concentrations and very low systemic leaching.  

Thus, we have designed celecoxib-loaded gels with good tolerability after 
intra-articular administration in rats and horses as well the ability for local 
and sustained release of celecoxib for 4 weeks, which should allow less 
frequent administrations than the systems currently available for the intra-
articular treatment of OA [15-17]. Based on human as well as veterinary 
clinical practice, one can expect to achieve therapeutically effective 
concentrations of celecoxib in the joint at 100-1000 fold lower total dosing 
levels than oral dosing. For comparison, typical oral delivery of Celebrex® is 
set at 200-600 mg/day celecoxib, whereas our system is currently set at 50 to 
260 mg celecoxib per injection, with the potential to release the drug for     
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14 to 30 days. For a drug such as celecoxib, localized delivery has also great 
advantages to (i) limit the impact of side effects, and (ii) reduce or avoid 
drug-drug interactions and improve patient compliance issues, which are 
often an issue with elderly patients suffering from several 
comorbidities/chronic diseases and taking several drug treatments 
systemically. 

However, further studies are required before this system can be brought to 
a clinical phase for the treatment of OA.  

 
2.1. In vitro/in vivo correlation 
In Chapter 4 and 5 [12,13], the in vitro and in vivo degradation of 

unloaded systems (‘placebos’) and the release kinetics of celecoxib from a gel 
loaded with 50 mg/g celecoxib were studied. The degradation of the depots 
and release kinetics of celecoxib are different in vitro and in vivo. On one 
hand, the degradation of the depots is likely influenced by differences in gel 
depot geometry between in vitro and in vivo set-up as well as by the in vivo 
active (enzymatic) degradation. On the other hand, the release of celecoxib in 
vivo is also likely influenced by the enhanced celecoxib solubility in biological 
fluids (e.g., due to its high protein binding). It will therefore be important to 
gain knowledge to predict in vivo performance of the system by designing an 
in vitro model that better mimics in vivo conditions. Taking into account 
that the two main parameters that we identified as critical to influence in 
vivo degradation/release mechanism, are the active enzymatic degradation of 
the polymer and the enhanced solubility of celecoxib, one could consider 
adding esterases [18] and plasma proteins in the degradation/release medium 
used for the in vitro experiments to affect the degradation mechanism of the 
gels and the release of celecoxib. In parallel, an in vitro model with a flow-
through cell could also serve to better mimic the in vivo situation [19,20]. 

 
2.2. Preclinical pharmacokinetics and pharmacodynamics studies 
Beyond the scope of this thesis, the efficacy of the local and sustained 

delivery of celecoxib into osteoarthritic joints needs to be investigated. 
However, the pathogenesis of OA is not fully understood, and thus there is 
neither a validated animal model available nor known biomarkers that can be 
used to study the pharmacodynamics of new treatments [21,22]. Therefore, it 
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is difficult to carry out preclinical studies to measure pharmacodynamics and 
thus to show efficacy in an animal model. So, it could be possible to go 
directly from preclinical safety and PK studies to Phase I studies in (horse) 
patients.  

The approach described in this thesis was to design a new dosage form 
with a different route of administration and in a different dosage regimen for 
celecoxib, which is already commercially available as tablet under the trade 
name Celebrex® for the treatment of OA. Therefore, the designed celecoxib-
loaded systems can be considered as “Supergenerics” [23]. This means that 
the required preclinical package can be simplified compared to that of a new 
drug. Hence, one could propose to perform comparative or even better cross-
over pharmacokinetics studies, in which Celebrex® administration will be 
used as control. Likewise, the drug loading, injection volume and dose 
regimen could be adjusted to obtain celecoxib concentrations in the synovial 
fluid that match the concentration observed with Celebrex®. For such a 
study, the dog will be the animal model of choice as the correlation between 
celecoxib bioavailability in dogs and humans is known [24]. In addition, an 
efficacy study in patient horses or dogs, which are diagnosed with 
spontaneous OA [22], with lameness score as read out parameter, could also 
be considered. Nevertheless, this kind of study with patient animals is long 
lasting due to limitations in the recruitment of the animals and the pros and 
cons of such study need to be well defined in advance. 

 
2.3. Preclinical safety studies 
Polyester/PEG block copolymers are extensively investigated in the drug 

delivery field since there are made of well-accepted pharmaceutical excipients, 
even though controversial findings around the immunogenicity of PEG have 
been reported [25]. However, clinical experience with these copolymers is 
limited [6,26], and they are therefore considered as novel excipients. Hence a 
thorough safety package needs to be generated before a drug delivery system 
based on these polymers can be brought to the clinic [27-31]. For instance, a 
preclinical safety program should be composed of in vitro and in vivo studies 
to ensure the non-toxicity of the system [29,32]. 
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2.4. Quality by Design (QbD) 
Quality by Design (QbD) is a systemic approach to pharmaceutical 

development, for which the international conference on harmonisation of 
technical requirements for registration of pharmaceuticals for human use 
(ICH) issued the guidelines Q8, Q9 and Q10. It means designing and 
developing formulations and manufacturing processes to ensure a science-
based pharmaceutical quality assessment and a build-in quality of the 
product [33-35]. 

In the framework of this thesis, we pinpointed critical material attributes 
of the system that influence its performance like the CL sequence length, 
which is affected by the synthesis procedure (temperature, batch size), and 
which impacts the crystallization behaviour and thus the degradation time of 
the gel.  

Amongst the various perspectives offered by in situ forming gels made of 
acyl-capped PCLA-PEG-PCLA triblock copolymers, the fact that no polymer 
chemical degradation in vitro is observed is remarkable. In the past decade, 
drug delivery system development has focused its attention on the design of 
biodegradable carriers, which often contain water-hydrolysable ester bonds. 
The consequences and advantages brought by this absence of chemical 
polymer degradation of the systems should be further explored. 

The strategy that we followed in this thesis to thoroughly understand 
each property of the system, fits the requirements of the QbD approach. In 
future development steps to bring the system to the clinic, it will be 
important to continue identifying the manufacturing processes (e.g., scale-up 
of the synthesis, loading of the polymers with celecoxib, preparation of the 
system, dosage form, sterilisation, shelf-life and injection system for instance 
using pre-filled syringes [36]) with the same eagerness of understanding root 
causes of all data. 

 
2.5. Improvements for the next generation product 
Besides, the studies needed to bring the system to the clinic, one should 

also investigate how to improve the performance of the system for further 
applications. Mainly, OA is a chronic disease, which progresses in time and 
thus, the patients need to be treated for their life expectancy. Multiple intra-
articular injections can be deleterious for the integrity of the joints [15,37,38]. 
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The system described and investigated in this thesis is already longer lasting 
than other systems but it is important to consider extending the release 
duration further. For instance, in Chapter 3 [11], we prepared gels with        
9 months in vitro degradation duration. These long-lasting gels should be 
tested in vivo for their extended degradation and release duration, which 
would be a way to further lower the administration frequency. 

Also, the gels of this thesis are very suitable for formulation and release of 
hydrophobic drugs. However, potential drug candidates, like biologics have in 
general good aqueous solubility. Therefore, further investigation is required to 
make the gels suitable for hydrophilic drugs. In Chapter 2 [9], we prepared 
gels that phase separated and are therefore likely less suitable as delivery 
vehicle of hydrophilic drugs including biotherapeutics. On the other hand, the 
systems described in Chapter 3, 4 & 5 [11-13] showed large gel windows 
without phase separation at 37 °C. These systems might be suitable for 
protein delivery, which remains to be further explored [39].  

 
3. Conclusion 
It can be concluded that in situ forming gels made of acyl-capped triblock 

copolymers described in this thesis, due to their easy to modulate properties, 
are attractive candidates for a broad range of drug delivery applications. We 
have shown in this thesis the proof of principle in both small and large 
animals to sustained and localized release by incorporating a ‘Block Buster 
drug’ into novel micelle-based injectable drug depots, which results in a 
‘Supergeneric’ new dosage form with attractive clinical and commercial 
features. We believe that these systems can find their way towards clinical 
applications and, in particular for the local treatment of OA.  
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Nederlandse samenvatting 
Het in dit proefschrift beschreven werk is onderdeel van een breder 

project, OAcontrol, dat werd gefinancierd door het Nederlandse publiek-
private consortium Biomedical Materials (BMM). OAcontrol is gericht op het 
ontwikkelen van nieuwe behandelingen voor osteoartrose (OA). Binnen dit 
project was het doel van dit proefschrift om een afgiftesysteem te ontwikkelen 
voor de lokale en langdurige afgifte van medicijnen in het gewricht. Tijdens 
deze ontwikkeling moesten vele uitdagingen worden overwonnen, die 
gerelateerd zijn aan het ontwerp van de juiste formuleringen voor de afgifte 
van relevante geneesmiddelen en hun werkzaamheid en veiligheid in vivo. 
Verschillende injecteerbare geneesmiddeldragers zijn ontwikkeld om efficiënt 
geneesmiddelen in te sluiten en ze plaatselijk af te geven, zoals in situ 
vormende depots. Deze systemen zijn gericht op het verkrijgen van 
therapeutisch effectieve concentraties van het ingesloten geneesmiddel na 
lokale toediening gedurende lange tijd. 

Onder de polymeren die gebruikt worden als basis voor deze 
geneesmiddeldragers, vormen polyester/PEG blokcopolymeren een grote en 
veelzijdige klasse van goed verdraagbare en biologisch afbreekbare polymeren 
met een breed scala aan fysisch-chemische eigenschappen. Zij zijn uitgebreid 
onderzocht als biomedische materialen voor diverse toepassingen, zoals 
implanteerbare medische materialen voor regeneratieve geneeskunde en de 
afgifte van geneesmiddelen. Amfifiele polyester/PEG blokcopolymeren 
vormen micellaire aggregaten in waterig milieu bij lage temperatuur. 
Wanneer deze aggregaten tot lichaamstemperatuur en boven hun kritische gel 
concentratie worden gebracht, transformeren ze in visco-elastische 
hydrogelen. Dergelijke systemen hebben klinische toepassingen gevonden als 
in situ vormende hydrogelen voor de afgifte van geneesmiddelen. Een 
interessant aspect is dat modificatie van de hydroxyl eindgroepen van 
polyester-PEG-polyester copolymeren de overgangstemperatuur van sol naar 
gel van deze systemen kan beïnvloeden. Daarom zijn de belangrijkste thema's 
van dit proefschrift de impact van deze invloed op de reologische 
eigenschappen en de afbraak-kinetiek van deze systemen te bestuderen en de 
mogelijkheden te onderzoeken om dergelijke systemen voor een lokale en 
gecontroleerde afgifte van geneesmiddelen in de gewrichten toe te passen. Het 
niet-steroïdale anti-inflammatoire geneesmiddel (NSAIG) celecoxib, dat voor 
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de palliatieve orale behandeling van osteoartrose wordt gebruikt, is gekozen 
als het geneesmiddel in de studies beschreven in dit proefschrift. 

Hoofdstuk 1 geeft een inleiding op de uitdagingen van de OA-therapie 
en een overzicht van temperatuurgevoelige hydrogelen gemaakt van 
polyester/PEG blokcopolymeren. In het bijzonder wordt aandacht gegeven 
aan een subklasse van geacyleerde poly(ε-caprolactone-co-lactide)-b-
poly(ethyleenglycol)-b-poly(ε-caprolactone-co-lactide) (PCLA-PEG-PCLA) 
triblokpolymeren. Vervolgens worden het doel en de inhoud van dit 
proefschrift gepresenteerd. 

In Hoofdstuk 2 wordt de invloed van het mengen van een PCLA-PEG-
PCLA triblokcopolymeer en zijn hexanoyl-eindgroep gefunctionaliseerde 
derivate op het temperatuursafhankelijke geleergedrag en de modulatie van 
reologische en degradatie eigenschappen beschreven. Het vertroebelingspunt 
van de mengsels was afhankelijk van de mengverhouding en kon worden 
afgestemd tussen 15 en 40 °C voor mengsels die 15 tot 100 gewichts% 
eindgroep gefunctionaliseerd polymeer bevatten (en dus 85 tot 0 %          
van het ongefunctionaliseerd polymeer). Waterige systemen met een   
polymeergehalte tussen 20 en 30 gewichts% met 15 tot 25 gewichts% 
eindgroep gefunctionaliseerd polymeer vertoonden een sol-naar-gel 
overgangstemperatuur bij 10-20 °C en zijn dus interessant als injecteerbare 
gelen voor de afgifte van geneesmiddelen. De volledige afbraak van deze gelen 
bij pH 7,4 en 37 °C duurde ca. 100 dagen, afhankelijk van de 
mengverhouding en het initiële polymeergehalte. Interessant genoeg kwam de 
afbraak van de gelen niet door chemische polymeerhydrolyse maar door het 
oplossen van de polymeren. De aanpak van het mengen van 
ongefunctionaliseerde en hexanoyl-eindgroep gefunctionaliseerde polymeren 
om temperatuurgevoelige gelen te bereiden kent echter enkele beperkingen: 

(i) de mengverhouding om temperatuurgevoelige gelen te bereiden is vrij 
smal 

(ii) temperatuurgevoelige gelen bereid met deze werkwijze vertonen snel 
fasescheiding bij kamertemperatuur, wat hanteren lastig maakt en wat 
schadelijk kan zijn bij langdurige afgifte van water oplosbare geneesmiddelen 
omdat deze geneesmiddelen worden opgenomen in de polymeerarme fractie en 
dus initieel snel worden afgegeven. 
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(iii) deze systemen lossen op in ca. 3-4 maanden, afhankelijk van de 
mengverhouding en het initiële polymeergehalte, maar aanpassing van 
afbraakduur is zeer gewenst om de systemen op specifieke therapieën af te 
kunnen stemmen. 

Om deze tekortkomingen te omzeilen, wordt de relatie tussen de 
samenstelling en de microstructuur van PCLA met de reologische en 
degradatie-eigenschappen onderzocht in Hoofdstuk 3 via experimenteel 
ontwerpen. Acht polymeren met verschillende molecuulgewichten van PCLA, 
caproyl/lactoyl verhoudingen (CL/LA) en eindgroep gefunctionaliseerd met 
ofwel acetyl- ofwel propionyl-groepen werden gesynthetiseerd. Reologische en 
afbraak/oploseigenschappen van waterige systemen bestaande uit              
25 gewichts% polymeren werden bestudeerd. 1H NMR analyse toonde aan dat 
de monomeersequentie in de PCLA-blokken niet volledig willekeurig was, 
waardoor er relatief lange CL sequenties optreden, ondanks dat 
transesterificatie werd aangetoond door de verrijking met lactoyl eenheden en 
de aanwezigheid van PEG-OH-eindgroepen. Behalve het meest hydrofiele 
polymeer, acetyl-eindgroep gefunctionaliseerd PCLA1400-PEG1500-PCLA1400 
met een CL/LA molverhouding van 2,5, vormden alle polymeren van         
25 gewichts% in buffer sols onder kamertemperatuur en gelen tussen 
kamertemperatuur en 37 °C, waardoor ze geschikt zijn als 
temperatuurgevoelige systemen voor de afgifte van geneesmiddelen. Binnen 
enkele weken bij 37 °C werden de systemen met polymeren met lange CL 
sequenties (ca. 8 CL eenheden) en propionyl eindgroepen semi-kristallijn zoals 
bleek uit röntgendiffractie analyse. De afbraakduur van de gelen door 
oplossing bij pH 7,4 en 37 °C was 100 tot 150 dagen voor de amorfe gelen en 
250 tot 300 dagen voor de semi-kristallijne gelen. Dit hoofdstuk toont dus 
aan dat het veranderen van de polymeersamenstelling een gemakkelijke 
manier is om de reologische en degradatie-eigenschappen van het systeem te 
beïnvloeden. 

Om meer inzicht in de verdraagbaarheid en biologische afbraak van in situ 
vormende hydrogelen van acyl-eindgroep gefunctionaliseerd PCLA-PEG-
PCLA copolymeren te krijgen, werden polymeren gefunctionaliseerd met 
triiodobenzoyl (TIB) eindgroepen om zo radiopaque systemen te bereiden in 
Hoofdstuk 4. TIB eindgroep functionalisering gaf de gel radiopaque 
eigenschappen, waardoor de in vivo visualisatie en kwantificatie met behulp 
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van micro-computertomografie (μCT) mogelijk was. Een gel die TIB-
eindgroep gefunctionaliseerd polymeer bevat degradeerde in vitro (37 °C,   
pH 7,4) door oplossen gedurende ca. 20 weken en iets sneller (ca. 12 weken) 
na subcutane injectie bij ratten. Deze in vivo versnelling kwam waarschijnlijk 
door actieve (enzymatische) degradatie, zoals aangetoond door veranderingen 
in polymeersamenstelling en molecuulgewicht en door de aanwezigheid van 
macrofagen op de injectieplaats. Na intra-articulaire toediening bij ratten 
verloor de gevisualiseerde gel geleidelijk signaalintensiteit in de loop van 4 
weken. Ook werd goede cytocompatibiliteit van een hydrogel gebaseerd op 
acetyl-eindgroep gefunctionaliseerd polymeer aangetoond in vitro voor 
erytrocyten en chondrocyten. Bovendien werd de intra-articulaire 
verdraagbaarheid van deze gel aangetoond middels μCT-beeldvorming en 
histologie, aangezien beide technieken geen veranderingen in 
kraakbeenkwaliteit en/of kwantiteit lieten zien. 

In Hoofdstuk 5 werden de in vitro en in vivo eigenschappen en prestaties 
van een celecoxib-geladen hydrogel gebaseerd op volledig acetyl-eindgroep 
gefunctionaliseerd PCLA-PEG-PCLA triblokcopolymeer onderzocht. 
Mengsels van verschillende samenstellingen van celocoxib en acetyl-eindgroep 
gefunctionaliseerd PCLA-PEG-PCLA triblokcopolymeer in buffer vormden 
temperatuurgevoelige systemen. Deze systemen met maximaal 50 mg 
celecoxib per gram gel waren sols bij kamertemperatuur en werden omgezet 
in gelen bij 37 °C. De in vitro afgifte van celecoxib begon na een 
vertragingsfase van ca. 10 dagen, gevolgd door een gecontroleerde afgifte van 
ca. 90 dagen. Celecoxib afgifte werd in vitro gemedieerd door het oplossen 
van polymeer uit de gelen. In vivo experimenten (subcutane injectie bij 
ratten) toonden een celecoxib afgifte aan van ca. 25 % van de belading 
gedurende de eerste 3 dagen gevolgd door een vertraagde afgifte van 
celecoxib gedurende 30 tot 60 dagen. Het ontbreken van een vertragingsfase 
in vivo en de snellere afgifte zijn mogelijk te verklaren door de verhoogde 
oplosbaarheid van celecoxib in biologische vloeistoffen en de actieve afbraak 
van de gelen door enzymen en/of macrofagen, respectievelijk. Tenslotte is de 
intra-articulaire verdraagbaarheid van een 50 mg/g celecoxib beladen gel 
aangetoond middels μCT-beeldvorming, waarbij geen kraakbeen of 
botveranderingen werden waargenomen na injectie in de kniegewrichten van 
gezonde ratten. Zulke acetyl-eindgroep gefunctionaliseerde PCLA-PEG-
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PCLA hydrogelen geladen met celecoxib vormen dus een veilig 
geneesmiddelafgiftesysteem voor langdurige intra-articulaire afgifte. 

Om het potentieel van het systeem voor lokale afgifte in de knie verder te 
evalueren, werd de farmacokinetiek van de celecoxibgel na intra-articulaire 
toediening bij paarden onderzocht in Hoofdstuk 6. De gel werd beladen met 
twee doseringen celecoxib (50 mg/g en 260 mg/g), en gesteriliseerd door 
autoclaveren zonder significante polymeerhydrolyse. Na intra-articulaire 
injectie in gewrichten van gezonde paarden, induceerde de gel een tijdelijke 
ontstekingsreactie gedurende 72 uur, vergelijkbaar met de controle injectie 
van Hyonate®, een commercieel verkrijgbare hyaluronzuurgel voor intra-
articulaire toediening bij paarden. Na injectie van de gel met de hoge dosis 
celecoxib vertoonden paarden lichte tekenen van ongemak 24 uur na injectie, 
die echter geheel verdwenen 72 uur na injectie. Belangrijk is dat er geen 
aanwijzingen voor beschadiging van het kraakbeen werden gezien. Celecoxib 
werd gedetecteerd in de synoviale vloeistof met een concentratie van          
20 μg/ml 8 uur na injectie en de concentratie daalde geleidelijk in 4 weken. 
Celecoxib werd ook gedetecteerd in plasma met concentraties van 150 ng/ml 
gedurende 3 dagen na toediening, waarna de concentraties daalden tot onder 
de detectiegrens. Deze resultaten tonen aan dat gedurende 4 weken relevante 
intra-articulaire niveaus van celecoxib worden bereikt met slechts zeer lage en 
korte systemische blootstelling aan het geneesmiddel, waaruit blijkt dat deze 
injecteerbare in situ vormende hydrogelen veelbelovende systemen voor intra-
articulaire toediening van niet steroïdale anti-inflammatoire geneesmiddelen 
zijn. 

Het belangrijkste onderwerp van dit proefschrift was de ontwikkeling en 
evaluatie van een injecteerbare in situ vormende gel gemaakt van geacyleerde 
PCLA-PEG-PCLA copolymeren voor de lokale en langdurige afgifte van 
celecoxib, dat het meest geschikte geneesmiddel is voor de behandeling van 
osteoartrose (Hoofdstuk 1). Zoals in dit proefschrift is aangetoond, zijn de 
voordelige eigenschappen van deze gelen de eenvoudige voorbereiding en de 
veelzijdigheid van de reologische en afbraak/afgifte-eigenschappen, het gemak 
van injectie en de goede verdraagbaarheid/biologische afbreekbaarheid. 
Reologische en afbraak/afgifte-eigenschappen kunnen gemakkelijk gevarieerd 
worden via de polymeersamenstelling en microstructuur (Hoofdstuk 2 & 3). 
Het gemak om de systeemeigenschappen aan te passen gecombineerd met de 
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mogelijkheid van het functionaliseren van de eindgroepen met bijvoorbeeld 
jodium-bevattende groepen geeft potentieel voor in vivo longitudinale 
beeldvorming van de systemen door computertomografie (Hoofdstuk 4). 
Ook is celecoxib afgegeven uit de gel gedurende langere tijd na subcutane 
injectie bij ratten (Hoofdstuk 5) en alsmede plaatselijk na intra-articulaire 
injectie bij paarden (Hoofdstuk 6). De systemische blootstelling is laag en 
kort en de plasma concentraties zijn een factor 150 tot 330 lager dan de 
niveaus in de gewrichtsvloeistof. Dit toont duidelijk het potentieel aan van 
het systeem voor de lokale afgifte van geneesmiddelen met relatief hoge lokale 
concentraties van geneesmiddelen en zeer lage systemische blootstelling. 

Zo hebben we gelen geladen met celecoxib ontworpen met een goede 
verdraagbaarheid na intra-articulaire toediening bij ratten en paarden en de 
mogelijkheid voor lokale en langdurige afgifte van celecoxib gedurende         
4 weken, die minder frequent toegediend hoeven te worden dan de systemen 
die momenteel beschikbaar zijn voor de intra-articulaire behandeling van OA. 
Gebaseerd op de menselijke alsmede de veterinaire klinische praktijk, kan 
men therapeutisch effectieve concentraties van celecoxib in het gewricht 
verwachten met 100- tot 1000-voudig lagere totale dosering niveaus 
gedurende 4 weken, terwijl minder frequent toegediend hoeft te worden dan 
met de systemen die momenteel bestaan voor orale toediening. Ter 
vergelijking is een typische orale afgifte van Celebrex® ingesteld op         
200-600 mg/dag celecoxib, terwijl ons systeem momenteel is ingesteld op 50 
tot 260 mg celecoxib per injectie, met de potentie om het geneesmiddel af te 
geven voor 14 tot 30 dagen. Voor een geneesmiddel zoals celecoxib heeft 
gelokaliseerde afgifte ook grote voordelen: (i) beperking van de gevolgen van 
bijwerkingen, en (ii) verminderen of voorkomen van geneesmiddelinteracties 
met verhoogde patiënten compliance, wat vaak een probleem is bij oudere 
patiënten met comorbiditeit/verschillende chronische ziekten die het slikken 
van een aantal verschillende geneesmiddelen vereisen. 
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Résumé français 
Le travail décrit dans cette thèse fait partie du projet OAcontrol financé 

par le consortium public-privé néerlandais Biomedical Materials (BMM). 
OAcontrol visait à développer de nouveaux traitements de l'ostéoarthrose 
(OA). L’objective de cette thèse y était de développer un système pour la 
délivrance locale et prolongée de principes actifs dans les articulations. De 
nombreux défis devaient être surmonter dont la conception de formulations 
appropriées pour la délivrance des principes actifs d'intérêt, et la 
démonstration de leur efficacité et de leur tolérance in vivo. Plusieurs 
systèmes injectables ont déjà été conçus et étudiés dans ce but, notamment 
des dépôts formés in situ.  

Parmi les polymères utilisés pour préparer ces dépôts formés in situ, les 
copolymères à blocs polyester/PEG constituent une classe importante et 
diversifiée de polymères bien tolérés et dégradables avec un large éventail de 
propriétés physico-chimiques. Ils ont été largement étudiés comme matériaux 
biomédicaux pour différentes applications telles que dispositifs médicaux 
implantables, ou en tant que supports en ingénierie tissulaire et pour 
l'administration de principes actifs. Les copolymères à blocs à base de 
polyester/PEG amphiphiles forment des suspensions micellaires en milieu 
aqueux à basses températures. Lorsque ces suspensions sont portées à la 
température corporelle et au-dessus de leur concentration critique de gel, elles 
se transforment en hydrogels viscoélastiques. Ces systèmes ont trouvé des 
applications cliniques en tant que gels formés in situ pour la délivrance de 
principes actifs. Fait intéressant, la modification des groupes hydroxyles 
terminaux des copolymères polyester-PEG-polyester permet une modulation 
de la température de transition sol-gel de ces systèmes. Par conséquent, l'un 
des principaux thèmes de cette thèse était de mieux comprendre l'impact de 
cette modification sur leurs propriétés rhéologiques et leur cinétique de 
dégradation et de déterminer si ces systèmes permettraient l’administration 
locale et prolongée de principes actifs dans les articulations. Dans les études 
décrites dans la présente thèse, le principe actif anti-inflammatoire non 
stéroïdien (AINS), célécoxib, qui est utilisé pour le traitement oral palliatif de 
l'OA, a été choisi comme principe actif. 

Le Chapitre 1 présente une introduction aux défis de la thérapie de l’OA 
et un aperçu des systèmes gélifiants sensibles à la température composés de 
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copolymères à blocs de polyester/PEG. Une attention particulière est donnée 
à une sous-classe de copolymères triblocs acylés : les poly(ε-caprolactone-co-
lactide)-b-poly(éthylène glycol)-b-poly(ε-caprolactone-co-lactide) (PCLA-
PEG-PCLA).  

Le Chapitre 2 est consacré au mélange d’un copolymère tribloc de 
PCLA-PEG-PCLA avec son dérivé hexanoylé et aux effets sur la température 
de gélification et sur les propriétés rhéologiques et de dégradation. On a 
montré que l’apparition de turbidité dépend de la composition et varie entre 
15 et 40 °C pour les mélanges contenant 15 à 100 % en poids de polymère 
hydroxylé (et donc de 85 à 0 % de polymère hexanoylé). Les systèmes aqueux 
avec des teneurs en polymère comprises entre 20 et 30 % en poids contenant 
15 à 25 % en poids de polymère hydroxylé ont montré une température de 
transition sol-gel entre 10 et 20 °C et forment donc des gels injectables 
intéressants pour l'administration de principes actifs. La dégradation 
complète de ces gels à pH 7.4 et à 37 °C prend environ 100 jours, 
indépendamment du ratio de mélange et de la teneur initiale en polymère. 
Fait intéressant, la dégradation du gel n'est pas due à l'hydrolyse chimique 
du polymère, mais à la dissolution du polymère. L’intérêt de mélanger des 
polymères hydroxylés et hexanoylés pour préparer des systèmes gélifiants 
sensibles à la température est toutefois limité car : 

(i) la gamme des compositions qui permet d’obtenir des systèmes gélifiants 
sensibles à la température est restreinte 

(ii) les systèmes gélifiants thermosensibles obtenus par ce procédé 
montrent une séparation de phase rapide à température ambiante, ce qui 
rend leur manipulation difficile. Cette séparation de phase pourrait être 
préjudiciable à la prolongation de la délivrance de principes actifs 
hydrosolubles car de tels principes actifs pourraient se partitionner 
préférentiellement dans les fractions pauvres en polymères et être libérés très 
rapidement (burst effect). 

(iii) ces systèmes se dissolvent en environ 3-4 mois, indépendamment du 
ratio de mélange et la teneur initiale en polymère, alors que la modulation de 
la durée de dégradation est fortement souhaitée pour remplir les exigences 
spécifiques des traitements. 

Pour contourner ces inconvénients, l’effet de la composition et de la 
microstructure du PCLA sur les propriétés rhéologiques et sur la dégradation 
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ont été étudiées dans le Chapitre 3, en utilisant un plan d’expériences. Huit 
copolymères composés de PCLA de différentes masses moléculaires de PCLA 
et différents rapports capryl/lactyl (CL/LA) acylés avec des groupes 
propionoyles ou des groupes acétyles ont été synthétisés. Les propriétés 
rhéologiques et la dégradation/dissolution de systèmes aqueux composés de 
ces polymères à une concentration de 25 % en poids ont été étudiées. Les 
analyses RMN 1H ont montré que la séquence des monomères dans les blocs 
PCLA n'était pas entièrement aléatoire, ce qui se traduit par des séquences 
de CL relativement longues, même si la transestérification est démontrée par 
l'enrichissement en unités LA et la présence de groupes terminaux PEG-OH. 
À l'exception du polymère le plus hydrophile composés de PCLA1400-PEG1500-
PCLA1400 acétylé avec un rapport molaire CL/LA de 2,5 tous les polymères à 
25 % en poids dans du tampon étaient sous forme sol à des températures 
inférieures à l’ambiante et se transformaient en gels à des températures 
comprises entre la température ambiante et 37 °C, ce qui est favorable pour 
la délivrance de principes actifs. Après plusieurs semaines à 37 °C, les 
systèmes contenant des polymères avec de longues séquences de CL (environ 
8 unités CL) et avec des groupes terminaux propionoyles sont devenus semi-
cristallins, comme l’a démontré l'analyse par diffraction aux rayons X. La 
dégradation des gels par dissolution à pH 7,4 et à 37 °C a duré 100 à        
150 jours pour les gels amorphes et 250 à 300 jours pour les gels semi-
cristallins. En conclusion, ce travail montre que des changements dans la 
composition des polymères permet une modulation facile de la 
thermosensibilité et de la dégradation. 

Pour obtenir plus d’information sur la tolérance et la dégradation des 
hydrogels formés in situ à base de copolymères PCLA-PEG-PCLA acylés, un 
polymère à été acylé avec du triiodobenzoyle (TIB) afin de préparer des 
systèmes radio-opaques dans le Chapitre 4. Le groupe TIB donne des 
propriétés radio-opaques aux gels, ce qui permet leur visualisation in vivo et 
leur quantification à l'aide de micro-tomographie (μCT). Un gel contenant un 
polymère acylé avec du TIB s’est dégradé in vitro (37 °C, pH 7,4) par 
dissolution sur une période d’environ 20 semaines et un peu plus rapidement 
(environ 12 semaines) après injection sous-cutanée chez le rat. Cette 
accélération in vivo est probablement due à une dégradation active 
(enzymatique), représentée par les changements dans la composition et la 
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masse moléculaire des polymères résiduels dans les explants ainsi que de par 
la présence de macrophages au site d'injection. Après administration intra-
articulaire chez le rat, le gel visualisé par μCT a perdu progressivement son 
intensité de signal en 4 semaines. En outre, la bonne cytocompatibilité d'un 
hydrogel à base de polymère acétylé a été prouvée in vitro pour des 
érythrocytes et des chondrocytes. Aussi, la tolérance intra-articulaire de ce 
gel a été démontrée en utilisant l’imagerie μCT et l'histologie, puisque ces 
deux techniques n'ont révélé aucun changement dans la qualité et/ou la 
quantité du cartilage. 

Dans le Chapitre 5, les performances d'un hydrogel à base de copolymère 
de PCLA-PEG-PCLA entièrement acétylé contenant du célécoxib ont été 
étudiés in vitro et in vivo. Des mélanges de différentes compositions en 
célécoxib et en copolymère ont été préparés dans un tampon pour obtenir des 
systèmes thermosensibles. Ces systèmes contenant jusqu'à 50 mg de célécoxib 
par g de gel étaient sous forme sol à température ambiante et transformés en 
gel immobile à 37 °C. La délivrance in vitro du célécoxib a commencé après 
une phase de latence d’environ 10 jours suivie d'une libération prolongée 
d’environ 90 jours. Le relargage de célécoxib a été démontré in vitro comme 
étant due à la dissolution du polymère. In vivo (injection sous-cutanée chez 
les rats), la délivrance du célécoxib a montré une libération initiale d’environ 
25 % de la charge au cours des 3 premiers jours, suivie d'une libération 
prolongée de célécoxib de 30 à 60 jours. L'absence d'une phase de latence et 
la libération plus rapide observées in vivo sont probablement dues à la 
solubilité accrue du célécoxib dans les fluides biologiques et la dégradation 
active des gels par des enzymes et/ou des macrophages, respectivement. 
Enfin, la tolérance intra-articulaire du gel encapsulant du célécoxib à         
50 mg/g, a été démontrée en utilisant l’imagerie μCT par l'absence de 
changement du cartilage ou des os après injection dans les genoux de rats 
sains. Ainsi, les hydrogels à base de PCLA-PEG-PCLA acétylés et 
encapsulant du célécoxib forment une plate-forme acceptable pour la 
délivrance intra-articulaire de ce principes actif. 

Pour évaluer le potentiel du système de délivrance locale de principe actif 
dans le genou, la pharmacocinétique du célécoxib libérés d'un gel après 
administration intra-articulaire chez le cheval a été étudiée dans le  
Chapitre 6. Le gel a été chargé avec deux doses de célécoxib (50 mg/g et 
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260 mg/g), et stérilisé par autoclave sans hydrolyse significative du polymère. 
Après injection intra-articulaire dans les articulations de chevaux sains, le gel 
a induit une réponse inflammatoire transitoire pendant 72 heures, ce qui a 
aussi été observé après l'injection contrôle de Hyonate®, un gel d'acide 
hyaluronique disponible dans le commerce et utilisé pour administration 
intra-articulaire chez les chevaux. Après l'injection du gel contenant du 
célécoxib à la dose forte, les chevaux ont montré de légers signes d'inconfort 
24 heures après l'injection, qui ont toutefois complètement disparus 72 heures 
après l'injection. Fait important, il n'y avait aucune indication de 
détérioration du cartilage montré par histologie. Le célécoxib a été détecté 
dans le fluide synovial à une concentration de 20 mg/ml 8 heures après 
l'injection et sa concentration a diminué progressivement en 4 semaines. Le 
célécoxib a également été détecté dans le plasma à des concentrations de    
150 ng/ml pendant 3 jours après administration et par la suite a chuté en 
dessous de la limite de détection. Ces résultats montrent que les systèmes 
permettent des niveaux intra-articulaires soutenus de célécoxib pendant       
4 semaines avec une exposition systémique au principe actif très faible et 
courte, ce qui démontre que ces hydrogels injectables formés in situ sont des 
véhicules prometteurs pour l'administration intra-articulaire de AINS. 

Le thème principal de cette thèse était le développement et l'évaluation 
d'un gel injectable formé in situ à base de copolymères acylés de PCLA-PEG-
PCLA pour la délivrance locale et durable de célécoxib, qui est à ce jour le 
principe actif de choix pour le traitement de l'OA (Chapitre 1). Comme le 
montre cette thèse, les avantages des gels composés de copolymères acylés de 
PCLA-PEG-PCLA sont une préparation simple et la polyvalence des 
propriétés rhéologiques et de dégradation/délivrance ainsi que la facilité 
d'injection et une bonne tolérance/biodégradabilité. Les propriétés 
rhéologiques et la dégradation/délivrance peuvent facilement être modulées 
par la composition des polymères et leur microstructure (Chapitre 2 & 3). 
La facilité de modulation des propriétés combinées avec la possibilité de 
fonctionnalisation des groupes terminaux avec, par exemple, des groupes 
contenant de l'iode qui permet l'imagerie par tomographie longitudinalement 
montre que les systèmes ont du potentiel pour des applications in vivo 
(Chapitre 4). En outre, le célécoxib est libéré à partir du gel d'une manière 
soutenue après l'injection sous-cutanée chez le rat (Chapitre 5) et aussi 
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localement après injection intra-articulaire chez le cheval (Chapitre 6). 
L'exposition systémique au célécoxib et sa durée sont faible et courte, et les 
concentrations plasmatiques sont un facteur 150 à 330 fois inférieures aux 
niveaux dans le liquide synovial. Cela démontre clairement le potentiel du 
système pour délivrance de principe actif avec des concentrations locales 
relativement élevées et une très faible exposition systémique. 

Ainsi, nous avons conçu des gels chargés en célécoxib avec une bonne 
tolérance après administration intra-articulaire chez le rat et le cheval ainsi 
que la possibilité pour la délivrance locale de célécoxib pendant 4 semaines, 
ce qui devrait permettre des administrations moins fréquentes que les 
systèmes actuellement disponibles pour le traitement intra-articulaire de 
l'ostéoarthrose. Basé sur des données chez l'homme ainsi que sur la pratique 
clinique vétérinaire, on peut s'attendre à obtenir des concentrations 
thérapeutiques efficaces de célécoxib dans l'articulation avec des doses de    
100 à 1000 fois plus faibles que pour une administration orale. A titre de 
comparaison, l’administration orale typique de Celebrex® est fixée de 200 à 
600 mg de célécoxib par jour, alors que notre système est actuellement fixé de 
50 à 260 mg de célécoxib par injection, avec la possibilité de délivrance du 
principe actif sur 14 à 30 jours. Pour un principe actif tel que le célécoxib, 
une délivrance locale a aussi de grands avantages pour (i) limiter l'impact des 
effets secondaires, et (ii) réduire ou éviter les problèmes d’interaction entre 
traitements et d’adhérence clinique, ce qui est souvent le cas avec les patients 
âgés souffrant de plusieurs comorbidités/maladies chroniques et qui prennent 
plusieurs traitements médicamenteux oraux. 
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