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Osteoarthritis

Osteoarthritis is the most common type of arthritis, affecting approximately 1.2 million 
people in The Netherlands alone [1] and this number is expected to grow in the nearby 
future, partly due to the increasingly ageing population. Recent numbers show that 
in people older than 60 years of age, 10% of men and 13% of women are affected by 
osteoarthritis worldwide [2]. Patients suffering from osteoarthritis may experience joint 
pain and loss of function, leading to disability and a reduced quality of life [3]. The 
pathogenesis of osteoarthritis is not fully understood yet, but it is likely a combination 
of different factors, amongst which obesity, age, trauma, joint malalignment and 
genetics play an important role [2]. Although it is thought that there are potentially 
critical biological differences between the age-related, post-traumatic and metabolic 
phenotypes of osteoarthritic, eventually all these factors lead to a disequilibrium 
between anabolic and catabolic activities in the joint, which in turn lead to upregulation 
of proinflammatory cytokines (such as Il-1B, TNF-a) and related catabolic enzymes 
such as matrix metalloproteinases (MMPs) and aggrecanases [4, 5]. These factors will 
eventually result in cartilage breakdown. The products of cartilage degradation by itself 
such as collagen and proteoglycan fragments can also be catabolic, hence a vicious circle 
of cartilage degradation is initiated. Due to the very limited healing capacity of cartilage, 
this will eventually lead to osteoarthritis. 

Cartilage

Synovial joints are covered with hyaline cartilage. The cells within the cartilage are named 
chondrocytes which produce the extra-cellular matrix (ECM), with the most important 
factors being collagen type 2 (COL2) and glycosaminoglycans (GAGs) [6].  GAGs are 
negatively charged polysaccharides; the main GAGs in cartilage are chrondoitin sulfate 
and hyaluronic acid [7]. GAGs are mostly linked to a core protein of aggrecan, forming 
proteoglycans which are highly negatively charged molecules, leading to an inflow of 
positive charged molecules such as sodium, potassium or calcium. The subsequent high 
tonicity creates water influx and causes swelling of the tissue that expands the collagen 
fibers and creates an internal cartilage pressure. This mechanism makes cartilage resilient 
to the high compressive forces of load-bearing of the joints, and thereby absorbing the 
forces for the articulating bones making motion painless and fluidic. In the case of 
osteoarthritis, there is a mismatch within the joint between catabolic and anabolic factors, 
leading to cartilage damage. Because of the low proliferation rate of chondrocytes and 
the avascular nature of cartilage, its healing capacity is limited. Once the initial damage 
has occurred, the proteoglycans will leak from the cartilage and with that, it will lose its 
water content and thereby the ability to withstand compressive forces. As a result, the 
chondrocytes are no longer able to maintain cartilage integrity, and the weakening of 
the matrix makes the damaged cartilage more susceptible for further degradation. As a 
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negative side effect, the presence of cartilage degradation products such as collagen and 
proteoglycan fragments within the synovial fluid can lead to inflammatory responses and 
production of catabolic cytokines, in their turn leading to further cartilage degradation 
and the vicious circle of degeneration known as osteoarthritis has begun.

Superficial
zone

Transitional
zone

Radial
zone

Calcified
cartilage

zone

Tidemark

Collagen fibril

Chrondocyte

Subchondral
bone

Figure 1. Cartilage. 

Other changes in the osteoarthritic joint 

Apart from the degeneration of cartilage, other structures in the osteoarthritic joint 
show pathological changes as well. Alterations in subchondral bone, the layer situated 
directly under the articular cartilage, have been identified in osteoarthritis. Bone changes 
mainly involve osteophyte formation and subchondral bone sclerosis. The physiological 
role of subchondral bone in healthy and diseased cartilage is to a large extent unknown. 
However, it likely plays a role in the homogenous load distribution throughout the joint 
as well as supplying the cartilage its nutrients and is therefore important in maintaining 
the homeostasis of the joint [8].
Subchondral bone is known to be dynamic and is able to adapt to changes in mechanical 
loading. Within the arthritic joint, weakening and loss of the cartilage will lead to 
an increased loading of the underlying subchondral bone, resulting in stiffening and 
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sclerosis. In its turn, the sclerotic subchondral bone leads to higher (peak) loading of the 
overlying cartilage thereby contributing to local overloading and cartilage degeneration 
[9]. Another radiological hallmark of OA is the formation of osteophytes which are 
fibrocartilage-capped bony spurs at the borders of the joint lines. The pathophysiology 
of osteophyte formation is not fully understood, but it is partly thought to be formed 
by the joint in order to expand the surface area of the joint, in an attempt to withstand 
the increased mechanical loading of the joint as a result of cartilage damage and 
degeneration. Also, local osteophyte formation is seen after ACL (anterior cruciate 
ligament) ruptures, limiting the translocation of the femur in correlation to the tibia 
and thereby facilitating stability [10]. The formation is however not solitarily linked to 
mechanical stress, as osteophytes are also present in osteoarthritis of the hand, joints that 
are usually non-weight bearing. Chronic inflammation, as seen in osteoarthritis, leads 
to activated macrophages which are known to produce TGF-ß [11, 12].  This cytokine 
in turn induces BMP production, which is known to trigger osteophyte formation [11]. 
Changes in bone were historically thought to be secondary to the cartilaginous changes 
within the joint. However, in animal models it has been shown that in early stages of 
osteoarthritis, bone changes are already present and that changes in subchondral bone 
in their turn indeed lead to cartilage degeneration, indicating that bony changes are not 
purely secondary to cartilage breakdown [13, 14]. This again shows that osteoarthritis 
is a “whole joint disease” and that its pathogenesis is very complex and pathways are 
intertwining. 
Another structure within the joint, called the synovium, plays an important role 
in the osteoarthritic joint. The synovium is the lining of the joint, consisting of 
specialized connective tissue capable of producing lubricin and hyaluronic acid and 
thereby maintaining the synovial fluid volume and composition. Synovial fluid is not 
only a lubricant of the articulating joint, but is also very important for the nutrition 
of chondrocytes. Furthermore, in the synovium macrophages are present, which are 
cells involved in immune reactions. Historically, osteoarthritis was considered to 
be a non-inflammatory disease. However, in the early 1980s, it was shown through 
histopathology that in the majority of patients suffering from OA, the synovium shows 
an abundant inflammation [15] and inflammation has since been indicated to play a 
strong role in the pathogenesis of osteoarthritis [16]. Products of cartilage degradation, 
such as fibronectine fragments, are released within the synovial fluid, and initiate an 
inflammatory response which in turn leads to the release of multiple catabolic factors, 
amongst which interleukin-1-beta and tumor necrosis factor-alpha are the most 
important. These factors are known for their negative effects on the ECM via MMPs 
resulting in chondrolysis with as a resultant, a release of cartilage degradation products 
in the synovial fluid [17, 18]. The result is a vicious circle of inflammation and cartilage 
breakdown with severe osteoarthritis as an end stage. As stated before, the consensus of 
synovial changes in the OA joint being solely secondary to cartilage degeneration has 
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been abandoned. For instance, it has been shown that obesity and acute trauma can 
trigger an increase of local inflammatory mediators and cytokines, leading to synovitis 
and subsequently cartilage degeneration [19] as well as osteophytes. This indeed suggests 
a more prominent role of the synovium within the development of osteoarthritis than 
merely secondary involvement. 

Clinical presentation of osteoarthritis

Patients suffering from osteoarthritis usually present themselves with chronic joint 
pain, loss of function and range of motion, joint effusions, crepitus during motion 
and radiographic joint space narrowing. Although risk factors for the development of 
osteoarthritis have been identified (age, obesity, trauma, genetics), we cannot predict in 
an early state which patient will develop symptomatic and progressive osteoarthritis and 
who will not. Furthermore, symptomatic and radiographic osteoarthritis unfortunately 
do not always overlap. About 25% of the population aged 50 years and over shows 
radiographic signs of knee osteoarthritis. However, only 50% of these individuals indeed 
has clinical symptoms of osteoarthritis [20]. This indicates that is it very important to 
always use a combination of radiological and clinical signs and symptoms in diagnosing 
osteoarthritis. The same applies for initiating any form of therapeutic treatment, be it 
conservative of operative, this should never be done solely on radiographic or clinical 
features, but always a combination of both. 

Treatment of osteoarthritis

To date, cartilage regeneration is not yet possible, making the treatment of patients 
suffering from osteoarthritis purely symptomatic. The golden standard of treatment is 
joint replacement, but this is only considered once conservative treatment has failed. Also, 
joint replacement is not a very suitable option for younger patients with osteoarthritis, 
due to their active lifestyles and the limited lifespan of a prosthesis. In patients with 
malalignment of the knee joint and osteoarthritis in one knee compartment (varus or 
valgus osteoarthritis), one may consider an osteotomy with realignment of the joint in 
order to decrease the loading of the affected cartilage in one compartment of the knee, 
thereby decreasing pain and delaying the moment of joint replacement in these younger 
patients. Conservative treatment mainly consists of weight loss and physical therapy in 
combination with oral pain management. The drug of choice, alongside acetaminophen, 
is usually an NSAIDs (non-steroidal anti-inflammatory drug), amongst which the most 
well-known are celecoxib and ibuprofen [21]. These drugs are potent painkillers, but 
also act in an anti-inflammatory fashion making them an interesting platform in the 
treatment of osteoarthritis, since as mentioned before, chronic inflammation plays an 
important role in osteoarthritis. The downside of these drugs is however their possible 
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systemic side-effects (renal, cardiac, gastro-intestinal [21, 22], limiting their long-term 
use. Furthermore, only a small fraction of a systemically administered drug will eventually 
end up in the affected joint. To overcome these problems, intra-articular injections with 
drugs, such as NSAIDS, have been investigated extensively. It is also aimed that in order 
to reduce the number of injections for the patients, innovative formulations have to be 
developed which release the loaded drug in a sustained manner for prolonged periods of 
time, as pointed out in more detail on the next pages. 

Intra-articular injections

Osteoarthritis usually affects only one or a few joints, making direct intra-articular 
injections a feasible treatment option for only the affected joint and thereby 
circumventing the risk of systemic side-effects. Indeed, intra-articular (i.a.) injections 
are being widely used in the clinics, with the drug of choice usually being hyaluronic 
acid and/or a corticosteroid (usually triamcinolone). Recent OARSI (Osteoarthritis 
Research Society International) guidelines for the conservative treatment of knee 
osteoarthritis indeed suggest that i.a. corticosteroid injections should be considered in 
some patient groups (with- and without comorbidities, knee-only and multi-joint OA) 
when biomechanical interventions fail to relieve the pain [21]. The main problem with 
intra-articular injections in a joint is the rapid efflux of the injected drug from the joint, 
leading to a limited duration of effect. Indeed, it was shown through a meta-analysis that 
i.a. corticosteroid injections led to better pain reduction compared to a placebo at 1-2 
weeks post-injection, however at 4-24 weeks post-injection there was very little evidence 
of an effect [23]. This problem of short i.a. residence time could be solved with repeating 
the injections multiple times, but repeated injections are uncomfortable and moreover, 
these can be associated with an increased risk of infections and is therefore not suitable 
for common practice since the risks outweigh the benefits. The use of i.a. corticosteroid 
injections is therefore usually limited to a maximum of 3-4 per year [24].

Drug delivery systems

To tackle the problem of rapid efflux, drug delivery systems (DDSs) have been 
developed in order to extend the intra-articular drug retention times with the aim of 
making treatment via one single or repeated intra-articular injection with long intervals 
possible. In 1987, Ratcliffe et al. were the first to report delayed clearance of a drug 
from the joint by using microspheres based on crosslinked albumin as a drug delivery 
system [25]. Since then, a great number of different carriers for local drug delivery 
within the joint have been manufactured and tested. The majority of these carriers are 
based on liposomes, nano- and microparticles  based on synthetic or natural polymers 
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and polymeric hydrogels [26]. Liposomes are spherical particles based on natural lipids 
which are formed spontaneously in water. Liposomes show good biocompatibility and 
are versatile delivery systems since both hydrophobic drugs (solubilized in the lipid 
bilayer) and hydrophilic drugs (soluble in the aqueous compartment) can be easily 
loaded [27]. The main drawback of liposomes is the short drug release period [28], but 
also the fact that release is hardly adjustable. The circulation kinetics of liposomes has 
been extended by PEG-ylation [29], liposomes have been embedded in HA gel to retain 
them at the site of injection [30] and collagen-liposome conjugates have been prepared, 
with the purpose of making the DDS site-adherent to cells, thereby increasing their 
retention time after injection [31]. A number of liposomal formulations have entered 
the market and are clinically used, for instance Doxil®[27, 32], a chemotherapeutic 
drug (doxorubicin) encapsulated in liposomes.  It should be mentioned that most of 
the clinically used liposomal formulations are administered by intravenous injection. 
Formulations that are locally administered are lacking so far.
Nano- and microparticles, polymer-based (mainly PLGA = poly (lactic-co-glycolic acid) 
or natural-based (for instance alginate beads) within the nanometer and micrometer 
range, are investigated as sustained release formulations of drugs. Especially the polymer-
based particles show a more sustained release compared to liposomes, and their lack of 
immunogenicity, the tunability of the drug release and reproducibility in pharmaceutical 
preparation make them very interesting [33]. The most commonly used polymer is 
PLGA (poly (lactic-co-glycolic acid), which is often used in FDA-approved formulations. 
For example, Lupron is a commercially available PLGA-based microsphere based drug 
delivery system for sustained release of testosterone after intramuscular administration 
in patients with advanced prostate cancer [34].

For this thesis, we developed two release platforms which are both expected to show 
sustained intra-articular release of drugs suitable for osteoarthritis therapy in an 
adjustable and predictable manner, namely thermoreversible hydrogels and polymeric 
monospheres. 

Thermoreversible hydrogels

Hydrogels are three-dimensional structures of cross-linked hydrophilic polymer chains 
[35] Up to now, the use of polymeric hydrogels has been very limited, but it was shown 
that hydrogels are able to minimize the burst release seen with other drug delivery 
systems [26]. Thermoreversible hydrogels are based on among others block copolymers 
of aliphatic polyesters and PEG and are soluble or form a solution at room temperature, 
but form a gel at body temperature (37°). This leads to ease of injectability. Moreover, 
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thermoreversible hydrogels showcase high encapsulation efficiency and low burst release 
[36-38].

Monospheres

Monospheres are micro- or nanospheres with a narrow size distribution. Up to now, 
no literature is available about the use of monospheres for intra-articular drug delivery. 
The use of monospheres holds some potential advantages compared to polydisperse 
microspheres. First of all, due to the absence of coarse particles, smaller injection 
needles can be used, which is less traumatic for the patient. Also, monospheres lack the 
presence of a fraction of very small microspheres which can induce particle-induced 
immunoactivation [39]. Furthermore, size uniformity leads to a more precise amount 
of drug per microsphere, in its turn potentially leading to more reproducible between 
batches and predictable in vivo release kinetics [39]. 

Celecoxib

For this thesis, the two abovementioned drug delivery systems (hydrogels and 
monospheres) were investigated on different levels, such as their drug release kinetics 
and efficacy in the treatment of osteoarthritis. In order to do so, we selected 2 different 
drugs for the loading of these drug delivery systems. The first one we choose was 
celecoxib (structure shown in figure 3), because the use of this drug for treatment of 
osteoarthritis has been investigated extensively. Celecoxib, a commonly used NSAID 
is not only a well-known painkiller, but also is anti-inflammatory by inhibiting PGE2 
release and thereby reducing the production of inflammatory cytokines such as IL-1 
and TNF-alpha [40]. These cytokines stimulate the release of collagenase and other 
MMPs, which are involved in the degradation of collagen [41]. Therefore, celecoxib 
could potentially act as a disease modifying drug by putting a halt to the vicious circle 
of chronic inflammation and cartilage degradation, as well as by directly reducing the 
potential negative effect of PGE2 on cartilage, whereas PGE2 also inhibits the formation 
of proteoglycans [41]. Celecoxib has been loaded in different drug delivery systems 
for intra-articular application in different animal models, and some studies have 
shown promising effects on pain reduction [42] and even positive effects on cartilage, 
although it must be stated here that Dong et al. only found significant differences, when 
comparing to a saline control group, with their formulation combining celecoxib with 
Hyonate (hyaluronic acid) and not for celecoxib only [30].  
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Figure 2. Illustration of the two drug delivery systems developed for this thesis (monospheres and 
hydrogels) and their aimed action within the osteoarthritic joint.

Figure 3. Chemical structure of celecoxib, an NSAID cox-2 inhibitor, thereby inhibiting PGE2.
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FK506

As a second compound, we opted a drug that to our knowledge, has not been tested 
for intra-articular use yet. FK506, also known as tacrolimus (structure shown in figure 
4), is an immunosuppressive drug that was discovered in the 1980s by Kino et al.[43] 
and is mainly used in transplantation surgery to prevent graft rejection [44, 45]. Its 
mechanism of immunosupression is through calcineurin inhibition, which causes T-cell 
suppresion with very little effect on bone marrow cell differentiation and proliferation 
[46]. More recently, FK506 has also been proven to be an effective treatment option in 
DMARD (Disease Modifying Anti- Rheumatic Drug) -resistant or -intolerant patients 
with active rheumatoid arthritis [47].  Rheumatoid arthritis is a chronic inflammatory 
joint disease, ultimately leading to joint destruction. In patients with RA, synovial 
fluid concentrations of catabolic cytokines such as TNF (tumor necrosis factor), IL-1b 
(interleukin 1) and IL-6 (interleukin 6) have been shown to be elevated [48].   These 
catabolic cytokines induce their own production as well as the production of MMP’s 
(matrix metalloproteinases) and NO, which are involved in cartilage degeneration [49]. 
The cartilage degradation products in turn induce the production of catabolic cytokines, 
and a vicious circle is developed. Although the pathogenesis of osteoarthritis has not 
been fully unraveled and the stimuli leading to the initial onset may be different, the 
process of cartilage degeneration involves the same loop of cytokines and MMPs and 
synovial inflammation is a commonly seen phenomenon [50, 51]. The suppressive 
effect of FK506, and another but less potent calcineurin inhibitor cyclosporin-A (CsA), 
on catabolic cytokines has been proven both in vitro [46, 52] and in vivo [53].  It 
has also been shown in vivo that calcineurin inhibition (by either FK-506 or CsA) 
leads to less cartilage destruction in mouse models of rheumatoid arthritis [52, 54]. 
It is therefore likely that this effect is (partially) achieved through the suppression of 
the catabolic cytokines, and that the same positive effect might be accomplished in 
osteoarthritis. Furthermore, calcineurin inhibition has been shown to be involved 
inducing chondrogenic differentiation of clonal mouse embryonic carcinoma cells 
[55] and improving regeneration of cartilage defects [52]. The underlying mechanism 
is by increasing the expression of chondrogenic markers through endogenous TGFb1 
(transforming growth factor beta) production by chondrocytes [56]. TGFb1 is an 
anabolic cytokine, that increases proteoglycan synthesis in cartilage, and can be used as 
a redifferentiation factor for culture-expanded chondrocytes [57]. FK506 may exert a 
protective or even regenerative effect on cartilage in the development of OA by engaging 
in these two mechanisms hence slowing the catabolic and boosting the anabolic pathway. 
There are no data yet on the use and therapeutic effects of intra-articular FK506, let 
alone slow-released FK506.
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Figure 4. Chemical structure of FK506 (tacrolimus). 

Aim and outline of this thesis

The research presented in this thesis was part of the BioMedical Materials project 
OAcontrol (co-funded by the Dutch Ministry of Economic Affairs, Agriculture and 
Innovation). The aim of this project was to develop new drug delivery systems for 
intra-articular use, specifically aiming at the treatment of osteoarthritis. We focused on 
two different drug delivery systems, celecoxib loaded thermoreversible hydrogels based 
on acetyl-capped poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-b-poly(ε-
caprolactone-co-lactide)(PCLA-PEG-PCLA) triblock copolymers [58], and FK506 
loaded monospheres based on poly(DL-lactide)-PEG-poly(DL-lactide)-b-poly(L-
lactide) multiblock copolymers. 

In Chapter 2 we studied the in vitro and in vivo properties and performance of a new 
acyl-capped PCLA-PEG-PCLA based hydrogel. The intra-articular biocompatibility of 
this gel was tested in rats. In order to test intra-articular degradation, a blend of polymers 
either capped with acetyl, or with 2-(2’,3’,5’,-triiodobenzoyl, TIB) moieties was injected 
in the joints. TIB can be visualize using μCT, enabling longitudinal quantification of the 
degradation of the gel. 

In Chapter 3, we investigated the in vitro and in vivo properties and performance of 
the acetyl-capped hydrogel, described in Chapter 2, which we loaded with the drug 
celecoxib. In vitro and in vivo drug release kinetics were studied. Also, intra-articular 
biocompatibility of this celecoxib-loaded gel was studied through both μCT-scanning 
and histology of injected rat knees. 

In Chapter 4 we aimed to obtain more insight into the pharmacokinetics and the 
duration of celecoxib release after subcutaneous administration of celecoxib-loaded 
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PCLA-PEG-PCLA based hydrogels with compositions differing in endcapping, injected 
volume, drug loading and polymer concentration (5 formulations in total). For a period 
of 8 weeks blood samples were taken to measure drug concentrations. From these results, 
we could also obtain insight into the in vitro-in vivo correlation in order to create a gel 
for which we could predict in vivo pharmacokinetics and release duration based on the 
in vitro release kinetics. 

Chapter 5 describes the efficacy of the celecoxib-loaded gel that was tested in Chapter 3 
when injected in rat knees in which osteoarthritis was induced. Outcome measurements 
were not only structural (μCT-scanning and histology), but we also looked at pain 
management in rats by measuring hind limb weight distribution over the course of the 
whole experiment.

In Chapter 6, we developed and investigated monospheres, prepared by a micro-sieve 
membrane emulsification process, composed of biodegradable poly(DL-lactide)-PEG-
poly(DL-lactide)-b-poly(L-lactide) multiblock copolymers, which would potentially be 
suitable for local sustained drug release in articular joints. Monospheres with different 
sizes (5, 15 and 30 μm) were tested both in vitro and in vivo. In vivo imaging of the 
monospheres after loading with a fluorescent dye was performed in order to measure 
their retention within the injected joints. Biocompatibility was tested in a small (rats) 
and a large animal model (horses), where we looked at both structural changes in terms 
of cartilage quality and quantity as well as inflammatory responses within the synovial 
cavity. 

In Chapter 7 we describe the mechanical properties of our multiblock copolymer 
monospheres. This is important because the release profile of the monospheres may be 
influenced by the applied mechanical forces. Furthermore, the mechanical properties 
are important for the injected joint because the monospheres could potentially harm 
the cartilage surface when these particles monospheres are too stiff, leading to cartilage 
indentations and subsequent damage. Three different sizes of monodisperse microspheres 
(5, 15, and 30μm) were tested in both dry and hydrated states and the Young’s moduli 
were measured. 

Chapter 8 focusses on tacrolimus loaded monodisperse biodegradable monospheres (30 
μm) based on poly(DL-lactide-PEG)-b-poly(L-lactide).  Intra-articular biocompatibility 
was again tested in rats using μCT-scanning and histology after injection of different 
doses of tacrolimus (10 weight%) loaded monospheres (2.5, 5.0 and 10 mg) in the 
knee joint. Drug release kinetics were examined after intra-articular injection in horse 
joints. Both synovial fluid and blood samples were taken, to get insight into duration 
of the local release of the monospheres, but also to investigate whether the systemic 
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concentrations remain below levels where adverse effects can be expected. Furthermore, 
inflammatory markers were measured within the synovial fluid of horses injected with 
unloaded as well as monospheres loaded with FK506 in order to test the local anti-
inflammatory actions of these loaded monospheres. 

In Chapter 9 and 10, we discuss and summarize the findings of this thesis and provide 
future perspectives. 
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triblock copolymer based hydrogels
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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 2-(2’,3’,5’,-triiodobenzoyl, TIB) moieties. 
TIB was added to visualize the gel using μCT, enabling longitudinal quantification 
of its degradation. Blends containing TIB-capped polymer degraded in vitro (37 °C; 
pH 7.4 buffer) 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 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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1.  Introduction

Osteoarthritis (OA) is a common joint disease that affects approximately 30% of the 
elderly population [59]. Current treatment is mainly based on pain prevention through 
orally administered drugs, as often non-steroidal anti-inflammatory drugs [60], 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 [60, 61]. The best local therapies for OA so far are i.a. 
injections (of hyaluronan or corticoid steroids), 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 [62], but 
only for a limited period of ∼1 week [62-64]. Therefore, often multiple i.a. injections 
are given [65], leading to the risk of cartilage and joint damage and/or infections 
[60, 63, 65, 66]. 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 drug delivery systems 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 
[67, 68]. Liposomes for local intra-articular treatment (and other non-vascular routes) 
usually show a short drug release duration which is hardly adjustable [28], although 
biological stability of liposomes can be improved by surface PEGylation [69, 70]. On the 
other hand, microparticle-based systems show a more controllable and sustained release 
[28, 71]. The main drawback of both liposome- and microparticle-based systems is their 
costly and non-straightforward manufacturing mainly because up scaling is challenging 
[28, 72, 73]. 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 [74]. Upon i.a. injection 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 [75]. Temperature-responsive 
gelling systems (composed of ABA triblock copolymers with a PEG middle block 
flanked by polyester blocks of divers 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 [36-38, 76, 77]. Moreover, terminal hydroxyl-end group modification of the 
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polyester–PEG–polyester triblock copolymers enables further modulation of rheological 
and degradation/dissolution properties of aqueous and temperature-responsive gelling 
systems [78, 79]. 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 [80].
Getting more insight into the in vivo behavior 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  [81, 82] and dye-loaded microparticles [81]  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 
[83]. 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 [84, 85]. Indeed, others have shown that different systems, for instance 
polymethacrylate-based microparticles [86, 87]  and hydrogels, 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, temperature-respon-
sive 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 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.
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2. Methods and materials

2.1. Materials

L-Lactide was obtained from Purac Biochem BV, 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 [88]. 
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). 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 (PCLA2×1700CL2.5Acet) and TIB-capped 
PCLA–PEG–PCLA (PCLA2×1700CL2.5TIB and PCLA2×750CL5.7TIB) polymers

The acetyl-capped and TIB-capped PCLA–PEG–PCLA triblock copolymers 
(PCLA2×1700CL2.5Acet and PCLA2×1700CL2.5TIB, respectively) used in this study were 
essentially synthesized and characterized as described previously [80]. In short, l-lactide 
and 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) [89-91].  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–)[79, 92-95] and 2.10–2.08 ppm (I2.09, CH3–CO–O–C(H2)2–O–) as 
shown in figure. S1.
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), methylene protons of PEG (I3.6  at 3.72–3.55 ppm), methylene protons of CL 
subdivided in two triplets (I2.4 + I2.3). The degree of modification was calculated from 
the ratio between protons of the end groups and methylene protons of PEG (I3.6  at 
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3.72–3.55 ppm). TIB-end group (I8.0) at 8.40–7.60 ppm (I8.0, m, 2H, Ar H) [78, 89-
91] as previously described [78].

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 PCLA2x1700Cl2.5Acet PCLA2x1700Cl2.5TIB PCLA2x750Cl5.7Acet

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 mol1] 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
Mnd [g mol1] 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 Mn determined by GPC.
e Polydispersity index determined by GPC. 

2.4. Characterization of PCLA2×1700CL2.5Acet, PCLA2×1700CL2.5TIB 
and PCLA2×750CL5.7TIB

Molecular weights (Mn  and  Mw) of the synthesized polymers were determined 
by GPC as described previously [78]. The characteristics of PCLA2×1700CL2.5Acet, 
PCLA2×1700CL2.5TIB and PCLA2×750CL5.7TIB are given in Table 1.

2.5. Preparation of PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB 
and PCLA2×1700CL2.5Acet/PCLA2×1700CL2.5TIB 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 
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petri dishes. The solvent was removed under nitrogen flow for 48 h (gas chromatography 
analysis indicated a residual ethyl acetate content < 0.5%).

2.6. Preparation of the aqueous dispersions

21 ml PBS 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 a 280  mOsm/L 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 behavior

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% in PBS) 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, 100  U/ml penicillin, 100  U/ml streptomycin, 
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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 h. 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 sulfate; 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 h incubation, DMEM/F12 was replaced 
by 100 μl fresh medium containing AlamarBlue (1:10) followed by 24 h 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  mmNaH2PO4; 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 h 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 Nederlands BV, 
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.
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 subcutaneous 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 
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two additional s.c. injections of 100 μl PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB which 
were excised at predetermined time points, dried and analyzed by GPC and 1H NMR.
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% PCLA2×1700CL2.5Acet subcutaneous 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 at different time points 
during in vitro degradation. 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 
base 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.
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 [96, 97]. Influx of Hexabrix into the cartilage correlates inversely with 
sGAG content [98, 99] to detect early changes in cartilage quality using in vivo μCT 
arthrography [96, 97]. 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 [100] took place creating a mask overlaying bone and Hexabrix in the original 
gray value images of the first group (ImageJ; NIH, http://imagej.nih.gov.eur.idm.oclc.
org/ij/index.html) [96]. Subsequently, regions of interest (ROI’s) were drawn around 
the patellar cartilage (40 slices) for which attenuation and thickness were calculated. 

http://imagej.nih.gov.eur.idm.oclc.org/ij/index.html)
http://imagej.nih.gov.eur.idm.oclc.org/ij/index.html)
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In the datasets of the second group (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 the first group (n = 10) were killed 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) [101] 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) [102]. Both scores were multiplied by 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.
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3. Results and discussion

3.1. Synthesis and characterization of PCLA2×1700CL2.5Acet/
PCLA2×1700CL2.5TIB

(PCLA2×1700CL2.5TIB) and TIB–PCLA750–PEG1500–PCLA750–TIB 
(PCLA2×750CL5.7TIB)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 (Supplementary 
data: figure S1) [78-80]. 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. 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 the Mn determined by GPC 
relative to PEG standards showed equal values (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 equaled a higher attenuation). Based on the minor differences in attenuation 
combined with the formation of a heterogeneous blend, the 25/75 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 this 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 heterogeneity, the blend containing the highest TIB 
content (75%) was injected intra-articular and was indeed well visible. This blend is 
therefore suitable for longitudinal μCT visualization and all following experiments were 
consequently performed using this blend.
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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.
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Attenuation (a.u.) 25.0 30.4 35.8 39.3 58.3 60.5

homogeneitya + +/- - + + +

Intra-articular 
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3.3. Rheological properties of PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB (25/75) 
blend

The PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB (25/75) blend at 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 only 
PCLA2×1700CL2.5Acet at 25 wt% in buffer and is likely due to the hydrophobicity of the 
TIB moieties as also observed for hexanoyl-capped PCLA–PEG–PCLA [80]. 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).
To get more insight into the rheological properties of 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 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 behavior of the gel and explain its injectability through 
a thin 27  G needle. Thixotropic behavior of aqueous PEG/polyester temperature-
responsive systems has not been reported yet, but is very similar to what was reported 
for thixotropic systems based on charged hydrogel microspheres [103]. In the sol state, 
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the polyester–PEG copolymer forms micelles with a hydrophobic polyester core and 
a hydrated PEG shell [38, 79, 92]. 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 behavior of 25 wt% PCLA2×1700CL2.5Acet/
PCLA2×750CL5.7TIB (25/75) blend

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 h 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 
∼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 [80].
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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 PBS at 37 °C. Under the graph, representative μCT images are depicted for the correspond-
ing time points on the x-axis, showing a decline in volume and attenuation (see color scheme) during 
degradation. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

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.
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  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 [80].
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3.5. Subcutaneous degradation of 25 wt% PCLA2×1700CL2.5Acet and 25 wt% 
PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB blend (25/75)

Upon s.c. injection of 25% 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 [104-106].
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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. 

GPC analysis showed that during  in  vivo  gel degradation the peak of the polymer 
broadened towards longer retention time, hence shorter  Mn, 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% (day 0) 
to 12 wt% (day 75). These changes in composition are likely due to chain scission at 
the PEG–PCLA bonds and dissolution of the PEG rich chains [107], as also observed 
previously for structurally related gels [80]. 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 [107, 108]. Others have previously shown that macrophages 
secrete enzymes including lipase, known for catalyzing PCL and PLLA degradation 
[104, 105]. Immunohistochemistry on the excised subcutaneous 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-
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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.

Figure 4. GPC chromatograms of the PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB depots in time in vi-
tro 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 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. A) 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×). B) The same 
image in a higher magnification (20×); the dark arrows indicate macrophages. 
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3.6. Intra-articular injection of PCLA2×1700CL2.5Acet/PCLA2×750CL5.7TIB blend 
(25/75)

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 CL2.2Acet/CL5.7TIB 
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 i.a. situation are quite different from the s.c. situation (confined 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 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 [28, 109]. 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 of the joint is hindered due to 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 sustain within the 
joint for a period of time that, to our knowledge, has not been shown before for any 
other gelling systems [28].
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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. 

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 a (negative) effect on cytocompatibility and/
or i.a. 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  [110] and our findings demonstrate that 
cytocompatibility of the polymers was not jeopardized by capping acetyl groups.
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Figure 8. In vitro PCLA2×1700CL2.5Acet biocompatibility. A) 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. B) 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.

3.8. Intra-articular 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.
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Figure 9. A) Graph representing left (gel)-to-right (saline) ratio of patellar cartilage attenuation and 
thickness at 3 time points (n = 10). B) Representative histological images of the tibia plateau (* indicat-
ing the cartilage) and C) 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). 

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 intra-articular biocompatibility makes 
these gels suitable for intra-articular drug delivery.
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Supplementary data

Figure S1. 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 , and aromatic protons of TIB-end groups  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 celecoxib, 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/g gel, were sols at room temperature 
and converted into immobile gels at 37 °C. In vitro, release of celecoxib started after a 
∼10-day lag phase followed by a sustained release of ∼90 days. The 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 and histology, 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.



Release behavior and intra-articular biocompatibility  
of celecoxib-loaded acetyl-capped PCLA-PEG-PCLA thermogels

3

47

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 [111]. 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 [41, 112, 113]. 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%) [114]. Concerns have risen about the systemic toxicity of celecoxib, 
mainly on myocardial muscles [115], 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 mainly on micro/nano-particles composed of poly(lactide-co-glycolide) 
(PLGA)[116-121]. These systems show some limitations in encapsulation efficiency (as 
low as 50%), burst release (as high as 60%), and recovery rates (as low as 25%) which 
all together hinder their clinical applicability [116-121]. Recently, highly concentrated 
solutions of celecoxib in PEG400 (400  mg/ml) were used as in situ forming depots 
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after injection in equine joint cavities [74]. 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 fulfill the aforementioned desired DDS properties [36, 37, 58, 77, 78, 80, 122-
126].
Importantly, these gels offer the possibility of complete encapsulation of hydrophobic 
drugs with release kinetics that can be modulated [123, 127, 128]. 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 [129]. The 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) [123, 127, 128]. 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 [110, 130]. 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 [58, 78, 80, 92].
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 systems (the in vitro release 
and gel degradation), examined the in vivo release kinetics of a subcutaneous injected 
formulation and the biocompatibility of the same formulation after intra-articular 
injection.
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2. Materials and Methods

2.1. Materials

Celecoxib was obtained from LC Laboratories, USA. 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[80]. 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 a nitrogen atmosphere. The solution was 
azeotropically dried by distilling off toluene/water (ca. 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 3 h. 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 vacuo and obtained in yield of 85%. The polymer was characterized by 1H NMR and 
GPC as previously described [58].

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 h.
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2.4. Solubility of celecoxib in PEG1500/buffer and in PCLA-PEG-PCLA/
buffer systems

100 mg of celecoxib/PEG1500 (10/90 w/w) mixture was added to 750 μl PBS buffer 
pH 7.4 (44  mm Na2HPO4, 9  mm NaH2PO4, 72  mm NaCl, 0.02%  wt NaN3). 
Similarly, 260–830 mg of celecoxib/PCLA-PEG-PCLA mixtures 10/90 to 80/20 were 
added to 750  μl PBS 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 h. 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 [80]. 
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 a 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 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 [80, 124].
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.
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2.7. Degradation and release behavior of celecoxib-loaded PCLA-PEG-
PCLA gels 

The in vitro degradation and release behavior of unloaded and loaded (0.125, 1.25 and 
50 mg celecoxib per g gel) PCLA-PEG-PCLA 25% wt gel was investigated in PBS buffer 
pH 7.4 (same composition as described in section 2.4) with or without 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 [131], which increases 
the solubility of celecoxib [121, 132]. Celecoxib solubility in PBS buffer pH 7.4 with 
Tween® 80 was investigated. Therefore, an excess of celecoxib (∼10 mg) was added to 
1 ml of PBS with 0.1–2.0% wt Tween® 80 (i.e. above its CMC), which was incubated for 
24 h at room temperature and after centrifugation for 5 min at 3500 rpm the 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 PBS buffer pH 7.4. Samples were heated for 15 min at ∼50 °C 
(i.e. above the melting temperature of the polymer in dry state), subsequently vortexed 
(1  min) and then incubated at 4  °C for 48  h 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 PBS buffer pH 7.4, 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 was added. In addition, gel samples were freeze-dried and 
analyzed for their dry weight and for the average number molecular weight (Mn) of the 
polymer by GPC as described previously [80]. 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 in vitro 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 × 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 v/v acetonitrile/water (Eluent A) and 45/45/10 v/v/v 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 min 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 
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was 20 °C. The release samples were analyzed undiluted and after a 4× dilution with 
acetonitrile (ACN) to dissolve gel particles, if present.

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 
BV, 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 S.1 
in the supplementary file) 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 minutes), 100 μl of serum was taken and 
extracted with ethyl acetate [133]. 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 minutes and stored at -80 
ºC 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, NL). 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, ; 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 40 °C. The column effluent 
was introduced by an atmospheric pressure chemical ionization (APCI) interface 
(Sciex, Toronto, ON) 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 
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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 analysed 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 [134]. 

2.10. Intra-articular biocompatibility of celecoxib loaded PCLA-PEG-
PCLA 25 wt% gels

Five 14-week-old (400–450  g) male Wistar rats (Charles River Nederland BV, 
Maastricht, the Netherlands) were housed in the animal facility of the Erasmus Medical 
Center, with a 12-h 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 PBS buffer with pH 7.4 (without NaN3) loaded with 50 mg celecoxib/g 
gel. Gels were prepared aseptically and 50  μl (cooled to 4  °C) was injected directly 
into the joint cavity through the patellar tendon using Luer-lock® syringes mounted 
with 27G needles. After injection, the knee was flexed and extended several times to 
distribute the gel throughout the whole knee joint. Contralateral knees were injected 
with saline to serve as a 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 (EPIC-μCT) analysis, a 
method that has a strong correlation with cartilage sulfated-glycosaminoglycan (sGAG) 
content, which is a direct measurement for cartilage quality [135, 136]. All samples were 
incubated in a 40% Hexabrix solution (diluted with PBS) for 24 h at room temperature 
[99]. 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 (μm) were calculated for cartilage of the medial and lateral tibial plateau [99]. 
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, osteoarthritic knee joints from a previous article in rats of the same 
age, sex and species as the animals as in our current study were used [136]. In short, 
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a strenuous running protocol was combined with 3 unilateral i.a. papain injections, 
leading to cartilage damage. The above-mentioned protocols for EPIC-μCT scanning as 
well as data analysis were used.
Directly following the EPIC scan, knee joints were fixed with buffered formaldehyde, 
decalcified and embedded in paraffin for histological analysis. 6-μm sections were 
prepared sagitally at 300-μm intervals and stained with Safranin-O with a fast green 
counterstain to image the distribution of the GAGs. All staining was performed at once 
in order to minimize artefacts between samples.

2.12. Statistical analysis

All data was normally distributed (Shapiro–Wilk >0.05) and Levene’s tests (p > 0.05) 
verified the equality of variances in the tested samples (homogeneity of variance) for all 
tested parameters. Differences in μCT-data between the gel-injected and saline-injected 
knees within the same animal were analyzed using type-1, two-tailed, paired T-tests for all 
outcome parameters (SPSS Inc., Chicago, USA). When comparing differences between 
means of the knees injected with celecoxib-loaded gel or saline to the OA induced knees 
(PRO), type-1, two-tailed, unpaired T-tests were performed for all outcome parameters. 
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 the 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 with acetyl groups by reaction with an excess of acetyl chloride 
as previously described [58]. It was aimed to synthesize a fully actelyated 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 [58]. The degree of acylation was almost quantitative. The characteristics of the 
synthesized triblock copolymer are summarized in Table 1.
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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 PCLA-PEG-PCLA 
triblock copolymer

The thermogram of PEG1500 showed no Tg and a melting endotherm at ~50  °C 
(ΔH  =  156  J/g), which is in accordance with literature [137]. The thermogram of 
celecoxib showed no Tg and a melting endotherm at 165  °C (ΔH  =  102  J/g), also 
in accordance with literature [138, 139]. 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. 



Chapter 3

56

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 ∼50a 156

10 90 Not detectable ∼50a 138

30 70 −47 ∼50a 77

40 60 −33 ∼50a 2

50 50 −23 Not detectable Not detectable

80 20 25 Not detectable Not detectable

100 0 Not detectable 165b 102b

a Melting due to PEG.
b Melting due to celecoxib.

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

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

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[139] and −60 °C [137], 
respectively). The results therefore confirm that celecoxib and PEG1500 are miscible, 
which is in line with the reported miscibility of celecoxib with PEG6000 [138] and PEG400 
[36, 140]. Evidence of the miscibility of drugs structurally related to celecoxib (i.e. drugs 
containing –SO2N- moieties) and PEG has been discussed elsewhere [138, 140-143] 
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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 S3. The thermogram of PCLA-PEG-PCLA showed a Tg at −58 °C, which can 
be ascribed to the Tg of the PCLA domains [37, 78, 80, 122, 124] and a crystallization 
exotherm at ∼−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 
does not show crystallinity of the CL-rich domains because the CL sequence length are 
too short, i.e. less than 5 CL units [37, 78, 80, 122, 124]. 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 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.

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 0–25a 38

5 95 −55 −10–20a 33

17 83 −47 10–20a 13

22 78 −43 Not detectable –

40 60 −22 Not detectable –

50 50 −12 Not detectable –

70 30 −2 Not detectable –

100 0 – 165b 102

a Melting due to PCLA-PEG-PCLA.
b Melting due to celecoxib.
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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 
[144], see Equation (1)) confirming that celecoxib and PCLA-PEG-PCLA are 
miscible. Extrapolation of the weight fraction of celecoxib to 100% and 0 (100% 
PCLA2x1700CL2.5Acet) 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 [139] 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[116-119] and might be ascribed to hydrogen bonding between 
the N–H groups of celecoxib and the carbonyl CO groups of polymers as described 
for celecoxib/PLGA and celecoxib/polyvinylpyrrolidone systems [145]. 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 behavior of aqueous celecoxib-loaded PCLA-PEG-PCLA 
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 S4 in the supplementary file). Although 
celecoxib is molecularly dispersed in celecoxib/PCLA-PEG-PCLA mixtures (with 
celecoxib loading from 22% to 70% wt, Table 3 and figure S2), 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 system. The high solubility of celecoxib in aqueous PCLA-PEG-PCLA 25% wt 
systems (∼50 mg/g) is in line with the reported good solubility (∼5–15 mg/g) of other 
hydrophobic drugs such as paclitaxel [123], cyclosporine A [123], docetaxel [128] and 
indomethacin [127] in other structurally-related temperature-responsive gelling systems 
based on PLGA-PEG-PLGA. 

3.4. Gelling properties of celecoxib-loaded PCLA-PEG-PCLA 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, 
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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 behavior and rheological properties of celecoxib-loaded PCLA-PEG-PCLA systems of 
25% wt in PBS buffer pH 7.4. 3A shows photographs of systems containing 1.25 mg celecoxib per g PC-
LA-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.

Figure 3 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 1.25–50 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 an 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 [128, 146, 147]. However, it was shown 
that a lowering of the sol-to-gel transition temperature of the systems, measured by 
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rheological measurements or vial tilting, was observed with increasing drug loading 
as reported for systems made of PLGA-PEG-PLGA loaded with docetaxel [128], 
PEGylated-camptothecin [146] as well as that of paclitaxel in systems composed of 
sulfamethazine-capped PCLA-PEG-PCLA copolymers [147].

3.5. In vitro release and degradation of celecoxib-loaded gels.

Degradation and release behavior of PCLA-PEG-PCLA 25% wt gels with or without 
celecoxib (1.25 mg/g) was investigated at 37 °C in PBS 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/g 
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 S5A in the supportive information). Hence, no difference in gel 
degradation behavior in the presence and absence Tween® 80 was observed. The Mn of 
the polymer of the residual gels did not change in time (figure S4B in the supportive 
information). 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 [80]. Hence, Tween® 80 is not required to solubilize celecoxib 
(and respect sink conditions) during the in  vitro release experiments. Previously, we 
reported [58] that the gels in PBS first swelled (lag time in dissolution) to reach <20% 
wt polymer content and thereafter start to dissolve. However, no swelling was observed 
in PBS 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 [148].
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Figure 4. Release and degradation behavior (n = 6) of PCLA-PEG-PCLA 25% wt gels loaded with 
1.25 mg celecoxib/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).

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 [123, 
148, 149] and indomethacin [150]. 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 PCLA-PEG-PCLA 
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 
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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). The effect of loading on the 
release of drugs from temperature-responsive systems has been reported in other studies 
and is controversial [123, 147, 150, 151]. No effect of drug loading on the release 
of paclitaxel from PLGA-PEG-PLGA systems (loading up to 20 mg/g) was reported 
[123] as well as from sulfamethazine-capped PCLA-PEG-PCLA hydrogels (loading up 
to 10 mg/g)[147]. However, PLGA-PEG-PLGA systems showed longer release periods 
with increasing drug loading of docetaxel [128] and bee venom peptide (up to 8 mg/g) 
[150]. Finally, faster release of salmon calcitonin was observed from PEG-PLGA-PEG 
gels with increasing loading (loading up to 5 mg/g) [151].

Figure 5. Release and degradation behavior (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).
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3.7 In vivo pharmacokinetics of 20 % wt gels containing 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 pharmacokinetics. 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 h. After 24 h, 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 and 80 ng/ml for a period of 
4–8 weeks after injection. 4 out of the 6 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 around 
70–80% of the dose was released in a sustained mode over 4–8 weeks.

Figure 6. In vivo release of celecoxib from 20% wt gels with 50 mg celecoxib per g gel. The serum concen-
trations 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).

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 gel dissolution lag time (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 [122]. Another observation is the significantly faster 
release in vivo compared to in vitro for both the previously conducted experiments [122] 
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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 [152] 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 biological fluids likely caused by the relatively high 
protein binding of celecoxib [111, 153, 154]. 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 [122, 155, 156]

3.9. Intra-articular biocompatibility of 25 % wt gels containing 50 mg/g 
celecoxib

In a previous study, we have shown good intra-articular biocompatibility of unloaded 
PCLA-PEG-PCLA 25% wt gels [122]. 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-wk 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 a 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 locomotion occurred. The EPIC-
μCT (figure A&B) of these 5 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).
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 [136]. 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 [136]. These osteoarthritic knees indeed showed significantly 
(p < 0.01) worse attenuation and cartilage thickness values for both compartments, with 
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(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.
Our findings of in vivo and EPIC scanning were supported by histology (representative 
images are shown in figure 7C). No differences in safranin O staining (the presence 
of sGAGs in the cartilage is indicated by the red color (in web version)) were seen 
between knees injected with celecoxib-loaded gel and the saline control. Also, both 
saline and celecoxib-loaded gel injected knees did not show structural changes (e.g., 
clefts or fissures) of the cartilage. Figure 7C also shows an osteoarthritic (OA) knee and 
in agreement with the results on in vivo μCT and EPIC scanning, the cartilage is almost 
fully depleted of sGAGs.

Since bone changes are also a feature of osteoarthritis [10], 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. Histologically, also no 
bone changes were seen.
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) and 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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Supplementary data

Figure S1. 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 S2. DSC thermograms of PEG1500, celecoxib and their mixtures (second heating).
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Figure S3. DSC thermograms of acetyl-capped PCLA-PEG-PCLA, celecoxib and their mixtures (sec-
ond heating). The insert shows the thermograms of celecoxib/PCLA-PEG-PCLA mixture (17/83 w/w) 
between −60 and +50 °C.

Figure S4. X-ray diffraction pattern of celecoxib and a representative sample at 260 mg/g celecoxib con-
taining celecoxib crystals.
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Figure S5. Effect of Tween® 80 and celecoxib on the degradation of PCLA-PEG-PCLA gels. A shows disso-
lution 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). B shows the Mn (squares) and PDI (triangles) of the polymers in the residual acetylated PC-
LA-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

Injectable thermogels based on poly(ε-caprolactone-co-lactide)-b-poly(ethylene glycol)-
b-poly(ε-caprolactone-co-lactide) (PCLA-PEG-PCLA) containing an acetyl- or propyl 
endcap and loaded with celecoxib were developed for local drug release. The aim of this 
study was to determine the effects of the composition of the celecoxib/PCLA-PEG-
PCLA formulation on their in vivo drug release characteristics. Furthermore, we want to 
obtain insight into the in vitro-in vivo correlation. Different formulations were injected 
subcutaneously in rats and blood samples were taken for a period of 8 weeks. Celecoxib 
half-life in blood increased from 5 h for the bolus injection of celecoxib to more than 
10 days for the slowest releasing gel formulation. Sustained release of celecoxib was 
obtained for at least 8 weeks after subcutaneous administration. The release period was 
prolonged from 3-6 weeks to 8 weeks by increasing the injected volume from 100 to 500 
μL, which also led to higher serum concentrations in time. Propyl endcapping of the 
polymer also led to a prolonged release compared to the acetyl endcapped polymer (49 
versus 21 days) and at equal injected dose of the drug in lower serum concentrations. 
Increasing the celecoxib loading from 10 mg/mL to 50 mg/mL surprisingly led to 
prolonged release (28 versus 56 days) as well as higher serum concentrations per time 
point, even when corrected for the higher dose applied. The in vivo release was about 
twice as fast compared to the in vitro release for all formulations. Imaging of organs of 
mice, harvested 15 weeks after subcutaneous injection with polymer solution loaded 
with infrared-780 labelled dye showed no accumulation in any of these harvested organs 
except for traces in the kidneys, indicating renal clearance. Due to its simplicity and 
versatility, this drug delivery system has great potential for designing an injectable to 
locally treat osteoarthritis, and to enable tuning the gel to meet patient-specific needs.
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1. Introduction 

Celecoxib is a non-steroidal anti-inflammatory drug (NSAID) and a selective inhibitor 
of cyclo-oxygenase-2 (COX-2) [157]. Celecoxib is taken orally once or twice a day in 
pain management, for instance, by patients with osteoarthritis [111]. To reach local 
therapeutic concentrations, high daily dosing is necessary due to the low oral availability 
and the fact that only a small portion of the administered dose reaches the inflamed 
joints. Celecoxib is 97% protein bound, with a large apparent volume of distribution 
(> 1 L/kg), suggesting extensive distribution into tissues [111, 139]. High systemic 
concentrations are unwanted since concerns have risen about the toxicity of celecoxib, 
for instance in myocardial function [115]. The best option to decrease the risk of 
systemic side-effects is through local administration of the drug in the target tissue. 
Direct intra-articular injection of a drug in patients with osteoarthritis is not desirable 
due to rapid intra-articular drug wash-out combined with the fact that repeated intra-
articular injections are not patient friendly and pose a potential risk of infection [158]. 
Therefore, research has been focused on the development of injectable drug delivery 
systems based on hydrogels with a well-controlled and sustained release [36, 92, 159-
164]. We have previously shown in a relevant animal model that acetyl endcapped 
poly(ε-caprolactone-co-lactide)-poly(ethylene glycol)-poly (ε-caprolactone-co-lactide) 
(PCLA-PEG-PCLA) based thermoreversible hydrogels have excellent potential for the 
local release of celecoxib with sustained in vivo release kinetics of 4–8 weeks. In addition, 
good biocompatibility after both subcutaneous and intra-articular administration was 
observed [165, 166]. Recently, intradiscal injections of PCLA- PEG-PCLA hydrogels 
loaded with celecoxib were performed in ten client-owned dogs with chronic low back 
pain, of which 9 out of 10 dogs showed clinical improvement [167]. 
These PCLA-PEG-PCLA hydrogels are very interesting for different applications, since 
release kinetics of these polymer systems are likely tunable by changing multiple factors. 
Firstly, the volume of injected gel and thus the therapeutic dose can be altered. Secondly, 
the polymer concentration in the formulation can be changed, which leads to variation in 
network density of the gel, thereby influencing the release kinetics. Thirdly, the capping 
group of hydroxyl ends of the tri-block copolymer can be altered, resulting in different 
release characteristics. As a last factor, the amount of the drug in the formulation can 
be changed. Indeed, in a previous study we demonstrated that increasing the celecoxib 
concentration resulted in longer in vitro releases [165]. The chosen animal model was the 
rat model, due to the extensive information available of oral administration of celecoxib 
in rats, and to be able to compare the obtained results with other studies [153, 168]. 
The primary aim of this study was to determine the effects of the injection volume of 
the formulation, polymer concentration and capping group of celecoxib/PCLA-PEG-
PCLA formulations on the in vivo drug release. The second aim of the present study was 
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to get insight into the relation between the in vitro and in vivo release characteristics of 
the formulations. 

2. Materials and methods 

2.1. Materials 

Celecoxib was obtained from LC Laboratories, USA. All other chemicals were obtained 
from Sigma Aldrich. 

2.2. Synthesis of acetyl- and propyl endcapped PCLA-PEG-PCLA 

The acetyl- and propyl endcapped PCLA-PEG-PCLA triblock copolymers used in this 
study were synthesized and characterized as described previously [58]. In short, a three-
neck round-bottom flask equipped with a Dean Stark trap and a condenser was used. 
PEG1500, L- lactide, ε-caprolactone and toluene were introduced and, while stirring, 
heated to reflux (∼140 °C) under a nitrogen atmosphere. The Dean stark apparatus was 
used in azeotropic drying by distillation of toluene/ water (ca. 50% volume of the initial 
volume). Next, the solution was cooled down to < 80 °C and tin(II) 2-ethylhexanoate 
was added. Ring- opening polymerization was carried out at 110–120 °C overnight 
under a nitrogen atmosphere. The solution was cooled down to room temperature and 
dichloromethane and triethylamine were added. Subsequently, the solution was cooled 
to 0 °C in an ice bath, and while stirring, an excess of acetyl chloride or propyl chloride 
(depending on the required endcap) was added dropwise and acylation/propylation was 
allowed to proceed for three hours. Next, dichloromethane was removed under vacuum 
at 60–65 °C, ethyl acetate was subsequently added and triethylamine hydrochloride 
salts were removed by filtration. The polymer was precipitated by adding a 1:1 mixture 
of pentane and diethyl ether. 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 under vacuum 
and obtained in yield of 85%. The polymer was characterized by 1H NMR and GPC, 
as described previously [80]. 

2.3. Preparation of PCLA-PEG-PCLA celecoxib formulations 

The formulations were prepared by mixing 5 g of PCLA-PEG-PCLA with 20 mL PBS 
buffer (43 mM Na2HPO4, 9 mM NaH2PO4, 75 mM NaCl; pH 7.4, 280 mOsm/
kg) (20% formulation) or 5 g of PCLA-PEG-PCLA with 15 mL PBS buffer (25%). 
Celecoxib was added to these formulations at a final concentration of 10 or 50 mg/
mL. Since autoclaving has no negative effect on the formulations, all formulations were 
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autoclaved for 15 min at 121 °C [166]. After cooling down to approximately 40 °C, 
the mixtures were vortexed for 2 min and subsequently incubated at 4 °C for 48 h to 
allow formation of homogeneous polymer solutions. Rheological analysis of 300 μL of 
the polymer solutions was determined as described previously [165]. An overview of the 
formulations prepared for this study is given in Table 1. 

Table 1. Description of the different formulations used for in vivo studies.

Formulation Endcapping
Injected 

volume (µL)

Celecoxib 
concentration 

(mg/mL)
Celecoxib dose 

(mg)

Polymer 
concentration in 

PBS (% w/w)

A Acetyl 500 10 5 25

B Acetyl 100 50 5 20

C Acetyl 500 50 25 20

D Acetyl 500 10 5 20

E Propyl 500 10 5 20

2.4. In vivo celecoxib release 

The Animal Ethics Committee of the Erasmus Medical Center, Rotterdam, The 
Netherlands, approved all conducted procedures (agreement number EMC2255(116-
11-02)). It was previously shown that there is a gender difference in the pharmacokinetics 
of celecoxib in rats, with celecoxib being eliminated from the plasma 4-times faster in 
males compared to females [168]. Only male rats were used in our study. Fourteen-
week-old (400–450g) male Wistar rats (Charles River Nederland BV, Maastricht, The 
Netherlands) were housed in the animal facility of the Erasmus Medical Center, with a 
12-h light-dark regime, 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 pharmacokinetics of the different PCLA-PEG-PCLA/celecoxib formulations, rats (6 
animals per group (5 groups in total)) were injected subcutaneously in the neck region 
with aseptically prepared and autoclaved PCLA-PEG-PCLA formulations as described 
in Table 1. 
As a control for absolute bioavailability and determination of the elimination half-life 
of celecoxib, nine rats received an intravenous bolus injection of 200μL celecoxib. Since 
the aqueous solubility of celecoxib is limited, it was dissolved in polyethylene glycol 
(PEG) 400:water in a 2:1 ratio (w/v) in a concentration of 10 mg/mL as described 
before by Paulson et al.[168]. At predetermined time points between 0 and 56 days, 
blood samples (500μL) were taken from the lateral tail vein and collected in Vacutainer 
SSTTM II Advance (BD Plymouth) tubes that contained silica (clot activator). After 
spinning down the cells (3500 rpm, 10 min), celecoxib was extracted from the serum 
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using ethyl acetate [166]. In total, 100 μL serum was mixed with 100 μL internal standard 
(200 ng/ mL parecoxib in 5% BSA). Then, 200 μL 0.1 M sodium acetate buffer (pH 
5.0) was added, followed by ethyl acetate (1 mL) and the samples were vortexed for 10 
min. Subsequently, samples were centrifuged at 11,000 rpm for 10 min and stored at 
−80 °C for 30 min. The upper ethyl acetate phase was transferred into HPLC glass vials 
and evaporated under nitrogen atmosphere. Next, the residues were dissolved in 100 μL 
of methanol and celecoxib concentration in the samples was analyzed by LC-MS. Per 
sample, 5μL was injected onto a Kinetex® C18 (30 * 3.0 mm, particle size of 2.6 μm) 
analytical column (Phenomenex, Utrecht, NL). Separation was performed at a flow rate 
of 500 μL/min, with a total run time of 3 min. The mobile phases consisted of acetonitrile/
water (1/1 v/v) (A), and acetonitrile/methanol (1/1 v/v) (B). Samples were separated 
using the following gradient A/Bv/v: 0–0.6 min, 100/0; 0.6–0.7 min, 100/0–30/70; 
0.7–1.6 min, 30/70–0/ 100; 1.6–2.4 min, 0/100; 2.4–2.7 min, 0/100–100/0; 2.7–3.0 
min, 100/ 0. Column temperature was set at 40 °C. The column effluent was introduced 
by an atmospheric pressure chemical ionization (APCI) interface (Sciex, Toronto, ON) 
into an API3000 mass spectrometer. For maximal sensitivity, the mass spectrometer 
was operated in negative ion multiple-reaction monitoring (MRM) mode. Peaks were 
identified by comparison of retention time and mass spectra of standards. For each 
component two ion transitions were monitored, celecoxib: 380.3 → 316.3 and 380.3 
→ 276.3 (collision energy: −50 V), and parecoxib: 369.3→250.2 and 369.3→234.2 
(collision energy: −30V). 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. 

2.5. Data analysis 

LC-MS 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 parecoxib recovery, and concentrations were calculated using celecoxib standards 
prepared in rat serum ranging from 0.5 to 1000 ng/mL. The calibration curve was linear 
in this range (r = 0.9997). Single blood sample data were used to construct the plasma 
level curves. 
The pharmacokinetic characterization of celecoxib was analyzed using PK Solver, Version 
2.0, an add-in program for pharmacokinetic and pharmacodynamic data analysis in 
Microsoft Excel [134]. Non-compartmental modeling was carried out according to 
conventional pharmacokinetic principles. The fraction released in vivo was determined 
by dividing the total area under the curve (AUC) at different time points by the AUC0-
∞. 
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2.6. In vitro celecoxib release 

Formulations that were subcutaneously injected in rats were also studied for their in 
vitro release characteristics. In total, 100 or 500 μL formulations were transferred into 
cell culture tubes (16*100mm) using a syringe. The tubes were incubated for 15 min 
at 37 °C to allow gel formation. Next, 5 mL PBS buffer (43 mM Na2HPO4, 9 mM 
NaH2PO4, 75 mM NaCl; pH 7.4, 280 mOsm/kg) with 0.2% w/w Tween® 80 for the 
lower dose and 1% w/w Tween® 80 for the higher dose was added, and formulations 
were shaken at 300 RPM. Tween® 80 was added to solubilize the released celecoxib 
and to maintain sink conditions. At predetermined time points, samples of 2.5 mL 
were withdrawn and 2.5 mL fresh PBS was added. The celecoxib concentration in the 
different release samples was determined by LC-UV as described in the Supporting 
Information. Supplementary data associated with this article can be found, in the online 
version, at https://doi.org/10.1016/j.ejpb.2018.07.026. 

2.7. In vivo imaging in mice

All experimental procedures for in vivo imaging were approved by the Subcommittee on 
Research Animal Care at Leiden University Medical Center. Male FVB mice (4–8weeks 
of age, from the LUMC breeding facility) were used for the experiment. Two mice were 
injected subcutaneously with 10 μL of a solution containing 20% acetyl end- capped 
polymer solution loaded with a near-infrared dye (IR-780 iodide). IR-780 iodide was 
chosen due to its poor aqueous solubility, like celecoxib. The total dose of near-infrared 
dye was 0.05μg. Fifteen weeks after subcutaneous injection, the mice were sacrificed, 
dissected, and ex vivo scans of the site of injection and all major organs were made to 
check the redistribution of the dye to the rest of the body. 
Fluorescence imaging was performed with an IVIS spectrum animal imaging system 
(Perkin Elmer/Caliper LifeSciences, Hopkinton, MA). For spectral unmixing, an image 
cube was collected on the IVIS Spectrum with 18 narrow band emission filters (20 
nm bandwidth) that assist in significantly reducing autofluorescence by the spectral 
scanning of filters and the use of spectral unmixing algorithms. Fluorescence regions 
were identified and spectrally unmixed using Living Image 4.3.1 software. 

3. Results and discussion 

3.1. In vivo pharmacokinetics of a single IV bolus injection (4 mg/kg 
celecoxib) 

Intravenous (IV) administration of a single dose of 4mg/kg celecoxib was performed as 
described previously by Paulson et al. [168]. A 200 μL solution of polyethylene glycol 
400/saline (2:1, v/v) containing 10 mg/mL CLB was injected to obtain reference serum 
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samples with different celecoxib concentrations over time and to enable calculation 
of the relative bioavailability for the SC administered gel formulations. The serum 
concentration after IV administration is shown in figure 1. 

Figure 1. Celecoxib serum concentrations measured after intravenous injection of 200 µL of 10 mg/mL 
celecoxib in PEG400/water solution (n=3 per time point, mean ± SEM). 

By definition, the first sampling point after IV administration is the Cmax (10 min after 
administration), followed by a rapid decline of the serum drug concentration. Twenty-
four hours post-injection, the drug concentration was only 0.1% of the Cmax. figure 
1 shows that the celecoxib serum concentration versus time plot can be divided in a 
distribution phase (first two hours) followed by an elimination phase (2–24 h). The t1/ 

2-values of the distribution phase (ɑ) and the elimination phase (β) were 0.1 and 4.7 h 
respectively, which is in line with the results of Paulsen et al. (t1/2 = 3.7 h) [168]. The 
calculated pharmacokinetic values are given in Table 2. The clearance of the drug was 8.6 
mL/min/kg (dose/AUC0−∞; 2,000,000 ng/7753 ng/mL * h = 258 mL/hr [=8.6 mL/
min/kg]). This value is very close to what was found earlier for clearance of celecoxib 
in male rats (7.8mL/min/kg [168]). Furthermore, the AUC0-∞ of our reference group 
(7.8 μg/mL * h) is the same as that found by Paulson et al., 8.6 μg/mL * h (2.15 μg/
ml * h for a total dose of 1 mg/kg, while our dose was 4 mg/kg; 4 * 2.15 = 8.6 μg/mL 
* h). Since our results are very similar to previous pharmacokinetic values obtained in a 
different study [168], we consider these results consistent and therefore they were used 
to evaluate the in vivo kinetics of the different slow release formulations of Table 1. 
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Table 2. Pharmacokinetic parameters of celecoxib after a single IV administration (2.0 mg dose, 4 mg/kg) 
in rats.

Parameter Unit Values 

Dose mg 2.0

t1/2 Alpha h 0.1

t1/2 Beta h 4.7

AUC0-∞ ng/mL*h 7753

3.2. Effect of polymer concentration of the hydrogel formulation on 
celecoxib release 

Figure 2 shows the serum concentrations of celecoxib after injection of formulation 
A and D (Table 1). The difference between the two formulations is the polymer 
concentration (25% versus 20%, respectively). Cmax (150–190 ng/mL) was reached 
after 1 day, followed by a gradual drop of celecoxib concentration during the next 28 
days (from 190 to 0.06 ng/mL). These results show that the injected formulations 
released the loaded celecoxib during at least 28 days. The results of figures 1 and 2 were 
used to calculate the bioavailability of celecoxib after SC administration [169]: 

Bioavailability = (AUCsc ∗Doseiv)/(AUCiv ∗Dosesc) 

It appears that the bioavailability for formulation A and D was 96% and 99% respectively, 
which demonstrated that the full dose of formulated celecoxib was released and reached 
the bloodstream during the 4-week period. Half-life (t1/2) for both formulation A 
and D was calculated using PK Solver according to conventional pharmacokinetic 
principles [134]. Since the rate of decline of the celecoxib serum concentration is not 
due to elimination alone, but also due to other factors, such as absorption rate and/or 
distribution rate, the observed half-life is called apparent half-life. An apparent half-life 
of 4 days (Table 3) was obtained and a sustained release of 28 days was reached for both 
formulations. No significant differences were observed between the two formulations. 
Rheological analysis showed that the storage modulus of the 25% thermogel (220 Pa 
at 40 °C) was higher than that of the 20% thermogel (166 Pa at 40°C). Therefore, it 
was anticipated that longer release would be obtained for the 25% polymer formulation 
compared to the 20% one. However, no differences in the in vivo pharmacokinetics 
were observed. The release of drugs from gels is dependent on the diffusion of the drug 
through the gel and erosion of the gel. Obviously, the differences in erosion and diffusion 
between the 20 and 25% gels are not that large. 
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Figure 2. Effect of polymer concentration of the formulation on in vivo celecoxib release; (A) the celecoxib 
serum concentrations after subcutaneous injection of Formulation A and D (mean ± SEM, n=6) and (B) 
cumulative fraction absorbed/released from Formulation A and D. 

3.3. Effect of celecoxib loading of the hydrogel formulation on celecoxib 
release 

The effect of celecoxib loading on the release was determined by comparing a 20% gel 
containing 10 mg/mL celecoxib (formulation D) with the same gel containing a five-
time higher loading (50 mg/mL, formulation C). The injection volume was the same 
for both formulations. Celecoxib serum concentration after injection of the gel with 
10 mg/mL celecoxib led to a Cmax of 186 ± 64 ng/mL 8 h post-injection, while the 
observed Cmax after administration of the gel with 50 mg/mL celecoxib was 695 ± 322 
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ng/mL. This means that the Cmax indeed scales, within the experimental error, with the 
administered dose (Table 3). In case of the 50 mg/mL loading, celecoxib concentrations 
dropped to 278 ± 103 ng/mL after 24 h and from day 3, a continuous and sustained 
drug release was observed with average serum concentrations between 80 and 5 ng/mL 
4–8 weeks after injection. At week 7 as well as at week 8, 3 out of the 6 animals still 
showed measurable celecoxib serum concentrations, respectively between 9 and 18 and 
6–16 ng/mL. The fact that there is still a fair amount of celecoxib measurable in the 
serum at the end-point (8 weeks) indicates that a full drug release from the gel was not 
achieved at this point in time yet. 
For formulation C, an initial peak in the 24 h accounted for 17% and the first 3 days 
for 30% of the total release, after that the dose was released in a sustained mode over the 
course of 4–8 weeks (figure 3). For formulation D, the initial release after 24 h was 17% 
and the release in the first 3 days accounted for 43% of the total release, the remaining 
60% was released in a sustained mode over 1–4 weeks. 
The bioavailability was 99% for formulation D while this was only 64% for formulation 
C. This means that for formulation C, there is 36% celecoxib “missing”. There is no 
reason to believe that other kinetic properties play a role or that the rest of the celecoxib 
was excreted in a different way (lymphatic system) without being measured in the 
bloodstream [74, 170]. Therefore, it is highly likely that this amount is still present 
subcutaneously and will be released after the 8-week period. 
The sustained release period was greatly prolonged by increasing the celecoxib loading in 
the formulation. The formulation containing 10 mg/mL celecoxib showed a 3 week (21 
days) release profile, whereas the formulation containing 50mg/mL celecoxib showed 
more than 8weeks (56 days) release. Due to the higher dose (50mg/mL and 10 mg/mL 
represent a total dose of 25 mg versus 5 mg respectively), the serum concentrations were 
higher, but after 2 weeks the difference in serum concentration was more than 5-times 
higher, which cannot be explained solely by the higher drug loading. This phenomenon 
might be explained by celecoxib-polymer interactions. 
We have shown previously that with increasing celecoxib loading of the gels, the 
dissolution time of the gels increased and thus concluded that the celecoxib loading 
has an effect on the stability of the gel through the hydrophobicity of the celecoxib 
and its interaction with PCLA-PEG-PCLA [165]. Furthermore, the high amount of 
encapsulated celecoxib led to the presence of celecoxib in a partly crystallized state 
within formulation C (50mg/mL), which was not the case for formulation D (10 mg/
mL). At a concentration of 10 mg/mL the celecoxib is fully dissolved, and at a celecoxib 
concentration of 50 mg/mL needle shaped crystals were observed (see figure 4) [166]. 
It takes time before the crystals dissolve, and therefore the formulation with the fully 
dissolved drug will release its content faster than the formulation with celecoxib in a 
partly crystallized state [74]. 
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Figure 3. Effect of celecoxib loading of the formulation (50 mg/mL versus 10 mg/mL) on celecoxib release; 
(A) the celecoxib serum concentrations after subcutaneous injection of Formulation C and D (mean ± 
SEM, n=6) and (B) cumulative fraction absorbed/released from Formulation C and D.
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Figure 4. Microscopic evaluation of formulation C, 20% acetyl endcapped polymer in PBS containing 50 
mg/mL celecoxib (magnification 10x and 20x).

3.4. Effect of injected volume 

Formulation B and C, which are identical (same polymer, same polymer concentration, 
and celecoxib concentration) except for the injected volume (100 μL versus 500 μL), 
were compared for their in vivo release characteristics (see figure 5). The injected dose 
of celecoxib was therefore 5-times higher for formulation C than for formulation B. 
Due to this dose difference, the Cmax was much higher for formulation C than for 
B (695 and 206 ng/mL, respectively). The initial release of celecoxib is coming from 
the outer surface of the depot. As seen by us and by others, hydrogels form a spherical 
shape when injected subcutaneously [122, 171]. A spherical 500 μL depot has an outer 
surface of approximately 300 mm2 (radius is ∼5 mm) compared to 100 mm2 for a 100 
μL depot (radius is ∼3 mm). This means that the absolute amount of celecoxib at the 
outer surface of a 500 μL depot is approximately 3-times higher as compared to a 100μL 
depot. This 3-fold difference is also observed in the Cmax, of formulation C compared 
to formulation B (see Table 3).
The apparent serum half-life was prolonged from 7 to 11 days when injecting a 500 μL 
depot instead of 100 μL. In case of formulation B, the celecoxib concentrations dropped 
from 205ng/mL to an average of 27 ± 20 ng/mL after 3 days, followed by a continuous 
and sustained release with average serum concentrations between 4 and 25 ng/mL for 
2–6 weeks. For Formulation B, a relative bioavailability of 100% was calculated showing 
that this composition led to a complete release of the encapsulated celecoxib. 
Changing the injected volume did not only have an effect on the serum concentrations 
per time-point as described above, but also had a direct effect on the release period from 
the depot; the 500μL formulation C led to a release period of 8 weeks, while injection 
of 100 μL formulation B led to a sustained release of 3–6 weeks. This difference can also 
be explained by the larger volume of the depot, since it takes longer for the larger depot 
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to fully degrade. Consequently, the celecoxib release from the larger depot is prolonged 
compared to the smaller depot. 
As stated before (Section 3.3), the bioavailability of formulation C is only 64% and it 
is highly likely that the remaining 36% was still present subcutaneously at the 8-week 
time-point at which the in vivo experiments ended. This indicates that the actual release 
period from formulation C is probably longer than 8 weeks. 

Figure 5. Effect of injection volume on celecoxib release; (A) the celecoxib serum concentrations after sub-
cutaneous injection of Formulation B and C (mean ± SEM, n=6) and (B) cumulative fraction absorbed/
released from Formulation B and C. 



In Vivo Pharmacokinetics of Celecoxib Loaded Endcapped  
PCLA-PEG-PCLA Thermogels in Rats after Subcutaneous Administration

4

85

3.5. Effect of polymer type 

To determine the effect of a different endcap on the in vivo release kinetics of celecoxib, 
a formulation was tested where the acetyl-endcap of the PCLA-PEG-PCLA triblock 
copolymer (Formulation D) was replaced by a propyl group (Formulation E). This 
propyl group theoretically results in stronger hydrophobic interactions and thereby 
forming a stronger gel when the temperature is above the gelling temperature (> 28 °C). 
Both formulations (D and E) showed a ∼100% relative bioavailability, whereas the 
Cmax after administration of formulation E was significantly lower compared to 
formulation D (94 versus 186 ng/mL (Student’s t-test, p = 0.01)). In addition to a 
lower initial release for formulation E, also a more sustained release after 3 days was 
obtained compared to formulation D (figure 6). After 4 weeks, the serum concentration 
for formulation E was 5 ± 2 ng/mL while this was almost zero (0.1 ± 0.1 ng/ml) for 
formulation D. Finally, the propyl encapped polymer showed a sustained release up to 
49 days, whereas the acetyl endcapped polymer had a release of only 21 days. This data 
all points to a stronger gel for formulation E than for D, which can likely be ascribed to 
the more hydrophobic propyl capping groups which in turn slows down the release of 
the loaded celecoxib. 
Interestingly, at day 21, a celecoxib concentration of 1.2 ng/mL was determined for 
formulation E in all six rats, whereas this concentration increased to 5.2 ng/mL at day 
28. Since the lower concentration at day 21 was determined in all six rats it is unlikely 
due to an analytical artifact. A plausible explanation of this phenomenon is that there 
is a biphasic drug release. Up to 21 days, the celecoxib release is diffusion driven, but 
after these 3 weeks polymer degradation starts to occur, leading to the second phase of 
celecoxib release [172]. 
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Figure 6. Effect of polymer type on celecoxib release; (A) the celecoxib serum concentrations after sub-
cutaneous injection of Formulation D and E (mean ± SEM, n=6), and (B) cumulative fraction absorbed/
released from Formulation D and E.
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Table 3. Pharmacokinetic parameters of celecoxib after subcutaneous administration of different polymer 
formulations containing celecoxib in rats.

Formulation

Parameter   A B C D E

Dose mg 5 5 25 5 5

AUC 0-∞ ng/mL*d 778 811 2508 800 792

t1/2 days 4.1 7.3 10.6 4.0 6.9

Cmax ng/mL 159 205 695 186 94

F % 96% 100% 64% 99% 98%

AUC= Area under the curve; t1/2= apparent half-life; Cmax= maximum serum concentration; F= biologi-
cal availability

3.6. In vitro-in vivo correlation (IVIVC) 

The in vitro release characteristics of the formulations of Table 1 are shown in the 
Supporting Information. The drug release in vitro followed the same trends as observed 
in vivo. No differences in release were observed between the formulation with 20% w/w 
polymer (A) versus 25% w/w polymer (B), while increasing injection volume (100μL 
versus 500μL; formulation B versus C) led to a prolonged release period. When changing 
the endcapping from acetyl to propyl, we observed a prolonged release in vitro as well as 
in vivo. The same is observed when changing the celecoxib loading from 10 mg/mL (D) 
to 50 mg/mL (C); the in vivo trend of prolonged release was also seen in vitro. 
For all tested formulations, the in vivo release was 2 times faster compared to the in 
vitro situation. As reported previously, this might be due to the presence of enzymes 
or macrophages at the site of injection resulting in a faster release in vivo compared 
to in vitro [74, 173-175]. Although we observed similar trends in vitro as in vivo with 
changing the different properties of the gels, no level A correlation was obtained (a 
point-to-point relationship between in vitro dissolution and the in vivo input rate, 
which is usually linear [176]). In a previous study, we found that in vitro, erosion of the 
gel (acetyl-endcapped) led to the release of celecoxib and the in vivo release was faster 
due to both the gel depot geometry (larger surface area) as well as the in vivo presence of 
macrophages, leading to a faster degradation of the gel and therefore a faster release of 
the encapsulated celecoxib [122, 165].

3.7. In vivo imaging of tissue distribution of the subcutaneous injected gel 

The distribution of the gel after subcutaneous injection was visualized by injecting a 
near-infrared dye (IR-780 iodide) loaded formulation (20% acetyl endcapped polymer). 
The physical properties of IR-780 iodide are different compared to celecoxib, but it is a 
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lipophilic compound like celecoxib to mimic the encapsulation of lipophilic compounds 
in the hydrogel. Fifteen weeks after injection, the animal was sacrificed and the organs 
were harvested and scanned using fluorescence imaging (figure 7). 
The scan of the injected subcutaneous area showed that there was still some formulation 
present 15 weeks post-injection. No accumulation of the formulation was observed in 
the harvested organs. The only detected signal was coming from the kidneys, which 
indicates that renal clearance of the formulation as expected is the primary route of 
excretion as opposed to biliary excretion [168]. 

Figure 7. (A) IVIS images of the site of injection and (B) the harvested organs 15 weeks after subcutane-
ous injection. 

4. Conclusion 

PCLA-PEG-PCLA thermogels loaded with celecoxib show sustained in vivo release up 
to 8 weeks and are therefore an excellent candidate for sustained local drug delivery. The 
properties of this thermogel-celecoxib formulation can be altered, leading to tunable 
release profiles. The apparent in vivo half-life of celecoxib was extended from 5 h (bolus 
injection) to more than 10 days. It was shown that the drug release in vivo was about 
two times faster than in vitro, which might be due to faster in vivo gel degradation due 
to the presence of enzymes and or macrophages. Tweaking the gel design (endcapping 
of the polymer, celecoxib loading or injected volume) leads to different release patterns, 
with even up to over 8 weeks release period. Therefore, it is possible to steer and even 
personalize the release based on disease- or patient-specific needs. 
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In vitro celecoxib release

Formulations that were subcutaneously injected in rats were also tested on their in vitro 
release characteristics. In total, 100 or 500 μL samples were transferred into cell culture 
tubes (16 * 100 mm) using a syringe. The tubes were incubated at 37°C to allow gel 
formation, 15 minutes later 5 mL PBS buffer, pH 7.4, with 0.2% wt Tween® 80 for 
the lower dose and 1% wt Tween® 80 for the higher dose was added and formulations 
were shaken at 300 RPM. Tween® 80 was added to determine sink conditions. At 
predetermined time points, buffer was refreshed by taken 2.5 mL buffer from the tube and 
add 2.5 mL fresh PBS. The celecoxib concentration in the different release samples was 
determined by UHPLC using an Agilent 1290 UHPLC system equipped with a Waters 
column (BEH C18 1.7 μm, 2.1 * 100 mm). Celecoxib was dissolved in acetonitrile at 
1 mg/mL. This celecoxib solution was diluted with 75% acetonitrile and 25% buffer 
solution containing Tween® 80 to prepare celecoxib standards used for calibration (final 
celecoxib concentration ranged from 0.05 to 10 μg/mL). Two mobile phases containing 
0.1% vol. trifluoroacetic acid (TFA) were used: 95/5/0.1 v/v/v acetonitrile/water/TFA 
(mobile phase A) and 99.9/0.1 v/v acetonitrile/TFA (mobile phase B), the elution rate 
was 0.3 mL/min, and the column temperature was 40°C. A gradient was run from 65% 
mobile phase B to 100% mobile phase B in 3 min and kept at 100% mobile phase B 
for 1 min before returning to 65% mobile phase B. Detection was performed with 
an UV detector at 254 nm and the injection volume was 5 μL. The retention time of 
celecoxib was 1.5 min with a total run time of 8 min (including column equilibration). 
The autosampler temperature was 8°C. The release samples were diluted 1:3 with 100% 
acetonitrile (final concentration of 75% acetonitrile) and the gels were 10-times diluted 
with 75% acetonitrile / 25% water to dissolve the gel.
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Figure S1. Cumulative in vitro release of 6 different formulations containing celecoxib (mean ± SD, n=3).

For formulation A, C, D and E no significant differences were observed for the first 
three weeks, afterwards different release patters were observed. In vitro the release is only 
from one side (the top) where in vivo the release is three dimensional. It is anticipated 
that the celecoxib release for the first 3 weeks is only due to diffusion and afterwards by 
degradation/erosion of the gel. No level A correlation was obtained, but the trend seen 
in vitro is similar to in vivo. No significant difference between formulation A and D, and 
for both formulations 80% release after 56 days. Formulation E (with propyl endcap) 
has a slower in vitro release as formulation D (acetyl endcap), only 60% release after 56 
days for formulation E and 80% for formulation D. The slowest release was observed for 
formulation C, only 55% celecoxib release after 56 days. However, when lowering the 
gel volume from 500 μL to 100 μL (comparing formulation C with B), a much faster in 
vitro release was observed. This was also to be expected since the in vitro release is only 
from the top and by lowering the volume, the thickness of the depot is decreased and 
for this reason a much faster release was obtained.
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Abstract 

We investigated the efficacy of an intra-articular (i.a.) controlled release formulation of 
celecoxib based on a thermoreversible hydrogel composed of acetyl-capped PCLA-PEG-
PCLA triblock copolymer for the treatment of osteoarthritis in a rat model. The target 
of celecoxib is PGE2, which is directly linked to inflammation and pain in osteoarthritis. 
First, we proved in an in vitro environment, that the celecoxib released from the gel 
retained its pharmacological activity by suppressing PGE2 release from osteoarthritic 
chondrocytes during the three-week study duration. Osteoarthritis was induced in the 
left knee of rats by intra-articular low dose papain injections in combination with a 
moderate exercise protocol. Two days after induction, the osteoarthritis induced knees 
were treated with either a single intra-articular injection of celecoxib loaded hydrogel, 
or an injection of a celecoxib suspension, while the total dose of celecoxib was equal. 
A third (control) group received one saline injection. All groups experienced pain after 
induction of osteoarthritis, which was quantified by measuring lower hind limb load 
distribution at several time-points during the study. However, 5 days after treatment, 
no signs of pain were detectable in any of the groups, including control animals. The 
μCT scanning showed that the celecoxib suspension led to more cartilage loss of the 
lateral compartment (compared to saline control), while this negative effect of celecoxib 
was abolished by releasing it in a sustained manner from the hydrogel. The hydrogel 
formulation group also showed significantly more macrophage activity in the affected 
knee as compared to both the celecoxib suspension group and the control animals 
(saline), determined by folate SPECT scans. The latter likely indicates the presence of 
more anti-inflammatory (M2) macrophages in the joints induced by the slow release 
celecoxib formulation. Although no chondropositive effects of the celecoxib-loaded 
hydrogel has been shown in this animal model, injection of the formulation proved to 
be active and superior to injection of the celecoxib suspension. This study demonstrates 
the potential of this thermoreversible hydrogel drug delivery system for intra-articular 
use within the context of osteoarthritis. 
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1.  Introduction

Osteoarthritis (OA) is a common joint disease and the most prevalent musculoskeletal 
disorder [59]. The pathogenesis of OA is mainly unknown, but it is likely a combination 
of different genetic, biochemical and biomechanical factors all leading to a failure 
of the chondrocytes to maintain cartilage integrity [177]. This failure is initiated by 
disequilibrium between anabolic and catabolic activities, leading to upregulation of 
catabolic enzymes (such as matrix metalloproteinases (MMPs) and aggrecanases) and 
proinflammatory cytokines and mediators such as e.g. IL-1B, TNF-a and PGE2. These 
factors will eventually give rise to cartilage breakdown, leading to joint degeneration and 
full progression of OA [4, 5]. Although there are no disease modifying drugs available for 
OA at present, there are some drugs of interest. One of these drugs is celecoxib, a selective 
COX-2 inhibitor, a known analgesic which also exhibits anti-inflammatory activities via 
selective COX-2 inhibition, leading to a decrease of its principal enzymatic product 
PGE2  [178]. By targeting the inflammation and its catabolic effects, one could possibly 
slow down the destructive pathway seen in osteoarthritis. However, although promising 
chondroprotective properties of celecoxib were shown in an in vitro environment, in vivo 
results have been less encouraging. Mastbergen et al. [113] were able to show promising 
chondroprotective properties of celecoxib in an in vitro environment, in vivo these 
positive results could not be replicated. Dogs with induced OA showed no differences 
between treatment with oral celecoxib and a placebo [179]. The authors suggest that 
the beneficial effect of the drug might have been counteracted by an increase in weight-
bearing of the diseased joint in the celecoxib group due to the analgesic effects, leading to 
a progression of the OA. Recently, Fukai et al. were not able to show a chondroprotective 
effect of celecoxib in mice with surgically induced OA. In all these studies, the drug 
was administered via the oral route. Oral administration of drugs is also the basis of 
symptomatic treatment of OA in humans [21], but systemic exposure may lead to side-
effects and the drug concentration reaching the joint is minimal and therefore potential 
chondroprotectivity may not be fully displayed. In patients were oral drug administration 
is not leading to the desired pain relief, intra-articular injections solely targeting the 
affected joint are usually the next step. These intra-articular injections are widely used 
in the clinics (corticosteroids, hyaluronic acid), but while multiple injections are often 
required, they only provide limited effects [23]. This failure is mainly due to rapid efflux 
of the injected drugs from the joint, providing only short-term pain relief.  Jiang et al. 
[180] showed a positive effect of celecoxib injections directly into the joint, but they had 
to inject on a weekly basis, making the translation to a clinical situation not feasible. 
To tackle the problem of rapid efflux, different drug delivery systems (DDSs) ensuring 
sustained IA drug concentrations have been developed [28, 67, 68] and extended IA 
drug retention times have been demonstrated [25, 181]. Dong et al. [30] showed no 
chondropositive effect of liposomal celecoxib, although there was a slight effect on pain 
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reduction, lasting for only 24 hours. This very limited effect was likely due to the rapid 
release of the drug from the liposomes. When combining the celecoxib-liposomes with 
hyaluronate, the drug release and consequently also pain relief could be extended to 48 
hours and also some minor chondropositive effects were found on histology with this 
combined therapy [30]. A major disadvantage of liposomal formulations is that it is 
difficult to control the release kinetics of entrapped drugs [182].
Using a DDS with tailored and sustained drug release would, based on these results, 
very likely lead to more distinct effects in the treatment of OA, both on pain reduction 
and on ameliorating cartilage destruction. Besides liposomes, another major group of 
intra-articularly applied DDSs are nano/microspheres-based [68, 183, 184]. Recently, 
highly concentrated solutions of celecoxib in PEG400 (400 mg/ml) were used as in situ 
forming depots after injection in equine joint cavities [74]. The release from this DDS is 
governed by crystal dissolution making the release difficult to predict and the presence of 
crystals could potentially harm the cartilage. Moreover, they did not test this suspension 
in an OA model to look at therapeutic ability or pain reduction. More recently, a study 
was presented in which celecoxib loaded PEA (polyester amide) microspheres were 
injected intra-articularly in rats with surgically induced OA [42, 185]. However, no 
beneficial (or therapeutic) effects of these microspheres on cartilage were found. Release 
of the drug in vivo was tested indirectly by measuring prostaglandin E2 (PGE2) release, a 
cytokine that is inhibited by celecoxib [186]. PGE2 release per mg knee homogenate was 
lower for the group that received celecoxib loaded microspheres compared to unloaded 
microspheres or saline. However, no control group with freely injected celecoxib (so 
without the use of a DDS) was included, so whether there is an additional effect of 
the use of PEA microspheres for intra-articular release of celecoxib compared to just 
injecting celecoxib directly in the OA joint remains unclear from these results.
In a previous article [122] we demonstrated the biocompatibility and intra-articular 
degradation kinetics of a PCLA-PEG-PCLA based hydrogel; a novel DDS with favorable 
properties such as ease of injectability, biocompatibility, and drug release that can be 
tailored for both duration and concentration. Following these encouraging results, we 
loaded this gel with celecoxib and showed sustained in vivo release of 4~8 weeks (after 
subcutaneous injection) while showcasing excellent intra-articular biocompatibility 
[165].  The next step in our research is therefore to evaluate this celecoxib loaded gel in 
an OA disease model in order to investigate the potential of this DDS for the treatment 
of OA, not only focusing on structural recovery of cartilage and bone, but also clinical 
symptoms like pain and inflammation, which is one of the most important aspects of 
human OA. In this study, we aimed to evaluate the disease modifying effects of celecoxib 
loaded hydrogels on cartilage and joint macrophage activation, as well as the effects on 
pain, measured by weight bearing of the affected joint, and mechanical loading. 
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2. Methods and materials 

2.1. Materials

Celecoxib was obtained from LC Laboratories, USA; TNFα was obtained from 
Ebioscience. Hexabrix 320®, a clinical iodine-based contrast agent, was obtained from 
Guerget, The Netherlands. All other chemicals were obtained from Sigma-Aldrich (Saint 
Louis, USA) and used as received.

2.2 Synthesis of acetyl-capped PCLA-PEG-PCLA and celecoxib loaded 
acetyl-capped PCLA-PEG-PCLA hydrogels

The acetyl- capped PCLA-PEG-PCLA triblock copolymers used in this study was 
synthesized and characterized as described previously [122]. 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 the mixture) under 
a nitrogen atmosphere. The solution was azeotropically dried by distilling off toluene/
water (ca. 50 % vol of the initial volume). Next, the solution was cooled down to 
<80 °C and the catalyst 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 down 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 pentane 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 vacuo 
and obtained in yield of 85 %. The polymer was characterized by 1H NMR and GPC 
as previously described.
The celecoxib loaded formulations were prepared by mixing 5 g of PCLA-PEG-PCLA 
polymer with 15 mL PBS buffer (43 mM Na2HPO4, 9 mM NaH2PO4, 75 mM 
NaCl; pH 7.4, 280 mOsm/kg), so the final polymer concentration was 25% w/w 
Two formulations were prepared by adding celecoxib to the 25% polymer solution. 
A formulation containing 50 mg/g celecoxib was prepared for the animal study and a 
formulation containing 1.25 mg/g celecoxib for the cell studies. The formulations were 
autoclaved for 15 minutes at 121°C, and after cooling down to approximately 40°C the 
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mixtures were vortexed (2 min) and then incubated at 4°C for 48 h to allow formation 
of a homogeneous polymer solution.

2.3 Cell culture in presence of celecoxib-loaded PCLA-PEG-PCLA 
hydrogel: cytocompatibility and bioactivity 

Anonymous use of redundant tissue for research purposes is part of the standard 
treatment agreement with patients in the University Medical Center Utrecht [187]. 
The cell culture experiments were performed as follows; 1 vial of 1x106 Passage 2 
chondrocytes from OA patients was defrosted and diluted in 25 ml expansion medium 
(DMEM 31965 + 10%FCS + pen/strep). Then, 1 ml of cell suspension was added 
to each bottom compartment of a transwell plate (24 wells) and incubated at 37°C 
(5% CO2) for 21 days. Chondrocytes, similarly to many other cell types, respond to 
TNF-α stimulation (a well-known inflammatory stimulus) by producing PGE2 via 
COX-2. This mechanism can be blocked by specific COX-inhibitors, amongst which 
celecoxib, leading to reduction of the inflammatory reaction.  Four different conditions 
were tested to evaluate bioactivity (e.g. reduction of PGE2 production) of celecoxib 
released from PCLA-PEG-PCLA 25 wt% gels: 1) cells + TNFα; 2) cells + TNFα + 
unloaded gel (negative control); 3) cells + TNFα with a bolus of celecoxib (1.0 mM) 
(positive control); 4) cells + TNFα with celecoxib loaded PCLA-PEG-PCLA 25% (1.25 
mg/g). For the experiments in presence of the gel, 200 μl PCLA-PEG-PCLA in sol state 
without or with celecoxib (1.25 mg/g, total dose 250 μg) were placed in the transwell 
inserts (1-μm membrane). The gels were allowed to form for 30 min at 37 °C and 
washed with 1 ml DMEM in order to remove any leachables. After that, the medium 
of the cells was refreshed to remove dead cells, and the transwells containing the gel 
were transferred to the 24 wells plate with the cells. A celecoxib solution, with a final 
concentration in culture medium of 1.0 mM, was added to the positive control wells 
during every medium renewal. One hour after addition of the celecoxib solution or the 
celecoxib-loaded gels, TNFα was added to a final medium concentration of 10 ng/ml 
and subsequently the plates were placed back in the incubator. Samples were taken every 
3 days for a total period of 21 days from each well and stored at -80°C until analysis.  
To determine released PGE2 by the cells into the medium a prostaglandin E assay was 
performed (R&D; catalog number KGE004B) according to the protocol. To correct 
the PGE2 values for total amount of cells per sample the pico-green DNA assay was 
performed according to the manufacturer’s protocol (Quant-iT™ PicoGreen ® dsDNA). 
After each harvesting time point, the transwells with the gels were transferred into a 
fresh plate with cells. For the last time points at day 21, 50 μl medium was harvested 
to perform a lactate dehydrogenase (LDH)-test to check viability of the cells that were 
incubated with the celecoxib-loaded gel in accordance with the manufacturer’s protocol 
(Roche). The medium sample was mixed with dye solution (1:1) and incubated at room 
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temperature. After 15 min of incubation, a stop solution was added, and absorbance 
was read at 490 nm, with a reference filter at 655 nm. Results are presented in arbitrary 
units (AU).

2.4 Animal model 

The Animal Ethic committee of the Erasmus Medical Center, Rotterdam, the Netherlands, 
approved all conducted procedures. Twenty-four 16-week-old (400-450g) male Wistar 
rats (Charles River Nederlands BV, 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. Rats were weighed at the start of the experiment 
and at the endpoint after 3 weeks.

2.5 Induction of osteoarthritis

OA was induced unilaterally in the animals using intra-articular papain injections in the 
left knee joints (70 μl) in combination with a moderate exercise protocol as described 
previously. Left knee joints were injected once with a 70 μl solution consisting of 3 units 
of papain (type IV, double crystallized, 15 units/mg, Sigma-Aldrich, St. Louis, MO, 
USA) with 5 μL 0.03M L-cystein (Sigma-Aldrich). Contralateral right knees were used 
as healthy internal controls. The rats ran on a motorized rodent treadmill (LE-8700; 
Panlab Harvard Apparatus, Barcelona, Spain) during the entire experimental period (3 
weeks) for a period of 30 minutes daily at a speed of 0.3 m/s. This protocol is an adjusted 
version of the one described by Siebelt et al. [136] where 3 consecutive injections with 
9 papain units were used. We choose to use a less severe protocol, where osteoarthritic 
changes in cartilage thickness and quality can be found, however bony changes in terms 
of subchondral plate thickness changes, osteophyte formation and pore formation were 
not observed. Therefore, in the current study, we focused on the effects on cartilage and 
not bone. The rationale behind this, is that we did not test a prophylactic drug, but 
instead we started treatment after OA induction, which is closer to the actual clinical 
use of a potential treatment for OA, since patients present themselves when they already 
have symptoms rather than being treated prophylactic. Also, we wanted to be certain 
that there were no interfering effects between the injected drug and following papain 
injections within the same joint.  
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2.6 Treatment groups

The 24 rats were randomly divided in 3 groups of 8. They received their treatment 2 
days after the start of OA induction via the intra-articular papain injection as described 
above. 
group 1: intra-articular injection of 50 μl of 25wt% gel containing 50 mg/ml celecoxib 
group 2: intra-articular injection of 50 μl suspension in saline, containing 50 mg/ml 
celecoxib 
group 3: intra-articular injection of 50 μl saline (untreated)

2.7 The effect of celecoxib on hind limb weight distribution (pain 
assessment) 

As a quantitative measurement of pain, hind limb weight distribution was measured 
using an incapacitance tester (Linton Instrumentation, Norfolk, UK) as described 
previously [188]. Therefore, all rats of the 3 treatment groups were placed on the 
incapacitance tester in a position with both hind limbs on two separate force plates. 
The force on each plate (in grams) was measured over a period of 3 seconds in which 
the rat did not move. Measurements were conducted five times subsequently during 
measurement days and these 5 measurements were used to calculate the weight on 
the affected limb as a percentage of total weight distributed by both hind limbs. The 
first measurement took place to check baseline values (-2 days), directly after these 
measurements the left knees were injected with papain to start the OA induction. After 
two days, the second measurements took place to verify the effect of OA induction 
before starting the different treatments. Directly following this second measurement, 
the rats were treated according to the different treatment groups presented in paragraph 
2.6.  After starting the treatment, measurements were done at 2, 5, 12, 16 and 19 days 
after the first treatment.  Hence, day 0 is considered the first treatment day.

2.10 Measurements of therapeutic effect of celecoxib on tissue level

EPIC imaging: At end point, the rats were killed and the knee joints were dissected 
into femur, tibia and patella with removal of the surrounding soft tissue. These samples 
were incubated for 24 hr in 40% Hexabrix solution (Hexabrix 320, Mallinckrodt, 
Hazelwood, MO, USA) at room temperature in order to achieve equilibrium between 
the contrast agent and the sGAG content of the cartilage. The influx of Hexabrix into 
cartilage correlates well with the inverse of sGAG content; therefore, cartilage quality 
and degeneration are measurable using μCT (expressed as attenuation). Samples were 
scanned using the following settings: isotropic voxelsize of 18 μm, 60 kV, 170 mA, 885 
ms exposure time, 35 mm field of view, 0.5 mm Al filter, 0.8 rotation step over 198°, 
frame averaging of 3.
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μCT data analysis: Obtained images were converted into 3D reconstructions using 
nRecon software, version 1.5 (Skyscan). In all EPIC-μCT datasets, X-ray attenuation 
(arbitrary gray values inversely related to sGAG content) and thickness (μm) were 
calculated for cartilage of the medial and lateral tibial plateau. Using Skyscan analysis 
software, the datasets were segmented using a fixed attenuation grey value threshold 
between air (grey value 30) and subchondral bone plate (grey value 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 cartilage thickness (μm) were calculated. 

SPECT macrophage imaging: Folate SPECT imaging was performed to image macrophage 
activity according the protocol described earlier [189, 190]. In short, DOTA-Bz-folate 
(EC0800, kindly provided by Endocyte Inc., West Lafayette, USA) was radiolabelled 
with111InCl3 (Covedien, Petten, The Netherlands) resulting in a specific activity of 50 
MBq/nmol 111In-DOTA-folate. At the end of the experiment (after 3 weeks), each rat 
was injected with 60 MBq of 111In-DOTA-folate into the tail vein, 24 hours before 
scanning. Animal placing was similar to that described in the μCT section. Scans were 
performed on the NanoSPECT/CT (Bioscan Inc., Washington DC, USA), with the 
following settings; 1.5-mm diameter pinhole tungsten-based collimators, 350 mm x 
28 mm field of view. For anatomical reference, a fast (200 μm) helical micro-CT was 
performed. Energy peaks were set at 170 keV and 240 keV. Scans were performed 
midfemur to midtibia resulting in an acquisition time of 40 minutes.

SPECT/CT analysis: SPECT data were reconstructed using HiSPECT software (Scivis) 
at an isotropic voxel size of 600 μm, where CT data were automatically co-registered. 
The Region of Interest (ROI) in which photon emission was determined consisted of 
a cylindrical shape around the knee from the distal part of the patella to the proximal 
part of the tibial plateau. Of these ROI’s, radioactivity was measured using InVivoScope 
software (Bioscan) and expressed as kBq/mm3 to yield macrophage activity per volume. 
For all rats, the absolute difference in measured radioactivity (kBq/mm3) of the OA knee 
joint compared to the healthy internal control joint was calculated, and means of the 
groups were compared to check for differences in macrophage activation between the 
treatment groups. 

2.11 Statistical analysis 

Differences in between treated OA knees and healthy control knees within the same 
animal were analyzed using type-1, two-tailed, paired T-tests for all outcome parameters 
(SPSS Inc., Chicago, USA). When comparing differences between means of the knees of 
the three different treatment groups, type-1, two-tailed, unpaired T-tests were performed 
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for all outcome parameters. All data are presented as mean ± SD, P-values <0.05 were 
considered significant. For the cell experiments, statistical analysis was performed 
using SPSS 20 software (SPSS Inc., Chicago, IL, USA). Results are presented as 
mean ± standard deviation. Statistical significance was considered when p values were 
less than 0.05. Differences in PGE2  production between the different conditions 
were determined by univariate analysis of variance. A post-hoc test with Bonferroni 
correction was applied when 5 conditions were compared to each other.

3.  Results

3.1 In vitro release of celecoxib from the gel in the presence of cells and 
bioactivity of the released celecoxib 

Celecoxib is a very stable drug, which is only metabolized by the liver (predominantly by 
cytochrome P450 2C9 coenzyme) into inactive metabolites lacking COX-2 inhibition 
capacity [191, 192]. This is confirmed by the fact that only the celecoxib peak (and no 
metabolites/degradation products) was observed in the chromatograms of the release 
samples. However, to confirm that celecoxib after release retained its full pharmacological 
activity, its efficacy to inhibit COX-2 and the production of PGE2 human chondrocytes 
was assessed. Briefly, primary human chondrocytes were incubated with celecoxib-
loaded PCLA-PEG-PCLA (1.25 mg/g) gels. Cell viability at day 21 was 99.2 ± 1.9% 
and 98.6 ± 1.6% for respectively the control and the cells cultured with celecoxib-
loaded gel, showing good cytocompatibility of the gels. Over the 21-day period of the 
experiment with refreshment of the cell medium every 3 days, the ability of celecoxib 
released from the gel to actively inhibit COX-2 and subsequently block the release of 
PGE2 was investigated by activating an inflammatory (PGE2) activity in the cells by 
adding TNFα to the medium (figure 1).  Compared to the control, the addition of the 
unloaded (blanc) PCLA-PEG-PCLA gel did not result in either an increase nor decrease 
of PGE2 release. As expected, cells exposed to TNFα showed a significant (p<0.05) 
increase in PGE2 release (figure 1). The added bolus of celecoxib as well as the celecoxib 
released from the loaded PCLA-PEG-PCLA25 wt% gel (1.25 mg/g) were able to almost 
fully block the PGE2 release by the activated chondrocytes. After a burst release within 
the first week, up to 15 μg/ml in 3 days; a steady state of 4 μg celecoxib/3 days was 
released in 1 mL medium, determined by UPLC as described previously [165]. 
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Figure 1: PGE2 release, normalized for total DNA content, of chondrocytes cultured in medium only 
(control), medium with PCLA-PEG-PCLA 25 wt% gel (blanc gel), medium with TNFα (TNFα) to induce 
PGE2 release in addition of a bolus celecoxib (TNFα+CLB bolus), celecoxib-loaded PCLA-PEG-PCLA 25 
wt% gel (1.25 mg/g) (TNFα+CLB gel). Data are presented as mean ± SD (n=2 donors/4 measurements 
per donor). * = p < 0.05 

3.2 Weight gain of the rats

Average bodyweights of the rats at baseline were respectively 366.5 g (345-382 g), 389.3 
(375-406 g) and 372.5 g (354-390 g) for the groups treated with celecoxib-loaded gel, 
with the celecoxib suspension and with saline. During the full study period of 3 weeks, 
in which all rats received a papain injection combined with daily treadmill running 
and an intra-articular treatment of either celecoxib-loaded gel, celecoxib suspension or 
saline control, average bodyweights increased slightly to respectively 374 g (355 – 386 
g), 402.5 (380-424 g) and 380 g (365-400 g), which was only statistically significant 
for the saline group. In a previously conducted study by our group, we also observed 
that increase in bodyweight was either non-significant or very low due to the running 
protocol combined with the papain injection [136]. We can conclude that no systemic 
side-effects of both intra-articular treatment with celecoxib (via the gel or suspension) 
occurred in terms of weight loss (>10% of the total body weight is considered a sign of 
distress). 

3.3 Hind Limb Weight Distribution 

At baseline (two days before treatment, t = -2 days), all groups had equal weight 
distribution over both hind legs (shown as % of bodyweight distributed over the left hind 
limb: celecoxib-loaded gel 48±5%); celecoxib suspension group 47±3%; saline group 
49±4% (figure 2).  Two days after the start of OA induction through papain injection 
(left knee) combined with the running protocol (t = 0), all groups clearly showed the 
effect of this induction in terms of weight bearing of the affected limb (celecoxib-loaded 
gel 33±7%; celecoxib suspension group 33±8%; saline group 33±8%), indicating the 
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occurrence of pain of the inflicted joint. Directly after these measurements, treatment 
was provided in all groups. Two days later (t = 2 days) the weight distribution was 
monitored again, showing a weight distribution over the affected limb that increased 
compared to the previous time point to ~45 for all groups (celecoxib-loaded gel 45±5%; 
celecoxib suspension group 47±6%; saline group 42±9%).  Five days after the start of the 
treatment, weight distribution over the affected limb was significantly more than what 
was seen at baseline in all groups (celecoxib-loaded gel 58±8%; celecoxib suspension 
group 60±9%; saline group 58±12%). At the next time point (t = 12 days), for all groups 
the equilibrium between left and right returned to 50% and stayed the same throughout 
the experiment (19 days) with no differences between groups.

Figure 2. Hind limb weight distribution of rats before and after induction of OA, treated with celecoxib 
loaded hydrogel () or celecoxib suspension (X) or saline () as a negative control (Y-axis shows the 
percentage of total weight put on the affected limb. The dotted line marks the point of 50% weight distri-
bution, where both OA and healthy knees are loaded equally. *: p<0.05, difference between time points for 
all individual groups and the groups combined, *1: P<0.05 between time points for combined groups and 
all individual group, except for the celecoxib suspension group. 

3.4 Osteoarthritic changes of articular cartilage

In a previous study, it was shown that multiple intra-articular papain injections 
combined with moderate exercise for 6 weeks induced severe sGAG depletion from 
both medial and lateral cartilage compartments of the tibia plateau [136]. As explained 
in the introduction, we adjusted this protocol to achieve a milder OA type. At the end 
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of the experiment (after 3 weeks of running), cartilage of both the medial and the lateral 
compartment was affected by OA compared to the contralateral healthy control joint 
(right knees). For the different groups, the attenuation in μCT grey values during the 
EPIC imaging of both lateral and medial tibial plateau was much higher in the affected 
joint compared to the internal healthy control, indicating loss of sGAGs, which is an 
early sign of OA (figure 3a). Both quality (attenuation) and quantity (thickness) of the 
cartilage were significantly affected by the OA induction, showing reduced cartilage 
thickness and higher attenuation (indicating less sGAG content of the cartilage) for all 
three groups (p<0.001), independent of the treatment. The model adaptation indeed led 
to a less severe OA model, with less loss of cartilage thickness compared to the previous 
study [193]. Medially, none of the groups showed a significant loss of cartilage thickness 
when compared to their contralateral healthy control joint. For the lateral compartment, 
all groups showed some loss of cartilage thickness when compared to their internal 
control; this difference was significant for the group treated with celecoxib-loaded gel 
(p=0.03) and the celecoxib suspension group (p=0.01), but not for the saline group 
(p=0.08). 
When comparing the affected OA knees treated with celecoxib suspension or celecoxib-
loaded gel to the untreated OA knees (saline), no significant differences were found for 
attenuation. For cartilage thickness, a significant difference was found in the medial 
compartment between the group treated with the celecoxib-loaded gel versus the group 
treated with the celecoxib suspension, where the joints injected with the gel showed 
thicker cartilage compared to the group treated with the suspension (218 ± 30 μm versus 
176 ± 29 μm; p=0.02, figure 3a). Cartilage thickness of the saline treated group was in 
between these two values; 206 ± 29 μm, with no significant difference compared to both 
treatment groups (Figure 3a). The differences between these groups however, seem to 
represent differences between the animals and not so much an effect of the treatment 
itself since for this measurement, no significant differences were found between the 
affected and the healthy control knees in all groups. For cartilage thickness of the lateral 
compartment, significant differences were only found between saline treated knees and 
celecoxib suspension treated knees, with more severe thinning of the cartilage found 
in the knees treated with the celecoxib suspension (192 ± 31 μm versus 148 ± 39 μm; 
p=0.02). The group treated with the celecoxib-loaded gel showed an average of 169 ± 35 
μm for this measurement, which is not significantly different from both other groups. 
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Figure 3-a EPIC-µCT scanning at t=3 weeks, to determine cartilage thickness (µm) and attenuation 
(arbitrary units) of knee joints in which OA (x) was induced and after 2 days treatment was started 
with saline (negative control), celecoxib suspension or celecoxib loaded hydrogel.  The contralateral knees 
are healthy controls (‡). Data are shown as mean ± SD, p<0.05 is considered significant. *: significant 
differences were found for both lateral and medial attenuation for all groups, with higher attenuation 
(lower cartilage quality) for the OA knees compared to their healthy counterparts.  Lateral thickness was 
affected in the OA knees for all groups, except for the saline group (control) where this difference was 
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not significant. Significant differences between treatment groups: the celecoxib hydrogel group showed 
thicker medial cartilage compared to the celecoxib suspension group. The celecoxib suspension group 
showed thinner lateral cartilage compared to the saline treated group (negative control).b representative 
EPIC-µCT images of the data presented in figure 3-a. Both the OA induced knees and the contralateral 
healthy knees of representative rats of all three groups are depicted (Celecoxib hydrogel treated, celecoxib 
suspension treated and saline treated). The color of the cartilage represents the attenuation, a quantitative 
measurement of the sGAG content and therefore the quality of the cartilage. The color bar at the bottom 
of the figure depicts the correlation between the different colors and the attenuation. c Histological and 
EPIC-µCT images of the same osteoarthritic and healthy knee, showing excellent representation of the 
cartilage quality and quantity by EPIC, when compared to histology. EPIC scanning is superior to histolo-
gy, since it is a quantitative measurement, whereas histological scoring is semi-quantitative.
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3.5 Macrophage activation 

Macrophage activation can be visualized and quantitatively measured in animals via 
SPECT-imaging after intra-venous administration of 111In-EC0800. Each animal 
received 60 MBq of 111In-EC0800 under isoflurane anesthesia at the end of the 
experimental protocol (t = 3 weeks), and both activity and absolute differences in activity 
between the OA induced knee and contralateral healthy knee are shown for all treatment 
groups (figure 4). All groups showed an increased radioactive uptake in their OA-
induced knee joints compared to their internal healthy control joints (figure 4a). This 
is in accordance with previous results, where it was shown that synovial macrophages 
are activated and measurable with the use of SPECT, even though the OA model used 
in our current study is much milder  [136]. When comparing the absolute differences 
between healthy and affected joints between groups, the joints injected with celecoxib 
loaded gel showed a significant higher radioactive uptake, indicating more pronounced 
macrophage activation when compared to joints treated with either saline or celecoxib 
suspension (figure 4b). We found no significant difference when comparing the saline 
treated group to the celecoxib suspension treated group. 



In-vivo efficacy of intra-articular injection of celecoxib-loaded  
thermoreversible hydrogels in a Rat Model of Osteoarthritis

5

109

Figure 4. Macrophage activation deter-
mined in healthy versus OA induced knees, 
treated with saline, celecoxib suspension or 
celecoxib loaded hydrogels, after injection of 
111In-EC0800 using single-photon emission 
computed tomography/computed tomography 
(SPECT/CT). Scans were performed at t=3 
weeks. *= P<0.01, **= P<0.05. More activity 
points to more macrophage activation. a. 
Quantitative outcome of measured radioacti-
vity in healthy versus OA joints, normalized 
to the size of the analyzed cylindrical region 
of interest for groups treated with intra-ar-
ticular celecoxib loaded hydrogel, celecoxib 
suspension or saline (negative control)  b. 
Absolute differences per animal were calcu-
lated to correct for differences in biodistribu-
tion of 111In-EC0800 between the different 
groups (celecoxib loaded hydrogel, celecoxib 
suspension, saline) c. Representative SPECT/
CT images showing the macrophage activity 
of healthy knees, versus OA knees, after 
treatment with celecoxib loaded hydrogel, 
celecoxib suspension and saline (negative 
control) at t=3 weeks.  
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4.  Discussion

In the current study, we evaluated the effects of sustained intra-articular celecoxib 
release from PCLA-PEG-PCLA hydrogels, compared to intra-articular treatment with 
celecoxib suspension and saline (negative control) in an OA model in rats. 
In vitro, the celecoxib released from the loaded PCLA-PEG-PCLA hydrogel was, similar 
to a celecoxib bolus, able to almost fully block PGE2 release by activated chondrocytes. 
This demonstrates that celecoxib released from the gel was indeed bioactive. Since PGE2 
has been proven to contribute to hyperalgesia and the erosion of cartilage and juxta-
articular bone [194], sustained release of bioactive celecoxib from the hydrogel could be 
an efficient intra-articular (anti-inflammatory) treatment option for OA. 
 As expected, OA induction inflicted pain in all the animals, measured by a decrease 
of weight bearing over the affected joint. Five days after the start of intra-articular 
treatment, we observed something unexpected in all groups; weight bearing over the 
affected limb of ~60%. Recovery from the initial pain of OA induction would in theory 
lead to a return to baseline, with a 50% weight distribution over the treated affected 
limb. Since the saline group showed increased weight bearing over the affected limb after 
5 days as well, we are not observing a treatment effect of celecoxib. It could however be 
a sign of overcompensation; daily running with a painful left limb due to the papain 
injection could cause temporary overuse of the healthy side (right), causing for instance 
sore muscles. At t = 5 days, this compensatory pain on the right side could have been 
measurable because the pain caused by the papain injection on the left side had subsided. 
While we already know from our previous studies that the celecoxib loaded gel does not 
cause adverse effects in the injected joints in terms of cartilage damage [165], now we 
have shown that the sustained intra-articular presence of celecoxib loaded hydrogels 
also does not cause any discomfort or pain of the injected joint. For a potential clinical 
translation of the celecoxib loaded hydrogel in the future, this is an important finding. 
Celecoxib blocks PGE2 release, and with the sustained release from the gels, a more 
pronounced PGE2 blockage leading to less pain and inflammation compared to the 
celecoxib suspension, would have been expected. However, since the inflicted pain 
in our current model was short-term, we were unable to measure such an effect. As 
described in our introduction, Mastbergen et al. [195] and Janssen et al. [42] were both 
unable to show positive effects of celecoxib on cartilage in a surgical OA model. They 
both hypothesize that a chondropositive effect of celecoxib was possibly masked due to a 
positive effect of celecoxib on pain, leading to an increased loading of the affected joint, 
causing more cartilage damage in their surgically induced OA knees. However, based on 
our results presented here, this effect is rather unlikely, since no significant differences 
in hind limb weight distribution were found between the groups injected with celecoxib 
suspension, the celecoxib loaded hydrogel and saline control. 
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OA induction led to macrophage activation in all groups. When macrophages become 
activated, they can differentiate in different subtypes, which can crudely be divided in M1 
and M2. However, this dichotome distribution of macrophages was recently recognized 
to be much more complex, since it is now appreciated that macrophages are present in 
a whole spectrum where M1 and M2 phenotypes can partially overlap [196]. On one 
end of the spectrum, M1, or classically activated macrophages, are activated through the 
cell-mediated immune response and are thought to be mainly pro-inflammatory and 
have an important role in the host defense against infections [197]. On the other side 
of the spectrum are M2, or alternatively activated macrophages, that mainly promote 
anti-inflammatory actions and are linked to tissue repair [198] When performing folate-
SPECT scanning, folate-receptor positive macrophages, which are predominantly of the 
M2 type, are specifically targeted [199]. Increased macrophage activation found after 
inducing OA is not only M1 driven (inflammation), but M2 (repair) is also activated 
since the joint is trying to maintain homeostasis. This is indeed confirmed by the fact 
that the OA induced knees treated with saline showed higher activity on the folate-
SPECT (measuring mainly M2) compared to their healthy contralateral knees. 
Treatment with celecoxib loaded hydrogels led to higher macrophage activation 
compared to joints treated with either saline or celecoxib suspension. This result is 
similar to an earlier finding with intra-articular injections with triamcinolone acetonide, 
a corticosteroid; Siebelt et al. [193] found that the use of triamcinolone led to an increased 
macrophage activation in an OA model. It has been shown that glucocorticosteroids 
can trigger macrophages to differentiate in a specific M2 subtype known as regulatory 
macrophages, which produce IL-10 and are therefore considered to be mainly anti-
inflammatory [200]. Siebelt et al., indeed confirmed (in vitro) that triamcinolone 
steered the macrophages towards an M2 (anti-inflammatory) phenotype that is folate 
receptor positive. However, this M2 activation did not lead to any positive nor adverse 
effects on cartilage compared to saline treated controls. What they did observe was a 
very distinct reduction of osteophyte formation following intra-articular treatment with 
triamcinolone. Since osteophyte formation is linked to chronic inflammation [201], 
this is an understandable effect of M2 activation. The same effect of reduced osteophyte 
formation was shown for celecoxib loaded PEA (polyester amide) microspheres in a 
surgically induced OA model in rats [185]. In our current study, the OA model was 
relatively mild and no osteophytes occurred. Therefore, we were not able to show a 
potential beneficial effect of celecoxib loaded hydrogels on osteophyte formation. 
Although Tellegen et al. [185] found no significant differences in M2 related folate 
receptor-beta expression (at the endpoint after 16 weeks), the highest dosage of celecoxib 
loaded microspheres led to a decrease of the M1 related iNOS (inducible nitric oxide 
synthases) expression of the OA induced knees. Timur et al. [202] recently found similar 
results; they showed that PGE2 release by Hoffa’s fat pad harvested from OA knees 
was mainly associated with the expression of genes correlated with M1 macrophages. 
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Hoffa’s fat pad is an infrapatellar structure within the knee, and the last years it has 
been more and more recognized as an important player, next to the synovium, in the 
role of inflammation in the development of OA [203]. Celecoxib was able to modulate 
these M1 macrophages towards the more favorable M2 subtype [202]. Overall, the 
results within the Orthopedic research field seem to indicate that celecoxib, similar to 
glucocorticosteroids, steers the macrophage population towards the M2 phenotype while 
decreasing the M1 activity [185, 202]. A reduction of M1 activity is very important; 
Utomo et al. recently showed that M1 macrophages have a direct negative effect on OA 
cartilage, whereas M2 macrophages did not directly affect the cartilage, nor are able to 
counteract the pro-inflammatory actions [204].
Based on our results, combined with the abovementioned literature, we hypothesize that 
the macrophage activation following intra-articular treatment with celecoxib-loaded 
hydrogel was mainly of the M2 type, thus part of a repair process in the inflicted joint. 
This is further supported by the lack of negative effects on cartilage, which would be 
expected with an activation of the M1 subtype, and the absence of measurable pain 
at the 3-week mark.  Moreover, a previously conducted study in which our celecoxib 
loaded hydrogel (with the same composition and the same amount of celecoxib loading) 
was injected in horse joints, histology of the synovial membrane of the injected joints 
showed no signs of inflammation at the end mark (28 days) [166]. 
Treatment with celecoxib suspension did not show a significant difference when 
compared to saline. This can be explained by the fact that we tested macrophage activity 
3 weeks post-treatment, and unlike the celecoxib loaded hydrogels, the celecoxib 
suspension does not lead to a sustained release and was therefore not able to give a long-
lasting effect. 
 In the field of cancer research, there are several publications where the opposite of the 
abovementioned effects of celecoxib on macrophages seems to be true and celecoxib 
modulates the macrophages towards a predominantly M1 phenotype, which is tumor 
suppressive [205-207]. It has been shown that macrophages can adapt to particular 
environments and thereby adapt their role to be organ and tissue specific [208]. Cytokine 
expression of macrophages differs greatly depending on their site of residence [208]. 
This site specificity of macrophages and consequently different cytokine expression 
could explain the different reactions to celecoxib between synovial macrophages and 
macrophages in other organs. 
In our current study, quantitative and qualitative cartilage measurements performed 
using EPIC μCT scanning showed more severe thinning of the cartilage of the lateral 
compartment in the celecoxib suspension group compared to the saline treated group. 
These values indicate that the intra-articular celecoxib suspension had a slight negative 
effect on the already weakened cartilage (sGAG loss due to the OA induction) and that 
this phenomenon was less prominent when celecoxib was administered in the form of 
a gel, since no significant differences were found between the saline treated animals and 
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celecoxib loaded hydrogel treated animals. Negative effects of intra-articular celecoxib 
administration on cartilage has not been described by other research groups. Janssen et al. 
found no differences between OA knees that were treated with saline (negative control), 
unloaded PEA (polyesther amide) microspheres and celecoxib loaded microspheres; no 
chondropositive effects occurred, but also no negative effects were observed at t = 12 
weeks post-injection [42]. A major difference between the results presented by Janssen 
et al. and our results is our use of quantitative EPIC-mCT images to very accurately 
determine cartilage quality and quantity where the whole cartilage was measured, while 
Janssen et al. used semi-quantitative histological scoring systems, during which only 
one or two sections were scored per joint. Since our method is far more sensitive, it 
is much more likely that small differences will be picked up, which might have been 
overlooked when only using histology for cartilage scoring. Jiang et al. presented 
a study in 2010, in which they showed significant chondropositive effects of weekly 
intra-articular injections with celecoxib suspension in a surgical OA model in rabbits, 
when compared to saline treatment [180]. Since weekly injections are not an option in 
the clinical situation, they conducted the same experiment by administrating celecoxib 
loaded liposomes [30]. With the celecoxib loaded liposomes, no significant differences 
were found between treated animals and saline treated knees on histological examination 
of the cartilage. Again, only histology was used and subtle differences might have been 
missed. Furthermore, the liposomes released showed almost 75% of the celecoxib in 
vitro within the first 24 hours upon injection [30]. Therefore, it is rather unlikely for this 
formulation to have an extended effect on the disease progression after only one single 
injection and it is possible that the fast release of celecoxib from the liposomes is the 
main reason this group was not able to reproduce their chondropositive effects that were 
observed in their prior study with multiple injections of celecoxib suspension. A major 
disadvantage of trying to compare results between different studies, is the fact that a lot 
of different animals and/or different OA models as well as different treatment protocols 
were used between different research groups. Therefore, the differences in results on 
cartilage between the different studies might very well be the result of differences in 
experimental set ups rather than real treatment differences. In order to gain reliable, 
reproducible and comparable results, it would be desirable to only have a selected 
number of OA animal models for all research groups to work with.  The mild protective 
effect of the hydrogel on the chondronegative effects of celecoxib in our current rat 
model could be explained by various mechanisms. First of all, the use of a hydrogel leads 
to a sustained release of celecoxib, in contrast to the celecoxib suspension which would 
likely lead to a peak concentration within the first hours. This peak concentration could 
be toxic and potentially harm the cartilage. Secondly, as described in section 3.5, the 
sustained release of celecoxib from the hydrogel led to an increased macrophage activity 
compared to saline and celecoxib suspension treated joints. These macrophages were 
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most likely of M2 phenotype, reducing inflammation and leading to a decreased release 
of cytokines and enzymes that could potentially harm the cartilage. 

5.  Conclusions

The treatment of OA with intra-articular celecoxib suspension led to mild cartilage 
damage, where the release of celecoxib from a hydrogel prevented this from happening. 
Unfortunately, no chondroprotective effects of celecoxib were found in our current study, 
which could be a result of the relatively mild OA induced in this specific model or of the 
dose of the administered drug not reaching its therapeutic range. Since we observed no 
adverse effects of the celecoxib loaded hydrogel, a dose-finding study is recommended. 
The celecoxib loaded hydrogel led to a significant difference in macrophage activation 
compared to both saline and the celecoxib suspension, with a phenotype most likely of 
the anti-inflammatory (M2) spectrum. For the OA model used in this study, pain was 
only present shortly after OA induction. In the clinical situation, however, the primary 
complaint of patients suffering from OA is pain. Therefore, presenting a DDS that 
could potentially set the phenotype of the macrophages from a pro-inflammatory to an 
anti-inflammatory phenotype, thereby actively reducing pain, is very attractive for the 
treatment of OA.
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Abstract

In this study, we investigated the use of microspheres with a narrow particle size 
distribution (‘monospheres’) composed of biodegradable poly(DL-lactide)-PEG-
poly(DL-lactide)-b-poly(L-lactide) multiblock copolymers that are potentially suitable 
for local sustained drug release in articular joints.  Monospheres with sizes of 5, 15 and 
30 μm and a narrow particle size distribution were prepared by a micro-sieve membrane 
emulsification process. During in vitro degradation, less crystallinity, higher swelling 
and accelerated mass loss during was observed with increasing the PEG content of the 
polymer. The monospheres were tested in both a small (mice/rat) and large animal 
model (horse). In vivo imaging after injection with fluorescent dye loaded microspheres 
in mouse knees showed that monospheres of all sizes retained within the joint for at 
least 90 days, while the same dose of free dye redistributed to the whole body within 
the first day after intra-articular injection. Administration of monospheres in equine 
carpal joints caused a mild transient inflammatory response without any clinical signs 
and without degradation of the cartilage, as evidenced by the absence of degradation 
products of sulfated glycosaminoglycans or collagen type 2 in the synovial fluid. The 
excellent intra-articular biocompatibility was confirmed in rat knees, where μCT-
imaging and histology showed neither changes in cartilage quality nor quantity. Given 
the good intra-articular retention and the excellent biocompatibility, these novel 
poly(DL-lactide)-PEG)-poly(DL-lactide)-b-poly(L-lactide)-based monospheres can be 
considered a suitable platform for intra-articular drug delivery.
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1. Introduction

To this date, disease modifying drugs are not available for the treatment of OA 
(osteoarthritis), the most common joint disease [59] and the current treatment is 
mainly based on pain prevention/reduction with orally administered drugs, often non-
steroidal anti-inflammatory drugs (NSAIDs) [209]. Due to the chronic nature of OA 
in combination with the short half-life and poor distribution of drugs in general, and 
in this case more specifically NSAIDs to the joint [210-212], oral medication has to 
be taken daily for a long period and in high dosages. This high systemic exposure can 
in its turn lead to unwanted side-effects [61, 209]. To circumvent these adverse effects, 
intra-articular injections (mainly hyaluronan or corticosteroids) have been used quite 
extensively in clinical practice, but this route of drug delivery has as a major drawback 
that the injected substance is rapidly released from the joint with daily synovial fluid 
turnover [62, 63, 65], making multiple injections necessary. Ideally, a single intra-
articular injection of a local drug delivery system (DDS) for OA would provide sustained 
drug concentrations in the injected joint in a controlled way for a longer period of 
action. Drug delivery systems can significantly improve pharmacokinetics of therapeutic 
compounds, which is especially relevant for the treatment of chronic diseases and for 
compounds with a narrow therapeutic window, since systemic plasma concentrations can 
be reduced with concurrent reduction of undesirable side-effects [213, 214]. Moreover, 
the use of registered drugs and drug candidates, which generally are inactivated and 
eliminated from the body before even entering the joint, would benefit for therapeutic 
outcome when administered locally to the tissue of interest. Biodegradable DDSs 
are attractive for clinical applications since their degradation products are eliminated 
via metabolic routes and/or excreted by the kidneys, obviating the need for surgical 
removal. To date, several biodegradable DDSs for intraarticular delivery have been 
developed, including liposomes, hydrogels and polymeric nano/microparticles [28, 67, 
68, 122]. Poly(DL-lactide) (PDLLA) and poly(DL-lactide-co-glycolide) (PLGA) are the 
most widely used biodegradable polyesters for use in sustained release microparticles. 
However, a limitation of PDLLA and PLGA is that acidic degradation products that 
are formed upon hydrolysis of the ester bonds accumulate in the polymer matrix due 
to which the in situ pH in the microparticles may drop significantly [215, 216]. The 
acidic micro-environment has been reported to negatively impact the stability of pH 
sensitive therapeutic agents such as proteins [217] and cause irregular release profiles 
of encapsulated actives [218] as well as dose-dumping of acidic degradation products 
which may evoke significant foreign body reactions [219]. Controllable and sustained 
drug release has been observed with microparticle-based systems prepared by different 
manufacturing processes [28, 71], where emulsification/solvent evaporation is the most 
commonly used method [220-222]. Nevertheless, the difficulty to control particle size 
with this technique and the broad particle size distribution of the obtained microspheres 
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leads to difficulties in formulation reproducibility and poor injectability [39, 223]. 
Microsieve membrane emulsification allows the preparation of uniformly sized particles 
with average size ranging from tens of nanometers to several hundreds of micrometers 
[224, 225]. The advantages of membrane emulsification include 1) excellent control 
over the particle size and narrow particle size distribution and 2) mild process conditions 
as no shear forces are needed to form the droplets. Due to the absence of coarse particles, 
which could potentially block the injection needle, monospheres can be administered 
less painfully compared to polydisperse microspheres since smaller injection needles 
can be used [39, 226]. Monospheres also lack the presence of a fraction of very small 
microspheres which can induce particle-induced immunoactivation [39]. Furthermore, 
size uniformity enables the microspheres to deliver a more precise amount of drug per 
microsphere, optimization of the drug release kinetics and hence more reproducible 
and predictable in vivo pharmacokinetics [227, 228]. The Shirasu Porous Glass (SPG) 
membranes have been widely used to prepare uniformly sized microparticles [229]. 
Microsieve™ emulsification is an alternative membrane emulsification technique 
preparation of monodisperse microspheres (monospheres™) [230].  Contrary to other 
membrane-based droplet and particle production methods, the droplet size (and thus 
the particle size) is solely determined by the membrane design and independent of other 
process parameters. As a consequence, scalability of the process is straightforward and 
can be achieved by simply increasing the number of pores of the microsieve membrane 
or by adding more microsieves to the process. 
In the present study, we used a series of novel phase separated poly(DL-lactide)-PEG-
poly(DL-lactide)-b-poly(L-lactide) multi-block copolymers ([PDLLA-PEG-PDLLA]-
b-PLLA) obtained by polymer chain extension of telechelic poly(L-lactide) diol (PLLA) 
and poly(DL-lactide)-PEG-poly(DL-lactide) diol (PDLLA-b-PEG-b-PDLLA) with 
1,4 butanediisocyanate [231]. To prepare microspheres with a narrow size distribution 
(‘monospheres’) by means of microsieve membrane emulsification. By varying the ratio 
of the rigid, semi-crystalline poly(L-lactide) blocks (PLLA) and the soft amorphous 
poly(DL-lactide)-PEG-poly(DL-lactide) blocks, the hydrophilicity and swelling degree 
of these multi-block copolymers can be tailored, which allows control over drug release 
kinetics. Drug release from [PDLLA-PEG-PDLLA]-b-PLLA multi-block copolymers 
is generally controlled by diffusion through the swollen polymer network, which is 
in contrast to PDLLA and PLGA polymers, where release is in general controlled by 
degradation of the polymer matrix [232]. Another advantage of the (PDLLA-PEG-
PDLLA]-b-PLLA multi-block copolymers is that, due to swelling of the polymer matrix, 
acidic degradation products do not accumulate in the polymer matrix, but are released 
instead, leading to the preservation of a less acidic micro-environment as compared to 
PLGA or PDLLA polyesters.
Besides, due to the hydrophilic and swellable nature of the PDLLA-PEG-PDLLA]-
b-PLLA multi-block copolymers used in the present study, it is expected that acidic 
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degradation products will not accumulate in the polymer matrix, which is anticipated 
to positively contribute to the preservation of the integrity and bioactivity of the 
encapsulated therapeutic agents [215, 233, 234]. 
In the current study, we investigated the suitability of monospheres composed of 
biodegradable PDLLA-PEG-PDLLA]-b-PLLA multi-block copolymers with different 
block ratios as a platform for local intra-articular drug delivery. Intra-articular retention 
and biocompatibility of these monospheres were assessed in rodents (mice and rats) 
as well as horses. Like humans, horses suffer from OA, with up to 60% of equine 
lameness being OA-related [235, 236]. Lameness is the leading cause of economic loss 
in the equine industry, making effective new therapies for equine OA very valuable. 
Furthermore, the horse is an accurate translational model for human OA since they 
both develop OA spontaneously [237], with the carpal joint specifically showing much 
analogy to human knee OA [238, 239]. This would make the results of this study not 
only relevant for equine healthcare, but also for the potential development of novel 
human OA treatment options.

2. Materials and Methods

2.1 Materials. 

PEG standards, polyvinyl alcohol (PVA 13-23) and sodium dodecyl sulphate (SDS) 
were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). Carboxymethyl 
cellulose (CMC) was purchased from Aqualon (Barendrecht, The Netherlands). 
Dichloromethane (DCM, p.a. stabilized with EtOH), sodium azide (NaN3) and 
Tween-20 were purchased from Across (Geel, Belgium). Ultrapure water was purchased 
from B. Braun Medical B.V. (Oss, The Netherlands). Mannitol was purchased from 
Fagron (Barbsbütel, Germany). NIR780 was purchased from Li-Cor Inc (Nebraska, 
USA). Lumogen F Red 300 (Perylene red) was purchased from BASF (Ludwigshafen, 
Germany).  Hexabrix 320®, a clinical iodine-based contrast agent, was obtained from 
Guerget, The Netherlands. All reagents were used as received.

2.2 Polymer synthesis 

SynBiosys Pro [PDLLA-PEG1000-PDLLA]-b-[PLLA] multi-block copolymers with 
various [PDLLA-PEG1000-PDLLA] / [PLLA] block ratios were synthesized by InnoCore 
Pharmaceuticals (Groningen, The Netherlands) as described before [231, 240]. Typically, 
L-lactide and DL-Lactide were dried for 17 h at 50ºC under vacuum. Poly(ethylene 
glycol) with a molecular weight of 1000 g/mol (PEG1000) was dried for 17 h at 
90ºC under vacuum. 1,4-Butanediol and 1.4 butanediisocyanate were distilled under 
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reduced pressure. The purity of distilled 1,4-butanediol and 1,4-butanediisocyanate was 
confirmed by 1H NMR (CDCl3). 
Low molecular weight poly(L-lactide) [PLLA] (Mw 4000 g/mol) and poly(DL-lactide)-
polyethyleneglycol-poly(DL-lactide) [PDLLA-PEG1000-PDLLA] (Mw 2000 g/mol) 
prepolymers were synthesized by standard stannous octoate catalysed ring-opening 
polymerization. Typically, to prepare PLLA with a target molecular weight of 4000 g/
mol, 244.37 g (1.695 mol) of L-lactide was introduced into a three-necked bottle under 
nitrogen atmosphere and 5.63 g (62.47 mmol) of 1,4-butanediol was added to initiate 
ring-opening polymerization. Stannous octoate was added at a ratio of 11500 mol/
mol monomer/catalyst. The mixture was magnetically stirred for 65 h at 140ºC and 
subsequently cooled down to room temperature. PDLLA-PEG1000-PDLLA prepolymer 
with a target molecular weight of 2000 g/mol, was synthesized in a similar way using 
125 g (0.867mol) of DL-lactide, 125 g (0.125 mol) of PEG1000 and stannous octoate at 
a ratio of 13500 mol/mol monomer/catalyst.
PLLA and PDLLA-PEG1000-PDLLA prepolymers were subsequently chain-extended 
with 1,4-butanediisocyanate to yield [PDLLA-PEG1000-PDLLA]-[PLLA] multiblock 
co-polymers with [PDLLA-PEG1000-PDLLA] / [PLLA] block ratios of 10/90, 16/84, 
20/80, 30/70 and 50/50 w/w. PLLA and PDLLA– PEG1000-PDLLA pre-polymers 
were introduced into a three-necked bottle under nitrogen atmosphere. Then 65 ml 
of dry 1,4-dioxane (distilled over sodium wire) was added to obtain a 30 wt.% pre-
polymer solution which was heated to 80ºC to dissolve the prepolymers where after 
4.23 g (30.18 mmol) of 1,4-butanediisocyanate was added. The reaction mixture was 
stirred mechanically for 20 h, cooled down to room temperature, where after it was 
transferred into a tray, frozen and vacuum-dried at 30 ºC to remove 1,4-dioxane. The 
residual 1,4-dioxane content, as measured by GC headspace, was less than 200 ppm 
for all multi-block co-polymers. Residual contents of stannous ocoate as measured by 
inductively coupled plasma analysis was < 200 ppm for all multi-block co-polymers. 
Using 1H NMR analysis, only lactate/PEG ratios can be determined as it cannot be 
judged from the l actate signal in which block it resides. Hence the total LA/PEG mole/
mole ratio equivalent for the block ratio is reported. In the table, it can be seen that the 
mole/mole ratios determined by NMR are close to the mole/mole ratios based on actual 
prepolymer in-weights, indicating that the actual block-copolymers have a block ratio 
very similar to their intended block ratio (table 1).
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Table 1. Polymer block ratio, based on prepolymer in weight and determined by NMR. 

Polymer type PLLA
(g)

PDLLA–PEG1000-
PDLLA (g)

Block ratioa 
(wt/wt )

Lactate/PEG ratio 
(mole/mole)

In weightb 1H NMRc

10[PDLLA-PEG1000-PDLLA]-
90[PLLA]

119.93 12.83 9.7/90.3 270.4 258.8

16[PDLLA-PEG1000-PDLLA]-
84[PLLA]

90.34 17.14 16.0/84.0 156.9 173.4

20[PDLLA-PEG1000-PDLLA]-
80[PLLA]

88.05 21.84 19.9/80.1 124.7 126.9

30[PDLLA-PEG1000-PDLLA]-
70[PLLA]

73.52 30.58 29.4/70.6 81.4 85.8

50[PDLLA-PEG1000-PDLLA]-
50[PLLA]

48.37 46.91 49.2/50.8 42.9 46.1

a [PDLLA-PEG1000-PDLLA] / [PLLA] block ratio based on in weight of monomers and prepolymers. 
b Molar Lactate/PEG ratio of the resulting multi-block copolymer as calculated based on in-weight of 
prepolymers
c Molar Lactate/PEG ratio of the resulting multi-block copolymer as determined from 1H NMR.

2.2 Polymer characterization and in vitro polymer degradation 

Thermal properties 
Thermal properties of the synthesized polymers were measured by differential scanning 
calorimetry (DSC) using a Q1000 differential scanning calorimeter (TA instruments, 
Ghent Belgium) operated in the modulated mode (± 1.0 ºC every 60 seconds) where 
the sample (5-10 mg) was heated from -85 to 180 ºC at a rate of 5 ºC/minute. During 
the measurement, the sample cell was purged with nitrogen. The reversed heat flow was 
used for determination of the glass transition temperature (Tg, midpoint), while the 
total heat flow was used for determination of the melting temperature (maximum of 
endothermic peak, Tm). The heat of fusion (ΔH (J/g)) was calculated from the surface 
area of the melting endotherm. Temperature and heat flow were calibrated using indium. 
Measurements were done in a single heating run by modulated DSC.

Chemical polymer composition evaluation
1H NMR was used to determine the D,L-lactide/PEG (LA/PEG) monomer ratio of the 
multiblock copolymers after synthesis and during degradation. 1H NMR was performed 
on a VXR Unity Plus NMR spectrometer (Varian, California, USA) operating at 300 
MHz. The d1 waiting time was set to 20 s, and the number of scans was 16–32. Spectra 
were recorded from 0 to 14 ppm. 1H NMR samples were prepared by dissolving 10 mg 
of polymer into 1 mL of deuterated chloroform (CDCl3), and the spectrum was recorded 
from 0 to 8 ppm using CHCl3 present as trace in CDCl3 as reference. PDLLA/PEG 
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molar ratio was calculated from the -O-CH(CH3)C(O)- methine groups of PDLLA and 
D,L-lactide monomer at d 5.1–5.4 and d 5.0–5.1, respectively, and the -CH2CH2-O 
methine groups of PEG at d 3.6–3.7.

Molecular weight analysis 
The number average molecular weight (Mn) and the weight average molecular weight 
(Mw) of synthesized polymers was determined using size exclusion chromatography 
(SEC-HPLC, Waters, Breeze, USA). Polymer samples (10 mg) were dissolved in DMF 
(1 mL) and PEG standards with molecular weights of 1-218 kg/mol were prepared 
likewise. Samples and PEG standards were injected (50 μL) onto the SEC column 
(Thermo Fischer, Column 1: Plgel 5 μm 500 Å, column 2: Plgel 5 μm 500 Å, column 
3: Plgel 5 μm 104 Å, eluent: DMF with 0.1M LiBr, flow 1 mL/min). Polymers were 
detected by refractive index. The apparent molecular weights (Mn and Mw) were then 
calculated with the aid of the PEG standards.  

In vitro degradation 
Polymer films with a thickness of 200-250 μm were prepared by dissolving 5 g of polymer  
in 45 g of DCM (10 wt.% polymer solution) and solvent casting of the solutions in Petri 
dishes and overnight incubation at RT to evaporate DCM followed by vacuum-drying 
at 50 ºC for 5 days. Films were cut into 1x2 cm test samples with a weight of 50-150 
mg and the obtained samples were then placed in test tubes containing 10-20 mL of 
100 mM PBS (82 mM Na2HPO4, 18 mM KH2PO4, 9 mM NaCl, and 0.2% NaN3) 
pH 7.4 and incubated at 37 ºC. At different time points test samples were collected, 
rinsed with demi-water over a 0.45 μm filter to remove buffer salts, blotted with tissue 
paper to remove excess of medium and weighed to determine their wet mass (mwet,t) and 
swelling degree (SW). After vacuum-drying over silica gel, the weight of the sample was 
determined again (mdry,t).  The swelling degree and remaining mass were calculated as 
follows:

(1) SW =  (mwet,t - mdry,t)/ mwet,t  

(2) Remaining mass (%) = 100 x mdry,t/ mdry,0

Where mdry,o and mdry,t are the masses of the dry sample at day 0 and dry sample at day t. 
GPC and 1H NMR measurements were performed in degraded samples as described 
above. 
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2.3 Preparation of monospheres 

A membrane emulsification-based solvent extraction/evaporation process using 
microfabricated microsieve membranes with uniformly sized pores of 3.3 μm, 11 μm 
and 20 μm (Nanomi BV, The Netherlands) was used for the preparation of monospheres 
with target diameters of 5, 15 and 30 μm, respectively. To prepare the monospheres, 
approximately 0.5 g of 20[PDLLA-PEG1000-PDLLA]-80[PLLA] was dissolved in 1.5 
mL dichloromethane (DCM)  to obtain a 20 % w/w solution which was subsequently 
filtered through a 0.2 mm PTFE filter. Using 35 mbar air-pressure, the filtered polymer 
solution (DP) was processed through the Microsieve membrane at an approximate rate 
of 0.12 mL/min into an aqueous solution containing 4 % w/v PVA (CP). The CP/
DP volume ratio was around 35 v/v. The formed emulsion was stirred over a period of 
3 hours at room temperature to extract and evaporate DCM. Hardened monospheres 
were collected by centrifugation at 2000 rpm for 3 min, washed twice with demiwater 
and twice with 0.05 % w/v aqueous Tween 20 solution and finally lyophilized. Tween 
20 was used to facilitate the re-dispersion of the monospheres during re-constitution in 
the injection medium.
For the preparation of perylene red loaded monospheres, the dye was co-dissolved with 
20[PDLLA-PEG1000-PDLLA]-80[PLLA] (20 % w/w) in a 1:100 w/w ratio, where after 
the monospheres were prepared using the same membranes and procedures as described 
above. Similarly, monospheres containing 0.5 % w/w NIR-780F were prepared by co-
dissolving the dye and 16[PDLLA-PEG1000-PDLLA]-84[PLLA] (20% w/w ) in a 1:200 
w/w ratio. 
Prior to intra-articular injection in rats, monospheres were dispersed in freshly prepared 
sterile injection medium (0.4 wt.% CMC, 0.1 wt.% Tween 20 and 5.0 wt.% mannitol). 
For injection in mice and horses the monospheres were reconstituted in saline.

2.5 Monosphere characterization 

Monospheres were visually examined by optical microscopy. Particle size was determined 
by dispersing 5-10 mg of monospheres in 50-100 mL of electrolyte solution (Beckman 
Coulter, Woerden, The Netherlands) and measuring the particle size distribution (PSD) 
with a Multisizer 3 Coulter Counter (Beckman Coulter, Woerden, The Netherlands) 
equipped with a 200 μm measuring cell.  The volume average particle size (D50) and 
coefficient of variance (CV%) were determined from the PSD. 
Surface morphology of the monopsheres was assessed by scanning electron microscopy 
(JCM-5000 Neoscope, Jeol, Germany). Freeze dried samples of monospheres were 
sputtered with a thin layer of gold using the JFC Neocoater (Jeol, Germany). 
Residual dichloromethane content of lyophilized monopsheres was determined by GC-
FID using a TraceGC gas chromatograph (Thermo Finnigan, Rodano, Milan, Italy) 
equipped with a CombiPal headspace module (CTC Analytics AG, Zwingen, Switzerland) 
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and an Agilent Column, DB-624/30 m/0.53mm and using dichloromethane standards 
in DMSO in the range of 0-2000 ppm.
Endotoxin evaluation was performed by Limulus amoebocyte lysate assay according to 
the chromogenic endpoint standard procedure, with a lower limit of detection of 0.05 
EU/mL. 

2.6 Intra-articular retention of injected monospheres 

All experimental procedures were approved by the Subcommittee on Research Animal 
Care at Leiden University Medical Center. Male FVB mice (4–8 weeks of age, from 
the LUMC breeding facility) were used for both experiments. Initially, the capacity of 
the 20[PDLLA-PEG1000-PDLLA]-80[PLLA] monospheres to remain intra-articular was 
tested. Two mice were injected intra-articularly with 10 μl of a NIR-780F suspension 
in saline (10 μg/ml) while 2 other mice received a 10 μl intra-articular injection of 1 
% w/w NIR-780F loaded monospheres suspension in saline (1 mg /mL) using a 30 
Gauge BD Micro-Fine syringe. In both groups the total amount of NIR-780F injected 
was of 0.10 μg. In vivo scans were made 24 hours post-injection to check intra-articular 
retention and biodistribution. For the second experiment, knee joints were injected 
bilaterally with monospheres of different sizes (5, 15 and 30 μm; n=3 knees/size), and 
the intra-articular presence of monospheres was determined by fluorescence imaging of 
the injected knees of the mice at t=0, t=1d, t=2d, t=6d, t=9d, t=39d and t=90d. 
In the first experiment (free NIR-780F versus NIR-780F dye-loaded monospheres) 
fluorescence imaging of monospheres was performed with the Pearl Impulse (Li-cor, 
Lincoln, Nebraska USA). In the second experiment (differently sized monospheres) 
fluorescence imaging was performed with an IVIS Spectrum animal imaging system 
(Perkin Elmer/Caliper LifeSciences, Hopkinton, MA). For this second experiment, 
monospheres were loaded with perylene red. This dye was selected over NIR-780F 
because detectability was superior. Scans were made while the mice were anesthetized 
with 1.5% of Isoflurane balanced with oxygen. After the last scan (day 90), the mice 
were sacrificed, overlying skin was removed and ex vivo scans of the knees were made 
to check for remaining signal. For spectral unmixing, an image cube was collected on 
the IVIS Spectrum with 18 narrow band emission filters (20 nm bandwidth) that assist 
in significantly reducing autofluorescence by the spectral scanning of filters and the use 
of spectral unmixing algorithms. Fluorescence regions were identified and spectrally 
unmixed using Living Image 4.3.1 software. Because of the 3D character of the joints, a 
reliable quantification of the amount of signal over time could not be made. Therefore, 
we present results based on whether there was still any signal detectable or not. 
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2.7 Intra-articular biocompatibility in horses

All experimental procedures and protocols were approved by the Utrecht University 
Committee on the Care and Use of Experimental Animals in compliance with Dutch 
legislation on experimental animal use. Due to the limited number of horses available for 
experiments, we only tested the 30 μm monospheres. The horses used in this experiment 
had clinically normal middle carpal joints (radiographically confirmed). The left middle 
carpal joint was injected with 3 ml saline solution (control), while the right middle 
carpal joint was injected with 200 mg of 30 μm monospheres suspended in 3 ml saline.

2.7.1 Lameness 
Lameness examinations were conducted at 0, 8, 24, 72 hours and 1, 2, 3, 4 weeks post 
injection, using a standardized scale of 0 to 5 [241]. Horses were monitored throughout 
the whole study for signs of discomfort. 

2.7.2 Synovial fluid analysis 
Synovial fluid was aspirated aseptically at the same time points the lameness examinations 
were conducted. A portion of the fluid was processed for white blood cell (WBC) count 
and total protein measurement. The remaining volume was centrifuged and analyzed 
for glycosaminoglycan (GAG) concentrations with a modified 1,9-dimethylmethylene 
blue dye-binding assay used previously in our laboratory [242]and collagen type 2 
breakdown was measured by an antibody against a collagen type 2 epitope (C2C) as 
previously reported [242]. 

2.7.3 Synovial tissue analysis 
To check the intra-articular retention of the monospheres in the equine joints, parts 
of the synovial tissue surrounding the third carpal bone were removed for histological 
analysis. After fixation in formalin, the synovial tissue was divided in two parts. The first 
part was used for light microscopic verification of the presence of monospheres within 
the synovial tissue 4 weeks after intra-articular injection. The second part was used for 
the same purpose using SEM. 

2.8 Intra-articular biocompatibility in rats 

The Animal Ethic committee of the Erasmus Medical Center, Rotterdam, The 
Netherlands, approved all conducted procedures. Twelve 16-week-old (400-450 g) male 
Wistar rats (Charles River Nederlands BV, 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 a 2 weeks acclimatization period. Since all monospheres of different sizes were 
retained in the knee joint (results of IVIS studies in mice), we choose to only test the 
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smallest and largest monospheres. The desired amounts of monopheres (5 μm: 2 mg/30 
μl and 30 μm: 10 mg/50 μl) were re-suspended in injection medium and injected into 
the left knee of the rats (n=12) using a 27G syringe (Kendall, monoject).  Contralateral 
knees were injected with the same volume of saline and served as controls.  Scans of all 
knees were acquired at 3 different time points (t=0, t=6w and t=12w). Following the last 
scan, knees were harvested and EPIC μCT-scanning was performed [96]. 

2.8.1 μCT arthrography
Cartilage quality (sulphated glycosaminoglycan (sGAG) content) and quantity 
(thickness) was measured with in vivo μCT arthrography. Therefore, knees were injected 
with a radiographic contrast agent (Hexabrix (Hexabrix 320, Mallinckrodt, Hazelwood, 
MO, USA) mixed with 10 μg/ml Epinephrine) as described previously [96, 97]. 
Influx of Hexabrix into the cartilage correlates inversely with sGAG content [98, 99]; 
therefore, early changes in cartilage quality and quantity are measurable using in vivo 
μCT arthrography [96, 97]. After injecting Hexabrix, rats were placed in a custom-
made scanner bed fixing the hind limb in extended position. Scans were made using an 
in vivo scanner (Skyscan model 1176, Skyscan, Kontich, Belgium) using the following 
scanner settings: isotropic voxelsize of 18 μm, 67 kV, 380 mA, 35 mm field of view, 1.0 
mm Al filter, 0.5 rotation step over 198°, frame averaging of 2. Both knees were scanned 
at all 3 time points (t=0, 1 and 6 weeks).  Due to incomplete Hexabrix influx in some 
knees, a total of 7 animals were available for longitudinal analysis.

2.8.2 EPIC μCT imaging 
Equilibrium partitioning of a contrast agent using μCT (EPIC-μCT) shows a strong 
correlation with cartilage sulphated-glycosaminoglycan (sGAG) content [135]. 
Following the last in vivo μCT scan, rats were sacrificed and knees were dissected with 
removal of the surrounding soft tissue. The tibiae were incubated for 24 hr in a 40% 
Hexabrix solution at room temperature in order to achieve equilibrium between the 
contrast agent and the sGAG content of the cartilage [99]. After 24 hr, samples were 
scanned using the following settings: isotropic voxelsize of 18 μm, 60kV, 170 mA, 885 
ms exposure time, 35 mm field of view, 0.5 mm Al filter, 0.8 rotation step over 198°, 
frame averaging of 3.

2.8.3 μCT data analysis 
Obtained raw in vivo μCT images were converted into 3D reconstructions using 
the reconstruction software nRecon version 1.5 (SkyScan). With 3D Calc software 
segmentation into binary images [100] took place creating a mask overlaying bone 
and Hexabrix in the original gray value images (ImageJ; NIH, http://imagej.nih.gov/
ij/index.html). Subsequently, regions of interest (ROIs) were drawn around the patellar 
cartilage (40 slices) for which attenuation and thickness were calculated. In the datasets 
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acquired with EPIC-μCT imaging ROIs were drawn directly around the Hexabrix 
saturated cartilage of both the medial and lateral tibial plateau of the 3D reconstructed 
images. Subsequently, global segmentation took place between the cartilage and the 
adjacent areas (subchondral bone and air) and attenuation and volume of the cartilage 
were measured. 

2.8.4 Histological analysis
Directly following the EPIC scans, knee joints were fixed with formalin, decalcified and 
embedded in paraffin. Six μm sections were prepared sagitally at 300 μm intervals and 
stained with Safranin-O. At different time points, the infrapatellar folds containing the 
synovial membrane of the knees injected with 5 μm monospheres were removed and 
immunostained in order to check for the presence of macrophages due to the presence 
of particles < 10 μm. The tissue was embedded in paraffin and cut in 6 μm sections. 
These sections were dewaxed and pre-treated with heat mediated antigen retrieval 
(Dako S1699, Glostrup, Denmark) at 90°C for 20 minutes. Subsequently, sections 
were incubated with CD68 (1:100, Acris, Herford, Germany) for 60 minutes and 
visualized with AP link and label kit (Biogenex, Fremont, CA, USA), followed by a 
New Fuchsin substrate. Sections were dried overnight and mounted with Vectamount 
(Vectorlaboratories, Burlingame, CA, USA). 

2.9 Statistical analysis 

Differences in μCT-data and histological scoring between the microsphere-injected knees 
and the contralateral knees were all calculated using type-1, two-tailed, paired T-tests. 
The differences between monospheres-injected knees and the osteoarthritic control 
group was calculated using type-1, two-tailed unpaired T-tests. For the measurement in 
the horse SF samples, the control and monospheres-injected joints were compared using 
paired T-tests at all time-points.  Additionally, the longitudinal data were analyzed using 
a lineair mixed model with post-hoc Bonferroni correction, CI 95%. All statistical tests 
were performed using SPSS-20. P-values<0.05 were considered statistically significant.

3. Results 

3.1 Polymer synthesis and characterization

3.1.1 Polymer characterization
Block copolymers with different [PDLLA-PEG1000-PDLLA] / [PLLA] ratios were 
synthesized and their characteristics are reported in table 2. This table shows that 
LA/PEG molar ratios of the xx[PDLLA-PEG1000-PDLLA]-yy[PLLA] multi-block 
copolymers were between 46 and 285 mol/mol, close to the theoretical values (Table 
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2). GPC was performed relative to PEG standards and the apparent molecular weight 
values were obtained with values ranging from 33.6 to 49.6 kDa for Mw and from 17.6 
to 28.8 kD for Mn. Differential scanning calorimetry (DSC) thermograms showed a 
slight decrease of the melting temperature of the polymers (from 136ºC to 123ºC) 
upon increasing the block ratio of PDLA-PEG1000 from 10/90 to 50/50. Whereas the Tg 
decreased significantly from 53 °C to -5 °C. Swelling degrees (SW), as determined after 
1 day of incubation, increased from 1.1 for 10[PDLLA-PEG1000-PDLLA]-90[PLLA] to 
1.5 for 50[PDLLA-PEG1000-PDLLA]-50[PLLA]. 

3.1.2 In vitro polymer degradation
The degradation profile of films of the different polymers presented similar behavior. 
As shown in Figure 1-A, mass loss followed a two-phase behavior with an initial phase 
where fast degradation occurred and a second phase where the mass reduction rate 
was lower. The polymer with the highest PEG content (50[PDLLA-PEG1000-PDLLA]-
50[PLLA]) lost 46% of its weight after one week, whereas the polymer with the least 
PEG content (10[PDLLA-PEG1000-PDLLA]-90[PLLA]) only lost 3% during the same 
period of time. The same behavior was observed for the PEG loss as a function of time 
(figure 1-B).

Table 2. Composition, PEG content, thermal properties and swelling degree of various xx[PDL-
LA-PEG1000-PDLLA]-yy[PLLA] multi-block copolymers. 

# Polymer 
composition

PEG 
(wt%) Mw (Da) Mn (Da) Tg (°C) Tm 

( °C) ∆Hm J/g Sw   (-)

1
10[PDLLA-PEG1000-
PDLLA]-90[PLLA]

5 49600 28800 51 136 67.5 1.1

2
20[PDLLA-PEG1000-
PDLLA]-80[PLLA]

10 33600 19200 39 130 43.9 1.1

3
30[PDLLA-PEG1000-
PDLLA]-70[PLLA]

15 33800 17600 21 129 35.5 1.2

4
50[PDLLA-PEG1000-
PDLLA]-50[PLLA]

25 46100 26700 -5 122 17.5 1.5

Mw: Weight average molecular weight; Mn: Number average molecular weight; Tg: glass transition tempe-
rature; Tm: melting temperature; ∆Hm: melting enthalpy;  Sw: swelling degree, as determined after 1 day of 
incubation.
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Figure. 1. A) In vitro degradation of xx[PDLLA-PEG1000-PDLLA]-yy[PLLA] multi-block copolymers 
expressed as remaining mass as a function of time [left] and PEG lost as a function of time [right] upon 
incubation in PBS, pH 7.4 and at 37 °C. B) The same degradation, expressed as PEG loss as a function of 
time. 

3.2 Monosphere characterization 

Residual dichloromethane content of lyophilized monospheres was < 600 ppm and 
endotoxin levels were < 0.01 EU/mg, meeting the acceptance limits for parenteral 
injections [243]. Coulter Counter measurements indicated that the different 
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monospheres have a narrow particle size distribution (figure 2-A). The average diameter 
(and coefficient of variance (CV)) of the differently sized monospheres were respectively 
4.7μm (CV 32.4%), 15.5 μm (CV 18.6%) and 34.4μm (CV 12.9%). Figure 2-B) 
shows a SEM picture of the three different monosphere sizes, clearly visualizing their 
size uniformity and their smooth and non-porous surface (non-spherical particles 
correspond to mannitol particles, which was used during washing and before freeze 
drying of the monospheres (see supplementary figure 1). 

Figure 2. A) Particle size distribution of 20[PDLLA-PEG1000-PDLLA]-80[PLLA monospheres: 5, 15 and 
30 µm. B) SEM picture of 15 µm 20[PDLA-PEG1000]-80[PLLA] monospheres. This picture shows the 
size uniformity of the batches. Mannitol was used during the washing and before freezing of the mono-
spheres, explaining the irregularities seen in the picture. The surface of the monospheres appears smooth 
and without pores. 

3.3 Intra-articular retention and degradation kinetics 

Equine intra-articular monosphere retention 
In vitro evaluation of the perylene red loaded monospheres was performed to ensure that 
the dye was not released prematurely from the 20[PDLLA-PEG1000-PDLLA]-80[PLLA] 
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monospheres. Therefore, the monospheres were incubated in release buffer (100 mM 
phosphate buffer, pH 7.4) at 55°C (to accelerate degradation) and the supernatant was 
inspected daily. The supernatant remained clear for up to 10 days, after which perylene 
red started to leak from the monospheres. To verify that the monospheres would retain 
enough perylene red during the course of the in vivo experiments, tissue surrounding 
the equine middle carpal joint was harvested 4 weeks after intra-articular injection with 
perylene red loaded monospheres. In all horses parts of the tissue were red (figure 3; left 
image) and upon microscopic evaluation this coloring was shown to indeed be due to 
the actual presence of perylene red loaded monospheres (figure 3; middle image). 

Figure 3. Equine third carpal bone excised 4 weeks after intra articular injection of perylene red loaded 
monopsheres. In the surrounding tissue the red dye can be easily observed (left). Microscopic images of 
this tissue show that the red color is indeed due to the presence of monopsheres (middle). SEM pictures of 
these monospheres are shown on the right. 

IVIS scanning mice 
IVIS analysis of intra-articularly injected NIR-780F encapsulated in monospheres 
showed a distinct signal only at the site of injection, contrary to the aqueous suspension 
of the free fluorescent dye which quickly redistributed from the knee throughout the 
whole body within the first 24 hours (figure 4). Up to 39 days, in all mice injected with 
perylene red-loaded monospheres, a clear signal was observed at the knee joint without 
re-distribution to other parts of the body. At 90 days post-injection, the signal was 
below detection limit in one animal only of the 5 μm monospheres group whereas in 
all other groups perylene fluorescence was still detected, demonstrating that at 90 days 
microspheres were still present. Subsequent ex vivo scans of the knee joints showed the 
presence of monospheres by remaining signal (figure 4) in all animals, irrespective of 
monosphere size. 



Chapter 6

134

Figure 4. Fluorescent images of intra-articular retention of free dye and dye-loaded monopsheres in mice. 
Representative fluorescent images are shown for 24 h after intra- articular injection of free fluorescent dye, 
NIR-780F (upper picture) and monospheres (15 µm) containing the same dye (middle picture); the mono-
spheres were able to retain the dye locally whereas the freely injected dye redistributed throughout the 
whole body quickly. The lower picture shows ex-vivo IVIS-scans of knees containing perylene red loaded 
5 µm, 15 µm or 30 µm monospheres 90 days after injection. At this final time point, for all sizes there we 
still monospheres present within the knee joints. 

3.4 Intra-articular biocompatibility in horses 

None of the horses showed any signs of discomfort following the intra-articular injection 
of 30 μm 20[PDLLA-PEG1000-PDLLA]-80[PLLA] monospheres. Locomotion was not 
affected, as the lameness score for both monospheres and saline injected joints was 0 
(maximum=5) for all horses throughout the whole study. 

3.4.1 Synovial fluid analysis 
Intra-articular injection of unloaded monospheres led to a significant increase of WBC 
in the synovial fluid 8 hrs after injection when compared to saline injected joints (figure 
5-A). At t=24 and 72 hours post injection, elevated values were still found compared to 
the saline-injected joint, although no significance could be found in this small group. 
Compared to baseline values, both saline- and monospheres injected joints showed a 
trend of increased WBC in the SF for a period of 72 hours after the injection, which had 
returned to normal at one week after injection. Total protein content (figure 5-B) also 
increased from t= 8 hours until 1 week post injection due to the intra-articular injection 
of monospheres (significant differences at 8 hours, 24 hours and 1 week). At baseline 
(before injecting either saline of monospheres in the joints), a significant difference in 
GAG was found between the two groups. For all time points GAG release into the SF 
remained at or below baseline values. At some time points, significant differences were 
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seen when compared to the control joint (saline injected) but there was not a clear trend 
and the phenomenon seemed to appear quite randomly. Moreover, compared to values 
found in a previously conducted study, our values are in the range of what is normally 
found in healthy joints, and a tenfold lower than values found in inflamed joints [242]
Also, Hyonate®, which is clinically accepted and used as an intra-articular intervention 
for OA, is proven to give rise of the GAG-content in synovial fluid of horses 1 day after 
injection [166]. No increase in C2C epitope content (collagen breakdown biomarker) 
was found at any time point (figure 5-D), indicating that no significant damage to the 
cartilage occurred due to the intra-articular injections. A significantly lower C2C content 
in the synovial fluid was detected at 8 hours after microsphere injection compared to 
the control joints. However, there is no clear explanation for this observation and this 
is therefore likely due to physiological fluctuation.  Moreover, comparing our values 
to what was found in a previously conducted study, C2C epitope in the synovial fluid 
remained at base-line levels showing that the differences found are indeed a fluctuation 
of physiological levels and not considered to be clinically significant [166].  

Figure 5. Synovial fluid analysis: White Blood Cell count (A), Total protein levels (B), GAG content (C) 
and C2C content (D). (n = 3, control: saline injected joints, monopsheres: monopsheres injected joints. 
Values are depicted as mean ± SD; *: p < 0.05 vs. control. 
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3.5 Intra-articular biocompatibility in rats 

3.5.1 In vivo μCT arthography scanning 
Following the intra-articular injections, no toxic responses (e.g. changed locomotion, 
joint redness/swelling) occurred during the 12-weeks observation period. Arthographies 
at t=0 showed a small difference (p<0.05) in attenuation between microsphere- and 
saline injected knees (figure 6), however this difference is not clinically relevant since it 
is well within the range of what is normally found for healthy cartilage and much lower 
than diseased cartilage [136, 244]. Neither compared to baseline nor to the contralateral 
control knees (saline), changes in patellar cartilage quality or quantity occurred over the 
full course of the experiment (t=6 and 12 weeks). 

Figure 6. Attenuation (in arbitrary units) and cartilage thickness (in µm) of the patellar cartilage mea-
sured over time with the use of in vivo longitudinal µCT arthographies (5 µm and 30 groups combined; n 
= 7 in total). No significant changes occurred during the course of 12 weeks after intra-articular injection 
of unloaded monospheres when compared to both baseline measurement and control knees (saline inject-
ed). *p < 0.05.
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3.5.2 EPIC scanning 
Analysis of the rat tibial cartilage (figure 7-A with representative images shown in figure 
7-B), both medial and lateral, showed that no differences were observed between the 
saline and monospheres injected knees with respect to either cartilage thickness or 
quality (sGAG content). Moreover, no surface irregularities due to possible indentation 
of the monospheres were seen in any of the samples. Data of EPIC scans made after 
unilateral osteoarthritis induction performed in a previous study by our group [136] are 
shown as well for comparison, showing changes in attenuation and cartilage thickness 
that are specifically found in rat knees affected by osteoarthritis.  

3.5.3 Histology cartilage
Histology confirmed the findings of both the in vivo and EPIC scans. No differences in 
safranin O staining were found between monospheres injected rat knees (5 and 30 μm) 
and their controls. Also, morphologically the cartilage appeared healthy in all groups. In 
figure 7-C, representative histological images of saline and monospheres injected knees 
are shown, for comparison also a diseased knee (OA) is shown with clear signs of GAG 
leakage and loss of cartilage thickness. 

3.5.4 Histology surrounding tissue 
As stated earlier, 5 μm monospheres can be taken up by synovial macrophages while 30 
μm monospheres would not be phagocytized [245, 246] and are therefore more likely 
to stay within the synovial fluid. This is indeed what was seen macroscopically after 
opening of injected knee joints; 5 μm monospheres were taken up already 24 hours after 
injection while 30 μm monospheres could still be identified in the synovial fluid 4 weeks 
post-injection. Based on these observations, we decided to more extensively investigate 
the macrophage infiltration of knees injected with 5 μm monospheres at several time 
points. The infrapatellar folds containing the synovial membrane were harvested at 
several time points. Immunohistochemistry on the excised tissues surrounding the knee 
joint indeed showed positive CD68 staining 24 hours and 4 days after intra-articular 
injection of the 5 μm monospheres, indicating macrophage infiltration (figure 7-D). 
More detailed analysis of the image with the highest amount of macrophages (day 4), 
showed that some macrophages had indeed phagocytosed monospheres. Two weeks 
after injection, macrophage infiltration had decreased significantly and 6 weeks after 
injection hardly any macrophages could be observed. At all time points after injection, 
some neutrophils were accumulated in the connective tissue, being most prevalent at t= 
day 4 and t= 2 weeks. 
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Figure. 7. A) Graphs representing cartilage quantity (thickness) and quality (attenuation) of mono-
spheres injected knees vs. control knees (saline injected) measured with EPIC scanning. As a comparison, 
values of OA knees are also presented. No significant differences were found between monospheres- and 
saline injected knees. *: All measurements of OA knees were significantly different from both saline- and 
monospheres injected knees. B) Representative EPIC images of the medial and lateral tibial plateau of 
monospheres (5 and 30 µm) and saline injected knees 12 weeks post-injection as well as a knee with in-
duced OA. No changes in cartilage thickness and attenuation occurred (see color scheme) in monospheres 
injected knees C) representative histological images of knees injected with either monospheres or saline, 
stained with Saf-O (cartilage in red); on the right an OA specimen. D) Histology of macrophage-staining 
performed on synovial tissue retrieved at different time points related to intra-articular 5 µm mono-
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spheres injection (before, after 24 h, 4 days, 2 weeks and 6 weeks). Macrophages are stained red. These 
images show that the presence of monospheres (which also seem to take up some of the staining) in the 
knee joint triggered an inflammatory macrophage reaction, which had returned to baseline at the 2 weeks 
time point. At all time points following the injection, neutrophils are present. Furthermore, these images 
show that some of the monospheres are taken up by the cells (likely macrophages) within the synovial 
tissue. This phenomenon did not occur yet at the 24 h time point, but was prevalent 4 days after injection 
(see 6x zoomed image). 
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4. Discussion 

The aim of this study was to investigate the suitability of different biodegradable multi-
block copolymers for the development of injectable monospheres for local intra-articular 
drug delivery. First of all, we tested in vitro which copolymer would be most suitable 
for this application. Different xx[PDLLA-PEG1000-PDLLA]-yy[PLLA] multi-block co-
polymers of different composition were characterized on their composition, molecular 
weights and thermal properties (glass transition temperature and melting temperature/
enthalpy) as well as for their in vitro degradation characteristics. 1H NMR analysis 
confirmed that the LA/PEG molar ratios of the xx[PDLLA-PEG1000-PDLLA]-yy[PLLA] 
multi-block copolymers were in line with their feed compositions. DSC confirmed 
the phase-separated nature of the xx[PDLLA-PEG1000-PDLLA]-yy[PLLA] multiblock 
copolymers, showing a distinct glass transition temperature (Tg) for the PDLLA-
PEG1000-PDLLA based amorphous domains, along with a clear melting peak for the 
PLLA-based crystalline domains. These crystalline domains act as physical crosslinks 
and control the swelling of the amorphous PEG/PDLLA phase in the polymeric 
material under physiological conditions. The significant decrease in Tg observed upon 
increasing the PDLLA-PEG1000-PDLLA / PLLA block ratio from 10/90 to 50/50, is 
caused by PEG which acts as plasticizer and reduces the Tg of the amorphous block 
due to the its complete miscibility with amorphous PDLLA [247, 248]. Although the 
changes in Tm were not as noticeable as in the case of Tg, the decrease in the melting 
enthalpy (△H) showed that the crystallinity of the multi-block copolymers decreased 
with increases of overall PEG-content in the polymer matrix (△H decreased from 59.8 
J/g for 5wt.% PEG-containing polymer to 16.1 J/g when 25wt.% PEG was present). 
Increasing the PEG content in the polymer composition also had an impact on the 
swelling of the matrix (table 2) due to the hydrophilic behavior of this polymer [249]. 
This could be relevant for future evaluation of drugs encapsulated within these matrices 
because the release of encapsulated compounds usually occurs via diffusion through 
the swollen polymer matrix. Furthermore, an accelerated mass loss during the initial 
phase of in vitro degradation was observed for the polymers with a higher content of the 
amorphous block, most probably caused by PEG loss. This is in line with our 1H NMR 
measurements and with other published studies on PEG-containing block co-polymers, 
where PEG preferentially leaves the material during early stages of degradation due to 
preferential cleavage of the ester bonds that connects PEG and the amorphous polyester 
block [58, 250-252]. Although a residual amount of tin octanoate was still present in 
the multiblock co-polymers, it was not expected to have a detrimental effect during in-
vivo studies since it is below the maximum parenteral exposure stablished by the ICH 
guidelines (640μg/day) [253].
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Table 2. Composition, PEG content, thermal properties and swelling degree of various xx[PDL-
LA-PEG1000-PDLLA]-yy[PLLA] multi-block copolymers. 

# Polymer 
composition

PEG 
(wt%) Mw (Da) Mn (Da) Tg (°C) Tm 

( °C) ∆Hm J/g Sw   (-)

1
10[PDLLA-PEG1000-
PDLLA]-90[PLLA]

5 49600 28800 51 136 67.5 1.1

2
20[PDLLA-PEG1000-
PDLLA]-80[PLLA]

10 33600 19200 39 130 43.9 1.1

3
30[PDLLA-PEG1000-
PDLLA]-70[PLLA]

15 33800 17600 21 129 35.5 1.2

4
50[PDLLA-PEG1000-
PDLLA]-50[PLLA]

25 46100 26700 -5 122 17.5 1.5

Mw: Weight average molecular weight; Mn: Number average molecular weight; Tg: glass transition tempe-
rature; Tm: melting temperature; ∆Hm: melting enthalpy;  Sw: swelling degree, as determined after 1 day of 
incubation.

For in vivo evaluation of differently sized monospheres, the 20[PDLLA-PEG1000-
PDLLA]-80[PLLA] multi-block co-polymer was chosen because it presented little 
degradation during the first weeks, allowing release of potentially encapsulated drugs, 
and a second phase of accelerated degradation, which would facilitate the elimination 
of the monospheres from the treated joint. Besides, this polymer contains 10% PEG, 
making it soft enough for intra-articular use and a potential carrier for the sustained 
release of hydrophobic small drug molecules (MW 350 – 1000 g/mole) that are typically 
used for OA treatment such as steroid and non-steroid anti-inflammatory drugs [166, 
213, 254]. We previously tested the mechanical compatibility of these monospheres 
with the cartilage. In short, the average Young’s moduli of the materials in the swollen 
state are within the same range as the mechanical properties of healthy bovine cartilage 
and human osteoarthritic cartilage [228, 255]. This indicates that the presence of this 
type of monospheres within the joint would not be likely to cause cartilage damage 
due to surface indentation or grinding. Furthermore, the total water uptake and thus 
mechanical properties can be customized depending on the needs of any target tissue 
by simply changing the PEG content of the monospheres. The selected 20[PDLLA-
PEG1000-PDLLA]-80[PLLA] multi-block co-polymer was used to make microspheres 
of 3 different sizes with the use of the microsieve membrane emulsification process. 
Size uniformity was reached for all batches (target particle size of 5, 15 and 30 μm), 
as shown in figure 2-A and 2-B. These results confirm the suitability of this process to 
prepare monospheres with well-defined size and with a narrow particle size distribution.  
As stated before, narrow particle size distribution allows the use of smaller needles 
and consequently less painful injections. Indeed, monosphere suspensions were well 
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injectable through a 27G needle at concentrations up to 25% wt. (data not shown). 
Furthermore, the absence of very small microspheres could avoid particle-induced 
immunoactivation [217] and size uniformity allows more reproducible and predictable 
in vivo release kinetics [227, 228]. 
It is very important for a drug delivery system specifically designed for intra-articular use 
to be able to stay within the injected joint long enough to fully release the loaded drug 
locally, and in a timescale where it could potentially be effective for joint repair and/or 
pain relief. In vitro evaluation of the monospheres under the above described accelerated 
conditions retained the dye up to 10 days, which could be translated to approximately 80 
days [256, 257] under physiological conditions. In short, an experiment was performed 
to determine whether the dye is retained in the monospheres during degradation. 
Real time (37°C, pH7.4) degradation testing shows the presence of microspheres after 
80 days. This was confirmed by the in vivo experiments on tissue surrounding the equine 
middle carpal joint. We also showed the potential of 5, 15 and 30 μm monospheres 
to remain intra-articular for at least 3 months, allowing the monospheres to act as a 
sustained local drug delivery system. After showing that the monospheres remained 
in the injected joints for a period long enough to release any encapsulated drug, we 
extensively tested the intra-articular biocompatibility of the monospheres. This is a very 
important part in the fabrication of any intra-articular drug delivery system, since the 
drug carrier intended to treat joint diseases like osteoarthritis should clearly not lead to 
negative effects in the joint upon intra-articular application. In horses, the intra-articular 
injection of unloaded monospheres gave rise to a mild transient inflammatory response, 
shown by a significant increase of WBC and total protein content in the synovial fluid 
(figure 5-A) of 72 hours and thereafter returned to baseline level quickly. A similar 
transient inflammatory reaction has been shown previously after intra-articular injection 
of hyaluronic acid (HA), a regulatory approved and widely used clinical treatment 
option in equine and human OA [258-260]. In fact, intra-articular injection of HA 
lead to an inflammatory response that is severe enough to cause transient lameness in 
horses, a reaction that is clinically known as a “flare” [261] a phenomenon that was 
clearly not present after injection of 30 μm [20PDLLA-PEG1000-PDLLA]-80[PLLA] 
monospheres. This comparison therefore shows that the use of monospheres compares 
favorably with current clinical practice and can be considered safe for intra-articular 
use. It has been suggested that chronic inflammation plays an important role in the 
development of structural changes seen in osteoarthritis, since activated macrophages 
produce enzymes, growth factors and cytokines that will negatively affect joint structures 
like synovium, bone and cartilage [4].  Therefore, it was important to determine whether 
the inflammatory reaction followed by the intra-articular injection of monospheres had 
any deleterious effect on the joints.  In order to do so, we first measured GAG content 
and C2C epitope (a neoepitope present on collagenase-cleavage fragments of type II 
collagen, hence a catabolic marker [262]) in the synovial fluid samples (figure 5-C). 
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An increase of these markers in the synovial fluid would indicate cartilage breakdown. 
The significant differences observed at baseline are most likely due to (small) differences 
in status of the joints due to the age and amount of exercise of the horses in the 
past, although the horses were all declared healthy based on X-ray before starting the 
experiments. GAG release into the SF remained at or below baseline values during the 
whole experiment, indicating that no loss of GAGs (an early sign of cartilage damage 
and OA) occurred due to the presence of intra-articular monospheres. Moreover, our 
values were approximately 10-fold lower compared to inflamed horse joints after LPS 
injection of around 300 μg/ml [242] all of our values remained in the range of values 
found for healthy joints. The C2C content has shown to be elevated in rheumatoid 
arthritis and OA when there is damage to the cartilage [263, 264], more specifically it 
indicates an inflammation-induced enhancement of collagen II cleavage [264]. In our 
study, this was clearly not the case, as there was no increase in C2C content at any time 
point (figure 5-D). 
In theory, both 5 and 30 μm monospheres could have negative effects on cartilage, 
however via different mechanisms. Five μm monospheres can be taken up by synovial 
macrophages [68, 245, 246] which could potentially give rise to an inflammatory 
reaction, while 30 μm monospheres would not be phagocytized and therefore be 
more likely to stay within the synovial fluid, but with the potential risk of friction 
or indentation of the cartilage surface. Based on the equine SF analysis (section 3.2), 
we had strong indications to believe that the presence of monospheres within a joint 
does not harm the cartilage. To verify this assumption, 12 healthy rats were used to 
more accurately test the intra-articular biocompatibility of the unloaded 5 and 30μm 
20[PDLLA-PEG1000-PDLLA]-80[PLLA] monospheres compared to contra-lateral 
saline injections. Using in vivo μCT scanning (figure 6), followed by EPIC scans to 
even more accurately quantify cartilage thickness and quality (figure 7-A,B) and 
histology (figure 7-C), we indeed showed that no changes on cartilage thickness or 
cartilage quality (attenuation) occurred. The macrophage infiltration seen in the tissue 
surrounding the knees injected with monospheres (figure 7-D) correlates very well 
with the mild transient reaction in the first 2 weeks seen in the equine synovial fluid 
samples. The recruitment of macrophages and neutrophils following the intra-articular 
injection of a foreign material is considered physiological. Moreover, in the case of 
our monospheres it did not lead to any negative effects (as indicated by both μCT-
scanning and histology of the injected joints). These findings show that monospheres 
composed of [PDLLA-PEG1000-PDLLA]-[PLLA] multi-block copolymers are safe for 
intra-articular use.  Recruitment of macrophages is one of the 5 phases of a foreign 
body response. These phases are: protein absorption, acute and chronic inflammation, 
foreign body giant cell formation and fibrosis [265]. The formation of fibrosis is an 
undesirable feature, since this would prevent drug release from the monospheres. More 
importantly, fibrosis within a joint lead to pain and loss of function. Joint capsules 



Chapter 6

144

consist of a dense fibrous connective tissue, lined with synovium, surrounding the joint. 
Therefore, it would be difficult to quantify fibrosis due to a foreign body reaction. The 
second phase of the foreign body reaction -acute inflammation- was seen in our horse 
study (significant increase of WBC and total protein count), as well as our rat study 
(presence of macrophages and neutrophils). Chronic inflammation was not the case for 
either of the animal models and the inflammatory response had returned to baseline 2 
weeks post-injection. Additionally, no foreign body giant cell formation was observed 
at any time point. Therefore, the formation of a fibrous capsule is not very likely since 
this would follow chronic inflammation. Also, based on literature we know that adding 
PLLA to PEG largely reduced (90% reduction) capsule formation [266]. Another 
study, in which 5, 15 and 30 um monospheres were injected subcutaneously, no capsule 
formation was observed up until the end-point at 28 days post-injection [267].
Very interestingly, we see a portion of our monospheres being taken up by macrophages 
in the synovium (figure 7-D). In this current study, we only investigated the synovium 
of joint injected with 5 mm monospheres. From literature, we know that 5-10 mm 
is optimal for macrophage phagocytosis [254], because phagocytosis is ensured and 
therefore a prolonged retention in the joint is achieved. It has been suggested that 
phagocytosis ensures lower drug-exposure to the cartilage and hence less change of 
negative side-effect [25]; however, this assumption is not proven in this cited study nor 
has it, to our knowledge, been proven by other authors. It is also debatable, whether or 
not direct exposure of cartilage to a drug would necessarily have a negative outcome. 
Depending on the application and the type of drug encapsulated, one might opt for 
a different size of monospheres. For instance, when directly acting on inflammatory 
reactions, 5 mm monospheres might be preferable due to phagocytosis. It has been 
suggested that macrophages play an important role in the development of OA [268]. 
When macrophages become activated, they are able to produce a variety of enzymes 
[269], growth factors [270], and pro-inflammatory cytokines such as TNFα and 
interleukins [271, 272]. These, and other macrophage products play a major role in 
the OA development and may maintain the vicious circle by acting on the formation 
of synovial fibrosis and further induce the inflammatory state of the affected joint that 
leads to cartilage destruction [177, 269]. Injection of 5 mm monospheres containing an 
anti-inflammatory drug would therefore not only lead to a sustained local release of the 
drug, but might even lead to a more targeted effect on the local macrophages, thereby 
breaking the vicious circle of OA [67].  In contrast, when a drug that specifically acts on 
chondrocytes is injected, it would be reasonable to choose for larger monospheres (15 or 
30 mm). From our current study, it can be concluded that the different sizes evaluated 
(5, 15, 30  mm) present equal levels of joint retention and biocompatibility. Therefore, 
the selection of the optimal size for intra-articular use should be based on the cells to 
be targeted.
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5. Conclusion 

Monospheres of different sizes (5, 15 and 30 μm) composed of biodegradable [PDLLA-
PEG1000-PDLLA]-b- [PLLA] multi-block copolymers were successfully obtained using 
a  membrane emulsification process. Following intra-articular injection, both small (5 
μm) and larger (30 μm) monospheres remained present in the joints of both small (mice 
and rats) and large animals (horses) for up to 3 months, which is likely long enough to 
release an incorporated drug. The monospheres elicited a mild transient inflammatory 
reaction similar to clinically used injectables, and did not harm the cartilage in any way 
in either of these animals. The excellent biocompatibility combined with the desirable 
intra-articular retention show that [PDLLA-PEG1000-PDLLA]-b-[PLLA] monospheres 
have great potential as intra-articular drug delivery system for the treatment of arthritic 
diseases. 
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Abstract

Biodegradable polymeric microspheres are interesting drug delivery vehicles for site-
specific sustained release of drugs used in treatment of osteoarthritis. We study the 
nano-mechanical properties of microspheres composed of hydrophilic multi-block 
copolymers, because the release profile of the microspheres may be dependent on 
the mechanical interactions between the host tissues and the microspheres that aim 
to incorporate between the cartilage surfaces. Three different sizes of monodisperse 
microspheres, namely 5, 15, and 30 μm, were tested in both dry and hydrated (swollen) 
states. Atomic force microscopy was used for measuring nanoindentation-based force-
displacement curves that were later used for calculating the Young’s moduli using the 
Hertz’s contact theory. For every microsphere size and condition, the measurements 
were repeated 400-500 times at different surface locations and the histograms of 
the Young’s modulus were plotted. The mean Young’s modulus of 5, 15, and 30 μm 
microspheres were respectively 56.1 ± 71.1 (mean ± SD), 94.6 ± 103.4, and 57.6 ± 58.6 
MPa under dry conditions and 226.4 ± 54.2, 334.5 ± 128.7, and 342.5 ± 136.8 kPa 
in the swollen state. The histograms were not represented well by the average Young’s 
modulus and showed three distinct peaks in the dry state and one distinct peak in the 
swollen state. The peaks under dry conditions associated with the different parts of the 
co-polymeric material at the nano-scale. The measured mechanical properties of swollen 
microspheres are within the range of the nano-scale properties of cartilage, which could 
favor integration of the microspheres with the host tissue.
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1. Introduction

Osteoarthritis is the most common joint disorder [273] and the most frequently 
reported cause of long-term disability [274]. Since disease-modifying drugs are not 
currently available for osteoarthritis, medicinal treatment often includes non-steroidal 
anti-inflammatory (NSAID) drugs [275] that are often used for pain management. The 
delivery of such drugs is a challenging task due to the chance of adverse reactions via 
conventional drug injections on the one hand [275, 276] and fast drug clearance that 
causes the drug concentration to rapidly drop below the therapeutically effective levels 
on the other hand [277]. Recently proposed approaches for the delivery of NSAID 
include the use of liposomes, nanoparticles, and microspheres for sustained and 
adjustable drug release [183, 278]. Among those, microspheres have the advantages of 
being easily adjustable in their release kinetic, allowing well-controlled sustained drug 
release varying from days to months [278].
It is known that the mechanical properties of the microspheres used for drug delivery 
applications influence their performance [279, 280]. The effects of mechanical 
properties are even more important for skeletal diseases where strong mechanical forces 
are transferred through the tissues and the microspheres interact with the surrounding 
tissues both chemically and mechanically. The release kinetics of the microspheres may 
change due to those mechanical interactions and the modulations that mechanics may 
have with diffusion kinetics and biodegradation behavior of the microspheres.
In this paper, we study the mechanical properties of monodisperse microspheres 
composed of hydrophilic phase-separated multi-block copolymers that are developed 
for delivery of drugs used in the management of osteoarthritis. We use atomic force 
microscopy (AFM) for nanoindentation tests and the Hertz’s contact theory to calculate 
the nano-mechanical properties of the microspheres. The mechanical properties of 
microspheres with different sizes are measured both in the dry and swollen states. In 
the vast majority of the studies that report the mechanical properties of microspheres, a 
limited number of measurements are carried out and the obtained mechanical properties 
are averaged to calculate the mean values of the mechanical properties. In this study, we 
repeated the measurements several hundred times for every case to be able to measure 
the properties more accurately and to reveal nano-scale properties of the microspheres 
that cannot be identified using a few measurements.
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2. Methods and materials

Monodisperse microspheres of different sizes, namely 5, 15 and 30 μm, were made of 
a biodegradable hydrophilic multi-block copolymer (SynBiosys®20LP10L20-LLA40, 
InnoCore Pharmaceuticals, Groningen, The Netherlands) using the Microsieve™ 
membrane emulsification equipment (Nanomi, Oldenzaal, The Netherlands) and were 
tested in both dry and swollen sates. The hydrophilic 20LP10L20-LLA40 multi-block 
copolymer is composed of hydrophilic poly (DL-Lactide)-PEG-poly (DL-Lactide) 
and hydrophobic poly (L-Lactide) segments that are randomly chain-extended with 
1,4-butanediisocyanate. The poly (DL-Lactide)-PEG-poly (DL-Lactide) segments form 
amorphous domains, whereas the poly (L-Lactide) segments form crystalline domains, 
thereby forming a phase-separated multi-block copolymer in which the crystalline 
domains act as physical crosslinks (figure 1). Differently sized 20LP10L20-LLA40 
microspheres were tested in both dry and swollen states to determine their mechanical 
properties. Before starting the test with AFM, the microspheres were attached to a firm 
substrate. A thin layer of a water-resistant epoxy-based glue (Bison, the Netherlands) 
was carefully applied to fix the microspheres on the microscope slide. For measurement 
under hydrated conditions, prior to testing, the microspheres were submerged in 
deionized water for three days to allow them reach their equilibrium swelling degree. 
The tests were carried out at room temperature.

Figure 1. Molecular structure of SynBiosys 20LP10L20-LL40 multi-block copolymer.

An AFM with a Nanoscope controller (Bruker, Dimension V, Japan) and a standard 
fluid cell (Bruker) was used for performing nanoindentation tests on the microspheres 
(figure 2). A symmetric triangular AFM probe (Bruker, Camarillo, USA) with a nominal 
diameter of 2 nm and a nominal cantilever spring constant of 0.35 N/m was used for 
the measurements to find the more symmetric characteristics of the microspheres [281]. 
The actual cantilever spring constant was determined using the thermal fluctuations 
technique [282]. The standard calibration process for finding the sensitivity factor for 
converting voltage to deflection was followed before the start of the measurements. 
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Using around 30 individual microspheres, 400-500 indentation curves were obtained 
at a frequency of 1 Hz and an indentation depth of around 500 nm. The Nanoscope 
analysis software (Bruker, version 1.4) was used for analyzing the obtained force-
displacement curves and calculating the Young’s modulus according to the Sneddon 
theory [281]. According to the Sneddon theory, force and displacement are related to 
each other through the following relationship:

2
2 2
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2 (1 )

EF hp j
g u

=
-                 

(1)

where F is force, h is displacement,  is the half angle of the cone, γ=π/2,  is the Poisson’s 
ratio and E is the Young’s modulus of the microsphere [281, 283, 284]. A Poisson’s ratio 
of 0.5 was assumed which is close to the value used in some other studies on cartilage 
nanomechanics [285, 286]. With such a value of the Poisson’s ratio, the material behaves 
incompressibly. 
The Young’s moduli calculated for the swollen microspheres with different sizes were 
statistically assessed using the one-way ANOVA test followed by the Tukey-Kramer post-
hoc  analysis. Statistical significance threshold was set at p< 0.05. For the dry micro-
spheres, the data was first rank-transformed using the non-parametric Kruskal-Wallis 
test. The post-hoc analysis could then be performed using the Tukey-Kramer test using 
the rank-transformed data.

Figure 2. SEM pictures of 5 (a), 15 (b), and 30 μm (c) microspheres
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3. Results
In the dry state, the histogram of the Young’s modulus shows several distinct peaks (figure 
3). The peaks are more or less similar between the different microsphere sizes (table 1). 
The first and by far the largest peak is between 1 and 40 MPa for 5 μm microspheres, 
between 10 and 20 MPa for 15 μm microspheres and between 1 and 20 MPa for 30 
μm microspheres (figure 3). A number of smaller peaks can be observed for all three 
microsphere sizes (Table 1), although the second and third peaks are more visible for 30 
μm microspheres as compared to both other sizes. For 30 μm microspheres, the second 
peak occurs between 30 and 60 MPa while the third peak can be found around 120-
130 MPa (figure 3c). Some less clear peaks can be observed for both other microsphere 
sizes around the same values of the Young’s modulus (figure 3a-b). When averaged over 
all measurements, the Young’s modulus of dry microspheres of 5, 15, and 30 μm were 
respectively 56.1± 71.1 (mean ± SD), 94.6 ± 103.4, and 57.6 ± 58.6 MPa. In dry state, 
the mean Young’s moduli of the microspheres with different sizes were found to be 
significantly different (Table 1). Post-hoc analysis showed that the Young’s modulus of 
15 μm dry microspheres is significantly higher than those of both other sizes (also in 
dry state).
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Figure 3. Histograms of the modulus of dry microspheres with typical force–displacement curve obtained 
from individual microspheres: (a) 5, (b) 15, and (c) 30 μm microspheres.

The range of the Young’s moduli measured by AFM of microspheres in the swollen state 
were several orders of magnitude lower than the Young’s moduli of the microspheres 
measured in the dry state (figure 4). As opposed to the dry state where several peaks 
were observed in the histogram of the Young’s modulus, there was only one clear peak 
in the histogram of the Young’s modulus of the swollen microspheres (figure 4). This 
enabled us to fit a Gaussian distribution to the measured data points (figure 4a-c). When 
averaged over all measurements, the Young’s moduli of swollen microspheres of 5, 15, 
and 30 μm were respectively 226.4 ± 54.2 (mean ± SD), 334.5 ± 128.7, and 342.5 ± 
136.8 kPa. Statistical analysis of the Young’s moduli of the swollen microspheres with 
different sizes showed that there is a significant difference between their Young’s moduli 
(table 1). Post-hoc analysis showed that, in the swollen state, the Young’s moduli of 15 
and 30 μm microspheres are higher than those of the 5 μm microspheres. In the swollen 
state, there was no significant difference between the Young’s moduli of 15 and 30 μm 
microspheres. Moreover, the Young’s moduli of swollen microspheres generally tended 
to increase as the size of the microsphere increased.
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Table 1. The main characteristics of the Young’s modulus histograms found for microspheres with different 
sizes in dry and swollen states

Size (µm) Young’s modulus Primary and secondary peaks

Dry (MPa) Swollen (kPa) Dry (MPa) Swollen (kPa)

Mean SD Median Mean SD Median

5 56 71 25 226** 54 216 1-40*
40-50

120-130

197*

(p =1.29×10-68)

15 95** 103 39 334 129 304 10-20*
20-50

190-200

295*
625(p =7.90×10-8)

30 58 59 38 342 137 324 1-20*
30-60*

120-130*

100
315*

* Peak with the highest frequency
** Microsphere size with significant difference in the Young’s modulus from both other sizes

Figure 4. Histograms and corresponding normal distribution curves of swollen microspheres: (a) 5, (b) 
15, and (c) 30 μm microspheres.
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4. Discussion

The hydrophilic 20LP10L20-LLA40 multi-block copolymer studied here contains two 
major components: an amorphous poly (DL-Lactide)-PEG-poly(DL-Lactide) (PDLA-
PEG-PDLA) and a crystalline poly (L-Lactide) (PLLA) segment. The PDLLA-PEG-
PDLLA part has water absorption functionality due to the presence of polyethylene 
glycol (PEG). PEG is known for its good biocompatibility and hydrophilicity [287-
289], whereas PDLA is widely used in various sustained release drug delivery products 
due to its good biocompatibility and excellent biodegradability. The crystalline PLLA 
segments act as physical crosslinks and also give the microsphere appropriate stiffness 
that is needed for drug delivery applications in a cartilaginous environment. PLLA is 
widely used in biomedical implants especially where load-bearing properties are required. 
The specific molecular architecture and phase-separated morphology of the used multi-
block copolymer gives the microspheres the desired hydrophilicity in combination with 
mechanical characteristics that are fairly similar to those of specially soft biological tissues 
such as cartilage, making it suitable for local delivery and controlled release applications 
[289-292].

4.1 Dry state

The first peak seen in the histogram of the Young’s moduli of microspheres in the dry 
state can be attributed to the Young’s modulus of PEG as the values are within the range 
of previously reported Young’s moduli for PEG [293, 294]. As compared to crystalline 
PLLA, the PEG part is the softer part of the multi-block copolymer that constitutes 
the microspheres. The mean values of the second apparent peak in the histogram of the 
Young’s modulus of 5, 15, and 30 μm microspheres are around 50 MPa. This second 
peak may be ascribed to the non-crystalline PDLA component of the PDLA-PEG-
PDLA segment [289, 295]. It should be noted that the PDLA chains present in the 
PDLA-PEG-PDLA block studied here are relatively short. It is therefore not clear to 
what extent their properties are close to those of high molecular weight PDLA often 
studied elsewhere. The average values of the other recognizable peak, especially in 15 
and 30 μm microspheres, exceed 100 MPa. This last peak might be indicative of the 
crystalline portion of the copolymer. It should be noted that the above-mentioned 
values of the Young’s modulus and their relationship with the different parts of the 
copolymer are merely indicative. The actual values of the Young’s modulus depend on 
many parameters including the molecular weight of the macromolecules, the length of 
the chains within polymeric network, the crosslinking density of the matrix, the ratio 
of the length of the PDLA portion to that of the PEG length in the PDLA-PEG-PDLA 
segment, and the optimized proportion between the PDLA-PEG-PDLA segment used 
for hydrophilicity and the PLLA block used for mechanical stiffness [287, 289-291].
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4.2 Swollen state

The final functionality of the microsphere is in the swollen state, as they will be hydrated 
and perform their drug delivery role in the target cartilage tissue based on a combination 
of swelling, diffusivity [293, 296], and biodegradation. It is clear that there is a sharp 
decrease in the Young’s modulus of the swollen microspheres as compared to the values 
found under dry conditions. The water molecules, with their polar groups, tend to 
interact with the hydrophilic domains of the multi-block copolymer and act as a 
plasticizer reducing the stiffness of the co-polymeric matrix [295]. The water uptake ratio 
can therefore be considered as a major factor for optimizing the mechanical properties of 
microspheres based on the principles of the swelling process. Moreover, the molecular 
weight of the crystalline PLLA segment have been narrowly tailored with respect to the 
molecular weight of the hydrophilic PDLA-PEG-PDLA segment [289, 291].  
In the swollen state, the Young’s moduli of 15 and 30 μm microspheres are significantly 
higher than those of 5 μm microspheres. This is due to the fact that the water adsorption 
ability of microspheres is size-dependent and is inversely related to the surface area, 
meaning that smaller microspheres show higher water adsorption tendency and lower 
stiffness values [297, 298].

4.3 The required number of measurements

This study is one of the rare studies in which more than a handful data points are used 
for characterizing the nano-mechanical properties of soft co-polymeric biomaterials 
particularly microspheres. In most other studies, the average of a few measurements is 
reported as the representative Young’s modulus of the material at the nano-scale. The 
results of this study (figure 3-4) show that the mean of a few measurements may not 
necessarily be a good representative value. As for microspheres in the swollen state, the 
mean Young’s modulus is a relatively good representative of the mechanical properties of 
the microspheres (figure 4) as most values seen in the histogram are distributed around 
the mean Young’s modulus. In comparison, in the dry state, the mean Young’s moduli of 
the microspheres vary between 55-95 MPa (figure 3). These mean values are several times 
larger than the first and by far the largest peak of the histograms of the young’s modulus 
(figure 3a-c). Using the mean value of the Young’s modulus as the representative Young’s 
modulus of the microspheres will therefore grossly misrepresent the actual mechanical 
properties of microspheres at the nano-scale. Moreover, the histograms of the Young’s 
modulus are very information-rich and could reveal additional information regarding 
the range and distribution of the mechanical properties of the microspheres at the nano-
scale. This kind of information is totally lost when the average of a few data points are 
reported as the mechanical properties of the polymeric material. 
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4.4 Relevance for cartilage and drug delivery applications 

Stolz et al. [299] measured the age-related dynamic elastic modulus of the human 
osteoarthritis articular cartilage tissue and fount it to be between 15.3 and 142 kPa. 
Han et al. [300] analyzed the modulus of the surface layer of the bovine articular tissue 
and found it to be between 120 and 200 kPa depending on the loading rate (0.1, 1, 10 
μm/s). The Young’s modulus of the microspheres in the swollen state under hydrated 
conditions are therefore well in the range of the mechanical properties of cartilage at the 
nano-scale, meaning that the microspheres should be able to well integrate within the 
host tissue and perform their functions.
The mechanical properties of drug delivery devices such as microspheres play important 
roles in regulating their controlled release performance. For example, it is known that 
mechanical interactions between the drug delivery devices and the surrounding tissues 
could influence the bio-degradation, surface area, and hydration and/or hydrolysis 
behavior of the involved biomaterials [301, 302]. Moreover, mechanical properties 
of drug delivery devices could be used as an indirect measure of their drug delivery 
performance. For example, it is known [303] that the degree of cross-linking in polyvinyl 
alcohol (PVA) hydrogels is intimately linked to both mechanical properties and drug 
delivery characteristics of the polymer [304]. One could therefore use mechanical 
properties of the polymer as an indirect measure of drug delivery characteristics. Probing 
the mechanical properties of the microsphere material is best done with AFM [305] and 
at the nano-scale, because accurate estimation of the mechanical properties using micro-
scale indenters is extremely challenging particularly when micro-spheres are as small as 
5 μm. That is partly because the surface of the micro-sphere cannot be considered to 
be flat anymore and the entire microsphere may start to deform considerably as a result 
of micro-scale indentations. These kinds of experiments are much more difficult to 
interpret and may necessitate the use of advanced computational techniques. Moreover, 
the mechanical properties at the micro-scale are related to the mechanical properties 
at the nano-scale and can theoretically be obtained from the nano-scale mechanical 
properties using homogenization techniques.

4.5 Limitations

This study has certain limitations that need to be considered when interpreting the 
presented data. First, the nano-indentation technique used for characterizing the 
mechanical properties of the microspheres is associated with certain complexities and 
sources of uncertainty. For example, the tip and cantilever geometry, the type of material 
from they are made, the depth and rate of indentation, adhesion forces, intermolecular 
forces, and electrostatic interactions could all play important roles in the accuracy of 
AFM measurements [306-310]. Second, the analytical solution used for interpretation 
of the force-displacement data has been derived based on specific assumptions that 
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are never perfectly satisfied in practice. Deviations from those conditions could cause 
inaccuracy in the measured mechanical properties. Finally, the mechanical properties of 
microspheres might be different in vivo, for example, due to the presence of different 
types of ions and enzymatic factors. Testing the microspheres in water is therefore only 
an approximation of the actual in vivo conditions.

5. Conclusions

In summary, the nano-mechanical properties of co-polymeric microspheres with different 
sizes were measured in both the dry and swollen states using atomic force microscopy. 
It was shown that the mechanical properties of the microspheres are in general much 
lower in the swollen state as compared to the dry state. In addition, the mechanical 
properties were found to be different for different microsphere sizes. In the swollen state, 
the Young’s modulus tended to increase as the size of the microsphere increased. The 
mean Young’s moduli of microspheres of 5, 15, and 30 μm were respectively 56.1 ± 71.1 
(mean ± SD), 94.6 ± 103.4, and 57.6 ± 58.6 MPa in the dry state and 226.4 ± 54.2, 
334.5 ± 128.7, and 342.5 ± 136.8 kPa in the swollen state. However, the mean values 
of the Young’s modulus were not good representatives of the mechanical properties 
of the microspheres at the nano-scale, specifically in the dry state. A large number of 
measurements are therefore needed to establish the histogram of the Young’s moduli in 
order to study the range and distribution of the Young’s modulus of the microspheres 
at the nano-scale. Considering the range of cartilage tissue mechanical characteristics, 
the swollen microspheres demonstrate desired nano-scale elastic modulus data, due to 
which the microspheres are expected to exhibit the desired biocompatibility upon intra-
articular administration besides well integration with their cartilaginous host tissue.
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Abstract 

The aim of this study was to develop a formulation with a sustained intra-articular release 
of the anti-inflammatory drug tacrolimus. Drug release kinetics from the prepared 
tacrolimus loaded monodisperse biodegradable microspheres based on poly(DL-lactide-
PEG)-b-poly(L-lactide) multi-block copolymers were tunable by changing polymer 
composition, particularly hydrophobic-hydrophilic block ratio. The monospheres were 
30 μm and released the drug, depending on the formulation, in 7 to >42 days. The 
formulation exhibiting sustained release for 1 month was selected for further in vivo 
evaluation. Rat knees were injected with three different doses of tacrolimus (10 wt.%) 
loaded monospheres (2.5, 5.0 and 10 mg), contralateral control knees with saline. 
Micro-CT and histology showed no negative changes on cartilage, indicating good 
biocompatibility. Minor osteophyte formation was seen in a dose dependent fashion, 
suggesting local drug release and therapeutic action thereof. To investigate in vivo drug 
release, tacrolimus monospheres were injected into horse joints, after which multiple 
blood and synovial fluid samples were taken. Sustained intra-articular release was seen 
during the entire 4-week follow-up, with negligible systemic drug concentrations (< 
1 ng/mL), confirming the feasibility of local intra-articular drug delivery without 
provoking systemic effects. Intra-articular injection of unloaded monospheres led to 
a transient inflammatory reaction, measured by total synovial leucocyte count (72 
hours). This reaction was significantly lower in joints injected with tacrolimus loaded 
monospheres, showing not only the successful local tacrolimus delivery, but also local 
anti-inflammatory action. This local anti-inflammatory potential without systemic side-
effects can be beneficial in the treatment of inflammatory joint diseases, amongst which 
osteoarthritis.  
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1.  Introduction

Osteoarthritis is a common joint disease with a complex, multifactorial pathogenesis that 
causes pain and loss of joint function in patients. The disequilibrium between anabolic 
and catabolic activities leads to up-regulation of catabolic enzymes and pro-inflammatory 
cytokines, eventually resulting in cartilage breakdown and joint destruction [4, 5]. No 
disease modifying osteoarthritic drugs are yet available and the current standard of care 
consists largely of pain management using oral medication [21]. Consequently, there is a 
constant search for new treatment options. A potential drug for osteoarthritis is tacrolimus 
(FK506, Figure 1), a calcineurin inhibitor that has been used as an immunosuppressant 
in transplantation surgery to prevent graft rejection [44, 45]. Tacrolimus has also shown 
to be a treatment option for patients with active rheumatoid arthritis, a chronic systemic 
inflammatory disease leading to joint destruction [47].   In patients with rheumatoid 
arthritis synovial fluid concentrations of catabolic (inflammatory) cytokines such as 
TNF (tumor necrosis factor), IL-1b (interleukin 1) and IL-6 (interleukin 6) and several 
matrix metalloproteinases (MMPs) are elevated [48].  Although the pathogenesis of 
osteoarthritis has not been fully unraveled and the stimuli leading to the initial onset 
are different from rheumatoid arthritis, the process of cartilage degeneration involves 
the same loop of cytokines and MMPs as seen in rheumatoid arthritis and synovial 
inflammation is also common in osteoarthritis [50, 51, 311, 312]. The suppressive 
effect on catabolic cytokines of tacrolimus as well as of another (less potent) calcineurin 
inhibitor, such as e.g. cyclosporin-A, has been demonstrated both in vitro [46, 52] and 
in vivo [53, 56, 313]. It has also been shown that calcineurin inhibition leads to less 
cartilage destruction in rheumatoid arthritis of in-vivo animal models [52, 54, 314]. 
It is likely that this encouraging effect is (partially) achieved through the suppression 
of the catabolic cytokines and that a similar positive effect can be accomplished in 
osteoarthritis. Furthermore, calcineurin inhibition induced chondrogenic differentiation 
of clonal mouse embryonic carcinoma cells [55] and improved regeneration of cartilage 
defects, which is likely related to its stimulation of endogenous TGFb [56]. These 
features potentially pose great opportunities for cartilage regeneration and the treatment 
of osteoarthritis. However, oral administration of tacrolimus in doses high enough to 
reach therapeutic levels in the knee joint is problematic due to the presence of severe 
toxic side-effects, especially renal toxicity, which makes monitoring of the concentration 
of tacrolimus in blood important [315]. Further, the mean oral bioavailability is 
~25%, and also is highly variable (5–93%) [316] which is a serious drawback for the 
clinical application of this drug. Tacrolimus is hence a very attractive drug for local 
intra-articular sustained delivery, as it is a potent immunosuppressor with low aqueous 
solubility and poor and strongly variable oral bioavailability [317-319]. To circumvent 
the problems encountered with oral administration, the best option would be to 
administer tacrolimus directly to the joint via intra-articular injections. This route of 
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drug administration has, however, major disadvantages since the intra-articular drug 
turnover is rapid [62, 66, 320], necessitating repeated intra-articular injections which 
carry the risk of cartilage damage and/or infections and are not patient friendly [60, 63, 
66, 320]. The osteoarthritis community is therefore urgently seeking for appropriate 
drug delivery systems (DDSs) for local, controlled intra-articular delivery of therapeutic 
drugs with sustained drug retention times [28, 67, 68, 213, 321]. We previously 
showed the suitability and potential capacity of monospheres (microspheres with a 
narrow particle size distribution) based on poly(DL-lactide-PEG)-b-poly(L-lactide) 
multi-block copolymers due to their excellent intra-articular biocompatibility and their 
retention in the knee joint for several weeks [322]. These polymers are composed of 
a semi-crystalline (poly(L-lactide)) and an amorphous (poly(DL-lactide-PEG)) block, 
allowing a more controlled polymer swelling and sustained drug release kinetics than 
the commonly used PLGA, where dugs are released in a bi- or three-phasic manner due 
to its degradation properties [323, 324].
In this study, we investigated the potential of poly(DL-lactide-PEG)-b-poly(L-lactide) 
based monospheres for intra-articular drug delivery of tacrolimus as potential formulation 
for clinical treatment of osteoarthritis. We therefore developed and characterized a 
suitable tacrolimus-loaded monosphere formulation and investigated its intra-articular 
biocompatibility and bioactivity and in vivo release kinetics in both rats and horses. 

Figure 1. Chemical structure of tacrolimus[325] and its tautomers as reported by Akashi et al.[326]. 
Reproduced with permission from ref[326]. Copyright Elsevier. 
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Materials and Methods

Materials. Tacrolimus (FK506) was purchased from LC laboratories. [PDLA-PEG1000]-
b-[PLLA] multiblock co-polymers were synthesized by InnoCore Pharmaceuticals as 
described previously [322]. In short, low molecular weight poly(L-lactide) [PLLA] 
(Mw 4000 g/mol) and poly(DL-lactide)-polyethyleneglycol1000-poly(DL-lactide) 
[PDLA-PEG1000] (Mw 2000 g/mol) prepolymers were synthesized by standard stannous 
octoate catalyzed ring-opening polymerization. PLLA and PDLA-PEG1000 prepolymers 
were then chain-extended in dioxane using1,4-butanediisocyanate to yield xx[PDLA-
PEG1000]-yy[PLLA] multiblock co-polymers with [PDLA-PEG1000] / [PLLA] block 
ratios (xx/yy) of 10/90, 16/84 and 20/80(%w/w). The characteristics of the polymers 
used in this study are shown in table 1. The number average molecular weight (Mn) and 
the weight average molecular weight (Mw) of synthesized polymers were determined as 
described previously [322].

Table 1. Properties of xx[PDLA-PEG1000]-yy[PLLA] multiblock co-polymers used in the present study

# Polymer composition

PEG 
content 
(wt%) Mw (Da) Mn (Da) Tg (°C) Tm (°C) DHm (J/g)

1 10[PDLA-PEG1000]-90[PLLA] 5 49600 28800 55 136 67.5

2 16[PDLA-PEG1000]-84[PLLA] 8 36100 17700 42 130 41.9

3 20[PDLA-PEG1000]-80[PLLA] 10 33600 19200 39 130 43.9

Polyvinyl alcohol (PVA, molecular weight 13-23 kDa), sodium dodecyl sulphate (SDS), 
acetone, sodium chloride (NaCl) and phosphoric acid were purchased from Sigma 
Aldrich (Zwijndrecht, The Netherlands). Carboxymethyl cellulose (CMC, type 7HF-
PH) was purchased from Aqualon (Barendrecht, The Netherlands).
Dichloromethane (DCM, p.a. stabilized with EtOH), dimethyl sulfoxide (DMSO), 
sodium azide (NaN3), Brij-35, and Tween-20 were purchased from Across (Geel, 
Belgium). Ultrapure water was purchased from B. Braun Medical B.V. (Oss, the 
Netherlands). Mannitol was purchased from Fagron (Barbsbütel, Germany). 
Hyaluronidase and ascomycin were both purchased from Sigma-Aldrich (Zwijndrecht, 
The Netherlands). Hexabrix 320®, a clinical iodine-based contrast agent, was obtained 
from Guerget, The Netherlands. All reagents were used as received. Saline was purchased 
from Gibco (Bleiswijk, the Netherlands).   
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Preparation of tacrolimus loaded microspheres 

Microspheres with a target diameter of 30 μm and with a narrow size distribution 
(referred to as ‘monospheres’) were prepared under best clean conditions by a membrane 
emulsification-based solvent extraction/evaporation process using microfabricated 
microsieve membranes with uniformly sized pores of 20 μm (Iris-20) (Nanomi BV, The 
Netherlands) as described in detail elsewhere [322]. Selection was based on findings 
of our previous study [322] in which this size showed to be most suitable for intra-
articular delivery due to its retention for several weeks and only limited phagocytosis. 
In short, 50 mg of tacrolimus and 450 mg of the respective polymer were co-dissolved 
in 1.5 mL dichloromethane (DCM) to obtain a 20% w/w polymer solution followed 
by filtration through a 0.2 μm PTFE filter. Using 35 mbar air pressure, the filtered 
polymer solution was processed through the microsieve membrane into a sterile aqueous 
solution containing 4 % w/v PVA and 5% NaCl. The formed emulsion was stirred for 
3 hours at room temperature to extract and evaporate DCM. Hardened monospheres 
were collected by centrifugation, washed twice with demiwater and twice with 0.05 % 
w/v aqueous Tween 20 solution and finally lyophilized. Prior to intra-articular injection 
in rats, monospheres were reconstituted in injection medium (0.4 wt.% CMC, 
0.1wt% Tween 20 and 5.0wt.% mannitol sterile solution). For injection in horses the 
microspheres were reconstituted in saline.

Microsphere characterization  

Monospheres were visually examined by optical microscopy. Particle size was determined 
by dispersing 5-10 mg of monospheres in 50-100 mL of electrolyte composition 
solution (Beckman Coulter, Woerden, The Netherlands) and measuring the particle size 
distribution (PSD) with a Multisizer 3 Coulter Counter (Beckman Coulter, Woerden, 
The Netherlands) equipped with a 200 μm measuring cell. The volume average particle 
size (D50) and coefficient of variance (CV%) were determined from the PSD. Surface 
morphology of the monospheres was assessed by scanning electron microscopy (JCM-
5000 Neoscope, Jeol, Germany). Samples were sputtered with a thin layer of gold using 
the JFC Neocoater (Jeol, Germany). 
To determine the drug content of the obtained microspheres, 10 mg monospheres 
was incubated in 1.0 mL of an acetone–ethanol mixture (2:1) for 1 hour at room 
temperature to extract Tacrolimus. Previously conducted experiments in our lab 
confirmed that 1 hour was sufficient to fully extract the loaded drug (Extraction and 
HPLC method for tacrolimus quantification after extraction are shown in supporting 
information). 0.9 mL aliquot was withdrawn and replaced by 0.9 mL of a 5 w/v% 
Brij-35 aqueous solution to preserve the stability of the dissolved drug and avoid its 
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tautomerization. The 0.9 ml withdrawn samples showed no recovered drug. Avoiding 
tautomerization [326] was important to avoid peak shifting and erroneous integration 
during analysis. The tautomers have a different retention time and less stability, which 
could lead to less recovery of the drug. These samples containing Brij solution were then 
centrifuged at 15.000 rpm for 5 minutes, and the tacrolimus containing-supernatant 
was subsequently filtrated through a 0.2 μm filter to prevent blocking of the column. 
The drug concentration was determined by HPLC are described below.

The drug loading and encapsulation efficiency (EE) were calculated as follows: 
(1) Drug loading (%) = (drug mass in the monospheres / mass of monospheres) x 100%
(2) Encapsulation efficiency (EE) (%) = (Drug loading Experimental / Drug loading Theoretical) 
x 100%

 The concentration of tacrolimus in the different samples was determined by RP-HPLC 
using an Alliance 2695 HPLC system (Waters Chromatography BV, The Netherlands) 
equipped with a UV/VIS detector PDA 2998 (Waters Chromatography BV, The 
Netherlands). A C18 Waters Xterra LC/MS reversed phase column (3.5μm 150x4.6mm 
column) at a temperature of 50 °C was used in isocratic mode using 70/29/1 v/v/v 
acetonitrile/water/phosphoric acid using a flow rate of 1.7 mL/min.  Detection of 
tacrolimus was done spectrophotometrically at a wavelength of 210 nm. A calibration 
curve of tacrolimus in the range of 0.1 μg/ml to 120 μg/ml was prepared using the 
acetone/ethanol (2:1) mixture system as described before. The calibration standards and 
samples were stabilized in a 5 w/v% Brij-35 solution to avoid tacrolimus tautomerization 
prior analysis [326].

Tacrolimus monospheres (5 – 10 mg) were suspended in 2 mL of 100 mM PBS 
+0.1wt/v % SDS (added to allow re-suspension of monospheres, to avoid caking and 
to solubilize the released drug, pH 7.4, in glass tubes that were placed in a shaking 
water bath thermostated at 37 °C were drawn and replaced by 1.8 ml of fresh buffer. 
The concentration of tacrolimus in the different samples was determined by HPLC as 
described before. Sink conditions were maintained by refreshing 90% of the release 
buffer after each sampling point.

Residual DCM content of lyophilized microspheres was determined by GC-FID using 
a TraceGC gas chromatograph (Thermo Finnigan, Rodano, Milan, Italy) equipped 
with a CombiPal headspace module (CTC Analytics AG, Zwingen, Switzerland) and 
an Agilent Column, DB-624/30 m/0.53mm and using dichloromethane standards in 
dimethylsulfoxide in the range of 0-2000 ppm. Endotoxin concentrations in the different 
microsphere batches was performed by Limulus amoebocyte lysate assay according to 
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the chromogenic endpoint standard procedure, with a lower limit of detection of 0.05 
EU/mL [234]. 

In vivo biocompatibility study in rats 

The Animal Ethic committee of the Erasmus Medical Center, Rotterdam, the 
Netherlands, approved all procedures (agreement number EMC2255(116-11-02). A 
total of twenty 16-week-old (400-450 g) male Wistar rats (Charles River Nederland BV, 
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. For 
the first experiment, in which we assessed in vivo biocompatibility of tacrolimus loaded 
monospheres, all rats received an IA injection of 50 μl tacrolimus microsphere dispersion 
in saline (n=5 low dose, n=5 medium dose, n=5 high dose) in the left knee; contralateral 
50 μl of saline was injected and served as a control. The different groups represent the 
following injected dosages. Low dose: 2.5 mg monospheres (8.8% loading) containing a 
total of 220 μg tacrolimus; medium dose: 5 mg monospheres (8.8% loading) containing 
a total of 440 μg tacrolimus; and high dose: 10 mg monospheres (8.8% loading) 
containing a total of 880 μg tacrolimus. Micro-CT scans of all knees were acquired at 3 
different time points (t=0, t=6w and t=12w) as specified below. Following the last scan, 
knees were harvested and EPIC μCT-scanning was performed at 18 microns resolution 
as a quantitative measure of sulphated glycosaminoglycan content in the cartilage [96, 
97, 135, 327] followed by histology. The tissue surrounding the injected rat knees, 
including synovial tissue, was harvested after the last μCT scan and used to evaluate 
possible remains of monospheres and tacrolimus locally. For this, the samples were 
vacuum dried at 30 ºC overnight. Presence of monospheres was evaluated by scanning 
electron microscopy and remaining tacrolimus was extracted and detected through the 
use of HPLC as described in the supplementary files (Figure S.1 and S.2). At 0, 6 and 12 
weeks, the weight of the rats was measured as a clinical outcome parameter for systemic 
toxicity of the drug. Only for the weight experiment, as a negative control, a group of 
n=10 rats (equal in strain, gender and age) was used. These rats were treated with a daily 
oral dosage of 3.2 mg tacrolimus/kg bodyweight (suspended in NaCl 0.9%/ethanol), 
a proven tolerated dose [314].  As a positive control for all experiments, a group from 
a previously conducted study, consisting of rats of the same strain, age and gender but 
with osteoarthritic knee joints [136] was used.   

μCT scans of both knees from all groups were performed to measure bone changes at 
the three time points (t=0, 1 and 6 weeks). Scans were made using an in vivo scanner 
(Skyscan model 1176, Skyscan, Kontich, Belgium). Rats were placed in a custom-made 
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scanner bed under isoflurane anaesthesia, fixing the hind limb in extended position. 
Scanner settings were the following: isotropic voxel size of 18 μm, 67 kV, 380 mA, 35 
mm field of view, 1.0 mm Al filter, 0.5 rotation step over 198°, frame averaging of 2. 

Following the last in vivo μCT scan, EPIC-CT scanning (equilibrium partitioning of 
an ionic contrast agent) of the joints was performed [97, 135]. Rats were killed and the 
knee joints were dissected into femur, tibia and patella with removal of the surrounding 
soft tissue. These samples were incubated for 24 hr. in 40% Hexabrix solution (Hexabrix 
320, Mallinckrodt, Hazelwood, MO, USA) at room temperature in order to achieve 
equilibrium between the contrast agent and the sGAG (sulphated glycosaminoglycans) 
content of the cartilage [99], which is a direct measurement for cartilage quality. The 
influx of Hexabrix into cartilage correlates well with the inverse of sGAG content; 
therefore, cartilage degeneration is measurable using μCT (expressed as attenuation) 
[135, 327]. Samples were scanned using the following settings: isotropic voxelsize of 18 
μm, 60kV, 170 mA, 885 ms exposure time, 35 mm field of view, 0.5 mm Al filter, 0.8 
rotation step over 198°, frame averaging of 3.

The obtained images were converted into 3D reconstructions using nRecon version 
1.5 (Skyscan). All in vivo bone scan datasets were segmented with a local threshold 
algorithm, the tibial epiphysis was selected and cortical and trabecular bone were 
automatically separated after which the subchondral plate thickness of the medial and 
lateral compartment of the tibial plateau were measured as described previously [136]. 
In all EPIC-μCT datasets, X-ray attenuation (arbitrary gray values inversely related to 
sGAG content) and thickness (μm) were calculated separately for cartilage of the medial 
and lateral tibial plateau [136]. Using Skyscan analysis software (CT-An), all datasets 
were segmented using a fixed attenuation threshold between air (attenuation 30) and 
subchondral bone (attenuation 120). In the 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 stated before, osteoarthritic knee joints of rats of the same strain, age 
and gender from a previous study were used in which cartilage damage was generated 
using a strenuous running protocol combined with 3 unilateral i.a. papain injections as 
a positive control [136].  

Following EPIC scans, the knee parts were fixed with formalin, decalcified and embedded 
in paraffin. Six μm sections for histology were cut sagitally at 300 μm intervals and 
stained with Safranin-O and Hematoxylin-Eosin (HE) to assess cartilage quality and 
synovium tissue. 
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Equine in vivo study The study design was approved by the Ethics Committee on 
the Care and Use of Experimental Animals of Utrecht University in compliance with 
Dutch legislation on animal experimentation. Three ml of saline was used to disperse 
200 mg of unloaded monospheres and was administered into the right middle carpal 
joint of three healthy horses with normal carpal and talocrural joints, as determined 
by radiographic and clinical evaluation. Three ml saline (control) was injected into the 
contralateral middle carpal joint. Additionally, three ml of saline was used to disperse 
200 mg tacrolimus (8.8% loading; 17.6 mg tacrolimus) loaded monospheres and was 
injected into the right talocrural joint. Three ml saline was injected into the left talocrural 
joint to serve as a control. Lameness examinations (scored on a standardized 0 to 5 scale 
[241]) were conducted at 0, 8, 24, 72 hours and 1, 2, 3, 4 weeks post injection. Horses 
were monitored throughout the study for signs of discomfort. 

From the horses, synovial fluid samples as well as blood samples were taken at the 
same predetermined time points when the lameness examinations were performed (0, 
8, 24, 72 hours and 1, 2, 3, 4 weeks post injection) and tacrolimus concentrations 
were measured in order to establish the local and systemic drug concentrations that 
were achieved. To determine the tacrolimus concentrations in whole blood samples, 
tacrolimus was extracted as described earlier. Synovial fluid samples were pretreated 
with hyaluronidase before performing tacrolimus extraction using the same method. 
In short, the precipitation reagent methanol/1.125  M ZnSO4 in water (66/34,  v/v) 
containing 20 ng/mL ascomycin as internal standard was prepared immediately before 
sample preparation. Blood samples (100 μL) were transferred into a 1.5 ml test tube 
and 200 μl precipitation reagent was added. Samples were subsequently vortexed for 
30 sec and left 5 min at room temperature. After vortexing for an additional 5 seconds, 
the tubes were centrifuged for 10  min at 15,000  ×  g at 4  °C. The supernatant was 
transferred into an autosampler vial and a 5 μl sample was injected onto a HyPURITY® 
C18 (50 × 2.1 mm, particle size of 3 μm) analytical column (Thermo Fisher Scientific, 
Utrecht, NL). Separation was performed at a flow rate of 500 μl/min, with a total run 
time of 3  min. The mobile phases consisted of 10 mM ammonium acetate pH  3.5 
in water (A), and 10 mM ammonium acetate pH 3.5 in methanol (B). Samples were 
separated using the following gradient A/B vol/vol: 0–0.8 min, 65/35; 0.8–0.9 min, 
21/79; 0.9–2.0  min, 21/79 to 13/87; 2.0–2.1  min, 13/87 to 0/100; 2.1–2.6  min, 
0/100; 2.6–2.7 min, 0/100 to 65/35; 2.7–3.2 min, 65/35 at a column temperature of 
40 °C.  The first 0.8 min of the column effluent was discarded, to prevent non-volatile 
components to enter the ionisation interface, where after the effluent was introduced 
by an electospray ionization (EPI) interface (Sciex, Toronto, ON) into a 4000 Q 
TRAP 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 
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spectra of standards. For each component one ion transition was monitored, ascomycin: 
809.5→756.5 (collision energy:  21  V), and FK-506: 821.5→768.4 (collision 
energy: 26 V). The following MS parameters were used: curtain gas: 10 psi; ion spay 
voltage: 5500 V; source temperature: 360  °C; gas flow 1: 50 psi; gas flow 2: 40 psi; 
decluster potential: 80 V and entrance potential: 10 V. Data were analyzed with Analyst 
software version 1.6.2 (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). 
FK-506 peak areas were corrected for the ascomycin recovery, and concentrations were 
calculated using a FK-506 reference line ranging from 0.5 ng to 1000 ng/ml which was 
linear in this range (r = 0.9997). 
A second portion of synovial fluid was processed for white blood cell (WBC) count 
and total protein measurement, which are known to be elevated during inflammatory 
responses [328]. The remaining volume was centrifuged, and the supernatant was stored 
at -80 ºC until further analysis. Analyses consisted of measuring the glycosaminoglycan 
(GAG) concentrations using a modified 1,9-dimethylmethylene blue dye-binding 
assay used previously in our laboratory [242] and of the C2C epitope concentration, 
which are markers for proteoglycan and collagen damage respectively [329]. All values 
were compared to saline injected joints as well as to the response after intra-articular 
injections of unloaded monospheres to check for possible anti-inflammatory action of 
the locally released tacrolimus.

Statistical analysis 

Differences in μCT-data between the tacrolimus loaded microsphere-injected knees 
and the contralateral knees were assessed using type-1, two-tailed, paired T-tests. For 
the measured weight-gain, differences between t=0 and 6 weeks were analyzed for each 
independent group using a paired T-test. For the difference in weight gain (6w-t0) 
between the different groups, a one-way ANOVA with a post-hoc Bonferroni correction 
was used. For all tests, p-values<0.05 were considered statistically significant. All data are 
presented as mean ± SD.

Results and discussion

Preparation and in vitro characterization of tacrolimus monospheres 

The different tacrolimus loaded microsphere formulations were obtained in a high yield 
(>75%) with average particle size in a narrow range from 28 - 33 μm (see Table 2 and 
figure 2a) and smooth and non-porous surface (Figure 2b). An encapsulation efficacy of 
≥70% tacrolimus was obtained for the different formulations prepared. 
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Table 2. Polymer composition and characteristics of tacrolimus-loaded monospheres, data acquired by 
Coulter Counter

Fo
rm

ul
at

io
n 

#

Polymer ratio (%)

PE
G

 c
on

te
nt

 
(w

t%
)

Tacrolimus monospheres 
characteristics

20[PDLA-PEG1000]-
80[PLLA]

10[PDLA-PEG1000]-
90[PLLA]

Average particle 
size (μm)

Particle size 
CV (%)

Loading
 (EE %)

F1 100 0 10 30.1 14.2 79.3
F2 80 (18) 20 9 28.9 10.4 70.6
F3 70 (17) 30 8.5 29.2 10.9 72.0
F4 60 (16) 40 8 33.4 11.5 72.7
F5 50 (15) 50 7.5 32.0 12.1 70.0
F6 0 100 5 33.2 16.4 80.1

Figure 2a. Particle size distribution of tacrolimus loaded monospheres. 

Figure 2b. SEM image of tacrolimus loaded monospheres. 
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Analysis of the in vitro release of these different formulations showed that variations in 
polymer composition allowed tuning the release kinetics of tacrolimus over a period 
of 4-6 weeks (figure 3). Small variations in the content of the relatively hydrophilic 
amorphous block, (PDLA-PEG1000) of the multiblock copolymer had an impact on the 
release kinetics of the tacrolimus loaded monospheres. Tacrolimus was released faster 
when there was an increase in this hydrophilic block most likely due to greater swelling 
of the matrix caused by an overall increase of PEG content within the polymer matrix, 
which facilitates diffusion of tacrolimus out of the polymer [322]. Tacrolimus is most 
probably released by a combination of diffusional and polymer degradation mechanisms 
as well as limited solubility of tacrolimus. Formulation F1 with 10 PEG % (see Table 2) 
showed a fast and complete release of tacrolimus within 7 days. In contrast, formulation 
F6 0/100 (having the lowest PEG content) was extremely stable and showed minor 
release (<2.0%) during 42 days. Interestingly, blends of 20[PDLA-PEG1000]-80[PLLA] 
and 10[PDLA-PEG1000]-90[PLLA] in different ratios (table 2) allowed to control the 
lag phase time and release rate as shown in figure 3. Monospheres based on the more 
hydrophilic 20[PDLA-PEG1000]-80[PLLA] polymer with a higher PEG-content showed 
a faster release, probably because these particles swell more in buffer, facilitating the 
diffusion of tacrolimus to the release medium and the influx of water to the matrix 
that promotes its degradation and pore formation when PEG leaves the matrix [58, 
255, 330]. Pore formation likely occurred in all formulations, however we do not have 
data about the pore size of the monospheres during drug release and cannot exclude 
the fact that the size of the pores and the rate of their formation would differ between 
formulations based on the polymer composition. Therefore, differences in tacrolimus 
release rate between formulations could also be influenced by pore formation. 
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Figure 3. In vitro release of different tacrolimus loaded xx[PDLA-PEG1000]-yy[PLLA] based monospheres 
(n=3 per time point). Composition of each monosphere formulation is shown in table 2.  

There is no literature about the in vivo use of tacrolimus for the treatment of osteoarthritis, 
therefore the most ideal release pattern is not known. Most articles focusing on the 
treatment of osteoarthritis via intra-articular drug delivery systems aim at a sustained 
release of several weeks [213], since shorter release periods would necessitate multiple 
injections which increases the risk of infection. Based on this information, formulation 
F4 showed the most suitable profile, because it presented a continuous in vitro release 
of tacrolimus for over 5 weeks, without showing a burst release. Formulations F1, F2 
and F3 showed drug releases that were much faster than our aimed release period, with 
>75% being released within the first 10 days. Whereas formulations F5 and F6 were 
releasing the drug at a very slow rate, with only <5% of the drug being released after 42 
days; this would lead to minimal local drug concentrations, which would very likely not 
be in the therapeutic range. Therefore, we choose to work with formulation F4 (blend 
of ratio of 60:40 of 20[PDLA-PEG1000]-80[PLLA] over 10[PDLA-PEG1000]-90[PLLA]). 
60% of a polymer containing 20% [PDLA-PEG1000] and 40% of a polymer containing 
10% [PDLA-PEG1000] will give 16% of this multi-block in the final blend. Hence, 
a polymer presenting this ratio (16[PDLA-PEG1000]-84[PLLA]) was synthetized, and 
used to produce microspheres suitable for in vivo evaluation. The properties of this 
polymer are summarized in table 1. The decision to synthesize a new polymer instead of 
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using a blend of the two was made in order to facilitate easier manufacturing and up-
scaling for clinical translation. 
Three batches with the same composition were prepared under best clean conditions 
for in vivo evaluation. They had a residual dichloromethane content of < 600 ppm 
and very low endotoxins content < 0.01 EU/mg, complying with the acceptance 
limits for parenteral administration [243]. Monospheres with smooth and non-porous 
surfaces as observed by SEM (figure 4), and with an average diameter between 31.8 and 
33.8μm (CV 13 -21%) were obtained. The size uniformity and absence of very small 
and very big microspheres represent additional advantages because possible particle-
induced immunoactivation is avoided [39, 221, 228]. Moreover, more reproducible 
and predictable in vivo pharmacokinetics are obtained [227, 228], and injection is less 
painful due thanks to the possibility to use smaller needles. The drug encapsulation 
efficiency was >85% and the release kinetics was comparable to the release kinetics 
observed for monospheres of the 60:40 blend of 20[PDLA-PEG1000]-80[PLLA] and 
10[PDLA-PEG1000]-90[PLLA] (figure 5), showing a lag phase of one week followed by 
a sustained release for over a period of 5 weeks. This lag phase could have an impact 
on the efficacy of tacrolimus in the joint. Nonetheless, it is known that differences 
between in vitro and in vivo release kinetics exist for polymer-based formulations due to 
the in vivo environment [155]. As a consequence of the presence of enzymes as well as 
cellular responses in the tissues, changes of polymer degradation and overall drug release 
(e.g. absence of lag phase) could be expected [221, 331]. We recently showed in an 
article regarding PCLA-PEG-PCLA, that after in vivo injection the polymer molecular 
weight decreased and composition determined by 1H NMR significantly changed over 
time during in vivo degradation. This indicates chain scission at the PEG-PCLA bonds 
and dissolution of the PEG rich chains, due to enzymatic degradation [122]. Because 
of expected differences between in vitro and in vivo release, an in vivo evaluation is 
required to assess the efficacy of the sustained release formulation. Consequently, further 
evaluation in two animal models was undertaken to evaluate the in vivo performance of 
the developed monospheres. 

Figure 4. SEM picture of 30 μm 16[PDLA-PEG1000]-84[PLLA] monospheres. This picture shows the size 
uniformity of the batches. Mannitol was used during the washing and before freezing of the monospheres, 
explaining the irregularities seen in the picture. The surface of the monospheres appears smooth and 
without pores. 
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Figure 5. In vitro release (IVR) kinetics of 7.4-7.9 wt.% tacrolimus loaded monopsheres composed of 
16[PDLA-PEG1000]-84[PLLA] used for in vivo studies and the 60:40 20[PDLA-PEG1000]-80[PLLA]: 
10[PDLA-PEG1000]-90[PLLA].

In vivo tolerance study in rats Neither local toxic responses (e.g. changed locomotion, 
joint redness/swelling) nor systemic effects occurred during the 12-week observation 
period after intra-articular injection. 
Oral treatment with tacrolimus (figure 6: oral tacrolimus (OA)) led to a stagnation of 
growth (non-significant difference between weight at t0 and after 6 weeks), whereas the 
intra-articular administration of tacrolimus loaded monospheres (figure 6: i.a. μspheres) 
did not hamper growth of the animals, indicating the absence of systemic toxic effects 
when administering the drug locally. A non-significant (only significant for highest 
loading) difference between growth of both OA induced groups (control (OA) and oral 
tacrolimus (OA)) versus the healthy animals injected with intra-articular tacrolimus-
loaded monospheres was seen as well, which is likely due to the retarded growth of 
animals suffering from pain caused by OA. 
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Figure 6. Weight gain of rats injected with intra-articular monospheres containing a low/medium or high 
dose of tacrolimus. As a control, untreated rats with induced OA and animals treated with daily oral ta-
crolimus administration (also induced OA) are shown. As can be seen, the oral treatment with tacrolimus 
led to a stagnation of growth (non-significant difference between weight at t0 and after 6 weeks), whereas 
the intra-articular administration of tacrolimus loaded monospheres (by which in comparison to the oral 
administration much higher intra-articular concentrations could be achieved) did not hamper growth of 
the animals.

Based on several studies in which oral bioavailability of tacrolimus was measured in rats 
[332-334] the oral dosage of 3.2 mg/kg/day would lead to a maximal systemic plasma 
concentration of 50 ng/ml, which in a steady state situation could maximally lead to 
50 ng/ml intra-articularly. Those studies all showed that after oral administration, the 
plasma peak concentration occurs within the first 2 hours after administration, followed 
by a quick decrease to below detection level (thus < 0.3-1.0 ng/ml) within the first 24 
hours. The total tacrolimus loads of the intra-articularly administered microspheres were 
respectively 220 μg (low), 440 μg (medium) and 880 μg (high). These loadings should, 
after local release, likely lead to very high intra-articular concentrations compared to 
what would be feasible with oral administration, with no systemic side effects (as shown 
in this study). However, as sequential synovial fluid sampling is impossible in rats 
without greatly influencing the pharmacokinetics of the drug delivery system, we were 
not able to generate data regarding this topic. Therefore, we did these measurements in 
horses, as described in section 3.5.

Intra-articular retention of monospheres and tacrolimus in rats In a previous 
study it has been shown that unloaded monospheres retain within the knee joint for 
at least 3 months [322]. Here, we examined the period that drug loaded monospheres 
retained in the joint and whether sustained intra-articular presence of the drug could be 
demonstrated. In samples of the surrounding tissue including the synovium harvested 
at the 12-week end-point, SEM imaging revealed the presence of monospheres (see 
figure 7a). Also, tacrolimus could be detected in four out of six samples by UV-HPLC 
as showed by the overlapping chromatogram (figure 7b). The sustained release of at 
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least 12 weeks is longer than what would be expected from the in vitro release data 
(figure 5). However, it is a well-known phenomenon for polymer-based sustained release 
formulations that in vivo and in vitro releases may differ significantly due to differences 
in the environmental conditions [155]. Anyhow, a longer release is a favorable feature 
for a local drug delivery system. The inability to detect tacrolimus in two of the six 
samples (1 low dosage, 1 medium dosage) may be due to either full release or harvesting 
an insufficient amount of tissue or tissue from a wrong area, since only a part of the 
tissue surrounding the joint was used for this analysis.

Figure 7a. SEM image of tissue surrounding the knee joint of a rat injected with tacrolimus loaded mono-
spheres, 12 weeks after injection. Monospheres are still present in the joint, and are partly taken up by the 
surrounding tissue.

Figure 7b. Overlap chromatograms of tacrolimus in retrieved tissue 12 weeks post-injection. The black 
line (highest curve) represents a sample of pure FK-506, all other lines are samples derived from the 
FK506 injected rat joints. Four out of the six harvested knees showed presence of tacrolimus, in the joints 
of two rats (green and blue line) no tacrolimus was detected.
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Intra-articular biocompatibility in rats 

Subchondral plate thickness When longitudinally comparing healthy control knees 
(saline injected) to tacrolimus loaded monospheres injected knees, normal gain in 
subchondral plate thickness of both the lateral and medial compartment was seen for 
all groups, which is related to normal growth of the rat (figure 8). In contrast, we also 
correlated them to values found for osteoarthritic knee joints of rats (of the same strain, 
sex and age) from a previous study [136]. In these rats, the subchondral bone plate 
thickness of the medial tibia compartment in OA knees was slightly reduced after six 
and twelve weeks of follow up, while for the lateral compartment the thickness clearly 
increased over time compared to healthy control knees (saline injected). 

Figure 8. Subchondral plate thickness of knee joints injected with saline (healthy control), low/medium or 
high dose of tacrolimus loaded monospheres. Longitudinal in vivo scanning was performed at t0 (befo-
re injection), 6 weeks and 12 weeks after injection. As a reference, values of OA knees are also shown. 
Generalized estimating equations were used to calculate differences between groups and over time, data is 
shown as mean ± SD, p<0.05 (*) is considered significant. 

Osteophytes are bony changes associated with osteoarthritis [335, 336], and therefore 
μCT scans were also inspected for these entities. A dose-dependent effect was seen, 
with no osteophyte formation for the lowest dose of tacrolimus loaded monospheres 
and some osteophyte formation in all knees injected with the highest dosage (figure 
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10, see μCT in high dose row). All osteophytes were very small and not visible during 
histological evaluation of the joints. 

Correlation of clinical outcome with  bone changes

While there was no significant difference between healthy (saline injected) and 
tacrolimus loaded microspheres injected knees, there seemed to be a dose-dependent 
trend towards less increase of subchondral plate thickness for the tacrolimus loaded 
microsphere injected knees. This is in agreement with an earlier study in which we 
found that orally administered tacrolimus, in an OA model, led to a reduction of 
sclerotic bone formation, e.g. less thickening of the subchondral plate, when compared 
to untreated OA controls [337]. Tacrolimus is known to act directly on osteoclast and 
osteoblast activity, which can lead to bone changes. Indeed, tacrolimus was shown to 
be able to induce loss of bone density through anti-anabolic effects on osteoblastic cells 
[338] as well as by inhibiting osteoblast differentiation [339]. In contrast, there are 
studies suggesting the opposite, where tacrolimus treatment increased bone formation 
in patients with rheumatoid arthritis [340]. Further investigation of this topic is needed 
to clarify the direct actions of tacrolimus on bone, but with the doses used in our current 
study these actions are not relevant and were of no concern. 
The formation of osteophytes is definitely not a desired effect and suggests that the 
medium and higher dosages of tacrolimus are probably not the best to be used in the 
treatment of osteoarthritis. It does, however, in combination with the fact that the 
osteophyte formation happened in a dose-dependent fashion, show that the monospheres 
are indeed a good drug delivery system and that the intra-articular administration led 
to local dosages (high enough to facilitate an effect) with low systemic concentrations. 

Using EPIC-μCT (figure 9), we evaluated cartilage proteoglycan content and its quality. 
Knee joints injected with a low, medium or high dose of tacrolimus loaded monospheres 
showed no differences with respect to either attenuation (cartilage quality) nor thickness 
(cartilage quantity) when compared to the contralateral control knee.  All values were 
within the range of what was found for healthy cartilage in a previous study using the 
same technique [136]. When comparing our results to the knees in which osteoarthritis 
was induced in this same previously conducted study [136], we see that  significantly 
(p<0.01) worse attenuation and cartilage thickness were found. 
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Figure 9.  EPIC-µCT scanning to determine cartilage thickness (µm) and attenuation (arbitrary units) 
of knee joints injected with a low, medium or high dose of tacrolimus loaded monospheres, 12 weeks after 
injection vs. contralateral control knees (co). As a reference also values of OA knees are shown. Data is 
shown as mean ± SD, p<0.05 is considered significant. *: significant differences were found for all measu-
rements of the OA knees when compared to the contralateral control knees and when compared to all 
doses of tacrolimus loaded monospheres.

The histological images correlated nicely to the EPIC-μCT images (see figure 10, row 1 and 
2). No differences in Saf-O staining were found between tacrolimus loaded monospheres 
injected knees (low, medium and high dosage) and controls. Morphologically, the 
cartilage appeared healthy in all groups. These results, together with the earlier shown 
harmlessness of the intra-articular injection of unloaded monospheres [322], pave the 
way to the possible exploration of the effectiveness of the intra-articular delivery of 
tacrolimus loaded monospheres for the treatment of osteoarthritis. However, the caveat 
with respect to osteophyte formation (see earlier) suggests the use of even lower dosages 
of tacrolimus in future experiments. 
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Figure 10. Histology and CT-images of saline injected knees, compared with low, medium and high doses 
of intra-articular injected tacrolimus loaded microspheres. Histologically and based on EPIC scanning, no 
differences are seen in cartilage thickness and quality. Also for subchondral bone thickness, no differences 
are seen between saline injected or tacrolimus microsphere injected knees. On the right, as a compari-
son images of an osteoarthritic joint are shown. Both cartilage quality and quantity are affected. Also, a 
difference (be it subtle) can be seen in terms of subchondral bone thickness of the lateral compartment. 
The lowest row of this figure shows the osteophyte formation, which is highlighted in red. No osteophyte 
formation is seen for the knees injected with saline and the low dose, whereas small osteophytes can be 
seen for the medium and high dose of tacrolimus microspheres and the osteoarthritic knee. 

In vivo tolerance in horses There were no signs of lameness in either the saline injected 
or the tacrolimus loaded monospheres injected joints at any of the time points, indicating 
that the presence of these monospheres did not have any negative clinical effect on 
locomotion. In vivo tolerance in horses can hence be classified as excellent.

In vivo tacrolimus release kinetics From the local synovial fluid and systemic plasma 
analyses in the three horse we demonstrate that tacrolimus was indeed being released 
after the tacrolimus loaded monospheres were injected intra-articularly (figure 11). 
Horse 2 was probably not injected properly into the joint since tacrolimus was not 
detected from 167 hours post-injection on. In the other two horses, a sustained 
local release (in the synovial fluid) was seen during the entire follow-up period of 4 
weeks (672 hours). The three horses showed measurable systemic concentrations for 
the first 24 hours post-injection, that were substantially lower compared to the intra-
articular concentrations at those time-points, indicating that most of the tacrolimus 
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was released locally. From 72 hours after injection until the end of the experiment, 
systemic concentrations were below detection limits (<1.5 ng/ml). Clinically, this 
was indirectly confirmed by the absence of any systemic side-effect. In vivo, we did 
not observe the lag phase which was observed during the in vitro release (figure 5). 
As stated before, differences between in vitro and in vivo release kinetics are a well-
known phenomenon.  Contributing environmental factors are for instance the different 
composition of synovial fluid compared to PBS which could influence drug solubility, 
the presence of proteins/enzymes that may change polymer degradation properties and 
volume available to dissolve tacrolimus (sink conditions) [155, 331]. To minimize the 
effect of tacrolimus solubility on the release kinetics, in vitro release experiments were 
performed under sink conditions. In vivo however, solubility might play a role in drug 
release due to the limited fluid volume and less predictable replenishment conditions 
(synovial fluid turn-over). Synovial fluid turn-over for healthy joints takes around 1 
hour [341]. There is no literature yet about the solubility of tacrolimus in synovial fluid. 
Clearance of other substances from the synovial fluid have been tested, and vary from 
2 hours for proteins to 5 hours for NSAIDS [213]. Based on this, we hypothesize that 
synovial fluid turn-over would not be a key factor in the in vitro/in vivo differences in 
release pattern, since clearance of intra-articular drugs appears to happen in a matter of 
hours, whereas our in vitro conditions were refreshed no more than once every 24 hours. 
Restricted amount of synovial fluid within the joint however (~50mL for rat knees, 2-5 
mL for talocrural horse joints), could have a significant influence on drug solubility. 
Although the effects of synovial fluid volume and turn-over are intertwined, and rapid 
turn-over could diminish the effect of restricted volume, the amount of synovial fluid 
could have played an important role in the differences between in vitro and in vivo 
tacrolimus release. 
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Figure 11. Tacrolimus concentrations in synovial fluid (intra-articular) and plasma (systemic) after 
intra-articular administration of tacrolimus loaded monospheres over time per individual horse (left). 
Right: for the same horse the amount of intra-articular leucocytes, a measure of inflammatory reaction, 
for joints injected with saline (negative control), unloaded monospheres (positive control) and tacrolimus 
loaded monospheres. 

In vivo bioactivity of released tacrolimus After injection of the unloaded monospheres 
in the horse joints, a transient inflammatory reaction occurred (increased WBC and 
total protein in the synovial fluid), which lasted for 72 hours, as reported in our 
previous study [342]. This transient inflammatory reaction was also observed after the 
intra-articular injection of the same amount of tacrolimus loaded monospheres when 
compared to joints injected with saline alone. Macrophages within the synovial lining 
are activated by the presence of particles as well as by the (minimal) trauma of injecting 
the joint. These macrophages, whose primary role is to maintain the joint’s homeostasis, 
attract inflammatory cells (amongst which WBC) [343]. A short period of leukocytosis 
(elevated leucocytes) is part of a healthy immune response. However, a chronic 
inflammatory state, would eventually lead to a disruption of the joint’s homeostasis and 
might cause cartilage and bone damage, leading to osteoarthritis [344]. 
In a previous study, leucocyte count in synovial fluid of horses was measured after 
injection of different actives including Hyanote [166]. Injection of Hyonate led to 
increased leucocyte counts (>10^10/L) at 8 and 24 hours post-injection, and return 
to normal at 72 hours post injection. Since Hyonate is clinically approved for intra-
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articular use in both humans and horses, we can conclude that mild inflammatory 
reaction seen in our current study is not a harmful one.  Moreover, the inflammatory 
reactions of all joints injected with tacrolimus loaded monospheres were much less than 
for the joints injected with unloaded monospheres, indicating that the induced transient 
inflammatory reaction was less prominent (the same trend was seen for total protein 
count, see supplementary data figure S.3). At t=8 hours, for all horses the leucocyte 
count of the tacrolimus loaded microspheres injected joints was less than 50% of the 
leucocyte count for joints injected with unloaded microspheres. This reflects intra-
articular release and a local anti-inflammatory action of tacrolimus [325].  In all horses, 
tacrolimus release lasted for at least the entire duration of the transient inflammatory 
reaction (72 hr.) and shows the potential of this medication to act on intra-articular 
inflammation, a hallmark of many joint diseases. The prolonged release as seen in 2 of 
the 3 horses shows the potential of the platform-active combination to influence any 
long-term inflammatory status of a joint, as for instance seen in OA. 

Intra-articular biocompatibility in horses Chronic joint inflammation seems to 
play a major role in the structural changes of synovium, bone and cartilage seen in 
osteoarthritis, mainly through enzymes, growth factors and cytokines produced by 
activated macrophages [345, 346]. It is therefore important to determine whether 
the mild transient inflammatory reaction in the first 2 weeks caused by the injected 
monospheres had any negative effect on the joints. Recently, we have shown that the 
administration of unloaded microspheres in the horse joint did not have negative effects 
on the cartilage [342]. The intra-articular doses of tacrolimus would also not be likely 
to have a negative effect on the cartilage, since it was shown previously in our lab that 
tacrolimus, with doses up to 1000 ng/ml, did not affect cell proliferation and viability 
in vitro in human articular chondrocytes [56]. Moreover, a dose of 500 ng/ml was 
tested more extensively and showed to have anti-catabolic and even anabolic effects on 
chondrocytes.
Additionally, we analyzed GAG release and collagenase-cleavage fragments of type II 
collagen (C2C assay) in the synovial fluid samples of the horses, which can be considered 
indicative for cartilage breakdown. Neither of these two markers was elevated and 
the GAG marker showed even a trend towards less GAG release in the tacrolimus-
treated joints compared to the unloaded microsphere treated joints (see supplementary 
data figure S.3). This correlates well with the positive effect of the tacrolimus loaded 
monospheres on the inflammatory reaction post injection and it could be hypothesized 
that the decrease of GAG release might be linked to this phenomenon.
It can be concluded that no negative changes in the cartilage occurred due to the 
injection of tacrolimus loaded monospheres, which is in line with the biocompatibility 
results in the rats.  
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Conclusions

Poly(DL-lactide-PEG)-b-poly(L-lactide) multi-block copolymers provide a suitable 
platform for the development of injectable tacrolimus-loaded monospheres for intra-
articular controlled drug delivery in the treatment of joint diseases, such as osteoarthritis. 
Tacrolimus-loaded monospheres were shown to be safe for intra-articular use while 
being retained in the synovial fluid and synovial lining of the rat knee and in the equine 
carpal joint for at least 4 weeks. Most importantly, local sustained drug release was 
achieved by the monospheres, since the drug was measurable in high concentrations in 
the joint without measurable systemic concentrations or toxic side effects. Effects of local 
tacrolimus delivery on peri-articular bony osteophytes were seen in a dose-dependent 
manner, indicating that indeed local release can be tuned and thereby achieving the 
desired local concentrations of an incorporated drug based on the therapeutic window 
and specific needs in different diseases. The locally released tacrolimus partially 
counteracted intra-articular inflammation, an action that is potentially beneficial in the 
treatment of arthritides. Not only have we shown tacrolimus to be a very interesting 
drug for further investigation in the field of osteoarthritis, but we also have shown 
monospheres to be excellent drug carriers for intra-articular delivery of potentially 
interesting drugs in general. 



Degradation, intra-articular biocompatibility, drug-release and bioactivity of tacrolimus- 
loaded poly(DL-lactide-PEG)-b-poly(L-lactide) multiblock copolymers based monospheres

8

187

Acknowledgements 

This research was supported by the Dutch Arthritis Foundation (LLP-22) as well as 
BioMedical Materials institute (co-funded by the Dutch Ministry of Economic Affairs, 
Agriculture and Innovation (Project P2.02 OAcontrol).
Nanomi B.V. is acknowledged for providing the Microsieve Emulsification Technology.

Supporting information

Figure S.1 Extraction and HPLC method for tacrolimus quantification after extraction. Quantification 
and drug extraction method were developed based on literature. HPLC method showed high linearity and 
reproducibility between 0 – 100 µg/mL of Tacrolimus.

Figure S.2 Three different organic solvents (methanol, acetone and dichloromethane) were tested for their 
suitability for extraction of tacrolimus from the polymer matrix. Physical blends and films of xx[PD-
LA-PEG1000]-yy[PLLA] multiblock co-polymers and tacrolimus (1wt. %) were prepared in triplicate for 
the extraction tests. Acetone was finally selected because it showed the higher recovery and good reproduc-
ibility among the samples evaluated.
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The aim of the research presented in this thesis was to develop new drug delivery systems 
for intra-articular use that release drugs aiming for the treatment of osteoarthritis. We 
focused on two different drug delivery systems, celecoxib loaded thermo-reversible 
hydrogels based on PCLA-PEG-PCLA and FK506 (tacrolimus) loaded poly(DL-
lactide-PEG)-b-poly(L-lactide) multiblock copolymers based monospheres.  
The results presented in this thesis demonstrate that substantial steps toward a potential 
treatment have definitely been made. We have successfully developed two drug delivery 
systems that have been shown to:

 - Provoke no negative effects on the local injection site (the joint) nor provoke any 
negative systemic effects

 - Remain at the site of injection and degrade over a period of several weeks
 - Provide a prolonged local release of the loaded drug during this degradation 

period without leading to measurable systemic concentrations 
 - Specifically for the hydrogel system, the gel properties can be tailored to the 

aimed drug release profile, leading to customizable drug delivery systems that can 
be applied in a disease-specific of even patient-specific setting. 

Requirements for biomaterials used in Orthopaedics are described in AAOS 
Comprehensive Orthopedic review. They state that “ Biomaterials used in Orthopaedics 
must be biocompatible with the anatomic sites and tissues in which they are used, with 
the ability to function in vivo without electing detrimental local or systemic responses; 
must be resistant to corrosion and degradation (this is of course not applicable to 
biodegradable materials) and able to withstand their in vivo environment; and must 
have adequate mechanical and wear properties for the applications and settings in which 
they are to be used” [347]. Based on the work presented in this thesis, we feel confident 
to say that both developed drug delivery systems meet these requirements.  

Biocompatibility 

Biocompatibility is one of the most important properties when designing a drug delivery 
system (DDS). Historically, biocompatibility is defined as “the ability to perform with an 
appropriate host response in a specific application” [348].
Upon mechanical loading, microspheres could potentially have a negative effect on tissues 
such as cartilage due to friction/shearing or indenting based on the materials hardness 
compared to that of the cartilage. Therefore, mechanical testing of our monospheres 
was conducted, as described in Chapter 7. Here we showed that the monospheres in 
their swollen state exhibit similar material stiffness (as reflected by the Young’s modulus) 
compared to human cartilage. Therefore, the monospheres are very unlikely to cause 
cartilage damage by indentation which would be more likely when the hardness of the 
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microspheres would have exceeded that of cartilage. Shearing in a joint is naturally 
minimized by the presence of synovial fluid. 
Indeed, after extensive in vivo testing, both of our DDSs were proven to be biocompatible 
when injected in both rat- and horse joints, since no adverse effects of the hydrogel or 
microspheres were seen on the location of injection (the joint) and also no adverse 
systemic effects were observed (Chapter 2 and Chapter 6). We can conclude that the 
requirements of biocompatibility as decribed by Willams et al. are met. 

Translation to clinical application in human

To conclude, based on promising results in the animal experiments, that the DDSs 
studied in this thesis would be safe for human clinical use is a bit impetuous. Animal 
testing offers great benefits compared to human trials, for instance the results are quite 
consistent due to the homogeneity of a group of animals of the same sex, age and 
strain. Particularly interesting for orthopedic research, rat knees are anatomically almost 
identical to human knees [349]. Albeit all benefits of animal testing, results acquired in 
animals cannot be directly translated one-to-one to the clinical situation without any 
concerns regarding safety and effectivity. 
Several reviews described that a therapeutic effect in an animal model does not always 
translate to efficacy in the human setting [350-352], although no orthopedic studies were 
analyzed in these studies. Hackam et al.[352] suggested different reasons contributing to 
this difference; for one, the presence of methodological bias in animal studies, such as not 
reporting an effect size and no blinding. For our studies however, power analyses have 
been performed prior to setting up our experiments. Also, overestimating the efficacy due 
to the lack of blinding is very unlikely for our experiments, since we used quantitative 
measurements like EPIC-CT scanning instead of histology, where the latter is subject to 
the interpretation of the examiner. A second potential reason for poor translation from 
animal to human, according to Hackem et al., is the fact that animal models may not 
adequately represent human pathophysiology. Although, as stated before, the rat knee is 
anatomically close to identical to the human knee (with some small differences, such as 
ossicles within the menisci of rats [353]), this is a very valid argument. Items to consider 
when comparing results drawn from intra-articular experiments in rat knees to the 
human situation are for instance temperature, pH, the presence or absence of different 
cytokines and proteins as well as mechanical loading. When comparing rats to humans 
on these items, we can exclude the first two as contributors to possible differences in 
outcome, since they are the same in both species. Temperature of healthy rat knee joints 
is estimated between 30-35° [354], for human knee joints, resting temperature is 30-34° 
[355]. The pH of both healthy human and rat knee joints is 7.4 [356, 357]. Although 
degradation of poly(glycolic acid) based and poly(lactid acid)based biomaterials is 
mainly driven by hydrolysis [358], its degradation can be also affected by enzymes [359] 
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as we also showed in Chapter 2 for the PCLA-PEG-PCLA hydrogel. So, while synovial 
fluids of rat and human are similar for both temperature and pH, the palette of proteins 
and enzymes present in a joint are numerous and might differ between the two species, 
leading to differences in degradation rate and profile. Also, upregulation of cytokines 
and chemokines is seen in diseases like rheumatoid arthritis and osteoarthritis [360], 
potentially leading to a faster degradation of an injected biomaterial in different stages 
of disease.
Joint loading obviously is different between rats and human, since rats are quadruped 
while human are biped. Also, rats weight about 300 to 500 grams while humans would 
usually be between 100-200 times this weight. This difference in mechanical loading on 
the injected biomaterials can affect their integrity and possibly the rate of degradation 
and release of loaded drugs. Both PLLA and PLGA are shown to degrade faster upon 
dynamic mechanical stress [361]. 
Therefore, although this was not examined, differences in effect of compressive forces 
on the intra-articular monospheres between rats and human can certainly not be ruled 
out. It must be stated that, through in vivo CT-visualization of intra-articular injected 
iodine-bound hydrogels (Chapter 2), we were able to conclude that the injected material 
mainly resides in the suprapatellar pouch and not between the articulating surfaces, 
thereby being less susceptible to mechanical loading. This would further minimize 
potential differences in degradation of the injected biomaterials and subsequently their 
drug release profiles. However, mechanical joint loading leads to enhanced flow of the 
intra-articular fluid in and out of the biomaterial, possibly enhancing diffusion of small 
molecules and degradation of the material itself [362]. It would be very interesting 
for future experiments concerning our hydrogels and monospheres to incorporate the 
effects of stress and mechanical loading on the degradation of the polymers and the drug 
release profiles. This could for instance be done by using the stress-modified Arrhenius 
equation [363]. Using this equation, the bond-rupture events in a polymer can be 
calculated based on the applied stress on the polymer.  
 Because of these foreseen differences between the results in the experimental animal 
setting and the human clinical setting, our recommendation would be to extensively 
test materials on items such as degradation kinetics and drug release profiles in human 
joints (for instance in patients awaiting total knee replacement). This in order to enable 
improvement of the biomaterials characteristics to match the requirements specifically 
for the human situation, before making the step to human efficacy studies.

Hydrogels or monospheres? 

In this thesis, two different drug delivery systems were extensively evaluated. There 
is quite some literature available on the intra-articular use of microspheres, while up 
to now, the use of injectable polymeric hydrogels for intra-articular use has been very 
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limited. The limited studies dealing with hydrogels for use in OA joints are however 
positive.  It was e.g. shown that these gels are able to minimize the burst release seen 
with other drug delivery systems [26]. Based on our results presented in this thesis, we 
cannot easily point out one of the two as superior to the other, since they both show a 
good biocompatibility, are retained within the injected joints for several weeks and able 
to provide a sustained local drug release without provoking local or systemic side-effects. 
Also, the abovementioned advantage of hydrogels over microspheres in terms of lower 
burst release is not valid for our two systems, since our monospheres did not exhibit a 
burst release. There are however some pros and cons to both materials when comparing 
them. First of all, an advantage of the hydrogels is that the drug release period more or 
less equals the degradation rate of the polymer (Chapter 2 and 3). For the monospheres 
however, in vitro drug release takes around 35 days (Chapter 8), while full polymer 
degradation can take up to 550 days depending on the polymer composition (Chapter 
6). This leads to a long period that the empty drug delivery system is still present within 
the joint without actually being functional. Also, it should be stated that we did not 
test biocompatibility of the injected monospheres for the full course of degradation 
(an in vivo experiment of over 1 year would not be feasible) and we therefore cannot 
make any statements about the long-term biocompatibility. It has been shown in an 
animal experiment in which biodegradable poly(methylidene malonate) microspheres 
were injected into rat brains, that the material initially only evoked a mild inflammatory 
response, but upon visible degradation (after about 6 months) toxic effects on the 
surrounding tissue was elicited [364]. The authors speculate that the reason for this 
reaction to the degradation of the material is a direct effect of the acidic degradation 
products of the microspheres. Of course, we used a different material and cannot 
conclude that the same observations are valid on the long term after injection of our 
monospheres, but it is a pivotal step to research this fully before moving on to any type 
of clinical trial. An important difference between the abovementioned poly(methylidene 
malonate) and our hydrogel system is that due to the character of the PCLA-PEG-
PCLA hydrogel, degradation products will leave the material in an easy and sustained 
manner, rather than having a bulk release at the end of the degradation period. This 
would lead to a less acidic environment and less potential tissue damage. Furthermore, 
brain tissue might be far more sensitive to environmental changes compared to cartilage 
or synovium. A major selling point of the hydrogels described in this thesis, is the fact 
that their in vivo release kinetics can be simply changed by altering the composition of 
the celecoxib/hydrogel formulation (see Chapter 4). This can lead to a drug delivery 
system that can be tailored specifically for a disease or even to meet the individual 
needs of single patients. For the monospheres, we did not execute such an in vivo 
experiment, but we did show that the degradation of the monopsheres can be altered 
by changing the [PDLA-PEG1000] / [PLLA] block ratios (Chapter 8). In addition to 
this, Innocore has shown for monospheres with a slightly different composition, namely 
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poly (E-caprolactone-PEG)-b-poly(E-caprolatone), by changing the PEG content of the 
polymer, the in vivo release kinetics could be predictably influenced [330]. By analogy, 
it is therefore likely that the in vivo release kinetics can also be influenced by choosing 
different block ratios for the monospheres used in this thesis.
In Chapter 5, the efficacy of celecoxib loaded PCLA-PEG-PCLA hydrogels was 
evaluated in a rat OA model. Unfortunately, no differences in either cartilage quality or 
quantity were found between treated and untreated animals. However, also no adverse 
effects were observed and the higher M2 macrophage activation following intra-articular 
administration of celecoxib loaded hydrogels is promising, since this could lead to less 
pain and less cartilage damage (although we were not able to measure this in the current 
OA model). Data regarding the efficacy of FK506 loaded monospheres in the same 
animal model also showed no differences between treated and untreated animals on 
cartilage quality or quantity (unpublished data, article in progress). Ten Broek et al. 
investigated the efficacy of tacrolimus in two different rat OA models, the MIA model 
(mono-iodoacetate) and the meniscal tear model [365]. Both systemic and intra-articular 
administration of tacrolimus lead to no significant differences compared to saline-treated 
knees in the MIA model, although a slight negative trend of intra-articular tacrolimus 
on cartilage histological score (5±0 versus 2.7±1.5 for saline injected knees) is described 
by the authors. In the meniscal tear model no significant effect on the histological 
scoring of the cartilage were found for intra-articular administered tacrolimus compared 
to significant positive effects of systemically administered tacrolimus (0.5±0.15 versus 
1.83±0.31 in saline injected knees) in the same model. These results underline that it 
is very important to keep in mind that differences in efficacy between different studies 
can be (partly) due to the choice of OA model. Also, the results underline the need of a 
good intra-articular drug delivery system for tacrolimus, since the molecule is too toxic 
for systemic administration but apparently direct intra-articular injection of tacrolimus 
leads to some negative effects which might be attributed to high peak concentrations, 
whereas the use of a biomaterial would lead to sustained low concentrations, thereby 
minimizing the possibility of negative effects on cartilage. The fact that we found 
no positive effects of the released drug might also have to do with the achieved local 
concentrations, which might not have been within the therapeutic range.  Although no 
effects on cartilage were observed, an unexpected effect was seen with the development 
of large osteophytes and even heterotopic ossifications in the surrounding soft tissue. 
This did not happen after injection of the same amount of FK506 loaded monospheres 
in healthy rat knees although some minor, dose dependent, osteophyte formation was 
seen after the injection of FK506 monospheres in Chapter 8. We also did not observe 
osteophyte formation after the treatment with celecoxib loaded hydrogels in the same 
OA animal model. It is therefore clear that the combination of this specific animal model 
with intra-articularly administered FK506 loaded monospheres provoked a reaction 
that led to osteophyte formation. Bone formation due to the administration of FK506 
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seems somewhat counterintuitive, since most studies where FK506 is administered to 
rats show loss of bone mass [366, 367]. However, osteophytes arise from periosteal 
and synovial cells, and although the mechanism behind the formation is not fully 
understood, the role of mechanical stress and chronic inflammation are thought to be a 
very important [201]. Activated macrophages producing TGF-ß, which induces BMP 
production; a trigger for osteophyte formation [11]. Loading was the same for all rats, 
so this was not the underlying cause of the osteophyte formation in only the group 
receiving intra-articular tacrolimus loaded monospheres. While effects of tacrolimus are 
known to be (partly) RANK/RANKL driven [368], inhibition of RANKL was shown to 
not have any effect on osteophyte formation [369], underlining the idea that the found 
osteophyte formation is not due to a direct effect of tarcrolimus on bone. 
Apart from osteophytes, we also observed the formation of heterotopic ossifications. 
  Heterotopic ossifications are calcium deposition, usually in the form of bone in soft or 
hard tissue, these can occur in the case of genetic mutations, trauma or disease [370]. 
The induction of OA through injection of papain combined with the running model 
could be considered a trauma, although no heterotopic bone formation was observed 
in other cases with this combination. It was recently described however, in a rat model 
in which mesenchymal stem cells seeded on scaffolds were implanted ectopically, that 
the formation of ectopic bone was suppressed by T-cell and B-cell mediated immune 
response. This response could however effectively be abolished by the daily administration 
of 1 mg/kg FK506 intra-muscularly. In the rats treated with FK506, the formation of 
ectopic bone was profound [371]. This phenomenon could also have been the case 
in our study, where a trauma was inflicted by the induction of OA and the following 
immunosuppression lead to the formation of heterotopic ossifications. 
The formation of osteophytes and heterotopic ossifications seems more likely to be a 
side-effect of the specific combination of OA induction, monospheres and FK506 and 
not to be linked to the use of monospheres only. Therefore, this difference between our 
celecoxib loaded hydrogels and FK506 loaded monospheres cannot be pinned down to 
a difference between monospheres and hydrogels, and we cannot conclude that one of 
the two is superior to the other based on these results. The pronounced effect on bone 
formation found in our study is however a very interesting finding and should be further 
investigated since it might be of interest for the treatment of for instance critical bone 
defects. 



Chapter 9

198

Figure 1. CT-image of ectopic bone formation in an FK506 treated rat OA knee (t= 12 weeks)

The fate of intra-articular injected microspheres depends on their size. Particles <10 mm 
(optimally between 1 and 4 mm) are being phagocytosed by the macrophages residing 
in the synovium, whereas larger particles are not phagocytosed but instead sequester 
into subsynovial plaques [68]. Choosing different particle sizes for specifically targeting 
different cell types could be an interesting approach when searching for an optimal 
disease modifying drug, especially since the pathophysiology of OA has not been 
clarified yet and several authors propose macrophages to be very important players in 
the disease onset and progression [12, 193, 268, 344, 372]. Targeting the macrophages 
is especially interesting when anti-inflammatory drugs, such as NSAIDs are loaded in a 
drug delivery system, in order to directly reduce the inflammation and ideally break the 
vicious cycle of inflammation and cartilage degradation as seen in OA [185]. Choosing 
the site of operation with choosing the size of the particles is an advantage of micro/
monospheres over hydrogel-based systems. There are some interesting developments 
in the field of drug delivery systems to even more precisely target specific tissues 
of interest. An example is the work of Bajpayee et al., who published an article on 
a positively charged glycoprotein (avidin), as a nanocarrier for the targeted release of 
dexamethasone inside rabbit cartilage in an OA model [373]. Since cartilage matrix 
is negatively charged, electrostatic interactions led to a higher uptake of the drug into 
the tissue due to the positive charge. Full thickness penetration of the cartilage by 
avidin was shown by immunostaining. Another very interesting study involved near 
infrared fluorophore loaded immunoliposomes, of which the surface was functionalized 
with a collagen 2-antibody. After intra-venous injection, these liposomes selectively 
bind to damaged cartilage, thereby making it possible to visualize very early stages of 
osteoarthritis [374]. When these liposomes would be loaded with a drug instead of 
the near infrared label, very specific targeting of damaged cartilage could be achieved 
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potentially. Another interesting approach was done by Butoescu ea in 2009 [375]. In 
this paper, they present biodegradable PLGA-based microparticles for intra-articular 
administration of dexamethasone. What makes these particles interesting, is that they 
were also loaded with superparamagnetic iron oxide nanoparticles and that the retention 
of these particles within the joint could potentially be extended with the use of an 
external magnetic field. However, although the group did study in vivo release after 
intra-articular injection of these magnetic particles, they did not actually test the effect 
of the presence of a magnet on the intra-articular retention time. However, no follow-up 
study has been presented so far, and the reasons of not following up on this promising 
delivery system are not known. Although clinical application of magnetically responsive 
particles could be challenging, it is interesting to have a drug delivery system that could 
be externally influenced, since in theory an external magnet cannot only be used to keep 
the particles in place, but makes it also possible to remove them from the injected joint 
to the periphery in case of adverse effects, and even allows triggering drug release with 
an external magnet when desired.  

Which drug should be released?

In this thesis, we have focused on two different drugs for the delivery in the knee joint, 
with the aim of curing OA. However, although both the hydrogels and monospheres 
proved to be excellent local slow drug release systems, real efficacy of the released drugs 
on cartilage level was not shown (Chapter 5 for celecoxib, FK506 data unpublished). 
The rationale behind the selection of these two drugs is discussed extensively in the 
introduction (Chapter 1) of this thesis. NSAIDS have a long history of intra-articular 
use, but until now no convincing data on the OA disease modifying properties have 
been shown in either a suitable animal model or a clinical trial, and even results on long-
term pain relief are conflicting [23]. 
In this thesis, we were also not able to show an efficacy of locally release celecoxib 
in the treatment of OA (Chapter 5), although higher M2 macrophage activation was 
found following intra-articular release of celecoxib from hydrogels potentially leading 
to less pain and cartilage damage when using a more severe OA model.  FK506 showed 
promising in vitro results on chondrocytes [46, 56, 376]. Also, our group previously 
showed a positive effect of the oral administration in rats, which developed less 
pronounced OA when compared to a saline treated control group [337]. However, the 
difference between this previous study and the data discussed in this thesis might very 
well be linked to the timing of the experiments. In the study of Siebelt et al., treatment 
began simultaneously with the induction of OA, while in our current study we choose 
to first induce osteoarthritis and start the treatment a couple of days later. This is a 
difference between a prophylactic treatment and treating early onset OA, the latter being 
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far more representative for the clinical setting since patients only present themselves after 
they experience clinical symptoms. Unfortunately however, the intra-articular treatment 
with FK506 did not result in slowing down the progression of OA compared to the 
saline treated animals. Again, this might also have been the case in our previous study 
had we not started treating before the first signs of OA appeared. Differences in results 
due to different experiment set ups rather than real treatment differences make animal 
studies difficult to compare and thus to extract overall conclusions from these varying 
experimental setups is rather complicated and ambiguous. Our general suggestion 
would therefore be to regulate animal studies like they do clinical studies, and to reach 
a consensus on the use of one or a few well-described animal models for the generation 
of reliable and comparable data.
 Like stated before, although both of our released drugs were not able to halt the 
progression of OA, both drug delivery systems were able to deliver the drug in a 
sustained manner without local adverse effects and without systemic side-effect. The 
lack of therapeutic effects of the drugs could mean several things. For one, the local 
drug concentrations that are achieved by the sustained release from the DDSs might 
not have been in the therapeutic range. Since we did not observe toxic side effects of 
the formulations, it is recommended to carry out a dose-escalating study. Also, it cannot 
be ignored that efficacy of the released drugs is tested in an induced OA model in rats, 
rather than in the actual human situation in which we know the disease to have multiple 
phenotypes. Not seeing an effect might have to do with the choice of the model and/
or the differences between rat and human, as stated before. Lastly, it is possible that 
both drugs indeed do not show any therapeutics effect in slowing down the progression 
of OA. It is therefore pivotal to look for new drug candidates to incorporate in these 
systems for local sustained release to facilitate chondropositive effects and treat OA.  A 
number of different drugs are being tested in vivo in animal models and some even 
progressed to human clinical trials. There are some drugs that have gained interesting 
results. One of those drugs is verapamil, a suppressor of Wnt/β-catenin signaling in 
human OA chondrocytes which is able to inhibit OA progression in an OA rat model 
upon intra-articular injection [377]. These promising results have not been followed up 
yet by a clinical trial. Another active, sprifermin has gained some attention. Sprifermin, 
a recombinant human fibroblast growth factor 18, showed promising results in animals 
testing and a human trial followed [378]. In this trial, the drug was injected intra-
articularly in OA knees 3 times over a course of 3 weeks while a control group was injected 
with saline and MRIs of the knees were conducted at baseline and at 12 months follow 
up.  For the sprifermin group, significantly less severe degeneration of the patellofemoral 
joint cartilage was observed compared to the control group. Incorporating this drug in a 
DDS for local sustained release, and thereby lowering the number of injections would be 
extremely interesting. Another very interesting development in osteoarthritis research is 
the discovery of senescent cells and its relationship with OA. Cellular senescence is a cell-

https://www-sciencedirect-com.eur.idm.oclc.org/topics/biochemistry-genetics-and-molecular-biology/chondrocyte
https://www-sciencedirect-com.eur.idm.oclc.org/topics/biochemistry-genetics-and-molecular-biology/recombinant
https://www-sciencedirect-com.eur.idm.oclc.org/topics/biochemistry-genetics-and-molecular-biology/fibroblast-growth-factor
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cycle arrest, in which cells cease to proliferate [379] and protects against cancer [380]. 
Recently, it has been suggested by different groups that senescence is linked to OA [381, 
382]. Xu et al. were the first to show a causal link between senescence and OA, since they 
observed the development of OA through histology and radiographs 3 months after 
transplanting senescent cells into knee joints of mice (histology score = 16.8±3.1) [383], 
while transplanting non-senescent cells showed only minor changes (histology score = 
5.7±3.3). Senescent cells secrete different pro-inflammatory cytokines, amongst which 
IL-6, and Xu et al. indeed found a 20-fold increase of IL-6 secretion when comparing 
non-senescent cells to senescent cells. They postulate that the cells might contribute 
to the development and progression of OA via the induction of inflammation. One 
treatment option would therefore be the administration of anti-inflammatory drugs, 
like for instance celecoxib, one of the drugs used in this thesis. The lack of effectivity 
could be a dosage problem, and further research is needed to establish whether this is 
indeed the case. More novel are drugs specifically targeting senescent cells; these are 
so-called senolytic drugs [384, 385]. Navitoclax, one of these senolytic drugs, indeed 
showed, amongst other health span extending effects, that age-related GAG-loss from 
intervertebral discs was diminished after 10-12 weeks of treatment with a weekly oral 
dosage of the drug [384]. Since GAG-loss is also a key factor in the progression of 
OA, this drug is very interesting for the treatment of OA.  Because the drug has to be 
administered weekly, there is a great potential for the use of a drug delivery system to 
achieve a sustained local drug concentration. 
 
The most promising small molecule reported in the recent literature seems to be kartogenin. 
In 2012, 22.000 molecules were screened and kartogenin, a transcription factor CBFβ, 
was found to be able to induce chondrogenisis [386]. The authors describe not only a 
chondroprotective effect, but even cartilage matrix regeneration in a mouse collagenase 
OA model as well as a surgery-induced OA mouse model.  It is however indicated by 
another group, that kartogenin at unwanted sites can induce overgrowth of normal 
tissues [387], demonstrating the need for a local release from a drug delivery system. In 
2017, Hu et al. fabricated polyethylene glycol modified polyamidoamine nanoparticles 
loaded with kartogenin [388]. In vitro, the released kartogenin was able to upregulate 
chondrogenic markers, and the in vivo intra-articular retention time of the particles was 
>21 days. Efficacy of kartogenin loaded drug delivery systems has not been tested in vivo 
yet, but the abovementioned results are very encouraging. 
Although all studies mentioned above showed promising results, it is important to 
acknowledge the fact that many drugs have shown chondroprotective effects based on 
in vitro experiments only, but the use of the same drugs in an in vivo environment fails 
to show significant effects [389]. It is difficult to determine the cause of this discrepancy, 
because the in vivo situation is far more complicated and unpredictable compared to 
standardized in vitro experiments using cell cultures. However, it might be a problem of 
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too low drug concentrations or too rapid clearance of the drug from the synovial fluid, 
both problems that can be solved by the administration of a DDS governing a sustained 
local drug release with tunable drug release kinetics.  

Current clinical developments 

Up to now, when leaving hyonate (hyaluronic acid) out of the comparison, there is 
only one clinically available drug delivery system for intra-articular use in human. This 
is Lipotalon®, a liposomal corticosteroid formulation that is only available in Germany 
[390]. As stated in the Introduction of this thesis, liposomes have a few disadvantages 
compared to polymeric drug delivery systems. They are proven to be less stable, have a 
limited ability to be loaded with lipophilic drugs and also their resistance to mechanical 
loading is a problem mainly for their use in orthopedics [391]. Also, liposomes offer 
limited control over the release kinetic.
Very recently, a randomized, double blinded, placebo controlled multicenter study was 
published in which an intra-articular microsphere formulation, marketed under the name 
Zilretta (Flexion Therapeutics, USA), was used in a clinical setting [392]. In this study, 
484 patients were treated with an intra-articular injection of either saline (n=162), 40 
mg of freely injected triamcinolone acetonide (TA) (n=161), or triamcinolone acitonide 
(32 mg) loaded PLGA microspheres (n=161) with a size range of 20-100 mm. In an 
earlier conducted clinical study by this group, they found that after injecting around 
the same dose of TA encapsulated in microspheres rather than injected freely led to 11 
times lower peak plasma concentrations, and intraarticular TA was measurable in the 
microspheres group for >12 weeks [393]. TA loaded microspheres offered around 50% 
improvement in average daily pain (ADP) intensity at t=12 weeks compared to saline, 
whereas ADP did not differ between free TA and TA loaded microspheres.  Adverse 
events were mild and spread evenly throughout all treatment groups. However, on two 
patient outcome measurements based on questionnaires (KOOS-QOL and WOMAC 
A, B and C), significant differences were found in favor of the TA microspheres compared 
to the free drug at all time points (4, 8 and 12 weeks post injection). No serious adverse 
events linked to the injected study agents were reported, but 18.6%, 12.3%, and 9.9% 
for respectively TA microspheres, saline and TA, reported mild side-effects which was 
mainly arthralgia at day 3 post-injection, not related to a flare. The found differences are 
small, and the dosages of the free TA (40 mg) and TA released from the microspheres 
(32 mg) is not the same thus results are difficult to compare. However, this is the first 
ever trial with an intra-articular drug delivery system conducted in humans, and the 
fact that this step has now been made shows that there is a bright future for the whole 
research field focusing on intra-articular drug delivery systems. The two DDSs described 
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in this thesis show very promising results, and further research has to be carried out to 
fully explore their therapeutic potential for the treatment of osteoarthritis.
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Osteoarthritis (OA) is a common joint disease, patients afflicted by the disease suffer 
from pain and loss of function. The numbers of OA patients is expected to rise over the 
coming years, partly due to the increasing life expectancy as well as an increase in obesity 
amongst the general population [2]. Treatment options for OA are unfortunately limited, 
and are at present essentially based on treating the symptoms until the moment of joint 
replacement has become inevitable. The cornerstone of symptomatic OA treatment is 
pain management through the use of pain killers [21]. Oral administration of these 
painkillers can however result in serious side-effects [21, 22], while direct intra-articular 
injection of free drugs will lead to rapid drug clearance from the joint leading to a very 
short-lived effect [320]. Further, direct injections can be painful for patients. A way to 
circumvent the problem of rapid drug clearance from the joint and to avoid frequent 
administrations is the use of injectable drug delivery systems that release the therapeutic 
agent for a prolonged time [28, 68, 72, 183] [26]. For this thesis, two different drug 
delivery systems were studied for intra-articular use: monospheres and thermoreversible 
hydrogels. 

In Chapter 2 we studied the in vitro and in vivo properties of an acetyl-capped PCLA-
PEG-PCLA based hydrogel. We showed good intra-articular biocompatibility of the 
gels, since no changes in cartilage quality or quantity was observed after intra-articular 
administration. In order to investigate in vivo gel degradation, a blend of polymers 
either capped with acetyl, or with 2-(2’,3’,5’,-triiodobenzoyl, TIB) moieties was injected 
in rats, both subcutaneously and intra-articularly. TIB can be visualized using μCT, 
enabling longitudinal quantification of the degradation of the gel. With this method, 
we found that after subcutaneous injection, the gel degraded over a period of ~12 weeks. 
In contrast, after intra-articular injection, the gel was not detectable four weeks post-
injection. The accelerated degradation after injection in the joints when compared 
to subcutaneous injection is likely caused by a combination of the following factors: 
dispersion of the gel in the synovial fluid, rapid synovial fluid turn-over, mechanical 
stress due to weight bearing and a higher surface/volume ratio. 
After obtaining promising results for intra-articular use of the hydrogels based on acetyl-
capped PCLA-PEG-PCLA polymers, we loaded it with celecoxib, a non-steroid anti-
inflammatory drug, to be released from this gel. The celecoxib loaded hydrogel was 
tested both in vitro and in vivo and the results are presented in Chapter 3.  In this 
chapter, both drug release kinetics and biocompatibility were investigated. The in vitro 
celecoxib release was governed by polymer dissolution and lasted for 90 days with a 
lag phase of ~10days. In vivo release occurred without a lag phase and an initial release 
of ~ 30% of the loaded drug during the first 3 days post-injection was followed by a 
sustained release of 4-8 weeks. The difference between in vitro and in vivo release is most 
likely due to enhanced solubility of celecoxib in biological fluids, turnover of synovial 
fluid and gel degradation by macrophages. Similar to the unloaded hydrogel tested in 
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Chapter 2, excellent intra-articular biocompatibility was shown in rats for the celecoxib 
loaded hydrogel through μCT scanning as well as histology. 
After proving that the celecoxib-loaded PCLA-PEG-PCLA based hydrogels are safe for 
in vivo injection, and that these systems show sustained release of the loaded drug for 
several weeks, we were interested in obtaining more insight into the pharmacokinetics 
of these celecoxib PCLA-PEG-PCLA formulations as well as in the relation between 
the hydrogel composition and the pharmacokinetic. In Chapter 4 we report on the 
release kinetics of 5 different celecoxib loaded gels which differed in terms of end-
capping, injected volume, drug loading and polymer concentration, after subcutaneous 
injection. The in vivo celecoxib release period could be prolonged by increasing the 
injected volume from 100 to 500 μL, changing the end-capping from acetyl to propyl 
and also by increasing the celecoxib loading from 10 to 50 mg/mL. Not only the total 
release period, but also the serum concentrations of celecoxib per time point could be 
influenced by changing the specifications of the formulations. The fact that we are able 
to change the release period and kinetics by simply adjusting the gel adds great potential 
to this drug delivery system, since the drug release can be altered to meet disease or even 
patient specific needs. 
Chapter 5 describes the therapeutic efficacy of the celecoxib-loaded PCLA-PEG-PCLA 
gel in an OA rat model. Although we were not able to show a chondroprotective effect of 
celecoxib (either freely injected or released from a drug delivery system), celecoxib loaded 
gels proved to be superior to injection of free celecoxib on cartilage thinning. Increased 
macrophage activation was observed in knees injected with a celecoxib loaded hydrogel, 
based on current literature, most likely of the anti-inflammatory subtype. Clinically, the 
rats receiving the celecoxib loaded gels did not show any signs of inflammation or pain. 
The lack of efficacy on pain relief or chondroprotection might be due to the choice of a 
very mild OA model.  In the future, we would like to repeat the experiment in a more 
severe OA model, combined with higher doses of celecoxib. 
In Chapter 6, we developed and investigated monospheres composed of biodegradable 
poly(DL-lactide)-PEG-poly(DL-lactide)-b-poly(L-lactide) multiblock copolymers. Upon  
intra-articular injection in rat and horse knees, the unloaded monospheres were retained 
in the injected joints for up to 3 months and elicited a mild inflammatory response, but 
no negative effects on cartilage were observed. 
In Chapter 7, the nano-mechanical properties of the monospheres are described and we 
found that the mechanical properties of swollen monospheres (their state in biological 
fluids) are within the range of the nano-scale properties of cartilage, making indentation 
or grinding damage of the monospheres to the cartilage less likely, which is indeed in 
line with the findings of Chapter 6.
In Chapter 8 these same monospheres were loaded with tacrolimus (FK506). Tacrolimus 
is a calcineurin inhibitor that has been used as an immunosuppressant in transplantation 
surgery to prevent graft rejection [44, 45]. Upon injection of the tacrolimus loaded 
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monospheres in horse joints, sustained local drug release within the joint was obtained 
during the entire 4-week follow-up, with no measurable systemic concentrations. The 
inflammatory response seen after injection of unloaded monospheres was significantly 
lower in the tacrolimus loaded monospheres group, indicating a local anti-inflammatory 
action of the released drug. 

In conclusion, two drug delivery systems were developed and both showed excellent 
biocompatibility for intra-articular use with favorable in vivo release kinetics. Anti-
inflammatory actions were observed for the tacrolimus loaded monospheres, and the 
celecoxib loaded hydrogels proved to be superior to intra-articular injection of free 
celecoxib. However, we did not find actual therapeutic activity with either of the drug 
delivery systems in a pre-clinical OA model. Although both drug delivery systems show 
great potential for intra-articular use, further research is therefore needed. Firstly, since 
we found no negative effects of the released drugs from the injected formulations, but 
also no therapeutic effect, a dose-finding study is advised. If indeed the selected drugs 
show no disease modifying potential in OA, the selection of alternative drugs to be 
released from these systems should be carried out. 
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Nederlandse samenvatting

Arthrose is een veelvoorkomende gewrichtsaandoening, patiënten die lijden aan deze 
ziekte hebben vaak last van pijn en een functiebeperking van het aangedane gewricht. 
Het aantal patiënten dat lijdt aan arthrose zal naar verwachting de komende jaren 
stijgen, deels door de steeds verder stijgende levensverwachting, maar ook door een 
toename van obesitas onder de algemene populatie [2]. De behandelmogelijkheden zijn 
helaas beperkt, en op dit moment vooral gebaseerd op symptoombestrijding, tot het 
moment bereikt wordt waarop een chirurgische gewrichtsvervanging in de vorm van een 
prothese onvermijdelijk is geworden. 
De belangrijkste pijler in de symptomatische behandeling van arthrose is pijnbestrijding 
met behulp van pijnstillers [21]. Orale toediening van deze pijnstillers kan echter lijden 
tot ernstige bijwerkingen [21, 22], terwijl het direct intra-articulair injecteren van deze 
medicijnen leidt tot een snelle klaring van het medicijn uit het gewricht (door de hoge 
turnover van synoviaal vloeistof ), waardoor er maar een zeer beperkt effect verwacht kan 
worden [320]. Herhaaldelijk injecteren is echter geen optie, gezien de verhoogde risico’s 
op infectie. Daarnaast is het aanprikken van het gewricht niet prettig voor de patiënt, 
wat nog een reden is om de prikfrequentie naar een minimum te reduceren. Een manier 
om deze problemen te omzeilen, is via het gebruik van injecteerbare drug delivery 
systems (DDSs) welke na het injecteren in een gewricht zorgen voor een langdurige 
lokale afgifte van het gewenste medicijn [26, 28, 68, 72, 183]. Voor dit proefschrift 
hebben we 2 verschillende DDSs voor intra-articulair gebruik onderzocht: monospheres 
en thermoreversibele hydrogels. 

In Hoofdstuk 2 beschrijven we de in vitro en in vivo eigenschappen van op acetyl-
capped PCLA-PEG-PCLA polymeren gebaseerde hydrogels. We laten hier zien dat deze 
gels een goede intra-articulaire biocompatibiliteit hebben, aangezien de intra-articulaire 
toediening van deze gels op termijn niet leidde tot veranderingen in kraakbeen kwaliteit 
en/of kwantiteit. Om de in vivo degradatiesnelheid van de gel te kunnen onderzoeken, 
werd een mengsel van polymeren, met als endcap acetyl of 2-(2’,3’,5’,-triiodobenzoyl; 
TIB), zowel subcutaan als intra-articulair geïnjecteerd in ratten. TIB is radio-opaak en 
kan daardoor afgebeeld worden met het gebruik van μCT, wat longitudinale kwantificatie 
van de geldegradatie mogelijk maakt. De gel bleek na subcutane injectie over een 
periode van ~12 weken af te breken. Na intra-articulaire injectie daarentegen, was de 
gel na 4 weken niet meer detecteerbaar. Deze versnelde degradatie na intra-articulaire 
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injectie in vergelijking met de subcutane situatie wordt waarschijnlijk veroorzaakt door 
een combinatie van de volgende factoren: dispersie van de gel in de synoviale vloeistof, 
snelle synoviale turnover, mechanische stress op de gel tijdens gewrichtsbelasting en een 
grotere oppervlakte/volume ratio.  
Na deze veelbelovend resultaten ten aanzien van het intra-articulaire gebruik van op 
acetyl-capped PCLA-PEG-PCLA polymeren gebaseerde hydrogels, hebben we deze 
gels geladen met celecoxib, een bekende NSAID (non-steroid anti-inflammatory drug). 
Deze celecoxib geladen hydrogel werd vervolgens weer zowel in vitro als in vivo getest. In 
Hoofdstuk 3 beschrijven we de afgifte kinetiek van celecoxib alsook de biocompatibiliteit 
van deze geladen gel.  De in vitro celecoxib afgifte werd geleid door de ontbinding van 
de polymeren en duurde in totaal 90 dagen, met een “lag phase” van ~10 dagen. In vivo 
vond de afgifte plaats zonder “lag phase” en vond er een afgifte van ~ 30% van de geladen 
celecoxib plaats tijdens de eerste 3 dagen. Hierna volgde een continu gereguleerde afgifte 
voor 4-8 weken. Het verschil tussen de in vitro en in vivo afgifte wordt waarschijnlijk 
veroorzaakt door de verhoogde oplosbaarheid van celecoxib in biologische vloeistoffen, 
de turnover van de synoviale vloeistof en de degradatie van gel door macrofagen. Met 
μCT en histologie werd, net als de ongeladen gel die beschreven werd in Hoofdstuk 2, 
een goede intra-articulaire biocompatibiliteit van de celecoxib geladen gels aangetoond. 
Na het aantonen dat de celecoxib geladen hydrogels veilig zijn voor in vivo gebruik en 
dat ze leiden tot een continu gereguleerde medicijn afgifte over een periode van enkele 
weken, waren we geïnteresseerd in het verkrijgen van meer inzicht in de farmacokinetiek 
van deze celecoxib geladen gels en tevens in de relatie tussen de hydrogel compositie 
en deze farmacokinetiek. In Hoofdstuk 4 rapporteren we de afgifte kinetiek van 5 
verschillende subcutaan geïnjecteerde celecoxib geladen gels. Deze gels verschilden van 
elkaar op het gebied van ‘end-capping’, geïnjecteerde volume, celecoxib loading en 
polymeer concentratie. De in vivo celecoxib afgifte periode kon worden verlengd door het 
geïnjecteerde volume van 100 naar 500 μL te verhogen, de end-capping van acetyl naar 
propyl te veranderen en ook door de celecoxib lading te verhogen van 10 naar 50 mg/
mL. Niet alleen de totale periode van afgifte, maar ook de celecoxib-serum concentraties 
per tijdspunt kon worden beïnvloed door het veranderen van de gel specificaties. Het 
feit dat we op een relatief simpele manier de periode van afgifte en kinetiek kunnen 
beïnvloeden door het aanpassen van de gel, voegt een grote waarde toe aan dit drug 
delivery systeem, omdat we op deze manier de afgifte van medicijnen kunnen aanpassen 
aan de verschillende behoeften per ziektebeeld of zelfs per individuele patiënt. 
In Hoofdstuk 5 beschrijven we de therapeutische effectiviteit van de celecoxib geladen 
gels in ratten, waarbij we arthrose geïnduceerd hebben. Hoewel er geen chondroprotectief 
effect gevonden werd voor celecoxib (zowel de suspensie als afgegeven vanuit de 
gel), bleek de toediening van de celecoxib in gelvorm te beschermen tegen het milde 
kraakbeenverlies dat we vaststelden na injectie van de celecoxib suspensie. De knieën 
geïnjecteerd met de celecoxib geladen gels lieten een verhoogde macrofaag activatie zien. 
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Deze macrofaag activatie was, gebaseerd op de huidige beschikbare literatuur, meest 
waarschijnlijk van het anti-inflammatoire subtype. Klinisch lieten de ratten die de 
celecoxib gel hadden ontvangen geen tekenen van inflammatie of pijn zien. De keuze 
voor een mild arthrose model heeft er mogelijk toe geleid dat we geen positieve effecten 
van de celecoxib geladen gels hebben kunnen aantonen op kraakbeenniveau of in de 
vorm van pijnverlichting. In de toekomst zouden we graag dit experiment herhalen in 
een ernstiger model, gecombineerd met hogere doses van het medicijn. 
Hoofdstuk 6 beschrijft de ontwikkeling en de in vitro en in vivo prestaties van 
monopsheres opgebouwd uit biodegradeerbare poly(DL-lactide)-PEG-poly(DL-
lactide)-b-poly(L-lactide) multiblock copolymeren. Na intra-articulaire injectie bleven 
deze monospheres detecteerbaar in het gewricht voor een periode van 3 maanden. Dit 
leidde tot een milde inflammatoire reactie, maar er werden geen negatieve effecten op 
kraakbeen niveau gedetecteerd. 
In Hoofdstuk 7 beschrijven we de nano-mechanische kenmerken van de monospheres. 
Hier tonen we aan dat de gezwollen monospheres (hun staat in biologische vloeistoffen) 
mechanische eigenschappen hebben die in dezelfde range liggen als kraakbeen.  De kans 
op schade aan het kraakbeen door indentatie wordt hierdoor minder waarschijnlijk, wat 
inderdaad in lijn is met de bevindingen van Hoofdstuk 6.
In Hoofdstuk 8 hebben we dezelfde monospheres geladen met tacrolimus (FK506). 
Tacrolimus is een calcineurine inhibitor en wordt gebruikt als immunosuppressief medicijn 
om afstoting van transplantatie-organen tegen te gaan [44, 45]. In een paardenmodel 
toonden we aan dat injectie van de tacrolimus-geladen monospheres leidde tot een 
gereguleerde lokale afgifte van het medicijn in het gewricht voor de volledige follow-up 
van vier weken, terwijl deze afgifte niet leidde tot meetbare systemische concentraties. De 
inflammatoire reactie die gezien werd na het injecteren van de ongeladen monospheres 
werd significant verlaagd door de lokale afgifte van tacrolimus, wat een lokale anti-
inflammatoire werking van het afgegeven medicijn laat zien.

Concluderend hebben we twee drug delivery systemen ontwikkeld welke beide over 
een excellente intra-articulaire biocompatibiliteit beschikken en tevens een zeer gunstige 
in vivo afgiftepatroon vertonen. De tacrolimus geladen monospheres lieten een anti-
inflammatoire werking zien, en de celecoxib geladen hydrogels bleken superieur ten 
opzichte van intra-articulaire injectie met een celecoxib suspensie. Hoewel beide 
systemen beschikken over goede potentie voor intra-articulair gebruik, is verder 
onderzoek geïndiceerd. Aangezien we geen negatieve effecten van de medicijn-geladen 
systemen hebben aangetoond, maar ook geen therapeutisch effect op de progressie van 
arthrose, is het uitvoeren van een zogeheten “dose-finding” studie aangewezen. Als 
wordt aangetoond dat celecoxib en tacrolimus beide geen ziektemodificerende werking 
blijken te hebben, zal er een selectie van alternatieve middelen om deze DDS mee te 
laden, moeten plaatsvinden. 

Nederlandse samenvatting
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Dankwoord

Promoveren is als een lange reis, een waarvan je vooral terugblikkend pas ziet hoe 
bijzonder het eigenlijk was. Op het moment dat je “ja” zegt tegen het starten van een 
promotie heb je eigenlijk geen idee waar je aan begint, maar ik zou het zo weer doen! 
De ontwikkelingen die je als promovendus doormaakt, zowel op wetenschappelijk 
als persoonlijk vlak, zijn zeer waardevol. Zonder de hulp van anderen was het nooit 
gelukt, en ik zou via deze weg iedereen willen bedanken die mij hebben geholpen bij de 
totstandkoming van dit proefschrift.

Allereerst mijn promotor, professor Weinans, beste Harrie. Via professor Verhaar ben ik 
na mijn coschappen aan jou voorgesteld op het lab, omdat ik interesse had in het doen 
van onderzoek. Er was wel wat geld voor een onderzoekje van ongeveer een half jaar 
naar de loslating van prothesen. Het leek me erg leuk om dit te gaan doen, en alles was 
geregeld om hieraan te gaan starten. Op het laatste moment kreeg ik een telefoontje van 
jou, en ik was even bang dat het allemaal niet door zou gaan. Maar het was een compleet 
ander verhaal; er was een PhD-student gestopt met een project en je vroeg mij om in 
plaats van een onderzoekje van een half jaar een promotietraject te starten! Hierop heb 
ik direct volmondig ‘ja’ gezegd, en ik ben je nog steeds erg dankbaar voor de kans die je 
mij op deze manier gegeven hebt. Jouw enthousiasme werkt zeer aanstekelijk, en het was 
een van de vele redenen dat werken in het lab op de 16e verdieping zo prettig maakte. 
Na jouw vertrek naar Utrecht hebben we gelukkig altijd goed contact kunnen houden 
en heb je mij van een afstandje kunnen superviseren in het voltooien van dit boekje. Ik 
wil je hiervoor erg bedanken, zonder deze steun was het niet gelukt. 

Professor Hennink, beste Wim. Pas later betrokken bij dit geheel, via Audrey Petit. De 
samenwerking met jou heb ik als bijzonder prettig ervaren. Altijd nauw betrokken en 
ongekend snel met reageren (zelfs in het weekend en tijdens vakanties). Jouw input 
heeft onze artikelen stuk voor stuk naar een hoger niveau kunnen tillen. Dit alles was 
van onschatbare waarde voor de totstandkoming van dit boekje en ik kan je niet genoeg 
bedanken dat je mijn copromotor wilde zijn.

Beste professor Verhaar, bedankt voor uw vertrouwen in mij. Vanuit mijn coschappen 
ben ik via U aangedragen bij professor Weinans, waarna ik mijn promotietraject heb 
kunnen starten. Hiervoor ben ik U bijzonder dankbaar. Vanaf de zijlijn bent U altijd 
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betrokken gebleven bij mijn promotie, en waar nodig kon ik altijd om advies vragen. 
Daarnaast heb ik in mijn eerste academische jaar van de opleiding tot Orthopedisch 
chirurg op uw afdeling mogen werken, waar ik ongelofelijk veel kennis heb mogen 
opdoen over ons prachtige vak. Ik zie ernaar uit om terug te keren en mijn opleiding in 
het Erasmus af te ronden.  

Beste leescommissie, bedankt voor al jullie tijd en moeite.

Daarnaast wil ik graag de Universiteit van Utrecht bedanken voor de mogelijkheid om 
mijn promotie hier te laten plaatsvinden. 

Mijn lieve paranifmen, Dineke en Jeanine. Wat bijzonder dat ik dit belangrijke moment 
in mijn leven mag delen met jullie, mijn twee zeer dierbare vriendinnen. 
Dien, ik ken je inmiddels al weer meer dan 10 jaar. Bizar hoe de tijd vliegt. Wat hebben 
we veel mooie dingen mogen delen, van de uitjes met Euroturn tot samen naar festivals 
en zelfs een liftavontuur naar Hongarije die ik nooit zal vergeten. Wat ben ik blij om jou 
als vriendin te mogen hebben! 
En Jeanine, Nientje. Jaren jonger dan ik, maar ik denk toch oud van ziel. Hoe wij vanaf 
het eerste moment dat we elkaar ontmoetten een connectie hebben gehad is ongelofelijk. 
Als ik jou zie is het van begin tot einde lachen geblazen, jouw positieve blik op het leven 
is iets om jaloers op te zijn. Er zijn te veel mooie momenten om op te noemen, eigenlijk 
is het altijd feest als jij in de buurt bent. Blijf altijd zoals je bent, dat is namelijk perfect! 

Marianne. Helaas was je me net voor met jouw boekje, en dus ook jouw versie van het 
dankwoord, waardoor veel van mijn ideeën zijn al op papier gezet. Aan de andere kant 
valt er ook niet echt een andere versie van te schrijven. Vanaf het moment dat jij binnen 
kwam lopen op het lab voor je sollicitatiegesprek en ik je een kop koffie aanbood zijn 
we vriendinnen geweest en gelukkig gebleven. We hebben veel leuke dingen samen mee 
gemaakt, onder andere een tripje naar Berlijn en vorig jaar heb ik je bruiloft op Hvar 
mee mogen maken, wat onvergetelijk was. Op het maken van nog vele van zulke mooie 
herinneringen.  

Johan, het was heel prettig om tegenover je te zitten in het lab en af en toe lekker samen 
te kunnen “zeuren” over van alles en nog wat. Je hebt een zwaar jaar achter de rug, maar 
nu is het tijd om weer naar de toekomst te kijken. Je bent een topper!! 

Michiel, bedankt dat je mij wegwijs hebt gemaakt op het lab en in het bijzonder 
in het doen van dierexperimenteel onderzoek met behulp van onder andere CT en 
SPECT scannen. Je hebt me geleerd om dit alles zeer gestructureerd uit te voeren en te 
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documenteren, daarnaast heb je me veel geleerd over het wetenschappelijk juist opzetten 
van een studie en het analyseren hiervan. 

Callie, my partner in crime. Thank you for all the awesome times we’ve had, in the lab 
but mostly outside. Our trips to Ireland and Ibiza are definitely ones to remember. I’m 
really glad you came to Holland from America and I got to become one of your friends!

Erwin, jouw expertise op het gebied van data-analyse en statistiek zijn voor onschatbare 
waarde voor de afdeling. Maar net zo belangrijk is jouw rust en jouw ongekende 
vriendelijkheid richting iedereen om je heen. Je bent werkelijk een voorbeeld. 

Sandra, dagelijks een soepje met je halen was supergezellig. Je bent erg waardevol voor 
het lab. 

Holger, jouw passie voor de wetenschap is ongeëvenaard en zeer aanstekelijk. Bedankt 
voor alle, soms onnavolgbare, input en daarnaast ook alle gezellige momenten. 

Daarnaast wil ik alle andere mensen van de 16e verdieping in de toren bedanken, jullie 
hebben de 4 jaar die ik daar doorgebracht heb tot een onvergetelijke ervaring gemaakt 
met verschillende uitjes, de wekelijke “cake van de week” en natuurlijk alle koffie-
momentjes; Rintje, Jasper, Mairead, Naimhe, Panithi, Wu, Maarten, Mieke, Nienke, 
Roberto, Nicole, Yvonne, Wendy, Lizette, Gerjo, Janneke. 

Audrey, our collaboration was very fruitful from the beginning and your enthusiasm 
was very contagious. You taught me a lot about polymer chemistry and together we 
have achieved some awesome goals with 2 accepted papers in Biomaterials. I wish you 
all the best. 

Paul, na mijn zeer positieve ervaringen met Audrey kwam jij als haar opvolger op het 
BMM-project vanuit Ingell. Het was erg prettig om met jou samen te werken, je bent 
op een rustige manier aanwezig, maar alles wat je aandraagt klopt als een bus. Nogmaals 
gefeliciteerd met de recente promotie en succes gewenst in de rest van je carrière.   

Luisa; it took us some time to actually finish our joined articles, but once we did they were 
of an excellent level and I definitely thank you for all your hard work on the monosphere 
data. You are such a kind person and I wish you a great life and career in Berlin. 

Verder wil ik alle mensen waarmee ik mee vanuit het BBM-OA-consortium innig mee 
samengewerkt heb op deze manier bedanken, in het bijzonder; Mike, Leo, Evelien, 
Everaldo, Renee, Ivo, Alan. 
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Collega’s van het Maasstad Ziekenhuis, Erasmus MC en ETZ te Tilburg. Ik wil jullie 
erg bedanken voor de fantastische tijd die ik tot nu toe heb mogen hebben in de reis tot 
orthopedisch chirurg. Ik zou in het bijzonder mijn opleiders willen bedanken voor alle 
steun tijdens de soms lastige combinatie van een voltijd opleiding en het afronden van 
mijn promotietraject. Renee en Taco; bedankt!

Afleiding buiten het wetenschaps- en ziekenhuisleven is even belangrijk geweest voor 
het afronden van dit promotietraject. Milena, Roos, Yvonne, Astrid, Miljana, Thomas. 
Mijn vrienden uit Rotterdam die ik helaas wat minder zie door mijn verhuizing naar 
die andere stad (ik zal geen namen noemen). Uit het oog maar zeker niet uit het hart. Ik 
hoop dat we nog vele jaren van samen uit eten, feestjes en kletsen over het leven zullen 
meemaken. 

Michelle, Diederick, Jeff, Stephanie, Mariska, Marcel, Coco, Chris, Shauna, Nathalie, 
Kevin, Max, Aranka en Ogy. Wat een bijeengeraapt zooitje, maar ik kan me geen betere 
groep voorstellen. Iedereen een andere achtergrond maar samen gekomen door onze 
gezamenlijke liefde voor muziek. Geen enkel moment is saai als ik samen ben met jullie. 
Ik hoop dat onze feestjes nog jaren door zullen gaan. TGL!  

Pap en mam, ik zeg het niet vaak genoeg maar ik hou van jullie. Van kleins af aan 
hebben jullie me in alles gesteund en aangemoedigd om overal het beste van te maken. 
Zonder jullie had ik dit nooit kunnen bereiken. Bedankt voor jullie onvoorwaardelijke 
liefde en steun bij alles wat ik doe. 

Gerwin, mijn lieve broer(tje). Wat was het leuk om samen met jou op te groeien in 
Valthermond. Ik kan me nagenoeg geen ruzies herinneren en we hebben altijd veel lol 
gehad samen. Vooral op latere leeftijd is onze band sterker geworden, het is erg gezellig 
om af en toe met jou een concert te pakken of samen een drankje te doen. Wat ben 
ik blij voor je dat je je plekje gevonden hebt in Nijmegen, en met Manon erbij is het 
helemaal compleet. Daarnaast ben je zelf dit jaar aan jouw promotietraject begonnen, 
wat je ongetwijfeld glansrijk zult afronden. 

Sander, de mannelijke versie van mijzelf. Wat ben ik blij dat jij zo’n 3 jaar geleden in 
mijn leven bent gekomen. Beide niet per se op zoek naar een relatie, maar er dan achter 
komen dat samen zijn zo veel fijner is dan in je eentje. Ik ben je heel erg dankbaar voor 
jouw steun en ook geduld tijdens de laatste loodjes van dit boekje. Het was zwaar, maar 
zeker de moeite waard. Vanaf nu kan al mijn aandacht naar jou gaan in de spaarzame 
vrije uurtjes die we hebben, laten we gaan genieten! Ik hou van je. 
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