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Osteoarthritis (OA) and chronic low back pain (CLBP) caused by intervertebral disc (IVD) 
degeneration are two musculoskeletal diseases with a substantial economic and social burden 
on society1. Low back pain is the most prevalent musculoskeletal condition, affecting nearly 
everyone at a later stage in life and is defined as chronic when it lasts for more than three 
months2. Globally, CLBP prevalence is calculated to be 9% and in about 40% of the CLBP 
cases, degeneration of the IVD is the underlying cause3-5. If the afflicting pain source in CLBP 
patients originates from one or more IVDs, it is also referred to as discogenic low back pain. 
Discogenic pain-related healthcare costs are represented by direct healthcare costs, such 
as medical care or hospital costs, and indirect healthcare costs resulting from disability6. 
The mean annual total healthcare cost was estimated at €7912 per discogenic LBP patient in 
the Netherlands6. OA is a degenerative joint disease also affecting a large proportion of the 
population, with the knee being one of the commonly affected joints7. In the Netherlands, 
over 30% of the women and 15% of the men over 55 years of age were affected by knee 
OA8, resulting in knee-related productivity and medical costs of €871 per conservatively 
treated knee OA patient per month9. The prevalence of OA and IVD degeneration keeps on 
rising with the increase in life expectancy and aging of the population, and is estimated 
to be in the top ten leading causes of disability in 20202. OA and IVD degeneration are two 
diverse musculoskeletal conditions with regard to their anatomy, but share similarities in 
the pathophysiology, their association with pain and impairment in physical function10.

Tissue characteristics of articular joints and intervertebral disc

The articular joint is a synovial joint which forms the union between two or more bones11. 
The articular cartilage (AC) lines the boney ends to provide protection of the underlying 
bones and frictionless motion of the joint. The joint is enclosed by a synovial membrane that 
produces synovial fluid which functions as lubricant during movement12. Macroscopically, 
the surface of healthy cartilage is smooth, white and shiny and becomes more yellow when 
aged13. AC is highly hydrated and consists of 65-80% water with 75% collagens14 and 25% 
proteoglycans (PGs)15 that are large negatively charged macromolecules, in dry weight. 
AC consists of sequential layers with a tidemark between the three non-calcified layers 
and calcified layer and the three different zones differ in collagen fibril orientation. The 
crosslinked collagen network provides the tissue its strength and resistance to tensile load16. 
The collagen network ensures containment of the PGs, consisting of a core protein with 
multiple glycosaminoglycan (GAG) side chains attached and the glycoproteins, all produced 
by the resident cells, the chondrocytes. Proteoglycans attract cations and thereby water, 
while the collagen network limits tissue swelling. Chondrocytes have different morphology, 
matrix metabolism behavior and density in the different cartilage zones17,18 due to the 
unique mechanical environment of each zone19. 

The IVD consists of a soft connective tissue located between the vertebral bodies in the 
spine12. Each IVD is composed of a central gel-like structure named the nucleus pulposus (NP) 
surrounded by the more rigid annulus fibrosus (AF) that is able to resist tensile forces and 
retains the NP in the center. The central NP consists of a framework of randomly organized 
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collagens with elastin fibers radially orientated20, while negatively charged PGs aggregate 
in this network, attracting water21,22. Cells in the NP are responsible for the production 
of these proteoglycans and collagens and are activated under hydrostatic pressure in the 
IVD23. The AF consists predominantly of collagen type I fibers that resist tension better than 
the collagen type II found towards the center in the NP24. The fibrocartilaginous structure 
of the AF allows to maintain the osmotic pressure in the NP. The AF contains in total 15-25 
lamellae and can be subdivided into an outer and inner AF zone, based on subtle differences 
in structure such as lamellae thickness that increases towards the NP. Each lamellae is 
composed of collagen bundles that alternate to right and left between adjacent lamellae, 
oriented approximately 60° to the vertical axis forming a cross-woven structure that gives 
reinforcement25. The lamellae are also interconnected by various other PGs, such as decorin, 
lubricin and collagen type III, VI, IX and elastin fibers for function maintenance26-28. The NP 
and AF are enclosed by the cartilaginous endplates, connecting the disc to the vertebral 
bodies and ensuring nutrient delivery to the disc 12. A healthy endplate also consists 
predominantly of water, followed by PGs and collagen type II. Contrary to the other tissues 
of the IVD, the endplate has a higher ratio between GAGs and collagen (hydroxyproline), 
which is more similar to AC29. The ratio between GAGs and collagen  essentially determines 
the water contents that are crucial for the viscoelasticity and specific (bio)mechanical 
properties of the extracellular matrix (ECM) of the respective tissue30. 

Osteoarthritis and intervertebral disc degeneration

The predominant role of the IVD is to keep the spine flexible, absorb shocks and facilitate 
load transmission through the spinal column31, similarly to the principal function of AC32. 
The synovial fluid in the joint helps to keep the shear stresses low by lubricating the 
smooth surfaces of the AC during motion33. In both AC and the IVD, the low number of 
resident cells have limited proliferative potentials and both avascular tissues are unable 
to successfully regenerate upon degeneration34,35. Aberrant cell behavior due to stress or 
injury will lead to a shift in the balance of ECM component regulation36,37. The increased 
catabolic matrix metalloproteinase activity and a decrease in GAG content, in combination 
with a disorganized collagen content with a higher proportion of collagen type I, results in 
a more rigid fibrocartilaginous cartilage37 or more rigid fibrotic NP tissue38. In the past, OA 
was considered as a ‘wear-and-tear’ disorder as consequence of mechanical overloading 
or tissue damage, though now it is known that the degenerative processes are not limited 
to one type of tissue. OA and IVD degeneration are both whole joint diseases in which 
osteophyte formation and subchondral bone changes are also important characteristics 
leading to pain and impaired joint function36,39. The onset and progression of both diseases 
can be influenced by risk factors such as excessive mechanical loading, unhealthy lifestyle, 
gender that can promote impaired cell nutrition and local damage40-43. Ageing is an inevitable 
process in the body that is also closely linked to OA; ageing contributes to various processes 
that lead to the development of OA by promoting a low-grade pro-inflammatory status 
accompanied by a catabolic environment44.
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There are also important differences in the degenerative processes between the IVD and a 
synovial joint. First of all, the IVD lacks a surrounding synovial capsule and hence inflammation 
is only induced in the NP and AF tissue, in contrast to the joint where inflammation of the 
synovial lining seems to play a more predominant role10,45,46. This synovitis is an important 
instigator of pain in OA47,48, while the exact mechanism by which an IVD becomes painful is 
still unknown. Discogenic pain is often attributed to anatomical structures generating pain49 
or to peripheral nociceptive sensory neurons that grow into the IVD due to the secretion 
of growth factors that stimulate neuronal ingrowth50-52. Furthermore, degeneration of the 
IVD is associated with an increase in cell number and a change of the NP cells into cells 
with a fibrocartilaginous phenotype53,54. Opposed to the gradual degenerative cell changes 
in the IVD, OA characteristics are often divided into an early and late stage. Early OA is 
characterized by chondrocyte proliferation and cluster formation as an attempt at tissue 
repair55, cellular processes also described during IVD degeneration. However, at later OA 
degeneration stages, cell loss eventually occurs as consequence of the catabolic ECM 
environment promoting chondrocyte cell death56. Another pathophysiological process of 
IVD degeneration that is distinct from OA, is the role of nutrient exchange to and from 
the resident cells. The IVD is not surrounded by a well-vascularized synovial membrane, 
hence nutrient delivery is thought to mainly occur through diffusion through the endplates 
while metabolites travel in the opposite direction57. IVD degeneration has been attributed 
to decreasing nutrient supply, possibly due to structural changes of the endplates43,58,59. 
Although AC is also an avascular tissue, the nutrient supply of chondrocytes relies on the 
microvasculature of the synovial lining surrounding the joint60. 

Although the pathologic mechanisms of both musculoskeletal diseases are not yet fully 
elucidated, both are non-curable diseases with progressive and irreversible degenerative 
processes. Hence, the current treatments available for OA and IVD degeneration aim to 
reduce and control clinical symptoms and include local injection of anti-inflammatory 
agents to reduce inflammation and to relieve pain61,62.

The role of inflammation in degenerative joint diseases

Intervertebral disc degeneration and osteoarthritis are both complex multifactorial 
diseases, but the role of inflammation in both diseases is undeniable63,64. One of the classic 
instigators of inflammation is tissue injury, which will dysregulate the ECM and activate the 
inflammatory cascade. Post-traumatic OA can develop as a consequence of joint trauma such 
as tears of the ligaments and/or meniscus65, while repetitive compressive overloading of the 
spine has shown to lead to progressive disruption of the IVD66. The dysregulation of the ECM 
will subsequently trigger resident cells to initiate an inflammatory cascade upon changes in 
homeostasis to help the cell adapt to the abnormal situation67. Damage-associated molecular 
patterns (DAMPs) are such ECM components that are released as a consequence of cellular 
stress or tissue injury and are recognized by toll-like receptors (TLRs), the basic signaling 
receptors of the innate immune system68,69. More evidence is emerging that DAMPs-induced 
inflammation might contribute to the pathogenesis of OA70,71 and IVD degeneration72. Human 
chondrocytes and disc cells express various TLRs that may be involved in degenerative 
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processes73,74. This was further supported by elevated levels of TLRs in OA cartilage lesions75 
and by the observation that induced inflammatory and nociceptive gene expression leads 
to TLR activation responsible for IVD degeneration76. Tissue injury can also trigger the 
influx of immune cells to the affected tissue site67,77. Macrophages are normally present 
in the synovial lining of the joint and have a prominent role in OA progression78,79. More 
evidence is emerging that macrophages also infiltrate into the IVD80,81, although their role 
in IVD pathophysiology is still understudied. TLRs signaling via activated resident cells or 
macrophages will further activate the inflammatory cascade82. Once the inflammatory 
cascade has been set in motion, pro-inflammatory molecules are produced that stimulate 
the production of degrading enzymes83,84. The inflammatory mediators that are released 
can also evoke pain directly85 or induce structural changes that are associated with pain. 
For example, tissue damage and the loss of cartilage are associated with the development 
of subchondral sclerosis, osteophyte formation and the occurrence of bone cysts or bone 
marrow lesions86,87. Subchondral bone features are seen more frequently in painful OA knees 
than non-painful knees88. Similar subchondral vertebral changes have been described, the 
so-called “Modic changes” detected with the aid of MR imaging, and are strongly related 
to chronic back pain89,90. Nociceptive sensory neurons present in the subchondral bone and 
soft tissues can evoke pain sensation91,92. In the later and more severe stage of OA, the 
neurovascular invasion at the osteochondral junction might also induce pain responses93. 
Physical or mechanical pain stimuli activate these peripheral nociceptive neurons via 
inflammatory mediators such as prostaglandin E2 (PGE2)

94. Discogenic pain may result from 
secreted growth factors that stimulate the peripheral nociceptive sensory neurons during 
the inflammatory response triggered by the structural changes in the NP or tears in the 
AF52. CLBP can also be evoked by the loss of IVD tissue integrity that leads to facet joint 
disorders or influence the mechanical integrity of the lumbar spine, which may increase 
instability of the spinal segment95,96. Hence, the inflammatory cascade is not only involved 
in the progression of tissue deterioration, but also influences the quality of life by inducing 
pain in OA and discogenic low back pain patients2. Inhibiting the inflammatory processes by 
using anti-inflammatory agents might therefore not only maintain tissue integrity but also 
addresses the evoked pain. 

The inflammatory response is not only a possible driver of degeneration and pain, but may 
also be important for the maintenance of tissue homeostasis. The role of inflammation 
in tissue repair has been widely investigated and have demonstrated the dependency of 
regeneration on the inflammatory response. An elegant study that touches upon this aspect 
is an in vivo wound healing study in which the surrounding macrophages were depleted 
leading to severely impaired repair processes97. Also in the field of bone regeneration, 
a tightly regulated inflammatory response can optimize bone healing after fractures98. 
However, the inflammatory response is like a double-edged sword; acute inflammation may 
be important for tissue repair and homeostasis99,100 while on the other hand its dysregulation 
can contribute to pathological tissue remodeling and chronic inflammation101 (figure 1.1). 
Therefore, the value of anti-inflammatory therapy to contain the immune response in 
order to preserve tissue integrity and relieve pain symptoms in patients might be of great 
importance, but also should be controlled and monitored with care. 
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Corticosteroids as anti-inflammatory medicine for OA and degenerated IVD 
treatment

Various anti-inflammatory drugs are used for the treatment of pain symptoms in OA102 
and IVD degeneration103. Non-steroidal anti-inflammatory drugs (NSAIDs), also known as 
cyclooxygenase (COX) inhibitors, are the most common drugs exploited for the treatment 
of inflammatory-associated pain104. However, non-specific COX inhibitors have been tied to 
substantial toxicities, including gastrointestinal bleeding, acute and chronic kidney injury 
or heart failure105. Selective COX-2 inhibitors have a lower risk for NSAID-related toxicities 
compared to non-selective COX inhibitors, but are only administered for short-term use 
due to cardiovascular safety conserns106. Alternatively, corticosteroids (CS) can be applied 
to inhibit inflammation and pain in degenerative joint diseases107. The first report of intra-
articularly injected corticosteroid for symptom relief in arthritic joints was in 1951108. To 
date, CS are frequently used for their potent anti-inflammatory effects in the orthopedic 
clinics. 

 

Corticosteroids are hormones that are produced in the adrenal cortex of vertebrates and 
can be divided into two main classes; glucocorticoids (GC) and mineralocorticoids109. GC 

Figure 1.1: The role of inflammation in degenerative joint diseases1. 
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are involved in the regulation of a wide range of physiological processes of the immune, 
cardiovascular, reproductive and musculoskeletal system. They govern metabolism, 
behavior and cell survival110 and their receptors (GR) are present in almost every cell. 
GC are involved in multiple aspects of the regulation of glucose homeostasis, hence the 
name ‘glucocorticoids’ that comes from their potent effects on plasma glucose levels111. 
GC stimulate gluconeogenesis and increase glycogen storage in the liver112, while glucose 
uptake is inhibited in skeletal muscles and white adipose tissue, thereby raising blood 
glucose levels113. Two mechanism of actions of GC are defined – genomic and non-genomic 
signaling. Upon ligand binding to the GR, it undergoes nucleus translocation, followed by 
homodimerization and binding to GR response elements (GREs) leading to transactivation or 
transrepression of the target genes110. The GR binding state to GREs is changing every few 
seconds, therefore GR signaling is highly dynamic. In addition to that, GRs can bind to other 
transcription factors by which the expression of the target genes is indirectly influenced. 
In contrast to the genomic signaling pathway, cellular responses can also be initiated 
without the alterations of (indirect) gene expressions, although the associated pathways 
are still under investigation110. GC control inflammation by inhibiting the transcription 
of inflammatory genes and increasing the transcription of anti-inflammatory genes114. GC 
are synthetically produced to mimic the natural action in the body and have been widely 
used for their anti-inflammatory, immunosuppressive and analgesic effect to treat many 
inflammatory diseases115-117. Their application is the focus of this thesis.

Extensive GC use can lead to tissue weakness, hormone imbalance and bone loss when given 
systemically or at high doses118-121. GC can have an effect on multiple processes and GC 
therapy is therefore often locally applied to minimize possible negative side effects. Intra-
articular injection of CS did not show deleterious effects on tissue integrity and resulted in 
temporary analgesic effects61,122,123. However, many evidence-based studies on the efficacy of 
intra-articular CS injections in the short-term relief of pain in knee OA are inconclusive124-126. 
Repeated intra-articular steroid injections are needed to sustain pain relief over a longer 
period of time, but are associated with adverse effects due to overdosing or increased 
risk of infection127. Joint deterioration after repeated GC injection has been reported as 
well128,129. Local injection of GC has also been applied for the treatment of discogenic low 
back pain62,130, but is not common practice compared to OA. In discogenic CLBP patients, 
local GC injections showed contradicting treatment outcomes as well131-134. However, 
both in OA and degenerated IVD patients, several clinical studies were performed with 
CS formulations of which the vehicle suspensions were shown to be toxic135-138. As delivery 
vehicle controls were seldom included, it is unclear whether the variable results from these 
clinical studies are attributable to the lack of effect of CS or to the counteracting negative 
effects of excipients used. 

Drug delivery systems to prolong inhibition of inflammation and pain

Even when administered locally, systemic effects of intra-articular CS have been reported139. 
Extending local drug release by using drug delivery systems (DDS) has the potency to prolong 
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inhibition of inflammation and pain, while circumventing the disadvantage of repeated 
administration with the concomitant peak drug levels or systemic effects. DDS come in all 
forms and shapes; nanoparticles, scaffolds or hydrogels of various biomaterials have been 
extensively investigated in multiple diseases for their safety and efficacy140-142. A variety of 
bioactive molecules including small molecule drugs, proteins, DNA and imaging agents can 
be incorporated into DDS, depending on their purpose. Intra-articular DDS are primarily 
designed to prolong drug exposure and to prevent fast drug clearance while decreasing 
peak levels140. Of all the different polymers tested for all the above mentioned purposes, 
poly lactic-co-glycolic acid (PLGA) has been commonly used as DDS material because of its 
biocompatibility, biodegradability, practicality for modifications and extensively described 
preparations and synthesis143. In addition, PLGA is approved for clinical use by the Food 
and Drug Administration (FDA) and European Medicine Agency for drug delivery systems. 
PLGA-based DDS are also intra-articularly administered to prolong anti-inflammatory drug 
exposure within the joint144-147. However, preclinical in vivo studies demonstrate anti-
inflammatory drug release by PLGA-based DDSs for only up to 32 days in the joint148,149. Another 
disadvantage of PLGA is the risk of inducing locally toxic pH levels upon its degradation into 
lactic and glycolic acid140. Amino acid-based polyesteramides (PEAs) are a new family of 
biodegradable polymers that can be used as DDSs, consisting of alpha-amino acids, aliphatic 
dicarboxylic acids, and aliphatic diols150. Similar to PLGA, PEA-based biomaterials have 
good biocompatibility146,151 but are degraded into non-toxic waste products via enzymatic 
hydrolysis that does not influence local pH levels152. In contrast to the PLGA-based drug 
release that is dependent on diffusion and bulk erosion, PEA degradation is mainly driven by 
serine protease activity153 observed during inflammation in OA and IVD degeneration151,154. 
Upon loading of PEA-based DDS with anti-inflammatory agents such as CSs, the local serine 
protease activity will be reduced by drug mediated inhibition of inflammation. This in turn 
will reduce PEA degradation and hence drug release, thereby creating a feedback loop 
tuning degradation and release processes151, providing therapeutic dosages with appropriate 
timing. Using PEA-based DDSs releasing CS can be an effective approach to improve drug 
delivery for the inhibition of inflammation and pain in degenerative joint diseases. In order 
to use extended drug delivery formulations for clinical applications, detailed information 
regarding the effects of prolonged CS exposure in joint diseases is needed, as well as 
information about the side effects of relatively high local and extended CS doses. 

Outline and aims of this thesis

The main aim of this thesis is to evaluate the applicability of controlled release of 
corticosteroids for prolonged inhibition of inflammation, pain and degeneration in 
degenerative joint disease. Triamcinolone acetonide (TAA) is a standard formulation of a 
CS often used for clinical care of OA and hence was the CS of choice. 

Aim 1: Demonstrate the applicability of controlled release of TAA in knee joint disease. 

We first investigate in chapter 2 the characteristics of the PEA platform releasing TAA in 
terms of loading and release in vitro, using a sustained release bioactivity assay to determine 
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the anti-inflammatory effect of the TAA released over time. Furthermore, the release of TAA 
into the systemic circulation and its local effect on AC and synovitis in vivo is compared 
to the bolus TAA formulation available as medical product in a mild osteoarthritis (OA) rat 
model. Intra-articular injections of TAA are also performed to inhibit acute inflammation 
that is associated with ligament trauma, although its intra-articular use is contra-indicated 
for the treatment of unstable joints. Since no scientific background or clinical evidence 
on this contra-indication is provided in literature, in chapter 3 the safety of high local 
and prolonged TAA exposure is examined in a traumatic unstable OA rat model. In order 
to enable translation, we further explore the anti-inflammatory potential of extended TAA 
release within the joint in chapter 4 and evaluate the efficacy of prolonged TAA treatment 
on inflammation-associated pain. Hence, in an acute arthritis rat model TAA-loaded PEA 
microspheres are benchmarked with the controlled release of TAA from a conventional 
PLGA microsphere platform, already evaluated before in the same rat model, and bolus TAA 
injection. The current acute arthritis model only allows for efficacy assessment up to day 
32, although the drug delivery platform is developed for sustained release for over months. 
Therefore, in order to create a model in which long-term testing of drug delivery systems 
can be evaluated, chapter 5 describes a modified acute arthritis model to monitor the 
effect of prolonged TAA exposure released by two drug delivery systems with differential 
release profiles over 84 days. 

Aim 2: Investigate the applicability of controlled release of TAA in degenerated intervertebral 
disc disease. The safety of intradiscal delivered controlled released TAA by the PEA 
microspheres is evaluated in a preclinical experimental canine model in chapter 6 over 
the course of 12 weeks. This study may provide evidence for long standing analgesia in the 
subset of patients suffering from discogenic pain.  

Aim 3: To study the in vivo release kinetics of small molecules released by PEA microspheres 
in relation to the location and disease status of the injected site. Knowledge on the speed of 
microsphere degradation in relation to the local degenerative processes can help tailoring 
the release characteristics of the polymers even further for optimal drug delivery in each 
target tissue. To gain insight in local conditions governing in vivo retention, microspheres 
loaded with near-infrared (NIR) fluorescent label for non-invasive imaging are used in chapter 
7. Retention of the NIR in the avascular IVD is compared to the vascularized subcutaneous 
area and knee joint as organs with a rapid clearance, and NIR signal from healthy joints 
compared to the NIR signal in degenerated joints.
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ABSTRACT

Controlled biomaterial-based corticosteroid release might circumvent multiple injections and 
the accompanying risks, such as hormone imbalance and muscle weakness, in osteoarthritic 
(OA) patients. For this purpose, microspheres were prepared from an amino acid-based 
polyester amide (PEA) platform and loaded with triamcinolone acetonide (TAA). TAA loaded 
microspheres were shown to release TAA for over 60 days in PBS. Furthermore, the bioactivity 
lasted at least 28 days, demonstrated by a 80-95% inhibition of PGE2 production using TNFα-
stimulated chondrocyte culture, indicating inhibition of inflammation. Microspheres loaded 
with the near infrared marker NIR780-iodide injected in healthy rat joints or joints with mild 
collagenase-induced OA showed retention of the microspheres up till 70 days after injection. 
After intra-articular injection of TAA-loaded microspheres, TAA was detectable in the serum 
until day seven. Synovial inflammation was significantly lower in OA joints injected with 
TAA-loaded microspheres based on histological Krenn scores. Injection of TAA-loaded nor 
empty microspheres had no effect on cartilage integrity as determined by Mankin scoring. 
In conclusion, the PEA platform shows safety and efficacy upon intra-articular injection, 
and its extended degradation and release profiles compared to the currently used PLGA 
platforms may render it a good alternative. Even though further in vivo studies may need to 
address dosing and readout parameters such as pain, no effect on cartilage pathology was 
found and inflammation was effectively lowered in OA joints. 

keywords: osteoarthritis, microspheres, corticosteroids, intra-articular, inflammation 
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INTRODUCTION

Osteoarthritis (OA) is a chronic degenerative joint disease, burdening patients worldwide, 
with the knee being one of the commonly affected joints1,2. The burden for OA is expected to 
increase, given the rapid increase in prevalence of its risk factors, such as age and obesity2,3. 
The aetiology of OA is still not fully understood, but both cartilage and synovial tissue 
pathogenesis contribute to this joint disease4. Synovial inflammation and the inflammation 
mediators produced have found to be elevated in OA patients and influences OA processes 
and symptoms4-6. Corticosteroids administered via intra-articular (IA) injections are being 
used to relieve pain in OA patients7. Their effects are of limited duration since they are 
cleared out of the synovial space and human body relatively fast8-10. Repeated applications 
are therefore needed to sustain the pain relief over a longer period of time, although these 
are associated with adverse side effects, such as infection, muscle weakness and hormone 
imbalance7,11-13.

Applying CS in controlled release platforms can prevent fast clearance and overcome the 
disadvantages of repeated injections. Ideally, biomaterials used for these purposes show 
little or no local inflammatory responses and have a slow degradation profile. Biodegradable 
polymers have already been widely used in orthopaedic applications, but foreign body 
reaction to the biomaterial leading to further tissue degeneration are a safety concern14-16. 
Moreover, most of the platforms described give sustained release over a relative short 
period of days, compared to the clinical need of months to years. One of the FDA-approved 
biomaterial platforms commonly used for controlled release is poly(lactic-co glycolic acid) 
(PLGA). PGLA is a commonly used biomaterial to achieve controlled release of drugs in OA17-

20. Typically in vivo, release was demonstrated for 4 to 32 days17,20-22. Recently, in a clinical 
trial with osteoarthritis patients, a PLGA-based controlled release formulation of TAA 
resulted in a more profound pain reduction than a single intra-articular bolus injection23. 
However, the analgesic effect from the sustained TAA release was only superior to bolus 
injections between five and ten weeks after injection. A further disadvantage of PGLA is its 
degradation into lactic and glycolic acid, with a risk of inducing toxic local pH levels18,24.

Recently, a polyester amide (PEA) biomaterial platform was described that induced a minor 
foreign body reaction in the eye, knee joint and the intervertebral disc25-27. Furthermore, 
it has been shown to be biocompatible upon injection in those tissues with slow clearance 
rates due to the avascular environment, with the eye and intervertebral disc known to be 
immunoprivileged28. This platform is built of amino acid moieties and hence degradation 
will not result in toxic conditions29-31. PEA particle erosion is dependent on serine protease 
activity and hence no erosion occurs in vitro in PBS32. More importantly, PEA microspheres 
are a suitable platform for prolonged release of small molecule drugs such as corticosteroids, 
as shown by their in vitro release of celecoxib of 80 days27. In addition, PEA microspheres 
were injected into a rat degenerative articular joint, a location that is readily accessible 
to cells from the acquired and the innate immune system and hence more likely to show 
inflammatory responses to biomaterials. Whether the clinically used corticoid TAA, applied 
in sustained release, is safe and effective in reducing inflammatory processes still has 
to be determined. Hence, in the current study, PEA microspheres loaded with TAA were 
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characterised in terms of loading and release in vitro, using a cell-based model of induced 
inflammation19. Furthermore, the release of TAA into the systemic circulation and its effects 
on articular cartilage and synovial lining inflammation in a rat model of osteoarthritis was 
compared to a bolus of TAA. 

MATERIALS AND METHODS

Preparation and loading of Polyester amide Microspheres

PEA was synthesized in accordance to procedures reported previously25,26,29. For the 
preparation of microspheres, PEA was dissolved in dichloromethane (Merck Millipore). 20 
wt% triamcinolone acetonide was added to the solution and homogenized by ultrasound. 
The suspension was added to 20 ml of an aqueous solution containing surfactants for 
stabilisation (1 wt% of poly(vinyl alcohol and 2.5wt% NaCl, Sigma Aldrich) under high shear, 
using an ultra-Turrax. After a stable suspension was obtained the particles were allowed to 
harden in 100 ml of water containing 1 wt% of poly(vinyl alcohol) and 2.5 wt% % NaCl for 12 
hours. Excess of water and surfactant was removed by rinsing and centrifugation. Finally, 
particles were frozen and dried. Preparation procedures of microspheres loaded with IR-
780 iodide are exactly the same, but are loaded with 0.2 % w/w of IR 780 iodide instead 
of TAA and dissolved in DCM. Size distribution of PEA particles was measured by static light 
scattering and ranged from 8 – 50 µm.

TAA release by PEA microspheres in vitro

In vitro release of TAA in PBS buffer

Release kinetics of TAA from PEA microspheres in PBS buffer were determined by incubation 
in a volume of 50 ml at 37ºC, of which 45 ml buffer was renewed. Buffer exchange was 
performed twice the first day, every day up to day 3 and from there every 3-4 days up to 
day 24. After that, the buffer was renewed on a weekly basis. Size distribution of TAA-
loaded particles was determined with Static Light scattering, using a Malvern Mastersizer 
2000. Approximately 10 mg of microparticles were accurately weighted and dissolved 
in appropriate amount of methanol and shaken until a clear solution was obtained. The 
samples were analysed for TAA concentration by High performance Liquid chromatography 
(HPLC), using a Waters e2695 Alliance HPLC with UV detector. The method was obtained 
from the pharmacopeia collection. 

Chondrocyte isolation and culture 

Articular cartilage was harvested from knee joints derived from patients undergoing 
arthroplasty. Anonymous use of redundant tissue from joint surgery used for scientific 
purposes is part of the standard treatment agreement with patients from the University 
Medical Center Utrecht33. Chondrocytes were isolated by a 3-hour enzymatic digestion in 
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0.1% pronase (Roche, Mannheim, Germany), followed by an overnight enzymatic digestion 
in 0.04% collagenase type 2 (Worthington Biochemical, Lakewood, NJ, USA) at 37 ˚C. 
Undigested debris was removed using a 70 μm- cell strainer (Becton Dickson, Franklin Lakes, 
USA). The resulting suspension of cells was washed in PBS and centrifuged. Afterwards, the 
cells were re-suspended in expansion medium (3000 cells/cm2) consisting of DMEM (Gibco® 
Life Technologies, Carlsbad, CA, USA) containing 4.5 mg/ml glucose, 0.8 mg/ml glycyl-L-
glutamine, 10% fetal bovine serum (FBS) (HyClone® Thermo Fisher Scientific, Waltham, MA, 
USA), 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco® Life Technologies) and 10 ng/ml 
basic fibroblast growth factor (bFGF) (R&D Systems, Minneapolis, MN, USA). The cells were 
cultured at 37 °C and 5% CO2. The culture medium was renewed every 3-4 days. At passage 
two, cells were frozen in aliquots of 1 million per vial in freezing medium, containing 10% 
DMSO (Merck) and 20% FBS in DMEM. For each release experiment, cells of the same donor 
were used at each of the successive time intervals.

Release and bioactivity of TAA from microspheres 

One day before the experiment, cells were thawed and seeded onto a 24-well culture 
plate, at a density of 40,000 cells per well. Cells were cultured in medium containing DMEM 
(including glucose and glycyl-L-glutamine), 10% FBS and antibiotics. The following day, the 
medium was renewed before starting the experiment. PEA microspheres, loaded with TAA 
at 20%, were dispersed in a total of 1 ml culture medium and placed in Transwell® baskets at 
8.7 or 0.87 μg per well (0.4 μm pore size, polycarbonate membrane) (Corning, Amsterdam, 
The Netherlands) over the plated cells. Unloaded microspheres were taken as controls. 
Cells and microspheres were pre-incubated for 4 hours at 37 °C, at 5% CO2 and 95% humidity. 
Subsequently, tumour necrosis factor alpha (TNFα) (eBioscience, San Diego, CA, USA) was 
added at a final concentration of 10 ng/ml to the culture medium in all conditions. Cells 
and microspheres were co-incubated further for another 72 hours before the microspheres 
were transferred to a new 24-well culture plate containing cells seeded according to the 
procedure described above. This procedure was repeated 9 times accounting to a total 
release period of 27 days. Cells treated with 10-7 M or 10-8 M TAA directly added to the 
culture medium and continuously renewed, were included as positive control in each time 
interval. Each condition was analysed in 4 replicates (n=4) and experiments were performed 
for three different donors. At every 72-hour time point medium was collected and cells 
were lysed in KDalert™ Lysis Buffer (Ambion®, Life Technologies). Samples were stored at 
-80 °C until further analysis if not used immediately. 

PGE2 release 

Cell culture medium was collected at day 3, 6, 9, 12, 15, 18, 21, 24 and 27 and stored at 
-80 °C; media were brought to room temperature immediately prior to PGE2 measurement. 
PGE2 was measured using the enzyme immunoassay Prostaglandin E2 Parameter Assay 
Kit (R&D Systems) following the manufacturer’s instructions. Colorimetric intensity was 
determined using the Benchmark Microplate Reader (Bio-Rad) at 450 nm. The readings were 
subtracted by those at 540 nm. The concentration of PGE2 in the samples was determined 
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by using a calibration curve. PGE2 amount was normalized to DNA content per well and, as 
the intensity of the response of OA chondrocytes to TNF varied between donors, for each 
condition normalized to the average PGE2 content of controls, which received TNFα only. 
The average values of controls was set to be 100%.

Study design

Animal experiments were carried out under the approved protocol (DEC# 2013.III.04.036) 
of the Utrecht University Ethical Committee for Animal Care and Use, following the central 
commission of animal experiments guidelines for animal research in the Netherlands. 16 
female adult Sprague-Dawley rats (Harlan Laboratories, Horst, The Netherlands) were used 
in this study: 4 to test the degradation rate of microspheres and 12 to determine safety 
and release of microspheres loaded with triamcinolone acetonide. Animals were allowed 
to acclimatize for one week and were housed in groups. Ad libitum food and water was 
provided. Intra-articular injections and Near-Infrared fluorescence (NIRF) imaging were 
performed under isoflurane anaesthesia (4 - 5 % induction, 1 - 2 % for maintenance).

Induction of osteoarthritis in rat knee joints

OA was induced via intra-articular injection of 30U type II collagenase through the patellar 
ligament using a 30G insulin needle (Sigma-Aldrich) in 25 µl, dissolved in NaCl + 1mM CaCl 
dihydrate (Sigma-Aldrich). For the retention of microspheres by NIRF imaging, in 4 rats OA 
was induced unilaterally and for the evaluation of safety and TAA release profiles, OA was 
induced bilaterally by collagenase injection in 12 rats. Postoperatively, animals received 
0.05 mg/kg Buprenofin (Temgesic) subcutaneously as prophylactic analgesia.

One week after bilateral OA induction, 6 rats were intra-articularly injected with 25 µl of 
PEA microspheres loaded with triamcinolone (50 mg/ml particles containing 18wt% TAA, 
total dosage of 250 µg), 6 rats with 25µl TAA bolus injection (10 mg/ml, Kenacort; Bristol-
Myers Squibb, Woerden, The Netherlands) in the experimental joint. Contralateral knees of 
rats were injected intra-articularly with saline or 50 mg/ml empty microspheres as control. 
After injection, blood for serum analysis was drawn via tail vein. This was repeated at 
one hour interval on the first day, twice daily on the following 2 – 5 days, daily on day 
6 – 14 and once at day 16, 18, 20, 22, 25, 28, 35, 42 and 49. Blood samples were cooled 
and centrifuged, and serum was frozen at -20°C. After these seven weeks, animals were 
sacrificed and knees were prepared for histology.

PEA microsphere retention in vivo

NIRF780-iodide injection and imaging

One week after OA induction, 25 µl microspheres (50 mg/ml) loaded with 0.2 % w/w of IR 
780 iodide were injected intra-articularly in both knees of 4 rats. Every other week, in both 
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joints the intensity of NIRF780-iodide was determined in sedated rats. Rats were scanned 
using an Ivis spectrum device (Perkin Elmer). Spectral unmixing excitation 675nm and 
emission 740, 760, 780, 800 and 820nm was used. Data were analysed using Living Image 4.3 
software (Perkin Elmer). After ten weeks, rats were euthanized using CO2/O2 asphyxiation, 
subsequently both legs were collected and removed of skin and scanned again.

Biological efficacy of TAA-loaded PEA microspheres in vivo

LC-MS/MS analysis of serum 

Concentrations of triamcinolone acetonide in rat serum were determined by means of a LC-
MS/MS method using a Thermo Fisher Scientific (Waltham, MA) triple quadrupole Quantum 
Acces LC-MS/MS system. Sample preparation involved a liquid– liquid extraction step with 
methyl tert-butyl ether (TBME) using triamcinolone acetonide-13C3 as internal standard. 
After centrifugation, the organic supernatant was removed and evaporated to dryness. The 
residue was reconstituted with 50 µl 0.1% formic acid and injected for LC–MS/MS analysis. 
The method showed linearity over the range of 0.5 – 15.0 µg/L with a regression coefficient 
of 0.996. The analytical accuracy and precision are within the maximum tolerated bias and 
CV, 10% for LLOQ (0.5 µg/L), 7% for the LOW (2.0 µg/L), 6% for the MED (7.5 µg/L) and 4% 
for the HIGH (12.0 µg/L).

Tissue processing and histology of synovium and cartilage

All joints were decalcified in 10% formic acid solution in combination with microwaving34, 
thereafter embedded in paraffin. 5 µm knee joint sections were made and stained either 
with Safranin-O/Fast green or haematoxylin and eosin to evaluate cartilage damage and 
synovial tissue inflammation, respectively, using Mankin and Krenn scoring systems. Krenn 
score indicates no synovitis with grade 0 – 1 and high grade synovitis with grade 5 – 935. 
Mankin score is ranging from healthy grade 0 to total joint destruction grade 1436. Scoring 
was done by two blinded observers (SC and SP).

Statistical analyses

All data were analysed using IBM® SPSS® Statistics version 21. Data concerning PGE2 production 
and serum TAA levels were logarithmically transformed first. Then, assumptions of normality 
of residuals and homogeneity of variance were met. Linear mixed models was used to analyse 
repeated measurements, followed by pairwise comparisons with LSD adjustment. Model 
selection was based on the lowest Akaike Information Criterion. Donor served as random 
effect factor and treatment, time and their interaction served as fixed effect factors in this 
model. Regression coefficients were estimated by the maximum likelihood method. Krenn 
and Mankin data (indicating synovitis and cartilage integrity, respectively) met assumptions 
of normal distributed residuals and homoscedasticity and were therefore not transformed. 
ANOVA with Tukey-HSD post-hoc correction was used to observe differences between group 
means. p<0.05 is found significant.
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RESULTS

Characterisation of TAA loaded microspheres

SEM analysis of the loaded microspheres showed part of the TAA was incorporated as crystals 
(figure 2.1A). TAA release in PBS buffer at 37ºC showed an initial burst at day one with a 
gradual increase of TAA release up to 50% cumulative release after 60 days (figure 2.1B). The 
average size of the microparticles was 22.4 um, with a dispersity index of 1.205. Loading 
was 20wt%, with 12% located outside of the spheres. Due to the buffer exchange ~8% of 
particles were lost and 35% of TAA was recovered.

Bioactivity by released TAA 

PGE2 production levels were negligible in cells not treated with TNFα or only exposed to 
medium containing empty microspheres (data not shown). When TNFα was added to the 
cells, sufficient PGE2 was produced. However, a transient increase in PGE2 production at day 
4 was found in cells treated with TNFα in the presence of empty microspheres compared to 
cells treated with TNFα in the absence of empty microspheres (p<0.05, figure 2.2A). 

When TAA loaded in microspheres (0.435 mg, equivalent to 0.1 μM (“ MS-TAA 10-7 M”) if 
released immediately) was added to the culture system, PGE2 production was reduced to 
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less than 5% of non-treated TNFα-stimulated cells until day 12, after which PGE2 production 
levels increased to 20% by the end of the culture period. The lower dosage of TAA released 
from the microspheres (equivalent to 0.01 μM (“MS-TAA 10-8 M”) at 1 ml) reduced PGE2 

production to 8% non-treated TNFα-stimulated cells at day 9. The TAA released from 
microspheres containing the lower dosage thus resulted in a faster loss of PGE2 inhibition. 
However, both dosages TAA released from the microspheres still showed an over 80% 
inhibition over the remainder of the culture period (figure 2.2B). Free TAA in two different 
concentrations (0.435 mg, equivalent to 0.1 μM (“TAA 10-7 M”) and 0.0435 mg, equivalent 
to 0.01 μM (“TAA 10-8 M”) directly added to the culture medium at each time interval also 
completely inhibited PGE2 production to below 5% (p<0.05, figure 2.2).

Microsphere retention in rat joints

In 7 of the 8 knees, clear signal was visible after intra-articular injection of IR780-loaded 
microspheres. Injection appeared to have failed in one out of eight rat knees, as no signal 
was observed at any of the time points. In the 7 knees with signal, a gradual decline of 
signal over 70 days was observed (figure 2.3), which was still detectable in vivo in two out of 
seven joints. Removal of the skin after euthanasia revealed 6 out of the 7 remaining joints 
to contain NIRF label (figure 2.3). The loss of signal over time seemed not reliant of the 
presence of osteoarthritic processes in the joint, despite a trend towards a decreased signal 
compared to the contralateral healthy knee. The signal obtained around the front paws of 
the rat, and in some cases over the lower abdomen, was autofluorescence, as verified by 
spectral unmixing emission analysis of the upper region (front paws) separately from the 
bottom region (hind paws), where we noted a shift in emission from 800 nm to 760 nm.
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Figure 2.2: PGE2 production was inhibited during the total culture period upon TAA treatment, 
regardless of dose and formation, compared to chondrocytes treated solely with TNFα (100%, orange 
dotted line) except in the presence of empty microspheres (grey solid line). Negative control indicates 
chondrocytes without TNFα (black dotted line), TNFα + TAA 10-7 M (dark blue dotted line) and TNFα + 
TAA 10-8 M (light blue dotted line) represent free 0.1 or 0.01 μM TAA, respectively, added to the culture 
medium. Corresponding TAA dosages in microspheres are indicated with TNFα + MS- TAA 10-7 M (dark 
blue solid line) and TNFα + MS- TAA 10-8 M (light blue solid line). Results are shown as average mean ± 
SD for three donors with six replicates per donor. * p < 0.05
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Release kinetics TAA

Serum TAA levels were measured to indirectly determine release kinetics and systemic 
load. Systemic TAA was detected both in animals receiving intra-articular TAA by bolus or 
microspheres. Peak serum levels of TAA were higher with bolus injections (45 µg/ml) than in 
the slow release system (12.5 µg/ml, p<0.05), while bolus TAA was detectable in systemic 
circulation until 120 hours post injection and TAA released from microspheres 170 hours post 
injection, figure 2.4).

Joint histology

H&E stained sections were evaluated for possible remainders of microspheres but these were 
not encountered. Seven weeks after induction of OA, synovial inflammation (3 out of 9 on 
Krenn score) and cartilage degeneration ( 5 out of 14 on Mankin score) were mild (figure 2.5). 
There was no evidence of an enhanced inflammatory reaction or additional degenerative 
changes in the joints injected with empty microspheres. However, TAA administered in 
microspheres significantly decreased synovial lining thickness and inflammatory infiltrate 
compared to microsphere saline-injected joints (p<0.05). No clear effects were noted of 
either controlled release of TAA nor bolus TAA on cartilage integrity.

NIRF signal 

Pre-injection day1 day28 day70 ex vivo

rat 1

rat 2

rat 3

rat 4
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Figure 2.3: PEA microsphere retention in vivo. In four rats, OA was induced in the left knee and 
contralateral knee served as healthy control. All joints were intra-articularly injected with PEA 
microspheres, loaded with IR 780 iodide. Here, rats are shown that were subjected to fluorescence 
optical imaging pre-injection, at day 1, 28, 70 and at day 70 ex vivo. The signal obtained around the 
front paws and lower abdomen was autofluorescence.
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Figure 2.5: Cartilage degeneration (A) and synovitis (B) scores of rats treated with microsphere or 
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with grade 5 – 9. Bars represent mean ± SD for six rats per group. * p < 0.05. Synovial tissue stained for 
Haematoxylin & Eosin (C) of all four treatments. Scale bar = 20 µm.
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DISCUSSION

Biomaterials encapsulating corticosteroids for OA treatment developed to sustain their 
release locally are a promising approach towards long term relief of OA-associated pain37-39. 
Here, a previously described polyester amide-based biomaterial platform was characterized 
for its safety, retention and applicability for local delivery in the joint over a relatively 
long period of time. The release of TAA from this platform lasted for over 60 days in PBS. 
Furthermore, in a chondrocyte-based in vitro system, inflammation was reduced to 5-20% 
over the full period of 28 days by microspheres loaded at a single dose of TAA equivalent to 
TAA added directly. Upon intra-articular (IA) injection in vivo, retention of PEA microspheres 
loaded with near infrared label was found for over two months after injection. At the 
histological level, the microspheres could not be traced back after seven weeks, nor did 
their presence in the joints induce enhanced inflammation or cartilage degeneration. TAA 
in microspheres nor as bolus resulted in improved cartilage integrity. However, synovial 
inflammation was effectively reduced in OA joints receiving sustained TAA release from 
microspheres but not by bolus TAA. Furthermore, controlled release of TAA from microspheres 
was confirmed by decreased peak serum levels compared to the bolus of the same amount 
of TAA, with a slightly prolonged presence in the systemic circulation.

Focussing on the anti-inflammatory action in the current study, TAA released from PEA-based 
microspheres remained bioactive over 4 weeks in an in vitro assay based on inflammatory OA 
chondrocytes. This assay is used to determine the potential of TAA to supress inflammation 
and was previously optimised for optimal inflammatory response of the cells, and hence 
did not aim to mimic “natural” chondrocyte behaviour19. In the same in vitro bioactivity 
assay investigating TAA release from PGLA microspheres, PGE2 production was repressed 
up to 38% after 27 days, using a ten-fold lower dosage of TAA. When comparing the same 
amount of TAA released from both microspheres (435 ng, equivalent to 10-8 M TAA if 
released immediately), PGLA microspheres were only able to reduce PGE2 production to 
29% after 27 days as opposed to the 80% reduction found in this study after 21 days of 
culturing19. This is in line with available data on PLGA-based platforms, which typically 
show a release in culture medium or in vivo varying from days to weeks. For example, 
controlled temporospatial delivery of bovine serum albumin proteins by PLGA microspheres 
showed degradation in a relatively short period of 14 days subcutaneously in mice22. The 
prolonged stability and release of the current PEA-based platforms thus appears to confer 
an advantage over other faster releasing platforms. PEA compatibility was already shown 
in preclinical settings targeting the eye or intervertebral disc degeneration25,26. The current 
study shows the applicability of this platform in the highly immune responsive environment 
of the articular joint, which is in accordance with a recently published study evaluating the 
small molecule celecoxib in OA joints27.

The importance of reducing the systemic load after intra-articular application of 
corticosteroids is shown in previous pharmacokinetics studies of IA injection of TAA , where 
TAA was detectable in plasma afterwards and incurred impaired wound healing, infection, 
muscle weakness and hormone imbalance11,12,40. In humans, hydrocortisone levels could be 
suppressed after IA injection of TAA suspension (40 mg) and remained repressed for three 
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days, suggesting a systemic reaction with serum TAA levels even though these fell below 
the 1 ng/ml detection limit40. Therefore, minimizing systemic TAA load is an important 
feature of this platform since it indirectly decreases risks for adverse side effects caused 
by systemic TAA. After 120 hours post IA injection, serum TAA levels were diminished to 
undetectable levels (< 0.5 ng/ml). Surprisingly, compared to a previously described PLGA-
based platform, systemic TAA levels in Lewis rats 120 hours post IA injection of 0.28 mg TAA 
were still approximately 0.75 ng/ml, systemic TAA levels in the current study (250 µg TAA-
MS) diminished faster20. Although loss of solutes such as cytokines in the human joint were 
shown to occur within 3 days10, the prolonged systemic levels of TAA after intra-articular 
injection, sometimes up to 2 weeks after injections, can be explained by the low solubility 
of TAA in water, naturally forming crystals allowing for delayed delivery40. However, the TAA 
crystals in TAA suspension injections have shown to be cytotoxic in direct contact with cell 
membranes41,42, which is another advantage of using slow release formulations.

Application of controlled release of TAA in the rat model of OA did not show a clear 
improvement of cartilage histology, however, neither did the TAA bolus. Even so, synovial 
inflammation was clearly decreased using TAA-loaded microspheres. Possibly the limited 
room for improvement in terms of cartilage degeneration has precluded a more pronounced 
effect on cartilage integrity of the administration of either bolus or microsphere-encapsulated 
TAA. On the other hand, TAA might influence cartilage metabolism processes by its effect on 
synovial tissue. A previous study already have demonstrated an inhibition in GAG production 
in single cartilage explants while this effect was counteracted by TAA in cocultures of 
synovium and cartilage explants43. Also, other more severe OA models may possibly enable 
intra-articularly applied TAA to show an pronounced effect. The effect of corticosteroids 
on joint tissue integrity in vivo has been studied to a limited extent. Decreased cartilage 
ECM synthesis or degradation after treatment in vitro44-46 as well as in vivo were found47,48. 
Notably, these studies were based on corticosteroid formulations of which the vehicle 
excipients were shown to be toxic49,50, so it cannot be excluded that these negative effects 
were not caused by the corticosteroids. In contrast, many OA animal studies demonstrated 
a decrease of OA progression or a protective role of corticosteroid injections, based on 
histological and biochemical findings20,51-55. Whether this is representative of the human 
situation is unknown. In the current study, dosing may have been suboptimal. Although the 
used dosages were based on human vs rat synovial fluid joint volumes as conversion factor, 
which is superior to dosing based on body weight scaling52, species specific characteristics 
in TAA signalling may require higher dosages for effects on cartilage degeneration. Clinical 
studies might in fact represent the best tool, with no severe harmful effects on arthritic 
joints found at the radiographic level following repeated intra-articular TAA injections23,56-58. 
A systematic review described beneficial effects of IA corticosteroid suspension injections, 
Kenalog® mostly used, lasting up to 4 weeks although it was argued unlikely that clinical 
effects remain after this period59. Whether systemic side-effects of controlled release of 
TAA by IA injections arise has not been investigated extensively yet. Only one recent phase-II 
randomized double-blind clinical study assessed the efficacy of IA injection of TAA PGLA-
microparticles and described no adverse effects clinically and at the radiographic level 
during the seven weeks study period23. Typically the clinical outcome parameter of clinical 
studies on OA are pain, and in the latter study this was suppressed more strongly with the 
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microspheres than using the same quantity of TAA in suspension at the same dose. Possibly 
pain would in in vivo OA models in general also be a more relevant parameter, provided no 
adverse effects at the histological and systemic level are noted.

Other delivery platforms, in addition to PGLA and the current biomaterial, were recently 
developed for sustained drug release in preclinical studies17,60,61. Nanoparticles, scaffolds or 
hydrogels of diverse biomaterials such as chitosan, hyaluronic acid or PLGA have been tested 
in rodent OA joints and while in general these did not evoke an additional inflammatory 
effect, their therapeutic effect on tissue regeneration or pain was often inconclusive and 
needs further investigation62,63. PEA-based platforms are rather newly used as controlled 
release systems and their retention and possible therapeutic effects in vivo have not been 
extensively described before. Here, polymer retention was shown to be prolonged compared 
to other platforms with signal from the near infrared marker present up until 70 days after 
injection indicating not all microspheres were degraded at this time point. While we cannot 
with certainty exclude that the loss of NIR signal is due to the loss of microspheres from the 
joint, the presence of the endothelial barrier in the synovium makes this highly unlikely. 
The prolonged retention of NIR-loaded microspheres in the joint is well in line with the less 
than 100% TAA released in PBS found in the same time period. Although this cannot directly 
be extrapolated towards the in vivo release of a hydrophobic small molecule drug such as 
TAA, this suggests much longer release periods are possible using this biomaterial platform. 

PEA based platforms are attractive for novel controlled release strategies. They have already 
shown to provide effective controlled release in vitro by releasing anti-inflammatory drugs 
and thereby attenuating foreign body inflammatory responses in vitro or only provoke 
slight foreign body reactions reflecting in inflammatory cell infiltrate in vivo25,26,31,64. In the 
knee, no foreign body reaction was observed histologically in vivo, nor was an additional 
degenerative effect noted, in line with a previous findings showing a lack of synovial 
thickening and necrosis after injection23. However, we cannot exclude that these responses 
have occurred at earlier time points. Microsphere size has been shown important for their 
entrapment in joint tissues after IA injection21,23,57. The microspheres used in the present 
study could be expected to be sequestered as subsynovial granulation plaques due to the 
present macrophages27. However, PEA microspheres were not recognized in the histological 
sections, possibly due to the embedding and histological staining procedures21. Complete 
degradation of the microspheres is an unlikely explanation for the lack of an inflammatory 
response, as NIR label incorporation showed retention of label-containing microspheres at 
10 weeks. Previously, hydrolysis of knee joints, twelve weeks after IA injection showed 
still 20% of PEA polymer, while PEA degradation was significantly higher in OA rat joints 
compared to contralateral healthy joints injected with empty microspheres27. In the current 
study, a milder OA model was used, but PEA microspheres loaded with TAA still decreased 
synovial inflammation successfully. This suggests that these PEA microspheres loaded with 
the corticosteroid often used in the clinics can potentially be an improved pain treatment 
for OA patients by reducing inflammatory responses.
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CONCLUSION

A safe route of administration of incorporated triamcinolone acetonide in PEA microspheres 
was confirmed by intra-articular injection in OA joints. Moreover, the slow degradation of 
the microspheres makes it a suitable tool for relieving inflammation and pain locally for a 
longer period of time. We have shown here that this new generation of microspheres provide 
a safe platform, by 1) no considerable foreign body reaction, 2) decreased peak serum TAA 
levels and 3) decreased synovial inflammation, which renders it an applicable controlled 
release platform for clinical use. Further studies should focus on the appropriate dosing 
of corticosteroids locally in mild to severe OA joints and their effect on suppressing pain. 
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ABSTRACT

Background and purpose. Corticosteroids are intra-articularly injected to relieve pain in 
joints with osteoarthritis (OA) and acute tissue damage such as ligament or tendon tears, 
despite its, unverified, contra-indication in unstable joints. Biomaterial-based sustained 
delivery may prolong reduction of inflammatory pain, while avoiding harmful peak drug 
concentrations.

Experimental approach. The applicability of prolonged corticosteroid exposure was 
examined in a rat model of anterior cruciate ligament and medial meniscus transection 
(ACLT + pMMx) with ensuing degenerative changes.

Key results. Intra-articular injection of a bolus of the corticosteroid triamcinolone 
acetonide (TAA) resulted in enhanced joint instability in 50% of the joints, but neither 
instability-induced OA cartilage degeneration, synovitis nor the OA-related bone phenotype 
were affected. However, biomaterial microsphere-based extended TAA release enhanced 
instability in 94% of the animals, induced dystrophic calcification and exacerbation of 
cartilage degeneration. In healthy joints, injection with TAA releasing microspheres had no 
effect at all. In vitro, TAA inhibited cell migration out of joint tissue explants, suggesting 
inhibited tissue healing in vivo as mechanisms for enhanced instability and subsequent 
cartilage degeneration.

Conclusions and implications. We conclude that short-term TAA exposure has minor effects 
on surgically induced unstable joints, but its extended presence is detrimental by extending 
instability and associated joint degeneration through compromised healing. This supports 
a contra-indication of prolonged corticosteroid exposure in tissue damage-associated joint 
instability, but not of brief exposure.

Keywords: triamcinolone acetonide, extended release, intra-articular, wound healing, 
calcification, osteoarthritis 
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INTRODUCTION

The musculoskeletal joint disease osteoarthritis (OA) is considered to be a leading cause 
of musculoskeletal disability in the elderly population worldwide1,2. Its prevalence is rising 
as risk factors for OA such as high age and obesity are also increasing. Other risk factors 
for OA include female gender, joint injury and abnormal loading of the joint3. Clinical 
symptoms such as joint pain, aching and stiffness result in physical disability and functional 
impairment of OA patients, leading to a large socioeconomic burden4,5. Since OA is a whole 
joint disease affecting multiple tissues of the joint, characterised by damaged articular 
cartilage, osteophytes, subchondral bone changes, synovitis and thickening of the joint 
capsule, treatment should focus on all of these factors6.

A clear predisposing factor for OA is joint instability7, usually caused by ligament injury8,9 
and subsequent cartilage degeneration. Intra-articular (IA) injection of corticosteroids is 
performed to inhibit acute inflammation associated with ligament trauma, such as rotator 
cuff tears10. Also for treatment of OA-associated inflammation and pain, IA corticosteroid 
injection is frequently applied, in most cases triamcinolone acetonide (TAA; Kenalog®/
Kenacort®). Even though corticosteroids provide excellent pain relief, their use can lead 
to muscle weakness and hormone imbalance, particularly when given at higher doses11,12. 
Also bone loss due to increased osteoclastogenesis or induced apoptosis of osteoblasts 
and osteocytes is a well-known effect of corticosteroids13,14. To decrease systemic and IA 
peak levels of corticosteroids, drug delivery systems for local application, in particular 
microspheres, are promising alternatives. These provide prolonged low-level drug exposure 
with a lower risk of IA and systemic side effects15. The microspheres are injected into the 
joint, and given their size, cannot leave this location. Where exactly the microspheres 
reside is unclear, but at early time-points spheroid shapes have been detected in the 
synovial lining16.

Various biodegradable polymers are being investigated for this purpose, of which in particular 
the FDA-approved poly(lactic-co glycolic acid) (PLGA) is used most frequently17,18. However, 
degradation of PLGA is relatively fast, limiting thereby the sustained drug release period. In 
a recent clinical trial comparing TAA-loaded PLGA microparticles with bolus TAA injection, 
the primary endpoint of improvement in pain intensity over 12 weeks was not met18.

Despite the frequent IA application in clinical practice, IA use of TAA is contra-indicated in 
the treatment of unstable joints. However, no scientific background or clinical evidence 
for this contraindication is provided in literature19,20, with even some opposing results21-24. 
This is in contrast to the acute tissue injury occurring in ligament tears leading to 
instability-induced OA in human patients25, which may be affected differently by prolonged 
exposure to corticosteroids. In the current study, the effects of extended release of TAA by 
polyesteramide (PEA) microspheres (MS) were studied in joints destabilised by full anterior 
cruciate ligament transection (ACLT) with partial medial meniscectomy (pMMx), leading to 
OA changes. In addition, given findings in the diseased joints treated with extended release 
of TAA, the role of TAA in tissue healing was studied in in vitro wound healing assays with 
cultured ligament and joint capsule tissue explants. We demonstrate that local extended 
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release of TAA aggravates the surgically induced instability with concurrent incongruity and 
subsequent cartilage degeneration. We also show that TAA inhibits wound healing processes 
as fibroblasts do not grow out of joint tissue explants in its presence. Hence extended 
intra-articular corticosteroid exposure in joints with instability due to acute intra-articular 
tissue damage, should be avoided at all times, as it might aggravate the ensuing joint 
degeneration. However, minor effects are likely to occur after single bolus injection.

MATERIALS AND METHODS

Materials

PEA microspheres were prepared as described before26. 20, 30 and 45 wt% TAA was dispersed 
in polymer/solvent solution and particles were formed at 8000rpm with an ultra-turrax 
and poured into a hardening bath afterwards. Particles were stirred over night at ambient 
temperature, cooled prior to washing and snap frozen with liquid nitrogen prior to freeze-
drying. Particles were sterilized using gamma sterilization. Dry particles were resuspended 
with saline to obtain three different drug concentrations per 25µl injection volume, namely 
0.7 mg, 1.0 mg and 1.6 mg TAA. 0.7 mg in 25 μL TAA bolus was obtained by diluting Kenacort® 

(40 mg/ml, Bristol-Myers Squibb, Woerden, The Netherlands) in sterile saline. TAA (T6501-
250MG, Sigma-Aldrich) used in culture experiments was dissolved in 100% ethanol and 
further diluted in culture medium to obtain working concentrations.

Animal procedures

Animal experiments were performed in agreement with the Dutch Law of Animal 
Experimentation, approved by the Animal Ethics Committee in Utrecht, the Netherlands 
(project # AVD108002015282) and ARRIVE guidelines were complied. Primary outcomes were 
synovial inflammation, cartilage degeneration and bone changes, with power analysis based 
on previous data on the effects of TAA on synovial inflammation. Secondary outcomes were 
body weight, plasma TAA levels and calcifications. To reduce animal use, studies in which 
animals with OA joints receiving unloaded or loaded TAA microspheres were first conducted 
to determine the best TAA bolus dosage as control. The effects of TAA bolus and of extended 
TAA release of the same TAA dosage in OA animals, in healthy joints were evaluated in follow 
up studies. Also, the 6 rats injected with empty MS served as control (OA) for this and a 
similar study on another small molecule drug. 34 female, 10 weeks old, Sprague-Dawley 
rats (Charles River Laboratories International, Inc.) were housed in groups under standard 
laboratory conditions (open cage, ad libitum food and water). Pre- and post-operatively, 
rats received 0.05 mg/kg buprenofine (buprecare®) and 4 mg/kg carporal® (AST farma B.V., 
Oudewater) subcutaneous as prophylactic analgesia. OA was induced by transecting the 
anterior cruciate ligament (ACL) and partial removal of the medial meniscus, referred to 
as the ACLT+pMMx model, in the experimental joint of all rats under isoflurane anaesthesia 
(4.5% induction, 1-2 % for maintenance). After 4 weeks, animals were randomly divided into 
groups (each n=6); control OA (unloaded MS), TAA bolus, MS-TAA (microspheres loaded with 
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TAA) 0.7 mg, MS-TAA 1.0 mg, MS-TAA 1.6 mg, healthy joint MS-TAA 0.7 mg. Injections and 
follow-up measurements were done blinded. Two rats receiving MS-TAA in OA joints were 
euthanized before the end of the study, one due to renal infection (MS-TAA 1.0 mg) and the 
other due to severe weight loss after being exposed to high dose TAA release (MS-TAA 1.6 
mg), leading to a reduction of n=5 in the experimental group MS-TAA 1.0 mg and MS-TAA 
1.6 mg.

Plasma TAA retrieval and measurement

At 0, 2, 4, 6, 8 hours after IA-MS injection, venous blood samples were taken and collected 
in K2-EDTA blood capillary tubes (T-MQK Capiject, Terumo Medical Corporation), daily on 
the following week and after that once a week. TAA concentrations were determined from 
plasma by LC-MS/MS, using a Thermo Fisher Scientific triple quadrupole Quantum Acces LC-
MS/MS system (Waltham, MA) as previously described26.

Static weight bearing asymmetry assessment

During follow up, body weights and difference in weight borne by experimental compared 
to contralateral hind limb were obtained weekly using a Linton Incapacitance Tester (Linton 
Instrumentation). Rats were placed in a plastic chamber with each hind paw resting on 
transducer pads, to record weight distribution over 3 seconds for five trials. Percent 
ipsilateral weight-bearing was calculated as weight on the experimental hind limb divided 
by weight on both hind limbs.

Bone changes and calcifications determined using µCT images

All rats were imaged directly after CO2/O2 asphyxiation, using a Quatum FX µ-CT scanner 
(PerkinElmar, Waltham, MA) with parameters time = 3 min, isotropic voxel size = 30 µm3, 
tube voltage of 90 kV, tube current = 180 µA. 3D reconstructed images were obtained and 
serial 2D images were reconstructed using software Analyze 11.0 (PerkinElmer, USA). ImageJ 
software (ImageJ) was used for all analyses. Serial 2D scans were evaluated for subchondral 
sclerosis, osteophytes, bone cysts and loose bodies according to a multi-modality scoring 
system evaluated previously27. Joint alignment was evaluated using sagittal serial 2D scans. 
Peri-articular dystrophic calcifications were quantified by the mean average of each pixel 
value above soft tissue pixel value of each µCT scan, based on histograms representing air, 
soft tissue and calcified tissue values. To obtain comparable region of interests, the same 
distance from growth plate to the lower end of tibia on the scan was measured.

Macroscopic and histopathological analysis

All hind limbs were collected for histological analysis and were fixed in 4% formaldehyde 
solution (Klinipath BV, Netherlands) for 1 week. Thereafter, joints were decalcified in 
0.5M EDTA (VWR international BV) solution for a total of 8 weeks, re-fixating for 3 days 
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in 4% formaldehyde solution every two weeks, and embedded in paraffin. Five µm thick 
transversal knee joint sections were cut and stained either with Safranin-O/Fast green or 
haematoxylin/eosin to evaluate cartilage degeneration using the Mankin score (0 complete 
healthy – 14 total joint destruction) or synovitis using the Krenn score (0 healthy – 9 severe 
synovitis), respectively. Scoring was done blinded by two observers (A.T. / I.R.). All rat 
cadavers were blinded macroscopically and microscopically assessed for systemic side 
effects of TAA, by veterinary pathologists (M.J.L.K. / R.E.T.).

Primary ligament explants and fibroblast outgrowth

From 10 healthy surplus rats, patella, collateral and cruciate ligament explants (n=5 per 
ligament type) were isolated, washed with PBS + 1% penicillin/streptomycin (Gibco), 
weighted and cultured in flasks (25 cm2, cellstar®) in DMEM (high glucose, GlutaMAX™, 
pyruvate, Gibco, Life Technologies, Carlsbad, CA) supplemented with 10% heat inactivated 
FBS (HyClone, Life Technologies), 1% ascorbic acid 2-phosphate (Sigma-Aldrich) and 1% 
penicillin/streptomycin (Gibco) for 10 days in the presence of 10-6 M TAA or ethanol control 
or 4 days in the presence of 10-6 M TAA, then washed with PBS and subsequently exposed 
to medium containing ethanol as vehicle control for the remaining days, mimicking bolus 
TAA injection. Then, cells were trypsinized and counted in Bürker-Türk counting chambers. 
Cell number was corrected for mg tissue. At day 1, medium was collected and lactate 
dehydrogenase content as indicator for cytotoxicity was measured, using a Cytotoxicity 
Detection Kit (Roche) according to the manufacturer’s protocol. The colorimetric signals 
were measured in duplicates on a Versamax microplate reader (Molecular Devices LLC, 
Sunnyvale, CA) at 490 nm subtracted by a background reference.

Wound closure assay

Patella ligament cells of 4 healthy surplus rats were isolated via the fibroblast outgrowth 
method described above. Cells were expanded in DMEM supplemented with 10% heat 
inactivated FBS, 1% ascorbic acid 2-phosphate and 1% penicillin/streptomycin and passage 2 
cells were used for the scratch assay. Cells were seeded in 96 well plate (1000/well) and 24 
hours later a scratch was made in the monolayer with a 20 µl pipette tip across the center of 
each well. Subsequently, wells were washed and replenished with fresh medium containing 
10-6 M (=1 µM) TAA or ethanol control. The concentration was chosen based on previously 
shown relationships of synovial fluid – serum concentration ratios28,29, with plasma level of 
2 µM corresponding to synovial fluid concentrations of approximately 4 µM or higher, and 
on a study showing that injection with PLGA microspheres loaded with half the amount of 
TAA used here in human OA joints, that resulted in a concentration of 0.7 µM in aspirated 
synovial fluid after 1 week24. Images were obtained at time point 0, 24 and 48 hours after 
scratch. Gap distance was quantified using ImageJ and endpoint 48 hours was used to 
calculate migration rates.
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Statistics

All statistical analysis was performed according to the guidelines of BJP30. Data were 
analyzed using IBM® SPSS® Statistics version 21. For each animal experiment carried out at 
least 6 different animals were included in each group, based on an a priori power analysis 
with 85% power, α-error level of confidence (α = 0.008) corrected for the number of relevant 
comparisons between the groups set at 0.85% and assuming standard deviations are as 
observed as in previous studies26. Power analysis was done to detect differences between 
TAA as bolus and TAA released by microspheres. Our previous results demonstrated that an 
n of 6 allows for detection of differences in synovial inflammation, cartilage degeneration 
and bone changes of given intervention31. However, in treatment groups ‘MS-TAA 1.0 mg’ 
and ‘MS-TAA 1.6 mg’ one rat was euthanized before the end of the study, leading to a 
reduction in n-value of 5. Distribution of plasma TAA was analyzed by nonparametric 
Kruskal-Wallis test with post-hoc pairwise comparisons using the Dunn-Bonferroni approach. 
Body weight curves and weight bearing asymmetry over time were analyzed using linear 
mixed model, followed by pairwise comparisons with Sidak post-hoc tests. Since dose 
was not a significant a predictor for weight bearing asymmetry, all extended TAA release 
groups were taken together and compared to control (OA) and TAA bolus weight bearing. 
Model selection was based on the lowest Akaike Information Criterion. Donor and time 
served as random effect factors and treatment served as fixed effect factor in both models. 
Regression coefficients were estimated by the maximum likelihood method. Differences 
in dystrophic calcium amounts were evaluated by one-way ANOVA with Tukey’s post-hoc 
test after Ln transformation. All post-hoc tests were performed only if the F-value for 
the ANOVA achieved statistical significance. All bone changes were assessed for femur, 
tibia and patella, medial and lateral sides. Subchondral sclerosis and osteophytes were 
analyzed using one-way ANOVA with post-hoc Tukey’s test. Bone cysts and loose bodies data 
were assessed using the nonparametric Kruskal-Wallis test with post-hoc pairwise Dunn-
Bonferroni comparisons. No significant differences in scores of contralateral joints were 
observed between groups and thus included as one control group. Cartilage degeneration 
and synovitis scores were analyzed with one-way ANOVA with Tukey’s post-hoc test after 
Ln transformation. Statistically significant differences of all post-hoc tests were found at 
*p<0.05. Ligament cell number outgrowth was analysed with one-way ANOVA with Tukey’s 
post-hoc test for each ligament type separately. Nonparametric Kruskal-Wallis test with 
post-hoc pairwise comparisons using the Dunn-Bonferroni approach was used for capsule 
outgrowth data. Cell migration of TAA was compared to ethanol control treated explants 
using independent student t-test.

 

RESULTS

Local extended release of TAA resulted in body weight loss without recovery

Extended TAA release from microspheres showed lower peak plasma TAA levels compared 
to TAA bolus release. In none of the conditions TAA was detectable anymore in the systemic 
circulation 120 hours post-injection (figure 3.1A). To determine possible adverse effects of 
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the systemic load, body weight was monitored. Local extended release of TAA in healthy 
joints and joints destabilised by ACL transection and meniscectomy, significantly decreased 
body weight, irrespective of the dose (figure 3.1B). Body weight increased again 3 weeks 
post IA injection, but was not regained to the level of untreated animals in the remaining 
study period. Animals receiving 0.7 mg TAA bolus, the same dose as the lowest dose of 
TAA released by microspheres, also lost body weight after IA injection, but regained body 
weight to similar levels as untreated animals. Macroscopical and microscopical examination 
of several body tissues post-mortem otherwise showed no abnormalities related to TAA 
administration.
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Figure 3.1: Systemic influences of local TAA delivery. (A) Bolus TAA gives a significant different 
distribution than all other burst releases in OA joints. (B) Local extended release of TAA results 
in body weight loss compared to control (OA). All data shown as mean ± SD with control (OA) 
n=6, TAA bolus 0.7 mg n=6, MS-TAA (TAA loaded in microspheres), 0.7 mg n=6, MS-TAA 1.0 
mg n=5, MS-TAA 1.6 mg n=5, healthy joint MS-TAA 0.7 mg n=6. MS=microspheres, *p<0.05. 
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Local TAA delivery increased asymmetrical weight bearing in surgically induced OA 
joints

Static weight bearing measurements were performed to monitor asymmetry in hind limb 
weight bearing as indication of pain. However, apart from a temporary weight bearing 
asymmetry 28 days after induction, the destabilising surgery and associated OA did not 
change static weight bearing on the long-term. In contrast, animals with OA injected with 
TAA (either as bolus or by extended release) in general unloaded their experimental joint, 
suggesting a painful limb and/or postural instability due to the extended joint instability 
(figure 3.2).

Extended TAA release in surgically instability-induced OA joints caused dystrophic 
calcification

The 3D reconstructions showed a clear image of calcium deposition surrounding the OA 
joints subjected to extended TAA release. By histology these were verified to be cell-
free masses indicative of pathological processes32, rather than ectopic bone formation. 
Dystrophic calcifications were not encountered in unstable OA joints injected with TAA bolus 
(figure 3.3), nor in healthy joints injected with TAA-loaded microspheres. As chance finding, 
joint malalignment was observed in the sagittal plane on µCT images made immediately 
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Figure 3.2: Weight bearing asymmetry after local TAA delivery. MS-TAA loaded with a dose range of 
0.7-1.6 mg TAA and bolus TAA (0.7 mg) in OA joints induced less weight bearing of the experimental 
joint, as indicator for pain. Dotted line represents time of MS/bolus injection. All data shown as mean 
± SD with control (OA) n=6, TAA bolus n=6, MS-TAA n=16. MS-TAA dose groups were taken together 
since dose was not a significant fixed effect in this statistical model. MS=microspheres, *p<0.05.
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post-mortem (figure 3.4), and recorded as possible parameter of joint instability. In 94% 
of OA joints with extended TAA delivery, joint subluxation with concurrent incongruity and 
subsequent contracture of the joint was observed, and in 50% of OA joints injected with 
bolus TAA (table 3.1). In OA joints with unloaded MS, healthy joints treated with MS-TAA 
and all contralateral joints no joint subluxation was observed. However, the number of 
observations did not allow for statistical analysis.

Table 3.1. Local TAA in OA joints retain instability, regardless of delivery system.

condition Joint subluxation
yes no %

Control (OA) 0 6 0
TAA bolus 3 3 50

MS-TAA 0.7 mg 6 0 100
MS-TAA 1.0 mg 5 0 100
MS-TAA 1.6 mg 4 1 80
Healthy MS-TAA 0 6 0

Contralateral joints 0 34 0
A MS = microspheres.
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Figure 3.3: Extended TAA release in OA joints lead to large amount of dystrophic calcification. (A) 3D 
reconstruction of μCT scans. MS-TAA 0.7 mg is employed as a typical example of all three loading doses. (B) 
Quantification of dystrophic calcification in experimental joint (L), corrected for the contralateral joint 
(R). Individual data shown for control (OA) n=6, TAA bolus n=6, MS-TAA 0.7 mg n=6, MS-TAA 1.0 mg n=5, 
MS-TAA 1.6 mg n=5, healthy joints MS-TAA 0.7 mg n=6, as well as mean ± SD. MS=microspheres, *p<0.05.
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TAA extended delivery decreased bone cyst number

To look into the effect of TAA on bone at the in vivo level, subchondral sclerosis, osteophyte 
formation, bone cyst number and loose bodies were scored (figure 3.5). TAA bolus did not 
affect any of these parameters in the instability-induced OA joints (figure 3.5). The extent 
of joint degeneration, as characterized by histological evaluation using Mankin score33, 
together with the calcifications, made it impossible to score bone changes in MS-TAA treated 
induced OA joints, except for bone cyst number. The number of bone cysts in joints exposed 
to 0.7 mg and 1.0 mg MS-TAA was significantly lower compared to non-treated controls and 
were reduced to levels comparable to the healthy joints either contralateral or treated 
with 0.7 mg TAA in microspheres (figure 3.5C). TAA bolus and 1.6 mg MS-TAA were not able 
to reduce bone cyst numbers substantially, suggesting that there is an optimal MS-delivered 
TAA dose effectuating a protective role in bone cyst occurrence. 

Extended TAA release leads to substantial cartilage degeneration

Cartilage integrity was evaluated using the Mankin score, representing the sum score of 
the structure, cell morphology, matrix content and tidemark integrity of the cartilage33. 
The medial tibia plateau region in the joint was shown to develop more severe and 
reproducible OA changes than the lateral side in surgical OA models34 and was therefore 
analysed. While IA injection of bolus TAA did not affect cartilage degeneration, extended 
TAA release effectuated by the microspheres in the surgically induced joints lead to a 
substantial increase of cartilage destruction with even bone-on-bone contact in most joints 
(figure 3.6A and 3.6B). However, in healthy joints exposed to extended TAA release by the 
microspheres, tissue structure, cell morphology and tidemark integrity were unaffected. 
Still, the separate sub-categories of the Mankin score did not present a different pattern 
between all conditions, as is also shown for the total cartilage degeneration score (figure 
3.6B). No hypertrophy of the remaining cartilage in any of the joints was found, as evaluated 
by collagen type X IHC (Supplemental Figure 3.1).

A B
Normal alignement of the joint cranio-proximal subluxation of the tibia 

Figure 3.4: Local TAA delivery in OA joints retain instability, leading to joint subluxation. 2D sagittal 
µCT image example used to evaluate joint alignment throughout the whole joint. (A) normal joint 
alignment of control (OA) joint. (B) representative example of a MS-TAA 0.7 mg treated OA joint 
with cranio-proximal subluxation of the tibia and evident calcification of the periarticular tissues, 
indicated by white arrows. These chronic changes most probably represent joint contracture.
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Figure 3.5: TAA extended delivery decreases bone cyst number, while bolus TAA does not alter boney 
changes in OA joints. µCT scans of medial tibia plateau were scored for (A) subchondral sclerosis (B) 
osteophytes (C) bone cysts (D) loose bodies. Individual data shown for control (OA) n=6, TAA bolus n=6, MS-
TAA 0.7 mg n=6, MS-TAA 1.0 mg n=5, MS-TAA 1.6 mg n=5, healthy joint MS-TAA 0.7 mg n=6 and all contralateral 
joints n=18 as well as mean ± SD. The extent of joint destruction together with calcifications made it 
impossible to score OA associated bone changes in MS-TAA treated OA joints. MS=microspheres, *p<0.05.
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Figure 3.6: Extended TAA release in OA joints causes cartilage destruction. (A) Histological 
overview of best and worst outcomes (medial tibia plateau), stained with Safranin-O/Fast 
green. Arrow indicates the denuded bone surface. Scale bars: 100 µm. (B) Quantification of 
cartilage degeneration using Mankin score (1 – 14). Individual data shown for control (OA) n=6, 
TAA bolus n=6, MS-TAA 0.7 mg n=6, MS-TAA 1.0 mg n=5, MS-TAA 1.6 mg n=5, healthy joint MS-
TAA 0.7 mg n=6 and all contralateral joint n=32, as well as mean ± SD. MS=microspheres, *p<0.05.
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The extent of joint degeneration together with calcifications made it impossible to properly 
score synovitis in OA joints exposed to extended TAA release. Hence, the effect of extended 
TAA release on inflammation in OA joints could not be established and could not be graphically 
depicted. The OA joints treated with TAA bolus injections showed no effect on synovitis 
(figure 3.7). However, in a few surgically induced joints the synovial capsule appeared rich 
in cartilage-like cells, which was not seen in the contralateral joints (Supplemental Figure 
3.2; OA control 3/6, TAA bolus 3/6, MS-TAA (all dosages) 5/16, healthy MS-TAA 2/6).

TAA inhibits migration of ligament and synovial capsule cells

We investigated to what extent healing processes such as cell outgrowth and migration 
were affected by TAA. Fibroblasts did not migrate out of rat ligament or capsule explants 
when exposed to 10-6 M TAA during the culture period of 10 days (figure 3.8A). Temporary 
exposure to TAA, mimicking the bolus TAA injection, did show a reduction in numbers of 
fibroblasts migrating out of the explants in all tissues, which was statistically significant for 
the collateral ligaments compared to vehicle control. No cytotoxicity was found in any of 
the conditions. Since cell migration was completely inhibited in the presence of 10-4 M TAA 
(data not shown), we further focussed on migration as crucial part of the healing process by 
performing scratch assays with primary patella ligament cells in the presence or absence of 
10-6 M TAA. Consistent with the results of the tissue outgrowth assay, we found that in vitro 
wound closure by primary patella ligament cells was significantly impaired by long-term TAA 
exposure (figure 3.8B). 
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Figure 3.7: TAA bolus release in OA joints does not reduce synovitis. (A) Histological overview of 
best and worst outcomes. Scale bars: 50 µm. (B) Quantification of synovitis, using Krenn score (0-9). 
Individual data shown for control (OA) n=6, TAA bolus n=6, healthy joint MS-TAA 0.7 mg n=6 and all 
contralateral joints n=18, as well as mean ± SD. MS-TAA conditions are not scored or displayed, since the 
calcifications made it impossible to distinguish representable synovial tissue. MS=microspheres, *p<0.05.
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DISCUSSION

The aim of the current study was to evaluate the effects of biomaterial-based sustained 
delivery of the corticosteroid triamcinolone acetonide, compared to TAA bolus delivery, in 
joint degeneration associated with acute tissue damage-induced instability.

Although plasma TAA was detectable only until 120 hours post-injection, in all animals 
injected with TAA, considerable weight loss was induced during the 2 weeks after injection. 
While the weight of the animals receiving TAA bolus caught up with the weight of non-
treated animals 3 weeks post-injection, extended release of TAA prevented this recovery, 
suggesting an extended systemic though not detectable presence of TAA. Weight loss in rats 
upon systemic oral exposure35, and after weekly IA injections with a cumulative dose of 
1.1 mg TAA36 was described before. This is in contrast to the weight gain through enhanced 
fluid retention and increased appetite found in human patients37. The mechanism behind 
this discrepancy is difficult to pinpoint, but may be explained by species differences in 
receptor binding38 and/or signalling39 or differences in balance between mineralocorticoid 
and glucocorticoid activities of the drug40-42. Glucocorticoids can induce muscle atrophy in 
rodents at relatively low concentrations43 and hence might elicit weight loss at undetectable 
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Figure 3.8: Continuous TAA exposure abrogates outgrowth, temporary TAA exposure inhibits 
cell outgrowth. (A) patella n=5, collateral n=5 and cruciate ligament n=5 and capsule n=3 rat 
explants exposed to vehicle control (EtOH), TAA (10 day exposure) or bolus TAA (4 day exposure). 
Individual data shown with mean ± SD, $ p=0.054 and *p<0.05. (B) Quantified migration rates 
of primary rat patella ligament cells of 4 rats when exposed to vehicle control (EtOH) and TAA 
over 48 hours. n=5 per rat, per condition. Individual data shown with mean ± SD, *p<0.05.
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systemic concentrations. However, although no systemic side-effects were found macro- 
and microscopically 12 weeks after treatment, we cannot exclude a possible toxic effect 
causing the weight loss in TAA-treated animals. In general, rodent models have their 
limitations in evaluation of effectivity of drugs for clinical practice and do not completely 
reflect human disease. Still, novel treatments are commonly developed and tested initially 
in rodent models. A large animal model would be the next step in the testing of the current 
drug delivery system before going to the human patient.

In addition to inducing irreversible weight loss, extended exposure to TAA also enhanced 
cartilage degeneration and dystrophic calcification. Why this pathological accumulation of 
calcium salts in necrotic or degenerated tissue was found, is as yet unclear. Possibly the 
prolonged instability caused tissue and cell death, the debris of which could subsequently 
not be cleared by the innate phagocytic system under the immunosuppressive action of TAA. 
The observed effects of extended TAA exposure on cartilage integrity and the induction of 
dystrophic calcification in the current model were not likely to be merely due to overdosing. 
Based on joint space volume, the 0.7 mg dose (the lowest dosage used here) corresponds 
to 56 mg TAA in a human knee joint, which is only 1.4 times higher the 40 mg TAA bolus 
generally administered in patients. Even the 80 mg of bolus TAA administered in arthritic 
knees in several clinical studies did not result in adverse effects44-47. Moreover, the intra-
articular release of a dose of 60 mg TAA from a PLGA microsphere platform, equivalent to 
the lowest dosage used in the current study, was shown to be safe in knee OA patients48. 
Also in a different, collagenase-induced, rat model of OA, the extended release of TAA 
by PEA microspheres did not show any effects on cartilage integrity nor induced tissue 
calcification26. Given the absence of effects in previous studies of unloaded PEA microspheres 
in OA animals, the microsphere platform per se is not likely to have contributed to the 
effects found either16,26, nor would have their combination with TAA bolus, given the absence 
of effects of either when administered separately. Together with the lack of effect of the 
bolus in OA animals and of TAA-releasing PEA microspheres in non-operated healthy animals, 
our observations rather point towards an interaction of extended release of TAA with the 
pathological processes occurring in the ACLT + pMMx OA model.

Extension of tissue trauma-induced instability may have incited the effects of extended 
exposure found here. Although the differences in joint subluxation as change finding could 
not be statistically substantiated and would require additional studies with larger sample 
sizes to be proven, a role of extension of instability was supported by inhibition of cell 
outgrowth from tissue explants in culture: To address the possible mechanisms responsible 
for the effects of extended exposure to TAA, we studied its effect on wound healing in 
vitro, using a TAA concentration based on the range expected to be present in the synovial 
fluid24,28,29. The continuous presence of TAA resulted in a complete abrogation of migration 
of ligament or synovial capsule cells out of tissue explants in culture. Temporary exposure 
to TAA resulted in an intermediate effect, with a mere reduction of outgrowth of cells, that 
was significant for medial collateral, cruciate ligament and synovial capsule tissue. This 
indicated that temporal TAA exposure diminished migration, but cells were able to resume 
the wound healing processes. This notion is in line with the suggested lower frequency 
of joint subluxation as determined post mortem we found in the OA joints treated with 
bolus injections, compared to the apparent increase of instability in the joints exposed to 
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microsphere-delivered TAA. The effect of TAA on tissue outgrowth was at least partially due 
to the inhibition of cell migration, as shown in the cell migration assay, in accordance with 
previous data on the effects of dexamethasone and TAA on tenocytes49,50. TAA was also shown 
to inhibit human tenocyte collagen synthesis51, suggesting tissue healing is impaired in many 
aspects. Hence the extended exposure to TAA in the current study may have inhibited the 
general and naturally occurring arthrofibrosis in OA, a usual process leading to stabilization 
and stiffness of the joint52. It has to be noted that the used in vitro models may have 
been suboptimal in reflecting the dynamic changes in synovial fluid concentrations over 
time, as only one dosage was used at a concentration well over the anticipated receptor 
saturation concentration53, and exposure was limited to 10 days, whereas TAA released from 
microspheres in vivo was detected up until 12 weeks after IA injection24. However, this is 
more likely to have caused an underestimation rather than overestimation of the effects 
found in vivo.

Although this was not a major aim and this study was underpowered to demonstrate the 
absence of differences, effects of TAA bolus injections in OA joints compared to non-treated 
joints, in contrast to the effects of the extended presence of TAA, are supported by various 
in vivo and clinical studies,. Post-surgical injection of the corticosteroid dexamethasone 
for inhibition of acute inflammation in a rabbit model of surgically induced OA showed no 
side effects54,55. In patients, corticosteroids have been intravenously administered peri- and 
post-operatively during ACL repair surgery and orally afterwards to reduce inflammation and 
pain, without complications56,57. A recent clinical trial showed that bolus TAA injections in 
patients with ACL injury, with the aim to delay or prevent post-traumatic OA, had no adverse 
events after 5 weeks of follow-up and even transiently exposure reduced some biomarkers 
indicative of joint degeneration and inflammation after injury58. Hence, most likely acute 
tissue trauma may be treated safely by a short acting dose of corticosteroids. However, 
it should be noted that small calcified depots have been described upon IA injections of 
patients with corticosteroids59,60, possibly similar to the dystrophic calcifications found in 
the current study. In addition, corticosteroids can increase the elasticity of the ligament, 
thereby increasing knee joint laxity and the susceptibility for ligament ruptures61,62, so even 
short term intra-articular exposure is not entirely without risks.

In general, controversy on the effect of corticosteroids on joint cartilage is still considerable. 
Negative effects of corticosteroids on cartilage integrity have been mainly described in 
vitro, in monocultures of chondrocytes or cartilage tissue explants63,64, although loss of 
safranin-O positivity was found upon intra-articular injection of TAA-delivering microspheres 
in healthy joints65. However, we showed that while TAA indeed inhibited proteoglycan 
content of cartilage explants in monoculture, in co-cultures of cartilage explants with 
synovial tissue, the same concentration of TAA enhanced proteoglycan synthesis66. Also in 
several clinical studies no deleterious effects of IA corticosteroid use on tissue integrity 
were found67-69, altogether suggesting that in the more complex context of the pathological 
joint, corticosteroids per se are not harmful.

Despite the increase of cartilage degeneration and dystrophic calcification, microsphere 
delivered TAA did result in a decrease in number of bone cysts in the tibia. Other aspects 
of the boney phenotype of OA, such as osteophyte formation, could not be evaluated due 

Chapter 3



63

to the disorganisation of the joints and the dystrophic calcification found. Notwithstanding, 
the reduction in bone cysts by extended TAA release may point towards its potency for 
application in stable OA joints, as bone cysts have been suggested to be associated with 
pain, although not unequivocally demonstrated70. Unfortunately, we discovered that pain 
could not be measured reliably in the current model using statistic weight bearing analysis, 
in contrast to the applicability of this assay in detection of OA pain in mice models71,72. 
Possibly the weight changes between the hind paws were too subtle to detect with a static 
weight-bearing measurement device in rats. Other types of analyses previously used for 
detecting pain in rat studies, such as the von Frey or dynamic weight bearing analysis, may 
be more suitable for measuring pain in future studies73.

A factor complicating optimal development of intra-articular drug delivery systems, is the 
limited tools for analysis of local drug concentrations over time. Serum concentrations 
are inherently low, as after diffusion of the drug from the synovial space to the blood, 
the drug is diluted and cleared by the liver, easily falling below the limit of detection by 
HPLC74. In rodent models commonly used in the first stage of preclinical development of 
novel therapies, synovial fluid sampling over time is impossible and very small quantities 
of plasma are available for analysis. In the current study, plasma TAA levels in the first 
two days reflected the initial burst release of TAA-loaded PEA occurring in vitro26. The 
area under the curve (AUC) of the plasma levels, indirectly showing loss from the synovial 
cavity and hence delivery by the microspheres, was approximately 10 times smaller for the 
microsphere-based versus the bolus formulation of 0.7 mg TAA. However, whether the drug 
was released for the full period of 16 weeks after injection, as was demonstrated before 
in vitro75, cannot be stated with certainty. PEA microspheres loaded with a hydrophobic 
near infrared dye were shown to still contain dye up until 70 days after injection in a rat 
OA model26, suggesting that release continued until at least the first 10 weeks. Moreover, 
in knee OA patients treated with a PLGA-based platform releasing TAA24, TAA was detected 
in the synovial fluid of knee OA patients up to 12 weeks after IA injection, but not in 
bolus injected joints. As we have shown in an acute arthritis model that PEA microsphere-
based TAA release inhibited inflammation for a longer time period than PLGA-based TAA 
release75, it is very likely that in the current study, release spanned even more than these 
12 weeks. Nevertheless, more insight of the intra-articular delivery kinetics, possibly using 
drug labelling, will be required for optimal development and prevention of the side effects 
found here.

CONCLUSIONS

Extended TAA release in the joint has the potential to reduce systemic exposure to 
TAA and treat OA-associated pain and inflammation. However, we show that in an joint 
destabilized through ligament and meniscus transection, increased instability, dystrophic 
calcification, enhanced cartilage degeneration and pain are induced. Most likely, extended 
TAA release, but not temporal exposure, in traumatic unstable joints leads to impaired 
wound healing, and thereby extended instability leading to more tissue damage. Hence, in 
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clinical practice, OA patients with (traumatic) unstable joints should not be treated with 
intra-articular extended release formulations of TAA. To evaluate the efficacy of the used 
microsphere platform releasing TAA in the inhibition of pain, another animal model focussed 
on inflammation and pain without acute joint tissue damage is recommendable.
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SUPPLEMENTARY DATA

control (OA)

TAA bolus

MS-TAA 0.7 mg

healthy MS-TAA

injected contralateral

MS-TAA 1.6 mg

S-Figure 3.1: Collagen type X IHC revealed no hypertrophy of the remaining cartilage 
in any of the joints. Histological overview of medial femoral condyle, best and worst 
outcomes. Arrow indicate collagen type X expression. Scale bars: 100 µm. MS=microspheres

control (OA)

TAA bolus

MS-TAA 0.7 mg

healthy MS-TAA

Best Worst

MS-TAA 1.6 mg

S-Figure 3.2: Cartilage-like cells in synovial capsule. Histological overview of synovial capsule 
stained with Safranin-O/Fast green, best and worst outcomes. Scale bars: 100 µm. MS=microspheres.
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ABSTRACT

Inflammation of the synovium and joint capsule is a main driver of pain in an osteoarthritic 
(OA) joint. Triamcinolone acetonide (TAA) is a classical corticosteroid that reduces 
synovitis and alleviates pain, albeit transiently. Biomaterial-based local TAA release may 
prolong the suppression of pain without the need for multiple injections. Poly lactic-co-
glycolic acid (PLGA) formulations of TAA prolong OA pain relief to a limited extent. A novel 
polyesteramide (PEA) microsphere platform allows for extended release in the OA joint for 
over 3 months. To evaluate their effect on pain and inflammation, TAA-loaded microspheres 
were intra-articularly delivered to the knee joint in a rat model of acute arthritis induced 
by intra-articular injection of streptococcal cell wall peptidoglycan polysaccharide (PGPS) 
and subsequent flare-ups by intravenous PGPS injections. PEA-loaded microspheres were 
benchmarked with TAA-loaded PLGA microspheres and bolus TAA injection. TAA treatments 
were injected intra-articularly before the first induced flare-up. TAA-loaded PEA and PLGA 
microspheres reduced joint swelling and signs of pain-like behavior over the entire study 
period, as assessed by weight bearing and referred mechanical hypersensitivity, whereas 
bolus suspension was effective for a shorter time period. TAA-loaded PEA microspheres 
reduced lameness to a greater extent than TAA-loaded PLGA microspheres. In conclusion, a 
single intra-articular injection of TAA-loaded PEA microspheres reduced joint swelling and 
induced longer pain relief compared to bolus injection. Hence relief of inflammation and 
pain by PEA-based delivery of TAA may prove to be effective and durable.

Keywords: arthritis, microspheres, polyesteramide, poly lactic-co-glycolic acid, synovitis, 
triamcinolone acetonide
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INTRODUCTION

Osteoarthritis (OA) is the most common form of arthritis, affecting people worldwide, with 
rising prevalence1. This degenerative joint disease is characterized by cartilage breakdown, 
fibrotic changes to the joint capsule, bony changes and inflammation of the synovial 
membrane2. These phenomena result in pain and reduced mobility, thereby negatively 
affecting the quality of life in OA patients. An important feature and source of pain in both 
OA and many other joint pathologies, is synovial inflammation, or synovitis. Synovitis causes 
joint pain3,4 and is characterized by synovial hypertrophy, increased neovascularization and 
influx of immune cell infiltrates that secrete pro-inflammatory mediators5,6. In addition 
to triggering several clinical signs, it can extend cartilage breakdown7. Targeting synovial 
inflammation is therefore an important treatment strategy in OA patients.

For decades, corticosteroids have been widely used to alleviate pain symptoms in various 
inflammatory diseases8-10. Triamcinolone acetonide (TAA) is a corticosteroid that is intra-
articularly (IA) injected to reduce OA- and/or mono-articular rheumatoid arthritis -related 
pain11-13. Although IA TAA provides analgesia, it only lasts relatively short with a maximum 
up to 8 weeks14. Multiple TAA injections or long-term systemic use might increase the risk of 
infection or entail risks of overdosing inducing side-effects15,16. Local sustained release may 
overcome these disadvantages. Recently a microsphere formulation of TAA in poly lactic-co-
glycolic acid (PLGA), a commonly used FDA-approved biomaterial, was launched to inhibit 
pain and inflammation for prolonged periods in OA knee joints17,18. Although TAA release by 
these PLGA microparticles initially reduced pain to a higher extent than the common bolus 
formulation, the duration of action was not prolonged compared to bolus injection, possibly 
due to the generally fast degradation rate of PLGA19. As such, there is still an unmet clinical 
need for extended release formulations of TAA. A recently developed polyesteramide (PEA) 
microsphere platform based on natural α-amino acids was shown to be retained in the 
OA-knee joint for at least 12 weeks, suggesting its potency towards prolonged delivery20. 
Similarly to PLGA, the foreign body responses in vivo to PEA is very mild, with limited cell 
infiltrate or tissue damage, also in the joint cavity (Janssen et al., 2016, Peters et al., 
2017). When loaded with the anti-inflammatory drug celecoxib, 16 weeks after IA injection 
in surgically induced OA joints, inhibition of inflammation and the OA bone phenotype 
was demonstrated21. Also loaded with TAA, intra-articular injection of PEA microspheres 
reduced the mild synovial inflammation of a collagenase-induced OA rat model during the 
7 weeks follow up22. However, in both studies, pain was difficult to assess and hence no 
analgesic effects of the delivered anti-inflammatory drugs could be measured. Typically, 
the inflammatory responses in most OA animal models23 are limited. Moreover, these models 
are commonly based on prey animals that usually hide symptoms of pain24, hence in general 
detection of analgesic effects of novel treatments is hampered in these models.

Therefore, to gain insight into the capacity of TAA-loaded PEA microspheres to generate 
prolonged relief of joint pain, a rat model of acute inflammatory arthritis was used. PEA 
microspheres loaded with TAA were intra-articularly delivered and benchmarked to TAA 
released from PLGA microspheres, and to the bolus TAA formulation available as medical 
product. It is unlikely that the PEA polymer will induce inflammatory responses by itself. To 
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evaluate inflammatory effects and pain-like behaviors in the general acute arthritis model, 
empty PEA-treated animals were included.

MATERIAL AND METHODS

TAA bolus injections consisted of TAA suspension (40 mg/mL, Kenacort; Bristol-Myers 
Squibb, Woerden, The Netherlands) diluted in 0.9% sterile saline to obtain required TAA 
dosage. Streptococcal cell wall peptidoglycan polysaccharide (PGPS; 100P fraction with 5 
mg rhamnose/mL PGPS from Lee Laboratories) was used to induce unilateral synovitis and 
flare-ups in the experimental knee joint.

Synthesis of poly lactic-co-glycolic acid (PLGA) and polyesteramide (PEA) microspheres

PEA was synthesized according to a previously published method21,25. PEA polymer was 
dissolved in dichloromethane (DCM Merck Millipore) to obtain unloaded microspheres, or 
30wt% TAA was dispersed in the polymer/solvent mixture. The suspension was sonicated 
in a water bath for 3 minutes. Then the formulation was emulsified in 20 mL of water 
phase, (poly(vinyl alcohol, Sigma-Aldrich, 1 wt% and NaCl 2.5 wt%) by the use of an Ultra-
Turrax, and stirred at 8000 rpm for 3 minutes. PLGA microspheres loaded with TAA were 
synthesized using solid oil-in-water emulsification technique. PLGA (Resomer® RG 753 H, 
Evonik) was dissolved in DCM (Merck Millipore). 25wt% TAA was dispersed in the polymer/
solvent solution and sonicated in a water bath for 3 minutes to obtain the oil phase. The 
latter was emulsified in 20 mL of water phase, (poly(vinyl alcohol, Sigma-Aldrich, 1 wt% and 
NaCl 2.5 wt%) by the use of an Ultra-Turrax, and stirred at 4000 rpm for 3 minutes. After 
emulsification of the PLGA and PEA particles, microspheres were let to harden overnight 
into a hardening bath of 100 mL water phase under air flow. Particles were cooled with 
an ice-bath for 1 hour and thereafter washed with 0.04% Tween 80. Excessive surfactant 
was removed by centrifugation. Before freeze-drying to remove residual surfactant, 
particles were resuspended in 0.04% Tween 80. Once dried, closed vials were sterilized with 
γ-radiation on dry ice.

Characterization of microspheres

Size distribution of the PLGA and PEA microspheres was measured by static light scattering 
using a Malvern Mastersizer 2000S. To determine loading, 10 mg of particles were weighed 
and dissolved in methanol for PEA microspheres or acetone for PLGA microspheres. The 
solutions were diluted with PBS in such a way to fit within the calibration line. In vitro release 
of TAA from PLGA- and PEA-loaded microspheres was followed for 42 days. Approximately 
10 mg of particles were weighed in 50 mL glass centrifuge tubes and 40 mL of PBS were 
added. The vials were placed on an IKA shaker at 37°C and 100 rpm. At specific time points, 
1 mL supernatant was collected for HPLC analysis; first vials were centrifuged for 1 minute 
at 2000 rpm, 36 ml supernatant was removed and refreshed with the same amount of PBS 
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buffer. Samples were analyzed using Waters HPLC system.

Study Design

Twenty-four 8 weeks old female Sprague-Dawley rats (Charles-River laboratories, The 
Netherlands) were used in the study. Rats were allowed to acclimatize for one week and 
housed in groups (3 to 4 rats, randomized for treatment) in polycarbonate cages with wire 
tops, wood chip bedding, and access to ad libitum food and tap water. Local synovitis was 
induced by priming the left joint (e.g. experimental joint) for PGPS by IA injection of PGPS (25 
µL PGPS of 0.17 mg/mL) under general isoflurane anesthesia (day -14). The next day, animals 
were evaluated for local inflammation by measuring joint thickness and pain measurements 
were performed. One animal characterized as non-responder26 was removed from the study. 
Synovitis symptoms reduced over time and on day 0, 14 and 28 flare-up episodes of synovitis 
were reactivated in the experimental knee joints by intravenous injections of 0.5 mL PGPS 
via the tail vein (0.28 mg/mL PGPS). 2.5 Hours before the first reactivation (day 0), animals 
were randomly divided into the following treatment groups ; TAA bolus suspension (n=6), 
PEA microparticles loaded with TAA (n=6) or PLGA microparticles loaded with TAA (n=6) and 
control group injected with empty PEA microparticles (n=6). Treatments were administered 
by single IA injections in the experimental joint. The TAA dosage in every experimental 
group was 2.5 mg/mL TAA in 25 µL, equivalent to 12.5 mg TAA in humans, based on body 
weight. The experimental unit in this study was a single animal and the analysis unit was 
the outcome of a single animal over a follow up starting from treatment (day 0) until 
termination (day 42). Primary experimental outcomes included joint swelling, lameness, 
mechanical hypersensitivity and asymmetry in weight bearance during the complete follow-
up. Joint swelling as indication of inflammation was measured every 0, 1, 2, 4 and 10th day 
after PGPS administration. Pain measurements using a lameness score (yes/no), von Frey 
were done every 0, 1, 2, 4 and 10th day after PGPS administration. Dynamic weight bearing 
assays were done every 2 and 10th day after PGPS administration. Forty-two days after TAA 
delivery, animals were terminated by CO2 asphyxia, subsequently scanned with microCT and 
hind knee joints were harvested for histological processing and analyses. An overview of the 
study set up is provided in figure 4.1. Animals that showed lameness in combination with 
swelling of both hind paws were given additional pain medication (s.c. carprofen, 5 mg/
kg) on that day. The study design and protocol (AVD108002015282, WP#800-15-282-01-003) 
were approved by the national central commission of animal experiments and experiment 
were performed according to DIRECTIVE 86/609/EEC and FELASA guidelines.

Behavioral assays 

All injections (IR) and behavioral assays (IR/KS) were performed and analyzed in a 
randomized fashion by observers blinded to treatment.

Swelling

Swelling was evaluated by measuring knee joint thickness in mm using a digital caliper. 
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For each time point, joints were measured 3 consecutive times, averaged and recorded 
as one data point. Swelling was calculated by subtracting baseline measurements (day-14) 
from the actual time point measurement to indicate acute inflammation evoked by PGPS 
injections.

Referred mechanical hypersensitivity

Mechanical hypersensitivity provoked by joint inflammation was assessed by applying von 
Frey hairs to the hind paw27 and 50% threshold was determined using the up-down method28. 
The up-down von Frey method was used to determine the mechanical force required to 
elicit a paw withdrawal response in 50% of animals. Prior to the assessment, rats were 
placed in a plexiglass test cage with a wire mesh floor and allowed to acclimate for 10 
minutes. In case animals displayed the following behaviors (curling toes, eversion of the 
paw, and non-weight bearing) continuously for at least 5 minutes, the lowest value of the 
von Frey hair was used (50% threshold - 0.6 g).

Visible lameness

Lameness was used as measure for the extent of restriction in the experimental joint by 
inflammation and pain. Lameness was evaluated (yes/no) in the plexiglass test cage with 
a wire mesh floor and scored as such if animals did not load the affected hind paw during 
ambulation for 10 minutes or more. An example is shown in supplementary video 1.

Priming 1st Reactivation 2nd Reactivation 3rd Reactivation

IA injection

day  -14 day 0 day 14 day 28 day 42

swelling
pain measurements

microCT
histology

Figure 4.1: Schematic overview of the study design. First, local synovitis was induced by 
priming the experimental knee joint for PGPS by intra-articular (IA) injection of 0.17 mg/mL 
PGPS (day -14). The next days, local inflammation and pain was evaluated. To reactivate flare-
up episodes of synovitis, PGPS was administered by IV injections of 0.28 mg/mL PGPS (day 0, 
14, 28). Treatments were administered by single IA injections in the experimental joint 2.5 
hours before first reactivation (day 0), indicated by the pink arrow. Inflammation, lameness 
and pain was measured once, every 0, 1, 2, 4 and 10th day after PGPS administration. At day 42, 
rats were culled, scanned with microCT, and joints were harvested for histological analyses.
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Dynamic weight bearing analysis

Weight bearing symmetry and paw surface areas were measured and analyzed using the 
advanced dynamic weight bearing (DWB) (Bioseb, module version 1.4.2.98; Boulogne, 
France). The weight on each separate paw (g), surface area of each separate paw (mm2) and 
weight on other weight bearing parts (g; front paw, contralateral paw, tail) was measured 
and the following ratios were determined; weight on ipsilateral hind paw / weight on 
contralateral hind paw, weight on ipsilateral hind paw / weight on all other weight bearing 
body parts. Asymmetrical weight bearing indicated a painful affected experimental joint29,30. 
Moreover, the surface distribution of the hind paw of the affected leg was determined 
(mm), because during painful conditions in the paw these are reduced31. For each testing 
period, each rat was individually placed in a 22 cm × 22 cm × 30 cm plexiglass chamber with 
floor sensors composed of 44×44 captors (10.89 mm2 per captor). Rats were allowed to move 
freely and explore for 10 seconds prior to data collection. Then, a high resolution 640x 480 
usb based camera recorded each movement for 5 minutes and the following parameters 
were measured: weight on each separate paw (g), surface area of each separate paw (mm2) 
and weight on other weight bearing parts (g; front paw, contralateral paw, tail). Three 
measurements on different days were averaged and used as baseline, thereafter each rat 
was measured once per time point. A blinded observer (IR) validated all data by comparing 
live recordings with a scaled map of the activated sensors to verify body part placements of 
the animal. Time spend rearing or washing was excluded from the analyses and a minimum 
of 1 minute of validated testing period was used to calculate mean values. The DWB software 
(Bioseb, DWB software v1.3) determined surface and pressure parameters automatically. 
Zone parameters were set for the analysis as followed: low weight threshold ≥1g, weight 
threshold ≥2 g, surface threshold of 3 (in order to be considered a valid zone). For each time 
segment that was stable for more than one second, zones that met the above criteria were 
validated and assigned as either right or left and front or hind. A mean value for the weight 
and area of each zone was calculated over the entire testing period, based on the length of 
time of each validated segment.

At one single time point, one animal (group PLGA microparticles loaded with TAA at day 30) 
did not load any of his limbs. Therefore for this data point, the highest score in the PLGA 
group was taken for every single DWB read-out parameter.

MicroCT analyses

Directly after CO2/O2 asphyxiation, animals were imaged using a Quatum FX µ-CT scanner 
(PerkinElmer, Waltham, MA) with parameters time = 3 min, isotropic voxel size = 30 µm3, 
tube voltage of 90 kV, tube current = 180 µA. Serial 2D images were reconstructed from 
the obtained 3D reconstructed images using software Analyze 11.0 (PerkinElmer, USA). 
ImageJ software (ImageJ) was used for all analyses. Serial 2D scans of the femur, tibia and 
patella were evaluated for subchondral sclerosis, osteophytes, bone cysts and loose bodies 
according to a multi-modality scoring system for rats evaluated previously32.
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Histology 

After microCT imaging, all hind limbs were collected for histological analysis and joints 
were fixed in 4% formaldehyde solution (Klinipath BV, Netherlands) at room temperature 
for 1 week. Thereafter, joints were decalcified at room temperature in 0.5M EDTA (VWR 
international BV) solution for a total of 8 weeks, re-fixating for 3 days in 4% formaldehyde 
solution every two weeks, and embedded in paraffin. Five µm transversal knee joint 
sections were cut and stained either with Safranin-O/Fast green or hematoxylin/eosin to 
evaluate cartilage degeneration using the Mankin score33 (0 complete healthy – 14 total joint 
destruction) or synovitis using the Krenn score6 (0 healthy – 9 severe synovitis), respectively. 
Scoring was done at random by two blinded observers independently and scores were 
averaged (AT & IR).

Statistical analyses

Data were analyzed using IBM® SPSS® Statistics version 21. For each dataset, the course 
over time (day 0 to day 42) for every animal was used as experimental unit and statistical 
analysis was performed to detect differences between all groups; TAA bolus suspension 
(n=6), PEA microparticles loaded with TAA (n=5) or PLGA microparticles loaded with TAA 
(n=6) and control group injected with empty PEA microparticles (n=6). Observations were 
independent and statistical significant differences between different time points were 
not evaluated in this study. Equality of data variances was evaluated by Q-Q plots and 
homoscedasticity of residuals by scatterplots. In case ANOVA assumptions were not met, the 
Kruskal–Wallis test was used to analyze nonparametric data. The course over time of joint 
swelling, 50% response thresholds and weight asymmetry, as ratio ipsilateral/contralateral 
and loading surface ipsilateral paw, were analyzed by nonparametric Kruskal-Wallis test 
with post-hoc pairwise comparisons using the Dunn-Bonferroni approach. Weight bearing 
ratio of ipsilateral compared to all other weight bearing parts and surface area of ipsilateral 
compared to all other surface area parts was analyzed with randomized block design ANOVA 
to correct for donor variability. If statistical significant differences were found between 
groups, Sidak post hoc analysis was used to correct for multiple comparisons. Lameness 
incidence was added up and cumulative data was analyzed with contingency tables followed 
by chi-square post-hoc tests based on adjusted standardized residuals with Bonferroni 
correction for multiple comparisons. p<0.05 was taken to indicate statistical significance. 
Corrections regarding the multiplicity issue were done to correct for multiple comparisons, 
rather than corrections for multiple testing.

RESULTS

Microsphere characterization

The size distribution of all three microsphere batches was determined. All batches showed 
a monomodal distribution, with size distribution ranging from 8 to 50 µm. Mean particle 
size of empty PEA microspheres was 38.2 µm with a polydispersity index (PDI) of 1.75; 
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Figure 4.2: Cumulative TAA release from PLGA and PEA microspheres in PBS 
buffer. The concentration of TAA release in PBS medium as determined by HPLC 
throughout 42 days. For each polymer, 3 batches were used as technical replicates. 

PLGA microspheres 39.4 µm with PDI of 1.30 and PEA microspheres 23.8 µm, with PDI of 
1.30. TAA loading of PLGA-loaded microspheres resulted in 23wt% TAA and for PEA-loaded 
microspheres in 28wt% TAA. For both formulations the loading efficacy was 92%.

In vitro TAA release in PBS buffer showed an initial burst at day one with a gradual increase 
of TAA release thereafter, for both microsphere platforms (figure 4.2).

General observations acute arthritis model

PGPS priming and reactivations induced temporal inflammatory responses with remission 14 
days post injection in rats injected with empty PEA (figure 4.3A). PGPS injections induced 
episodes of referred mechanical hypersensitivity that peaked at 4 days after reactivation 
and then diminished over time before the following reactivation. These episodes coincided 
with visual and objective measurements of lameness (figure 4.4, example of lame animal 
in supplementary video 1). With subsequent reactivation-induced synovitis flares, the 
magnitude of mechanical hypersensitivity appeared to increase compared to the previous 
flare in vehicle control-treated animals (figure 4.4A). Synovitis flare-up reactivations also 
induced non-evoked pain behaviors, reflected by the reduced weight bearing and strong 
reductions in the loading surface of the affected hind paw (figure 4.5). Joint swelling and 
pain-like behaviors did not completely return to baseline before reactivation, similar to 
what was observed in a previous study34. Furthermore, a few animals showed lameness in 
combination with swelling of both hind paws, leading to administration of s.c. carprofen 
as rescue medication (total interventions; empty PEA - 16, TAA bolus - 5, PEA TAA – 0 and 
PLGA TAA - 1). One rat receiving PEA microparticles loaded with TAA was euthanized before 
the end of the study (day 16) as it reached the humane endpoint of the study due to 
polyarthritis without improvement upon additional pain medication.

Joint swelling was also observed transiently after PGPS-induced reactivations in all 
contralateral knee joints, regardless of treatment (supplementary figure 4.1). Similarly, 
mechanical thresholds reduced in the contralateral joints with subsequent reactivations in 
control animals (supplementary figure 4.2).

Histopathologically, PGPS injections induced extensive activation of synovial stroma, 
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synovial lining hyperplasia and immune cell infiltration (figure 4.6) while only very mild 
cartilage degeneration was observed. None of the contralateral joints showed synovitis or 
cartilage degeneration (data not shown) and bone changes were absent on microCT in any 
of the joints at 42 days follow up (data not shown).

Anti-inflammatory and analgesic capacities of TAA, released by microspheres

Swelling

A single TAA bolus administration inhibited swelling after the first reactivation, while the 
inhibitory effect on swelling seemed to decline with subsequent inflammatory flare-ups 
(figure 4.3A). Prolonged exposure of TAA by PLGA microspheres reduced joint swelling over 
time, however the reduction in joint swelling was not statistically different compared to 
TAA bolus injected joints (figure 4.3B). In contrast, TAA-loaded PEA microspheres reduced 
swelling significantly more compared to TAA bolus injection over the total 42 days of follow 
up (figure 4.3A, p<0.001). TAA-loaded PEA microspheres tended to reduce joint swelling 
more effectively than TAA-loaded PLGA microspheres (figure 4.3B, p=0.053).

Pain-like behavior

Lameness

A single TAA bolus injection could not prevent lameness induced by repeated PGPS injections 
(figure 4.4C). Rats injected with TAA-loaded PLGA microspheres were less frequently lame 
after the first and second reactivation, but this effect was lost after the third reactivation. 
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Figure 4.3: TAA-releasing  PEA microspheres reduce joint swelling most efficaciously. 
Rats treated with a single intra-articular knee injection of A) empty PEA microspheres 
n=6 (black squares), TAA loaded PEA microspheres n=5 (blue triangles) and TAA 
bolus suspension n=6 (yellow squares) and B) TAA loaded PEA microspheres n=5 (blue 
triangles) benchmarked versus TAA bolus suspension n=6 (yellow squares) and  TAA 
loaded PLGA microspheres n=6 (orange triangles). Swelling of the experimental 
knee joints is expressed as difference between joint thickness and baseline joint 
thickness. Pink arrow indicates time point of the intra-articular knee injection. 
P=priming, R=reactivation. Data are presented as mean ± SD, $ p=0.053 and *** p<0.001.
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Figure 4.4: TAA release from PEA microspheres rescues synovitis-induced mechanical hypersensitivity 
and prevents lameness. As a measure for PGPS-induced referred mechanical hypersensitivity the 50% 
response threshold of the hind paws to von Frey hairs was determined in A) animals treated with 
a single intra-articular knee injection (pink arrow) of empty PEA microspheres n=6 (black squares), 
TAA loaded PEA microspheres n=5 (blue triangles) and TAA bolus suspension n=6 (yellow squares) or 
B) animals treated with a single intra-articular knee injection of TAA loaded PEA microspheres n=5 
(blue triangles) benchmarked versus TAA bolus suspension n=6 (yellow squares) and TAA loaded PLGA 
microspheres n=6 (orange triangles). Data are presented as mean ± SD, *p<0.05. C) The incidence 
of lameness during the course of PGPS-induced synovitis was measured of animals treated with 
empty PEA microspheres n=6, TAA loaded PEA microspheres n=5, TAA bolus suspension n=6 and 
TAA loaded PLGA microspheres n=6. Statistical analysis was performed on the cumulative lameness 
scores. Significance was assumed at p<0.0125, indicated by asterisk. P=priming, R=reactivation.

Rats treated with a single injection of TAA-loaded PEA microspheres displayed significantly 
less frequently lameness compared to TAA-loaded PLGA- and TAA bolus-treated rats over the 
complete study period (figure 4.4C; p<0.0125).

Referred mechanical hypersensitivity

TAA bolus administration reduced the first reactivation-induced hypersensitivity, but the 
inhibition of mechanical hypersensitivity was lost with subsequent reactivation-induced 
flares (figure 4.4A). TAA-loaded PLGA microspheres appeared to reduce reactivation-induced 
mechanical hypersensitivity up to the second reactivation compared to TAA-bolus treated 
rats, but no statistically significant difference was found (figure 4.4B). Prolonged exposure 
of TAA-loaded PEA microspheres reduced flare-induced mechanical hypersensitivity (figure 
4.4A; p<0.05), although no statistical significant difference was found compared to TAA bolus 
administration. After the third reactivation at day 28, the analgesic effect of TAA-loaded 
PEA and PLGA microspheres was diminished. Although at most time points the magnitude of 
hypersensitivity reduction appeared higher for the PEA platform, difference between the 
two microsphere platforms was not statistically significant (figure 4.4B). 
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Dynamic weight bearing analysis

The reduced weight bearing of the ipsilateral affected paw compared to the contralateral 
paw of TAA bolus-treated rats was partially normalized, but after the second reactivation no 
beneficial effects of the TAA bolus were observed (figure 4.5A). TAA-loaded PLGA microspheres 
normalized the weight bearing until the third reactivation, although no statistical differences 
with the effects of TAA bolus were found. TAA release by PEA microspheres normalized the 
weight bearing of the ipsilateral affected paw for the complete study period, compared 
to animals receiving TAA bolus injections (figure 4.5A, p<0.01). No statistically significant 
difference was observed between microsphere treatments. 

Weight bearing of the affected paw compared to all other weight bearing parts was normalized 
in animals after the first reactivation receiving TAA bolus and declined gradually after the 
second reactivation (figure 4.5B).TAA-loaded PLGA and PEA microspheres normalized the 
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Figure 4.5: TAA release from PEA microspheres attenuated loss of weight bearing of the 
affected paw. Relative weight distributions and weight bearing surface area of animals 
were determined during the course of PGPS-induced synovitis. Rats were treated with a 
single intra-articular knee injection (pink arrow) of empty PEA microspheres n=6 (black 
squares), TAA loaded PEA microspheres n=5 (blue triangles), TAA bolus suspension n=6 
(yellow squares) or TAA loaded PLGA microspheres n=6 (orange triangles). (A) Weight 
bearing ratio of the affected paw (ipsilateral hind paw) compared to the contralateral 
hind paw. (B) Weight bearing ratio of the affected paw (ipsilateral hind paw) compared to 
the total weight bearing of the non-affected parts (front paws, contralateral paw, tail). 
(C) Weight bearing surface area of the affected paw (ipsilateral hind paw) is depicted. 
(D) Surface area ratio of the affected paw (ipsilateral hind paw) compared to the total 
weight bearing of the non-affected parts (front paws, contralateral paw, tail) is displayed. 
P=priming, R=reactivation. Data are presented as mean ± SD, * p<0.05, ** p<0.01.

Chapter 4



85

weight bearing of the affected paw compared to all other weight bearing parts compared 
to TAA bolus-treated animals (figure 4.5B, p<0.05). Weight distribution of animals receiving 
TAA-loaded microspheres remained predominantly unchanged the first 28 days, without any 
clear effect between the two microsphere platforms. 

In rats receiving TAA bolus suspension the loading surface area of the affected hind paw did 
not changed after the first reactivation. The loading surface decreased with subsequent 
reactivations, indicating the analgesic effect of TAA bolus on paw eversion as consequence 
of pain was lost (figure 4.5C). The arthritis-induced reduction in loading surface area 
was attenuated by IA injection with TAA-loaded PLGA microspheres after the first two 
reactivations, although no statistical differences were observed compared to TAA bolus-
treated rats. The loading surface area of the affected hind paw remained unchanged in TAA-
loaded PEA treated animals, compared to TAA bolus treated animals (figure 4.5C, p<0.05). 
After the third reactivation, affected paw loading surface area of animals treated with TAA-
loaded PEA microspheres returned to the levels of control animals. No significant differences 
in paw surface area reduction was observed between TAA-loaded PEA microspheres and 
PLGA microspheres.

The loading surface area of the affected hind paw compared to all other loading parts 
in animals receiving TAA bolus suspension was not affected after the first reactivation, 
indicating absence of paw eversion as consequence of pain, and gradually decreased over 
time (figure 4.5D). The loading surface area of the affected hind paw compared to all other 
loading parts remained unchanged in rats treated with TAA released by PLGA microspheres 
as well, up to two reactivations and thereafter decreased, although no statistical 
differences were observed compared to TAA bolus. Animals treated with TAA-loaded PEA 
microspheres did not unload the affected hind paw to redistribute the surface area to other 
parts, compared to TAA bolus animals (figure 4.5D, p<0.05), up to the third reactivation. No 
significant differences in affected paw surface area reduction compared to other loading 
parts was observed between TAA-loaded PEA and PLGA microspheres.

Histopathology

Histopathological assessment was performed on both knee joints to determine the extent 
of synovitis post mortem using the Krenn score and cartilage degeneration using the Mankin 
score. Knee joints of animals treated with either empty PEA or bolus TAA contained extensive 
activation of synovial stroma, enlarged synovial lining and immune cell infiltration in the 
synovium (figure 4.6). Although moderate synovial activation and slight cell infiltration 
was found in TAA-loaded PLGA microsphere treated joints, synovitis was not significantly 
suppressed, compared to TAA bolus-treated joint (figure 4.6A & 4.6B). Sustained TAA 
release by the PEA microsphere platform suppressed synovitis induced by PGPS injections 
significantly compared to TAA bolus or PEA control injections (figure 4.6A; p<0.01) at 42 days 
follow up. No significant differences were found between any of the experimental groups in 
the extent of cartilage degeneration (data not shown).
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DISCUSSION

Targeting synovial inflammation in osteoarthritis has the potential to reduce clinical 
symptoms such as joint swelling and pain35,36. To suppress pain in inflammatory joint 
disease, intra-articular biomaterial-based release of an anti-inflammatory drug can 
prolong retention of the drug in the joint space and thereby prolong the anti-inflammatory 
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Figure 4.6: Single injection of TAA released from PEA microspheres reduced synovitis 
at day 42. A) Extend of synovitis was quantified using the Krenn score of the knee 
joint of rats treated with an intra-articular knee injection of empty PEA microspheres 
n=6 (black squares), TAA bolus suspension n=6 (yellow squares), TAA loaded PEA 
microspheres n=5 (blue triangles), or TAA loaded PLGA microspheres n=6 (orange 
triangles). Data were presented as mean ± SD and significance was found when * p<0.05, 
double asterisks indicate p<0.01. F=femur, M=meniscus. B) Histological representative 
images of the best and worst outcome of the Krenn scores of every experimental group.
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effects. However, release kinetics and thus anti-inflammatory duration are dependent on 
biomaterial properties25,37. To this end, we tested the capacity of the enzyme-degradable 
PEA biomaterial as a microsphere platform for prolonged release of the corticosteroid TAA 
in an acute arthritis model and compared it with a commercially used bulk eroding PLGA 
platform and a standard formulation of TAA for clinical care. In the model of PGPS-induced 
inflammatory synovitis26,34, a single TAA bolus injection of Kenalog® relieved inflammation 
and pain after the first flare-up reactivation but thereafter with subsequent reactivations 
this relief of pain and inflammation gradually was lost. Prolonged exposure of TAA released 
by PEA microspheres inhibited pain-like behavior more compared to bolus TAA exposure over 
the complete study period consisting of three reactivations, while PLGA microspheres were 
only effective during the first two flare-up reactivations. Swelling in joints injected with 
TAA-loaded PLGA microspheres seemed more pronounced compared to knee joints injected 
with TAA-loaded PEA microspheres. However, despite the consistent trends increased 
efficiency of PEA-mediated delivery, no statistically significant differences between the 
two microsphere platforms were found for any of these parameters. Only lameness was 
more frequently observed in animals treated with TAA-loaded PLGA microspheres and 
histopathological hallmarks of synovitis of rats injected with TAA releasing PEA microspheres 
were less severe.

Extending drug exposure locally using controlled release platforms is a recently introduced 
therapeutic strategy in OA research38, with one PLGA-based product on the market39. The 
observed reduction in pain-like behavior in the current study is in line with previous studies 
using PLGA for TAA delivery34,40. However, in contrast to the current study, TAA-loaded 
PLGA microspheres inhibited limping more efficiently than TAA bolus in the same model, 
predominantly the first 28 days after delivery34. In the current study, the gradual decline 
in analgesic effect was less pronounced in TAA PEA-treated animals compared to the PLGA-
based TAA delivery. However, these effects were not statistically significant, most likely due 
to the high variance in the pain read-out parameters and the limited power for detection 
of differences between the platforms. Nevertheless, PEA-mediated TAA delivery showed 
a significant difference compared to bolus administration for several pain parameters, 
whereas almost none differed when the PLGA platform was compared to bolus, indirectly 
suggesting PEA-mediated delivery was more effective than PLGA. Notably, the increased 
number of read out parameters in this study also increase the chances of finding statistically 
significant differences41.

Altogether these results indicate that TAA release from PEA microspheres results in effective 
and sustained analgesia. The mechanism behind the suggested difference in effects of the 
platforms might be the different degradation properties of the polymers in vivo42. Delivery 
from PLGA microspheres is dependent on diffusion and bulk erosion, whilst PEA degradation 
is driven by serine protease activity. Serine protease activity is mainly observed during 
inflammation in OA43, which activity is reduced when inflammation is downregulated 
by released TAA, creating a feedback loop on the degradation of the TAA-releasing PEA 
platform20, accounting for a prolonged analgesia in vivo.

In this model of acute arthritis, more akin to rheumatoid arthritis, we observed that the 
contralateral joints also showed swelling and mechanical hypersensitivity after systemic 
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reactivation. Strikingly however, none of the contralateral knee joints showed significant 
synovitis post mortem, indicating that systemic reactivation induces some signs of 
inflammation (dolor, tumor) but not a full blown synovitis. Another possibility is that the 
unilateral inflammation generated contralateral hypersensitivity due to plasticity of the 
central nervous system, including the spinal cord44. However, pain symptoms are often 
observed before signs of inflammation are present in a joint developing RA, and increased 
pain sensitivity of non-inflamed sites has been observed in RA patients45, while synovitis 
and pain do not always correlate46. This discrepancy between inflammation and pain was 
also found in knee OA patients, were pain intensity poorly correlated with the degree of 
inflammation47-50. This may be related to the observation that both in RA and OA, pain can 
arise from pain signals by the peripheral (joint), spinal and supraspinal pain pathways51,52. 
However, the pathobiology of these joint diseases is very different and hence effects on pain-
like behavior in this arthritis model should be interpreted with caution when extrapolating 
towards treatment of OA pain. Still, TAA is used to alleviate OA joint pain and the controlled 
release of TAA from PLGA microspheres for OA joint pain, evaluated in the same arthritis 
model, is now launched as a commercially available product39. Using this model, our data 
clearly indicate that biomaterial-based delivery of TAA has the potency towards long term 
reduction of inflammation and joint pain in OA.

The importance of the interaction between the synovium and cartilage in OA has been 
stressed before7,53,54 with synovitis accelerating cartilage destruction and disease 
progression7. However, in this study only mild cartilage degeneration was observed, with no 
evident differences noted between joints treated with bolus or slow released TAA. These 
results are in line with a previous study on the effects of controlled release of TAA in 
the same model, showing only limited cartilage damage, with slight improvements after 
TAA exposure34. Possibly the periodic synovitis in this model allows for tissue recovery in 
between. However, evidence is also accumulating that rather than mediating cartilage 
breakdown, ECM breakdown products propagate synovial inflammation in OA, possibly due 
to Toll-like receptor signaling in the synovium55,56. Hence the value of corticosteroid therapy 
for preserving cartilage integrity may be limited57,58 in OA.

CONCLUSION

To conclude, a PEA microsphere platform for TAA delivery reduced swelling, pain, lameness 
and synovial inflammation in a model of acute arthritis, and was more efficient in reducing 
lameness and histological synovitis compared to PLGA-based delivery as reference drug 
delivery system. Future studies should consider assessing higher dosages and/or OA models 
involving cartilage damage to provide a better understanding of the effect of prolonged TAA 
exposure on all joint tissues.
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S-Figure 4.1: Swelling of the contralateral knee joints was calculated (joint thickness – baseline joint 
thickness). Intra-articular knee injection of treatments was administered at day 0; empty PEA microspheres 
n=6 (black squares), TAA loaded PEA microspheres n=5 (blue triangles), TAA bolus suspension n=6 (yellow 
squares) and TAA loaded PLGA microspheres n=6 (orange triangles). Data are presented as mean ± SD.
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S-Figure 4.2: PGPS-induced hypersensitivity in hind paws (solid line = affected joint, dotted line = 
contralateral joint), determined by the 50% response threshold with von Frey hairs. Intra-articular 
knee injection of treatments was administered at day 0; empty PEA microspheres n=6 (black 
squares), TAA loaded PEA microspheres n=5 (blue triangles), TAA bolus suspension n=6 (yellow 
squares) and TAA loaded PLGA microspheres n=6 (orange triangles). Data are presented as mean ± SD.
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ABSTRACT

Episodes of inflammation and pain are predominant features of arthritic joint diseases. Drug 
delivery systems (DDS) could reduce inflammation and pain long-term without chances of 
infection upon multiple injections. To allow for long-term evaluation of DDS, we modified 
a previously published acute arthritis model by extending follow-up periods between flare-
ups. Unilateral synovial inflammation of the knee was induced by intra-articular injection 
of streptococcal cell wall peptidoglycan polysaccharide (PGPS), and flare-ups were induced 
by intravenous PGPS injections every 4 weeks for a total duration of 84 days. In PGPS-
reactivated animals, joint swelling, pain behavior, post mortem synovitis, and osteophyte 
formation were notable features. Hepatitis, splenitis and inflammation of non-primed joints 
were observed as systemic side effects. To test the applicability of the modified arthritis 
model for long-term testing of DDS, the duration of anti-inflammatory and analgesic effects 
of a corticosteroid released from two different polymer-based platforms was evaluated. The 
current modified arthritis model has good applicability for testing of DDS for a prolonged 
period of time. Furthermore, the novel autoregulatory polyesteramide (PEA) microsphere 
platform releasing triamcinolone acetonide (TAA) was benchmarked against poly lactic-co-
glycolic acid (PLGA) and reduced joint swelling and pain behavior more potently compared 
to TAA-loaded PLGA microspheres.

keywords: drug delivery systems; inflammation; arthritis; pain; polyester amide; poly 
lactic-co-glycolic acid.
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INTRODUCTION

Musculoskeletal conditions are the most common cause of severe long-term pain and 
disability, affecting millions of people worldwide1. Musculoskeletal disorders represent a 
large variety of conditions, of which arthritic diseases of synovial joints are one of the most 
frequent disorders. Arthritis, or joint inflammation is often used to refer to any disorder 
that affects the joints and the most representative arthritic diseases are osteoarthritis (OA) 
and rheumatoid arthritis (RA)1. These chronic degenerative joint diseases are characterized 
by articular cartilage degradation, subchondral bone changes and recurring inflammation 
of synovial tissue2, leading to loss of joint function and reduced mobility among patients. 
Although the predominant symptom is pain, the exact pain sources and mechanisms are still 
unclear2. Both arthritic diseases present similar joint-associated inflammatory features, in 
which multiple cartilage degrading proteolytic enzymes induced in the joint in turn have 
pro-inflammatory roles2. Joint pain is generated through pro-inflammatory mediators that 
sensitize and activate sensory nerves innervating the synovium, or through mechanical 
stimulation of nociceptors by effusion and/or thickening of the synovium3,4. Intra-articular 
(IA) corticosteroid injection can relieve knee pain and inflammation5. However, inhibition of 
pain generally only lasts 8 to 12 weeks after IA corticosteroid injection6. Moreover, multiple 
corticosteroid injections or their long-term systemic use might entail risks of inducing 
adverse effects. Biomaterial-based systems for the controlled release of anti-inflammatory 
drugs might avoid adverse effects by prolonging local drug exposure while decreasing 
harmful systemic and local peak drug concentrations. Recently, a poly lactic-co-glycolic acid 
(PLGA) microsphere formulation releasing the corticosteroid triamcinolone acetonide (TAA) 
was developed to prolong inhibition of pain and inflammation in OA knee joints, although 
the period of pain relief was not different to that of a bolus TAA injection in humans7,8.

Drug delivery systems that prolong anti-inflammatory and/or analgesic effects ideally are 
tested in vivo over the entire time course of the proposed effects. To address pain as a 
readout parameter, a rat model of reactivated localized knee arthritis is available. Unilateral 
synovitis is induced by IA injection of streptococcal cell wall peptidoglycan polysaccharide 
(PGPS) and flare-up episodes are induced by intravenous PGPS injections every 2 weeks for 
a total duration of 32 days. However, this model only allows for assessment of treatment 
efficacy up to day 32. In order to better evaluate the duration of analgesic effects of drug 
delivery systems as primary objective, we adapted the PGPS model of acute arthritis by 
extending the periods between each reactivation. Additionally, in this adjusted arthritis 
model, we investigated the anti-inflammatory and analgesic effects of prolonged TAA 
release from two different drug delivery systems over 84 days. For this purpose, the recently 
developed and characterized polyesteramide (PEA) microsphere platform9,10 releasing TAA 
was compared to the PLGA microsphere platform already evaluated in the original arthritis 
model11,12. We show here that the modified model of acute arthritis has good applicability 
for long-term testing of drug delivery systems, but also results in systemic inflammatory 
features such as hepatitis, splenitis and polyarthritis. Over the course of the prolonged 
follow-up period, differences in effectiveness of TAA delivery between the PLGA and PEA 
microsphere platforms were clearly demonstrated as TAA-loaded PEA microspheres were 
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more potent in reducing joint swelling and mechanical hypersensitivity compared to TAA-
loaded PLGA microspheres.

MATERIALS AND METHODS

Loading and Characterization of Microspheres

PEA was synthesized according to a previously published method13. PEA polymer was 
dissolved in dichloromethane (DCM, Merck Millipore) and 30wt% TAA was dispersed in the 
polymer/solvent mixture. The suspension was sonicated in a water bath for 3 minutes. 
Then the formulation was emulsified in 20 mL of water phase, (poly(vinyl alcohol, Sigma-
Aldrich, 1 wt% and NaCl 2.5 wt%) by the use of an Ultra-Turrax, and stirred at 8000 rpm for 
3 minutes. PLGA microspheres loaded with TAA were synthesized using solid oil-in-water 
emulsification technique. PLGA (Resomer® RG 753 H, Evonik) was dissolved in DCM (Merck 
Millipore). 25wt% TAA was dispersed in the polymer/solvent solution and sonicated in a 
water bath for 3 minutes to obtain the oil phase. The latter was emulsified in 20 mL of water 
phase, (poly(vinyl alcohol, Sigma-Aldrich, 1 wt% and NaCl 2.5 wt%) by the use of an Ultra-
Turrax and stirred at 4000 rpm for 3 minutes. PLGA and PEA microspheres were let to harden 
overnight into a hardening bath of 100 mL water phase under air flow after emulsification. 
Microspheres were then cooled with an ice-bath for 1 hour and washed with 0.04% Tween 
80. Excessive surfactant was removed by centrifugation. Before freeze-drying to remove 
residuals, particles were resuspended in 0.04% Tween 80. Once dried, closed vials prepared 
for the in vivo study were sterilized with ɣ-radiation on dry ice. For the in vivo experiment, 
separate batches of sterilized PEA and PLGA microspheres were used. The batches used in 
the in vitro experiments were also used and characterized in an unrelated study, including 
42 day release profiles (manuscript submitted).

PLGA and PEA microsphere size distribution was measured by static light scattering using a 
Malvern Mastersizer 2000S. TAA loading was determined by first dissolving 10 mg microspheres 
in acetone for PLGA microspheres and methanol for PEA microspheres and subsequent 
diluted in PBS buffer. In vitro release of TAA from the PLGA- and PEA microspheres was 
determined for 24 weeks (release data up to 42 days were used in another unrelated study). 
Forty mL of PBS was added to 10 mg PLGA or PEA microspheres and put on an IKA shaker at 
37°C for 100 rpm. For HPLC measurements, vials were first centrifuged for 1 minute at 2000 
rpm and 36 mL supernatant was removed and replaced with the same amount of PBS buffer. 
1 mL supernatant was used for sample analysis using Waters HPLC system. Recovery was 
performed after the release was stopped and mass balance was determined. Supernatant 
was removed from the vials and then dried under vacuum at ambient temperature for 48 
hours. Afterwards, the white pellet was washed with MilliQ water, centrifuged at 2000 rpm 
for 2 minutes and supernatant was removed. This washing step was repeated two times 
and afterwards, vials were dried again in the oven under the same conditions. The dried 
microparticles were dissolved in Methanol for PEA and Aceton for PLGA containing samples. 
Samples were diluted with PBS in such way that they would fit in the range of the calibration 
curve. Theoretical remaining drug amount was calculated by taking the result of the loading 
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determination and subtracting the cumulative release.

Modified Arthritis Model

Study Design

In this study, 18 female 8 weeks old, Sprague-Dawley rats (Charles-River laboratories, 
The Netherlands) were used. Six rats served as control group to evaluate the general 
characteristics of the modified PGPS arthritis model and 12 rats were used to investigate the 
effects of TAA released by PLGA and PEA microspheres on pain and inflammation inhibition 
(n = 6 per condition). The study design was approved by the National Commission of animal 
experiments (AVD108002015282) and the working protocol was supervised by the local 
Animal Welfare Body (WP#800-15-282-01-004) and met the guidelines for animal research 
in the Netherlands.

Animals were allowed to acclimatize for 7 days prior to the experiments and were housed 
in groups (3 to 4 rats, randomized) in polycarbonate cages with wire tops, wood chip 
bedding, and access to ad libitum food and tap water. First, local synovitis was induced 
(day 28) by priming the experimental knee joint for streptococcal cell wall peptidoglycan 
polysaccharide (PGPS; 100P fraction with 5 mg rhamnose/mL PGPS from Lee Laboratories) 
under general isoflurane anesthesia by IA injection of PGPS (25 µL PGPS of 0.17 mg/mL). 
Flare-up episodes of synovitis were reactivated on day 0, 28, and 56 in the experimental 
knee joint by injecting PGPS intravenously via the tail vein (0.5 mL PGPS of 0.28 mg/mL). 
25 µL PLGA or PEA microspheres releasing TAA were administered 2.5 hours before first 
reactivation via IA injection in the experimental joint, with total dosage of 2.5 mg/mL TAA. 
Rats that did not receive any treatment, but were reactivated with PGPS, are referred 
to ‘untreated rats’ from this point on. Primary experimental outcomes included joint 
swelling and signs of pain-like behavior (lameness, referred mechanical hypersensitivity) 
that were measured 0, 1, 2, 4, 15, and 21 days after each reactivation with PGPS . Dynamic 
weight bearing changes were measured as indication of non-evoked pain-like behavior on 
day 0, 2 and 15 after PGPS administration. Rescue medication, consisting of 5 mg/kg s.c. 
carprofen, was given when an animal showed lameness in combination with swelling of 
both hind paws. In that case, all animals were injected with a single dose of 5 mg/kg 
carprofen to prevent bias in pain read-out parameters. 12 weeks after TAA delivery, rats 
were terminated, subsequently scanned with µCT and hind knee joints were collected for 
histological processing and analyses. All injections and behavioral assays were performed 
and analyzed in random order by an observer blinded to treatment (IR). Livers and spleens 
of all rats were macroscopically and microscopically assessed for systemic side effects, by 
a veterinary pathologist (MK) blinded to treatment.

Joint Swelling

Joint swelling as indicator of inflammation was determined 0, 1, 2, 4, 15, and 21 days after 
each PGPS administration, by measuring knee joint thickness using a digital caliper. For 
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each time point, joints were measured 3 consecutive times and measurements averaged as 
one data point. Joint swelling was then calculated by subtracting baseline measurements, 
performed before priming, from the values of the actual time point.

Referred Mechanical Hypersensitivity

Prior to von Frey measurement, rats were acclimatized for 10 minutes in a Plexiglas cage 
with a wire mesh floor. Mechanical sensitivity was assessed by applying von Frey hairs to 
the hind paw14. The 50% threshold was determined using the up-down method, as previously 
described15. In case animals showed severe pain behaviors (e.g. curling toes, eversion of the 
paw, non-weight bearing of parts) continuously for at least 5 minutes, the lowest value of 
the von Frey hair was recorded (50% threshold of 0.6 g).

Dynamic Weight Bearing

The advanced dynamic weight bearing (DWB) device (Bioseb, module version 1.4.2.98; 
Boulogne, France) was used to measure and analyze weight bearing, as rats with painful 
experimental joints compensate by redistributing the weight to other weight bearing body 
parts16. For each measurement, each rat was individually placed in a 22 cm × 22 cm × 30 
cm plexiglas chamber with floor sensors composed of 44×44 captors (10.89 mm2 per captor) 
detecting pressure and a camera that detected the posture of the rat. Rats were allowed 
to move freely and explore for 5 seconds prior to subsequent data collection for 5 minutes. 
The following parameters were measured: weight on each separate paw (g) and weight on 
other weight bearing parts (g; front paw, contralateral paw, tail). Three measurements on 
consecutive days were averaged and used as baseline, thereafter each rat was measured once 
per time point. Live recordings with a scaled map of the activated sensors was compared to 
body part placements of the animal. Time spend rearing or washing was excluded from the 
analyses and a minimum of 1 minute of validated testing period was used to calculate mean 
values. The DWB software (Bioseb, DWB software v1.3) determined pressure parameters 
automatically. Zone parameters were set for the analysis as followed: low weight threshold 
≥1g, weight threshold ≥2 g, surface threshold of 3 (in order to be considered a valid zone). 
For each time segment that was stable for more than one second, zones that met the above 
criteria were validated and assigned as either right or left and front or hind. A mean value 
for the weight and area of each zone was calculated over the entire testing period, based 
on the length of time of each validated segment.

µCT Analyses

Knee joints were imaged post mortem using a Quantum FX µ-CT scanner (PerkinElmer, 
Waltham, MA) with parameters time = 3 min, isotropic voxel size = 30 µm3, tube voltage = 90 
kV, tube current = 180 µA. 3D images were obtained and reconstructed to serial 2D images 
using software Analyze 11.0 (PerkinElmer, USA). Serial 2D scans of the femur, tibia and 
patella were evaluated for subchondral sclerosis, osteophytes, bone cysts and loose bodies 
using ImageJ software (ImageJ) according to a multi-modality scoring system for rats17.
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Histological Processing and Stainings 

All rat cadavers were macroscopically assessed for infectious pathologies, only liver and 
spleen contained macroscopic pathologies and were further processed for histopathology. 
Joints were fixed in 4% formaldehyde solution (Klinipath BV, Netherlands) at room temperature 
for 1 week. Thereafter, joints were decalcified at room temperature in Formical 2000 (VWR 
international BV) solution for 4 weeks and embedded in paraffin. Five µm transversal knee 
joint sections were cut and stained with hematoxylin/eosin to evaluate synovitis using the 
Krenn score18 or stained with Safranin-O/Fast green to determine the degree of cartilage 
degeneration using the Mankin score19. Scoring was done at random by an observer blinded 
for conditions (IR).

Immunohistochemistry 

Immunohistochemistry was performed on 5 µm paraffin sections, to detect pro-inflammatory 
macrophages indicated as iNOS positive cells and anti-inflammatory macrophages indicated 
as cd206 positive cells. After deparaffinization and gradual rehydration, antigen retrieval 
was performed by boiling sections at 70 °C for 30 minutes in 10 mM citrate buffer with pH = 
6. After cooling down of sections, blocking for nonspecific endogenous peroxidase was done 
for 10 minutes in 0.3% H2O2 and slides were subsequently washed twice with PBS containing 
0.1% Tween20 (PBST) for 5 minutes. Then, sections were blocked in PBS containing 5% BSA for 
30 minutes before the overnight incubation at 4 °C with the primary antibodies (0.52 µg/ml 
Rabbit polyclonal iNOS, Ab15323 from Abcam, with 0.52 µg/ml rabbit IgG isotype as negative 
control. 3.3 µg/ml cd206 goat polyclonal IgG, AF2535 from R&D systems with 3.3 µg/ml Goat 
igG isotype as negative control). The next day, sections were washed with PBST before 
incubation with the secondary antibody for 30 minutes at room temperature (BrightVision 
poly-HRP-anti rabbit, K4002 from Dako or 4 µg/ml Donkey anti-Goat igG H&L, ab6886 from 
Abcam). After washing with PBS, iNOS sections containing HRP-labeled antibodies were 
incubated with DAB substrate for 5 minutes, counterstained with Weigert’s Hematoxylin for 
3 minutes and rinsed with running tap water for 10 minutes. Before permanent mounting 
with Depex (06522, Sigma-Aldrich, Darmstadt, Germany), sections were dehydrated with 
series ethanol and xylene. After washing with PBS, cd206 sections containing AP-labeled 
antibodies were incubated with Ferangi Blue™ chromogen kit 2 (FB813H from Biocare 
medical), rinsed twice with deionized water, and air dried at 37 °C. Permanent mounting 
was done using EcoMount (SKU: EM897L from Biocare medical). For quantification of the 
subsequent iNOS- and cd206 sections, of each joint per microscope slide, three digital 
images were obtained of the exact same region (medial synovium, lateral synovium, and 
cruciate ligament) and all iNOS- or cd206 positive cells were manually counted and averaged 
using Photoshop count tool (Adobe Photoshop CS6, version 12.0.1x64).

Statistical Analyses

All data were analyzed using IBM® SPSS® Statistics version 21. For each dataset, treatment 
period of 84 days for every animal was used and statistical analysis was performed to detect 
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differences between affected and contralateral joints in untreated animals, or differences 
in the affected joints between the PEA and PLGA platform. Equality of data variances was 
evaluated by quantile-quantile plots and homoscedasticity of residuals by scatterplots. 
In case ANOVA assumptions were not met, the Kruskal–Wallis test was used to analyze 
nonparametric data. Osteophyte formation and bone cyst number of the affected ipsilateral 
joints were compared to the contralateral knee joints using the nonparametric Mann–
Whitney U test. Read-out parameters weight, ipsilateral synovitis, contralateral synovitis, 
and iNOS/cd206 cell number ratio of the three groups were analyzed using one-way ANOVA 
with Bonferroni correction for multiple comparisons in case of statistical differences 
between subjects. The one-way ANOVA with Bonferroni correction was performed to detect 
statistical differences in body weight during the immediate period after local TAA injection 
on day 2. Differences between the PLGA and PEA platform in the course over time for 
joint swelling and 50% response thresholds were analyzed by nonparametric Kruskal–Wallis 
test with post-hoc pairwise comparisons using the Dunn–Bonferroni approach. The weight 
asymmetry over time comparing the PLGA platform to the PEA platform, was analyzed by 
nonparametric Mann–Whitney U test. Statistical significant differences were found at p < 
0.05.

RESULTS

General Observations

Systemic Effects of the PGPS Reactivations

Four rats were euthanized before the end of the study (no treatment n=2 on day 56 and 70, 
TAA PEA n=2 on day 57 and 70) as the humane endpoint was reached due to polyarthritis 
unresponsive to rescue pain medication. 

Polyarthritis occasionally presented as swelling of the contralateral knee and ankles. The 
average body weight increased from 215.7 g ± 13 g to 336.5 g ± 14 g during the study 
period. No clinical signs of streptococcus infection (e.g. dyspnea, weight loss, hunched 
posture)20 were observed. However, macroscopic and microscopic analysis of liver and 
spleens revealed granulomatous hepatitis and granulomatous splenitis, ranging from a slight 
reaction to a severe reaction (figure 5.1). No macroscopic abnormalities were observed in 
the other organs (lungs, heart, intestine, urinary bladder).

SplenitisHepatitis BA

Figure 5.1: Microscopic overview of A) liver and B) spleen after the initial priming and the three 
reactivations that indicate signs of hepatitis and splenitis. Scale bar left panel 50 µm and right panel 100 µm.
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Histological Joint Pathology

PGPS-treated and -reactivated affected knee joints displayed activation of synovial stroma 
with a thickened synovial lining and extensive immune cell infiltration (figure 5.2A). 
Cartilage degeneration was mild (6 out of 14), reflected by mild pannus formation, surface 
irregularities, cloning of chondrocytes, and a mild loss of proteoglycan staining (figure 
5.2B). The number of osteophytes and bone cysts in the affected ipsilateral knee joints 
trended to an increase compared to contralateral joints (figure 5.2C). Despite joint swelling 
in the contralateral knee, signs of synovitis in the contralateral knee joints were mild; score 
≤ 2 out of 9 (figure 5.7A).
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Figure 5.2: Osteoarthritis (OA)-related features in joints from rats in the modified arthritis model. A) 
Left; microscopic image of the best outcome of Krenn score, reflecting mild synovitis (3 out of 9), right; 
microscopic image of the worst outcome of Krenn score, showing moderate–severe synovitis (6 out of 
9). Scale bars = 100 µm. B) Left; microscopic image of the best outcome of Mankin score, reflecting very 
mild cartilage degeneration, hashtag indicates pannus formation, black arrow shows cell cloning. Scale 
bar = 100 µm. Right; microscopic image of the worst outcome of Mankin score. Asterisk indicates loss of 
proteoglycans and hypo-cellularity. Ampersand shows bone erosion. M = meniscus. Scale bar = 20 µm. C) 
Left; quantification of osteophyte and bone cyst formations in the affected ipsilateral and contralateral 
knee joints of untreated animals that were reactivated with peptidoglycan polysaccharide (PGPS). 
Data represent mean ± standard deviation (SD). Right; 2D and 3D µCT image of the affected joint 
from an untreated rat. Arrows indicate osteophytes and a bone cyst in the tibia plateau is encircled.
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Course of Inflammation, Hyperalgesia and Weight Bearing in Untreated Animals in the 
Modified Arthritis Model

Joint swelling as sign of acute inflammatory responses was induced by PGPS injections and 
resolved around 14 days post injection (figure 5.3A). PGPS priming and reactivations also 
induced mild joint swelling of the contralateral knee. The inflammatory episodes coincided 
with increased mechanical hypersensitivity of the affected hind paw (figure 5.3B). Weight 
bearing of the affected hind paw was reduced and did not completely return to baseline 
before the next reactivation, indicating persistent non-evoked pain behavior (figure 5.3C). 

Polymer-Based Drug Delivery

PLGA and PEA Microsphere Characterization

PLGA batches used in the in vitro study showed a mean size of 32 µm with a polydispersity 
index of 1.344. PEA batches used in the in vitro study showed a mean size of 23.6 µm with a 
polydispersity index (PDI) of 1.206. TAA loading of these PLGA-loaded microspheres was 22.8 
wt% ± 0.01 with a loading efficacy of 91%. TAA loading of these PEA-loaded microspheres was 
18 wt% ± 0.01 with a loading efficacy of 101%.
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Figure 5.3: Inflammation and hyperalgesia induced by streptococcal cell wall peptidoglycan 
polysaccharide (PGPS) reactivations in a modified model enabling long-term monitoring of pain. A) 
Joint swelling, as indication of inflammation, was measured in untreated affected (ipsilateral) and 
contralateral (contralateral) knee joints. PGPS reactivations on day 0, 28, and 56 are indicated by 
red arrows. B) Withdrawal threshold of the induced mechanical hypersensitivity in untreated affected 
(ipsilateral) and contralateral (contralateral) knee joints. PGPS reactivations on day 0, 28, and 56 are 
indicated by red arrows. C) Inflammation-induced changes in the ratio of weight bearing of the affected 
ipsilateral paw compared to the other weight bearing parts in untreated rats, reactivated with PGPS 
on day 0, 28, and 56, indicated by red arrows. All data represent mean ± standard deviation (SD).
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PEA and PLGA batches used for the in vivo study also showed a monomodal size distribution, 
ranging from 8 to 50 µm. Mean size of PLGA microspheres were 39.4 µm with a PDI of 
1.30. Mean size of PEA microspheres was 23.8 µm, with PDI of 1.30. TAA loading of PLGA-
loaded microspheres was 23 wt% TAA and for PEA-loaded microspheres 28 wt% TAA. For both 
formulations the loading efficacy was 92%. 

In Vitro Drug Release Kinetics of PLGA and PEA Microspheres

Drug release from PEA microspheres in PBS followed a sustained release after the initial 
burst during the first 14 days, while drug release from PLGA microspheres showed two burst 
phases; one during the first 2 weeks and one after 12 weeks (figure 5.4). Cumulative TAA 
release from PLGA microspheres was 80% and from PEA microspheres 60% after 24 weeks. 
Typically, small amounts of microspheres are lost during buffer exchange, most likely 
accounting for the approximately 20% TAA lost. Drug recovery at the end point of the study 
was on average 22% TAA for PEA microspheres and 0% from PLGA microspheres. 

Effects of Locally Delivered TAA 

The body weight of rats treated with TAA-loaded PEA microspheres increased during the 
study period, although significantly less than untreated or rats treated with TAA-loaded 
PLGA microspheres (figure 5.5). In the immediate period after local TAA injection, compared 
to untreated animals, a loss of 3% in PEA-treated animals was observed (p = 0.092) and of 
7% in PLGA-treated animals (p < 0.05). Animals receiving the latter treatment recovered 
thereafter to similar body weight levels as untreated animals. TAA-loaded PEA microspheres 
reduced the systemic PGPS-induced hepatitis slightly, while TAA delivery for both polymer-
based delivery systems did not affect splenitis (table 5.1).

PEA

PLGA

0 25 50 75 100 125 150 175
0

20

40

60

80

100

days

cu
m

ul
at

iv
e 

re
le

as
e 

(%
)

A PEA

PLGA

0 25 50 75 100 125 150 175
0.01

0.1

1

10

100

1,000

10,000

days

da
ily

 T
AA

 r
el

ea
se

 (
µg

/d
ay

)

B

Figure 5.4: Triamcinolone acetonide from autoregulatory polyesteramide (PEA) or PLGA 
microspheres is released in vitro over 24 weeks. A) Cumulative triamcinolone acetonide 
(TAA) release from PLGA (red) or PEA (blue) microspheres in PBS medium (left panel) 
and B) daily TAA release from PLGA (red) or PEA (blue) microspheres (right panel). Data 
represent mean ± standard deviation (SD) of three microsphere batches per polymer.
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TAA released from PEA microspheres effectively reduced joint swelling over the entire study 
period, while the inhibition of joint swelling by TAA-loaded PLGA microspheres declined 
after the second reactivation in joints (figure 5.6A). Mild joint swelling of the contralateral 
knee joint occurred in animals receiving either microsphere platform, however TAA-loaded 
PEA microspheres prevented swelling in the contralateral knee more than TAA-loaded PLGA 
(figure 5.6B). TAA-loaded PEA microspheres also reduced mechanical hypersensitivity of 
the hind paw more effectively than TAA-loaded PLGA microspheres (figure 5.6C). Weight 
bearing deficits of the affected ipsilateral hind paw resolved in rats treated with TAA-
loaded PLGA and PEA microspheres until the third reactivation. After the third reactivation 
weight bearing of the affected joint was reduced again (figure 5.6D). The two microsphere 
platforms did not statistically differ in attenuating the weight distribution deficits when 
analyzed over the entire study period.
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Figure 5.5: Body weight gain during the 84 day follow-up of the study. Animals are intra-articularly 
injected with TAA-loaded PLGA microspheres (red) or TAA-loaded PEA microspheres (blue) and compared 
to untreated animals (black). In the immediate period after local TAA injection, PEA-treated and PLGA-
treated animals reduced in 3% and 7% body weight, respectively. Arrow indicates time point (d0) of 
intra-articular microsphere injections. Data represent mean ± standard deviation (SD), * p < 0.05.

Table 5.1. Incidence of granulomatous hepatitis or granulomatous splenitis.

Abnormality No treatment % PLGA TAA % PEA TAA %

granulomatous 
hepatitis

no–slight reaction (2/6)

moderate reaction 
(1/6)

severe reaction (3/6)

33

17

50

no–slight reaction 
(3/6)

moderate reaction 
(1/6)

severe reaction (2/6)

50

17

33

no–slight reaction (5/6)

severe reaction (1/6)

83

17

granulomatous 
splenitis

no–slight reaction (2/6)

severe reaction (4/6)

33

67 severe reaction (6/6) 100

no–slight reaction (2/6)

severe reaction (4/6)

33

67
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Effects of TAA Delivery on Synovitis, Macrophage Subtypes and OA-Like Bone Phenotypes 

Moderate to mild synovitis was present in knee joints treated with TAA-loaded PLGA- or 
PEA microspheres. However, only TAA-loaded PEA microspheres significantly reduced the 
synovitis compared to untreated joints (figure 5.7A; left panel). In the contralateral knee 
joints, signs of synovitis were mild (score ≤ 2 out of 9) in all rats treated with TAA-loaded 
PEA microspheres, whilst 67% of the TAA-loaded PLGA microsphere treated rats had mild 
synovitis (figure 5.7A; right panel). TAA released by the PLGA or PEA microspheres did not 
affect cartilage degeneration in ipsilateral nor contralateral joint (supplementary file 1). 
A trend was observed towards an increase in anti-inflammatory M2 macrophages in the 
synovial tissue of TAA-loaded PEA microsphere treated joints, compared to untreated or 
TAA-loaded PLGA microsphere treated joints (figure 5.7B, p = 0.052). 

Post mortem µ-CT analysis of the affected knee joint showed a trend (p < 0.1) towards an 
inhibition of osteophyte formation and number of bone cysts in TAA-loaded PEA microsphere 
treated joints compared to TAA-loaded PLGA treated knee joints (figure 5.8).
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Figure 5.6: Anti-inflammatory and analgesic effects of TAA-loaded PLGA and PEA microspheres. A) 
Joint swelling, as sign of inflammation, of the affected knee joints and B) contralateral knee joints 
after single intra-articular injection of TAA-loaded PLGA (red) or TAA-loaded PEA microspheres (blue). 
Synovitis reactivations were evoked at day 0, 28, and 56, indicated by black arrows. C) Withdrawal 
threshold of the affected (ipsilateral) hind paw after single intra-articular injection of TAA-loaded 
PLGA (red) or TAA-loaded PEA microspheres (blue). Synovitis reactivations were evoked at day 
0, 28 and 56, indicated by black arrows. D) Inflammation-induced changes in the ratio of weight 
bearing of the affected paw compared to the other weight bearing parts of the rat treated with 
TAA-loaded PLGA microspheres (red) or TAA-loaded PEA microspheres (blue). Synovitis reactivations 
were evoked at day 0, 28, and 56, indicated by black arrows. Syringe indicates time point of 
intra-articular microsphere injection. Data represent mean ± standard deviation (SD), * p < 0.05.
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Figure 5.7: Histology and immunohistochemistry of untreated knee joints compared to joints treated 
with TAA-loaded PLGA microspheres and PEA microspheres. (a) Synovitis of affected knee joint (left panel) 
and contralateral knee joint (right panel) was quantified by Krenn scoring of knee joints treated with a 
single intra-articular injection of TAA-loaded PLGA microspheres (red) or TAA-loaded PEA microspheres 
(blue) and compared with untreated knee joints (no treatment). Data are presented as mean ± standard 
deviation (SD) and significance with * = p < 0.05. (b) Worst synovitis outcome visualized by H&E staining 
(left panel) with scale bars = 100 µm, presence of pro-inflammatory, iNOS positive, macrophages 
(middle panel) with scale bars = 20 µm, and presence of anti-inflammatory, cd206 positive, macrophages 
(right panel) with scale bars = 20 µm. Quantified ratio of M1/M2 macrophages is also displayed.
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DISCUSSION

In this study we modified the rat model of PGPS-induced acute arthritis in order to allow 
for long-term evaluation of drug delivery systems. To this end, inflammatory-induced 
hyperalgesia was evoked by PGPS injections every 4 weeks instead of a 2-week interval to 
extend the total follow-up to 84 days. Systemic effects were observed including hepatitis, 
splenitis and mild polyarthritis. Joint pathology comprised moderate synovitis and very mild 
articular cartilage degeneration, with osteophyte formation as a more OA-like characteristic. 
The model was used to evaluate the anti-inflammatory and analgesic effects of two 
polymer-based drug delivery platforms hypothesized to have a differential long-term drug 
release based on in vitro release studies and their design characteristics. A temporal loss in 
body weight was observed immediately after IA delivery of TAA by both platforms. A single 
intra-articular injection of TAA-loaded PEA microspheres reduced body weight gain over the 
remaining period, but also prevented the PGPS-induced hepatitis. Other systemic effects of 
TAA-loaded PLGA microspheres were not detected. PEA microsphere-mediated TAA release 
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Figure 5.8: Post mortem imaging of bone changes in joints treated with TAA-loaded PLGA and 
PEA microspheres. (a) Osteophyte and bone cyst formation in the affected ipsilateral knee joints 
of animals treated with TAA-loaded PLGA microspheres (red) or TAA-loaded PEA microspheres 
(blue). Data are presented as mean ± standard deviation (SD). (b) 3D µCT images of the 
affected joints treated with TAA-loaded PLGA microspheres (left) and PEA microspheres (right).
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reduced swelling and mechanical hypersensitivity to a greater extent compared to TAA 
released by PLGA microspheres, while compensation in the weight bearing asymmetry was 
similar for both platforms. Furthermore, a trend towards reduced osteophyte and bone cyst 
formation in joints treated with TAA-loaded PEA microspheres compared to joints treated 
with TAA-loaded PLGA microspheres was observed.

Although this modified model allows for long-term evaluation of drug delivery system, a 
drawback of the current arthritis model, negatively affecting the power of the study, is that 
some animals are lost to follow up due to untreatable pain. This was probably unrelated 
to the reactivation procedures, nor the treatment allocation, although the small sample 
size impede conformation by statistical analysis. Episodes of acute inflammation recurred 
spontaneously in between reactivation intervals, and the variability was high, something 
also observed in RA patients21,22. It is not clear to what extent comparable follow-up losses 
were encountered in the previous studies on the original PGPS rat model of arthritis, they 
do not report animal wellbeing or loss11,12. Here, we evaluated for the first time potential 
systemic effects occurring in the acute arthritis model. Whether similar systemic effects 
are specific for this modified arthritis model remains to be determined, since splenitis and 
hepatitis as part of the systemic inflammation do not appear to have been evaluated before 
in the studies based on the original version of the model. There are, however, several 
reports underscoring the systemic inflammation component of models in which bacterial 
cell wall components are employed. In studies based on a single intraperitoneal injection 
of PGPS consisting of 60 µg rhamnose / g body weight, cell wall material could be traced in 
organs in small amounts after 180 days of single intraperitoneal injection, which resulted 
in histopathological fibrous connective tissue and foci of macrophage accumulation21,23. 
The described pathology was milder compared to the accumulations found in the present 
study, probably inherent to repetitive reactivation by intravenous PGPS injection rather 
than the cumulative rhamnose dose of 30 µg rhamnose / g body weight. Also in the 
lipopolysaccharide (LPS)-induced arthritis model, spleens and livers contained pronounced 
immune cell infiltrations or apoptotic processes, 24 hours after injection24. In combined 
collagen-induced arthritis accelerated by intraperitoneal LPS injection, ‘ballooning’ of 
hepatocytes was observed after 28 days25. Hence, most likely the splenitis and/or hepatitis 
in the current modification of the PGPS-induced arthritis model is inherent to the use of 
PGPS rather than the extension of periods in between reactivation. To what extent the 
hepatitis and splenitis resulted in adverse effects on general health is not known, since 
it may not always be easy to distinguish pain behavior from general malaise, although no 
clinical signs typical of streptococcus infection were observed. In addition to these systemic 
effects, variable mild polyarthritis of other joints (contralateral knee, occasional swelling 
of ankles) as reflected by low-grade inflammation was present. Slight hypersensitivity of 
the contralateral knee joint was also observed, although the by histology synovitis of those 
knee joints was shown to be very mild. To what extent the reactivation responses were 
exactly the same as in the short version of the model, is unclear. The memory response 
may be different upon reactivation after 4 compared to 2 weeks. Although most likely this 
is the case, the direction of the effect of this extension is unpredictable. Within a similar 
time frame, the effect of boost timing on the CD8+ T-cell memory response was shown to be 
dependent on the antigen itself, the antigen dose and actual exposure time26,27, leading 
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to enhancement of clonal expansion or to contraction26. This has not been investigated 
for this model and antigen. However, we did not see a clear difference in the magnitude of 
effects of reactivations compared to previous publications, although the pain parameters 
measured were not identical, precluding a direct comparison. In order to reduce variation in 
arthritis patterns and animal loss in the modified – or original- PGPS model, lower dosages of 
rhamnose or other adaptations, such as intra-articular rather than systemic reactivations, 
should be explored in order to comply with the 3Rs of experimental animal use28. An ideal 
animal model in general shows reproducible disease symptoms and progression, is relatively 
inexpensive, and displays a large enough effect to detect differences in the follow-up time. 
In this respect, the current modified arthritis model was capable of detecting differences 
between two therapeutic drug delivery systems, underscoring its potential as animal model 
of arthritis for long-term testing of DDSs. Indeed, the inhibition of joint swelling in the 
current arthritis model by TAA-loaded PLGA microspheres appeared to be lost after 32 
days, while the PEA platform continued to inhibit joint swelling. This important difference 
between drug delivery platforms would not have been observed in the original version of 
this arthritis model11,12. Therefore, the modified arthritis model is well suited to test 
DDS for an extended follow-up period with relatively small group sizes. Notably, statistical 
analysis was done over the treatment period, and hence only delineated differences over 
that timeframe, instead of differences at the individual time points. Nonetheless, the 
course of the effects on pain and inflammation do suggest there might be differences in 
long-term therapeutic effectiveness between the two platforms.

Surprisingly, animals injected with the TAA-loaded microsphere platforms initially lost 
weight after injection, suggesting systemic exposure at bioactive levels. This may be 
explained by the release profiles; in vitro, we also observed an initial TAA burst from both 
microsphere platforms. Initial burst release is a known phenomenon for microparticle drug 
delivery, and is related to the presence of drug close to the surface and the high surface 
to volume ratio of the microparticles. It should be noted that the “burst ” release still only 
delivers about 20% if the amount of the bolus corticosteroid injection applied as standard 
of care in clinic. TAA-loaded PLGA microsphere-treated animals recovered in body weight 
to the levels of untreated animal levels 15 days after injection, while those treated with 
TAA-loaded PEA microspheres did not catch up in body weight, suggesting the extended 
presence of systemic threshold levels of the drug using the PEA platform. This was further 
corroborated by the reduced incidence of hepatitis in PEA-TAA treated animals compared to 
untreated or PLGA-TAA treated rats. 

Differences in the effects between the PLGA and PEA platforms might be explained by their 
different degradation and release characteristics, leading to different TAA release levels; 
PLGA microspheres degrade via hydrolytic bulk erosion processes, whereas PEA microsphere 
degradation is mainly driven by enzyme activity29. Previous studies have shown degradation 
rates of PLGA drug delivery systems in vivo of on average 21 days30,31. Degradation of 
PEA drug delivery systems have been reported to take over 84 days10,29,32. The PLGA 
bulk erosion is reflected in the second burst of TAA release observed in vitro. The different 
degradation and release properties were further reflected in the temporal pattern of 
therapeutic effects, although this timing in vivo does not correspond to the in vitro burst 
release. Here, a clear loss of anti-inflammatory effect was noted for joints treated with TAA-
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loaded PLGA microspheres, where swelling recurred 32 days post microsphere injection. In 
vitro and in vivo release kinetics are seldom similar. TAA release from PLGA microspheres 
has been described to be faster in vivo than in vitro, with a full in vivo release after just 21 
days, in contrast to the 35 day period found in vitro31. TAA release from PEA microspheres is 
more difficult to predict, considering that drug release from PEA microspheres is dependent 
on enzyme activity rather than hydrolysis, while enzyme activity will also be partially 
dependent on TAA-mediated suppression of inflammation10. The extended duration of the 
anti-inflammatory effects suggest that release in any case was longer that release by the 
PLGA platform. The difference in microsphere batches will have contributed relatively little 
to this phenomenon, given the consistent manufacturing procedures and hence properties 
of the loaded microspheres. In any case, a sufficient drug dose appeared to be available 
to successfully reduce joint swelling throughout the 84 days. This long-lasting inhibition 
of inflammation was confirmed by the very mild synovitis found by histopathology of 
joints treated with TAA-loaded PEA microspheres at the end of the study period. However, 
within the limitations of the group size of the present study, the attenuation of the pain 
induced changes in weight bearing eventually was lost for TAA delivery of both platforms, 
without any clear difference between the two platforms. In contrast, referred hyperalgesia 
was inhibited throughout the complete study period for TAA-loaded PEA microspheres. 
These processes are differently organised in the spinal and sensory neurons33. In that 
regard, referred hyperalgesia often only occurs with severe inflammation, whilst weight 
bearing asymmetries may already occur with lower grade inflammation. Considering that 
glucocorticoids act through three different primary mechanisms34, the spatiotemporal drug 
concentration may have to overcome a certain threshold to elicit a therapeutic effect, 
which may be different between the different pain parameters. For example, synovial fluid 
TAA concentrations correlate with treatment efficacy in arthritis patients35. Possibly, TAA 
released by PEA microspheres was able to maintain local drug concentrations overcoming the 
pain thresholds for evoked- and non-evoked pain behaviours, in contrast to concentrations 
of TAA released by PLGA microspheres which only reduced the non-evoked pain behaviour. 
The indication of therapeutic differences between the two platforms is also reflected in the 
different polarization. TAA released from PEA microspheres was able to shift the macrophage 
population towards an anti-inflammatory macrophage phenotype in the synovial tissue, 
compared to untreated synovial tissue or treated with TAA released from PLGA microspheres. 
Although we did not use a general macrophage staining, iNOS positivity in the synovial 
tissue usually represents macrophages as they are the predominant iNOS positive cell within 
the synovium, whereas T cells, B cells and neutrophils are iNOS negative36. The mannose 
macrophage receptor (MMR) was used to quantify CD206-positive macrophages in using 
serial synovial tissue sections in addition to the iNOS immunohistochemistry. Therefore, the 
ratio of iNOS/cd206 positive cells in the subsequent synovial section probably represent the 
M1/M2 macrophage ratio in vivo.

CONCLUSION

In conclusion, the current modified model of acute arthritis has good applicability for long-
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term testing of drug delivery systems but, due to its systemic inflammatory load, requires 
further optimization. Despite relative small group sizes, differences in effectiveness of TAA 
delivery between the PLGA and PEA microsphere platforms were clearly demonstrated. 
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ABSTRACT

Background Context. Local corticosteroids have been used to relieve symptoms of chronic 
low back pain, although treatment effects have been shown to wear off relatively fast. 
Prolonging corticosteroid presence by controlled release from biomaterials may allow for 
longer pain relief while circumventing adverse effects such as high bolus dosages.
Purpose. The purpose of this study was to evaluate the safety and efficacy of intradiscal 
controlled release of triamcinolone acetonide (TAA) by poly(esteramide) microspheres in a 
canine degenerated intervertebral disc (IVD) model.
Study Design. In a preclinical experimental large animal model the effect of prolonged 
glucocorticoid exposure on disc degeneration was evaluated. 
Methods. Degeneration was accelerated by nucleotomy of lumbar IVDs of Beagle dogs. 
After 4 weeks, microspheres loaded with 8.4 µg TAA and 0.84 mg TAA were administered to 
the degenerated IVDs by intradiscal injection (n=6 per group). Empty microspheres (n=6) 
and all adjacent non-nucleotomized non-injected IVDs were included as controls (n=24). 
Immediately prior to TAA administration and after 12 weeks, magnetic resonance imaging 
was performed. Degenerative changes were evaluated by disc height index, Pfirrmann 
grading, T1ρ and T2 mapping values, post mortem CT scans, macroscopic and microscopic 
grading and biochemical/immunohistochemical analysis of inflammation and extracellular 
matrix content. In addition, nerve growth factor (NGF) protein expression, a biomarker for 
pain, was scored in nucleus pulposus (NP) tissues. The study was funded by a research grant 
from Health Holland (1.3 million euros = 1.5 million U.S. dollars).
Results. Macroscopic evaluation and CT images post mortem were consistent with mild disc 
degeneration. Other abnormalities were not observed. Nucleotomy-induced degeneration 
and inflammation was mild, reflected by moderate Pfirrmann grades and PGE2 levels. 
Regardless of TAA dosage, local sustained delivery did not affect disc height index nor 
Pfirrmann grading, T1ρ and T2 mapping values, PGE2 tissue levels, collagen, GAG and 
DNA content. However, the low dosage of TAA microspheres significantly reduced NGF 
immunopositivity in degenerated NP tissue.
Conclusions. This is the first in vivo application in a preclinical large animal model of 
a controlled release formulation of corticosteroids in mild IVD degeneration. Sustained 
release of TAA locally in the IVD appeared safe and reduced NGF expression, suggesting 
its potential applicability for pain relief, although beneficial effects were absent on tissue 
degeneration.
Clinical Significance. The present platform seems to be promising in extending the local 
controlled delivery of TAA with the potency to provide long standing analgesia in the subset 
of LBP patients suffering from discogenic pain. 

keywords: chronic low back pain, intradiscal injection, controlled release, triamcinolone 
acetonide, intervertebral disc degeneration, poly(esteramide) microspheres, preclinical 
animal model
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INTRODUCTION

Chronic low back pain (LBP), affecting millions of people worldwide, is strongly associated 
with intervertebral disc (IVD) degeneration1. It is one of the most common causes of 
disability and imparts a huge socioeconomic burden, mostly due to decreased productivity2. 
Since population age and associated risk factors for IVD degeneration are increasing, 
prevalence is increasing3. During degeneration, the structural organization of the NP and AF 
are subjected to several morphological and molecular changes; extracellular matrix (ECM) 
proteins are lost from the framework, in particular PGs4,5 changing disc homeostasis towards 
a more catabolic environment. Subsequently, water content also decreases in the disc tissue 
leading to a disorganized ECM and eventually a loss of disc height5,6. This finally results in 
a disorder of the spine motion segment due to reduced ability of the IVD to absorb shocks. 
The loss of IVD tissue integrity can also contribute to increased instability of the spinal 
segment, a potential risk factor for LBP and possible complications like degenerative slip 
and stenosis7. Pain is the predominant clinical symptom and even though the mechanism is 
in most cases unknown, it is often attributed to anatomical pain generators such as the IVD 
or the facet joint8. Although there is considerable debate on the origin of the discogenic 
pain signal in the degenerated IVD, it is speculated that a degenerating IVD becomes painful 
due to the secretion of growth factors such as nerve growth factor (NGF) that can stimulate 
peripheral nociceptive sensory neurons to grow into the IVD9-11.

Inflammation-induced LBP is commonly treated using anti-inflammatory agents, such as 
corticosteroids or non-steroidal drugs, which are administered orally or by local injection12,13. 
Although corticosteroids are widely used for their strong potency to reduce inflammation, 
concerns for their long-term use arise for adverse side effects such as glucocorticoid-induced 
osteoporosis14-16. Administration via intradiscal injection can reduce the risk of systemic 
side effects and could be a good alternative therapy delaying more invasive treatment 
options such as surgery17. However, the effectiveness of intradiscal steroid injections has 
been subject of debate and contradicting treatment outcomes in terms of pain relief have 
been reported18-21. Clinical trials showed a temporary or no effect at all18,19,22,23.Most of the 
trials showing an absence of effects were based on intradiscal injection of Depo-Medrol®, 
a formulation of methylprednisolone acetate that has shown to induce degeneration and 
matrix calcification in rabbit IVDs through the polyethylene glycol (PEG)-containing vehicle 
suspension24. Methylprednisolone succinate injected in a sodium phosphate buffer without 
PEG did not induce these effects, suggesting not only the safety of corticosteroids but 
also the importance of the delivery vehicle used. This is further corroborated by the fact 
that upon intrathecal and epidural administration, PEG-based formulations were shown to 
be toxic25. Other vehicle excipients used in steroid formulations, such as benzyl alcohol 
or carboxymethylcellulose, were toxic in ocular tissues upon intravitreal injection26. Also, 
ossification and calcification in the spinal canal have been reported after intradiscal steroid 
injections that were likely attributable to the excipients, although no vehicle controls were 
included 20,27. Clinical trials on intradiscal application of other formulations of corticosteroids 
did show pain relief, although generally the effect did not last longer than 1- 6 months, 
most likely due to relatively rapid loss of the drug to the circulation17,22. Hence, therapeutic 
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drug delivery approaches allowing for safe and prolonged exposure to corticosteroids may 
be more appropriate to provide long-term pain reduction.

In small animals, safety of intradiscal application of corticosteroids in ceramic capsules 
or poly(lactic-co-glycolic acid) (PLGA) microparticles was shown at histologic level in rat 
models of induced tail IVD degeneration28,29. However, rat tail IVD sizes and volumes pose 
a challenge in the translation of novel treatments to human application and tail IVDs are 
comparable to human lumbar IVDs only to a very limited extent30. Since the IVD degeneration 
process in dogs is similar to that in humans, this represents a clinically relevant animal model 
for human IVD degeneration31. The safety of intradiscal injection of several biomaterials32,33 
including a novel biomaterial platform consisting of poly(esteramide) microspheres (PEAMs) 
was already demonstrated in a canine model of spontaneous IVD degeneration34. PEAMs 
are mainly degraded via enzymatic degradation, contributing to the slow release of the 
incorporated corticosteroid35. Retention of PEAMs in healthy and degenerated rat knee 
joints was shown to last up to 10 weeks after intra-articular injection, and when loaded with 
TAA, inflammation was suppressed up to 11 weeks in osteoarthritic knee joints36. Whether 
TAA is also suitable as therapy in a joint with a confined space such as the IVD still has to be 
determined. To this end, we evaluated in a clinically relevant large animal model the safety 
and anti-inflammatory potency of prolonged exposure of TAA in two dosages on IVD tissues 
and adjacent spinal bone segments.

MATERIALS AND METHODS

Synthesis and preparation of poly(esteramide) microspheres 

PEA was synthesized according to previously described methods34,37. PEA polymer alone 
(for empty PEAMs) or loaded with 30 wt% TAA was dissolved in dichloromethane (Merck 
Millipore). The homogenized solution was sonicated in a water bath for 3 minutes. Then, 
PEA solution was emulsified in 20 mL of water phase, (poly(vinyl alcohol, Sigma-Aldrich, 1 
wt% and NaCl 2.5 wt%) by the use of an ultraturrax, and stirred at 8000 rpm for 3 minutes. 
After emulsification, particles were poured into a hardening bath of 100 mL water phase and 
were hardened overnight under airflow. Particles were cooled with an ice-bath for 1 hour 
and thereafter washed with 0.04% Tween 80 (Merck). Excessive surfactant was removed by 
centrifugation. Before freeze-drying to remove residual solvent, particles were suspended 
in 0.04% Tween 80 (Merck) in order to reach the right concentration of PEA particles per 
volume; empty PEA 70 mg/mL, PEA TAA low dosage 0.72 mg/mL and PEA TAA high dosage 72 
mg/mL particle concentration. Once dried, the particles were weighed in individual HPLC 
vials to the approximate amount of 30-35 mg and γ-sterilized on dry ice.

Surgical procedures

All animal procedures were approved and conducted in accordance with the guidelines 
set out by the Ethics Committee of Animal Experiments of Utrecht University (AVD# 
108002015285). Six male Beagle dogs (Marshall) with a median age of 1.92 years (range 
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1.90 – 1.95) and median weight of 8.8 kg (range 8.0 - 9.6) underwent general clinical and 
orthopaedic examination by a board-certified veterinary surgeon (BM) before entering the 
study. At the initiation of the study, dogs accommodated to their new environment for at 
least 1 week and were housed in groups. 

Complying with the 3Rs principles, 3 Beagles were used to study the effects of sustained TAA 
release, the other 3 for a similar study on another small molecule drug. To reduce animal 
use, thoracic IVDs (T12-T13) of the 6 Beagles were injected with empty PEAMs and served 
as control for both studies. Adjacent non nucleotomized discs (4 per dog) of all 6 dogs were 
included in the analysis as healthy controls to serve as a baseline control, hereafter referred 
to as non-induced discs. Altogether, in the study there were 24 non-induced untreated IVDs; 
6 degenerated IVDs receiving empty PEAMs, 6 degenerated IVDs receiving PEAMs + TAA (low 
dosage, ld) and 6 degenerated IVDs receiving PEAMs + TAA (high dosage, hd).

Nucleotomy-induced degeneration

Beagle dogs spontaneously develop mild IVD degeneration38. To enhance the level of 
degeneration, in each dog, additional IVD degeneration was induced by removing part of 
the NP tissue in 5 alternating IVDs 4 weeks before treatment (t4) at level T12-T13, L1-L2, L3-
L4, L5-L6 and L7-S1. Adjacent IVDs were included as non nucleotomized controls. Overview 
of experimental set-up is given in table 6.1. All dogs received pre-operative analgesia by 
I.V. administration of carprofen (4 mg/kg) and buprenorphine (20 µg/kg). Pre-medication 
consisted of I.V. dexmedetomidine (2 µg/kg/hr), followed by induction anesthesia 
consisting of 1-2 mg/kg I.V. propofol. Subsequently, animals received endotracheal tubes 
to deliver 1-1.5% v/v isoflurane gas for maintenance anesthesia during surgery, delivered 
in a 1:1 (oxygen:air) mixture. Continuous rate infusion of ketamine (10 µg/kg/min) and 
dexmedetomidine (2 µg/kg/hr) was administered by IV injection as peri-operative analgesia. 
Heart rate, body temperature, respiration rate, carbon dioxide and oxygen levels were 
monitored during the surgical (degeneration induction and PEAMs injection) and diagnostic 
imaging procedures. Dogs were positioned in a right recumbent position and surgery on 
the left lateral side was performed under aseptic conditions. After IVDs were localized, 
an 18G needle was inserted in the outer AF and correct needle placement was confirmed 
by intra-operative fluoroscopy. Lumbosacral discs were percutaneously approached, under 
fluoroscopic guidance. Subsequently, the needle was further inserted through the AF into 
the NP center and a part of the NP was aspirated using a 10 mL syringe. Post-operatively, all 
animals received carprofen (subcutaneously, 4 mg/kg) and buprenorphine (intramuscularly, 
20 µg/kg) as analgesia for 3 days. During the first post-operative week, dogs were monitored 
daily by a veterinarian (AT) and thereafter at least on a weekly basis. 

Poly(esteramide) microsphere injection 

Four weeks after nucleotomy-induced degeneration surgery, intradiscal injections were 
done by a board-certified veterinary surgeon (BM) under fluoroscopic guidance to confirm 
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correct needle position prior to injection. PEAM injections were done using 100 µL gastight 
Hamilton syringes (7656-01 model 1710 RN, Hamilton Company USA) connected to 27G 
needles (25mm, 12° beveled point, Hamilton Company USA). 40 µL was injected slowly into 
each nucleotomized IVD on the contralateral (right) side with the same anesthesia protocol 
used for nucleotomy-induced degeneration. After injection, needle was kept in place a few 
seconds before retracting, to prevent leakage. Buprenorphine (intramuscularly, 20 µg/kg) 
was used as pre- and post-operative analgesia. Empty PEAMs (70 mg/mL particles) served 
as control and were injected into T12-T13 IVD, the remaining IVDs were injected with TAA 
loaded PEAMs (low dosage ld; 0.72 mg/mL particles; 8.4 µg TAA and high dosage hd; 72 mg/
mL particles; 0.84 mg TAA) diluted in sterile saline. TAA-PEAM conditions were randomized 
with n=2 per dog. Overview of randomized experimental set-up is given in table 6.2.

Magnetic resonance imaging 

Magnetic resonance images (MRI) were obtained pre- (t0) and post-treatment (t12) using a 1.5 
Tesla system (Ingenia, Philips, Best, The Netherlands) under general anesthesia consisting of 

T13 L1 L2 L3
L4

L5
L6

L7 S1

T12

empty PEAMs randomized TAA (8.4 µg or 0.84 mg in 40 µL)

Table 6.1.  Experimental design of in vivo Beagle IVD study

week -4 (t-4) 0 (t0) 12 (t12)

IVD degeneration induction

post mortem

biochemical assays

microscopic evaluation

macroscopic evaluation

CT

MRI

    - DHI

    - Pfirrmann

    - T1ρ values

    - T2 values

PEAMs injection

CT=computed tomography, DHI=disc height index, IVD=intervertebral disc, L=lumbar vertebrae, 
MRI=magnetic resonance imaging, PEAMs=poly ester amide microspheres, S=sacral vertebrae,
T=thoracic vertebrae, TAA=triamcinolone acetonide
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I.V. propofol (1-2 mg/kg). Before anesthesia induction, dogs received I.V. dexmedetomidine 
(10 µg/kg) and butorphanol (0.1 mg/kg) as premedication. Sagittal T2-weighted Turbo Spin 
Echo (repetition time (TR) = 3000, echo time (TE) =110 ms, acquisition matrix = 124 x 261) 
and T1-weighted Turbo Spin Echo (TR = 400 ms, TE = 8 ms, acquisition matrix = 124 x 313) 
images were acquired using a field of view of 75 x 220 mm and thirteen 2 mm thick slices. To 
measure T2 relaxation times, a quantitative multiple spin-echo T2-mapping sequence was 
used (scan parameters: FOV = 75 x 219 mm, acquisition matrix = 96 x 273, slice thickness = 3 
mm, TR =  2000 TE = 13 ms to TE = 104 ms with 13 ms echo spacing). A spin-lock-prepared 
sequence with a 3 dimensional multi-shot gradient echo (T1-TFE) readout was used for T1ρ 
weighted imaging (scan parameters: FOV = 76 x 220 mm, acquisition matrix = 76 x 220 slice 
thickness = 2 mm, TR/TE = 4.6s /2.3, TR = 5ms, TE = 2.5ms, TFE factor = 50, flip angle = 45°, 
shot interval = 3000 ms). Different spin-lock times of 0, 10, 20, 30 and 40 ms, with a spin-
lock pulse amplitude set to 500 Hz were used to allow for quantitative T1ρ mapping. Mid-
sagittal slices of T2-weighted MR images were used to determine the IVD degeneration 
grade using Pfirrmann scoring39 (MB/AT) and the disc height index (DHI)34 (AT/IJ) of each IVD. 
Grading was done blinded to treatment location for both time points (t0 and t12). Analysis of 
quantitative MR images by T1ρ and T2 mapping was done by voxel wise fitting and calculation 
of the mean signal intensity in each ROI of the NP, as previously published34,40.

Post-mortem computed tomography imaging and collection of spinal units 

Twelve weeks after intradiscal PEAMs injection (t12), dogs were euthanized by sedation with 
dexmedetomedine followed by I.V. pentobarbital (200 mg/kg). Post-mortem, computed 
tomography (CT) images were obtained of the whole vertebral column to evaluate bone 
structures. A third-generation 64-slice CT scanner (Siemens Somatom Definition AS, 
Siemens Healthcare, The Hague, The Netherlands) was used to obtain CT images (scan 
parameters: 0.6 mm slice thickness, 120 kV, 350 mAs, 1000 ms tube rotation time, 0.35 
spiral pitch factor, 512 x 512 pixel matrix and a fixed field of view of 93 mm). Transverse 
and sagittal reconstructions of 0.6 mm thick slices were made using soft tissue and bone 
reconstruction kernels. Nine spinal units (½ vertebrae – IVD - ½ vertebrae) were harvested 
of each dog and every unit was transected mid-sagittal, still containing both NP and AF 

T12-T13 L5-L6L4-L5L3-L4L2-L3L1-L2T13-L1 L6-L7 L7-S1

dog 1

dog 2

empty PEAMs

empty PEAMs

empty PEAMsempty PEAMs

n.i.

n.i.

n.i.

TAA ld

TAA ld

TAA hd

n.i.

n.i.

n.i.

TAA ld

TAA ld

TAA hd

n.i.

n.i.

n.i.

n.i.

n.i.

n.i.

TAA hd

TAA hd

TAA hd

TAA hd

TAA ld

TAA ld

Table 6.2. Overview of randomized conditions per IVD in each dog

dog 3

dog 4 - 6 empty PEAMs n.i. n.i. n.i. n.i.

L=Lumbar vertebrae, ld= low dose, hd=high dose, n.i.=not injected, PEAMs=poly ester amide microspheres, 
S=Sacral vertebrae, T=Thoracic vertebrae, TAA=triamcinolone acetonide. 
nucleotomy-induced degenerated discs; T12-T13, L1-L2, L3-L4, L5-L6, L7-S1.
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tissues. One half was snap frozen in liquid nitrogen and stored at -80°C for biomolecular and 
biochemical analysis. The other part was photographed (Olympus BX41, Hamburg, Germany) 
for macroscopic evaluation and fixed in 4% buffered formaldehyde solution (Klinipath, 
Duiven, the Netherlands) for 2 weeks at room temperature (RT). Macroscopic images of the 
halved IVD segments were evaluated in a blinded fashion in random order according to the 
Thompson grading scheme modified for dogs 41 by 2 investigators (AT/IR) independently.

Histopathological scoring

After fixation, the IVD segments were decalcified in 0.5M EDTA for 9 weeks under continuous 
agitation. Every 2 weeks, tissues were re-fixed 4% buffered formaldehyde for 48 hours. 
The segments were dehydrated in ascending alcohol series 70%, 96%, 100% and eventually 
in xylene and subsequently embedded in paraffin. 5 µm tissue sections were stained with 
hematoxylin & eosin and picosirius red/alcian blue. Scoring of IVD degeneration by the Boos 
histopathological grading system validated for canines42 was performed in a random order 
by 2 investigators (AT/IR) independently, blinded for treatments.

Immunohistochemistry 

Immunohistochemistry was performed on 5 μm paraffin sections. After deparaffinization and 
rehydration, sections were washed with PBS or TBS and subsequently blocked for nonspecific 
endogenous peroxidase for 10 min at RT and washed 2 times with PBS of TBS containing 
0.1% Tween 20® (PBST/TBST) for 5 min. Protocol overview is shown in table 6.3 for the 
respective antibodies. Antigen retrieval was performed for 30 min at 37°C. After washing, 
sections were blocked for 30 min and incubated overnight at 4°C with the primary antibody 
(collagen type I, II or X and NGF). The next day, sections were washed with PBST or TBST 
and incubated with the secondary antibody for 30 min at RT. After washing, sections were 
incubated with DAB substrate for 10 min, counterstained with Mayer’s hematoxylin for 1 
minute and rinsed with running tap water for 10 minutes. Before permanent mounting with 
Depex (06522, Sigma-Aldrich), slides were dehydrated with series ethanol and eventually 
xylene. For quantification of NGF43, of each NP section per microscope slide, 6 digital images 
were obtained and total cell count as well as NGF immunopositive cells were manually 
counted and averaged using Photoshop count tool (Adobe Photoshop CS6, version 12.0.1 
x64).

Biochemistry: DNA, collagen, glycosaminoglycans (GAGs)

NP and AF tissue were separated during cryosectioning of the snap frozen spinal unit, based 
on anatomical location of the tissues and stored in Complete lysis M EDTA-free buffer (Roche 
Diagnostics Nederland BV, Almere, the Netherlands) at -80°C. Solutions were overnight spun 
at 4°C and thereafter centrifuged at 1700 rpm for 15 minutes. Pellet and supernatant were 
collected separately for each tissue (NP and AF) and stored until use at -20°C. Pellets were 
digested overnight at 60°C in papain buffer (250 µg/mL papain, P3125-100 mg, Sigma-Aldrich 
with 1.57 mg/mL cysteine HCL, C7880, Sigma-Aldrich). GAG content was quantified by the 
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1,9-dimethylmethylene blue (DMMB) assay44. Chondroitin sulphate from shark cartilage 
(C4384, Sigma-Aldrich) was used as a standard to calculate GAG concentrations and the 
ratio of absorption at 540 to 595 nm was measured by a microplate reader (Multimode 
detector DTX 880, Beckman Coulter). DNA content was determined using a Quant-iT™ dsDNA 
Broad-Range assay kit in combination with Qubit™ fluorometer (Invitrogen, Paisley, UK) in 
accordance with the manufacturer’s instructions. 

Hydroxyproline content was determined using a colometric assay. 100 µL papain-digested 
tissue pellets were dried by the evaporation of the solvent in a cooled speed vac and 
subsequently hydrolysed in 100 µL 4 M NaOH for 24 hours at 108 °C. Hydrolysis was stopped 
by adding 100 µL 1.4 M citric acid, vortexed, and centrifuged for 15 seconds at 14,000 rpm. 
Then, 35 µL supernatant was dispensed into a 96-well plate, followed by 75 µL assay buffer 
with chloramine T reagent (2426, Merck, Schiphol-Rijk, The Netherlands) and incubated for 

Table 6.3. Details of the immunohistochemy protocol used

First antibody work concen-
tration

origin antigen re-
trieval

block washing Second antibody

collagen type I 
(ab6308, Abcam, 
Cambridge, UK)

0.1 μg/mL mouse 
monoclonal

1 mg/mL 
pronase

10 mg/mL 
HA

S2003, 
Dako, 
USA

PBS + 5% 
BSA

PBS + 0.1% 
Tween20

EnVision + Sys-
tem-HRP Goat 
Anti-Mouse, K4001, 
Dako, Glostrup, 
Denmark

collagen type II  
(II-II6B3, DSHB, 
Iowa City, IA)

0.4 μg/mL mouse 
monoclonal

1 mg/mL 
pronase

10 mg/mL 
HA

S2003, 
Dako, 
USA

PBS + 5% 
BSA

PBS + 0.1% 
Tween20

EnVision + Sys-
tem-HRP Goat 
Anti-Mouse, K4001, 
Dako, Glostrup, 
Denmark

collagen type X 
(art 1-CO097-05, 
Quartett, Ger-
many)

50 μg/mL mouse 
monoclonal

0.1% pepsin

10 mg/mL 
HA

S2003, 
Dako, 
USA

PBS + 
10% nor-
mal goat 
serum

PBS + 0.1% 
Tween20

EnVision + Sys-
tem-HRP Goat 
Anti-Mouse, K4001, 
Dako, Glostrup, 
Denmark

Normal mouse 
IgG1 

(3877, Santa Cruz 
Biotechnology, 
Heidelberg, Ger-
many)

* same as first 
antibody of 
interest

mouse * * * *

NGF 

(ab6198, Abcam, 
Cambridge, UK)

1.25 μg/mL rabbit 
polyclonal 
antibody

10 mM 

Na citrate 
pH 6.0 water 
bath for 20 
min at 80°C

TBS + 0.1% 
Tween20

EnVision + Sys-
tem-HRP Goat An-
ti-Rabbit, K4011, 
Dako, Glostrup, 
Denmark

Normal rabbit 
IgG1 (1.25 μg/
mL; X0903, Dako, 
Glostrup, Denmark

* same as first 
antibody of 
interest

rabbit * * *

BSA; Bovine Serum Albumin, HA; hyaluronidase, HRP; horseradish peroxidase, IgG; Immunoglobuline G, NGF; nerve growth factor, PBS; 
Phosphate Buffered Saline, TBS; Tris Buffered Saline
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20 minutes on a shaker at 170 rpm. 75 µL dimethylaminobenzaldehyde (3058 Merck) was 
freshly added and incubated for 20 minutes at 60°C and cooled down before the absorbance 
was read at 570 nm. Collagen content was calculated from the hydroxyproline content by 
multiplying by 7.545. GAG, and collagen content was normalized to DNA content for both NP 
and AF tissues. Also, GAG was normalized to collagen to evaluate the ratio between these 
tissues.

ELISA for PGE2 and TAA tissue content

The supernatants of the above mentioned tissue digests were used for analysis of TAA (as 
a measure of presence of TAA released by the PEAMs at 12 weeks follow up) and PGE2 
content (as a measure of TAA bioactivity upon release from the PEAMs) using a competitive 
colometric ELISA (Prostaglandin E2 monoclonal ELISA kit, Cayman Chemical, Ann Arbor, MI, 
USA and TAA ELISA #105119, Neogen, UK) in accordance with the manufacturer’s instructions. 
PGE2 content was normalized for DNA content of NP and AF tissues.

Statistical analyses

All data were analyzed using IBM® SPSS® Statistics software (version 21). All mean outcome 
values of non nucleotomized discs were compared to nucleotomy-induced degenerated 
discs at time points t0 and t12 with independent sample t-tests. In the treatment groups 
(induced, TAA ld and TAA hd) equality of data variances was evaluated by Q-Q plots and 
homoscedasticity of residuals by scatterplots. In case these assumptions were not met, data 
were logarithmically transformed, otherwise the Kruskal–Wallis test was used to analyze 
nonparametric data (TAA retention, T1ρ values, and Thompson score). For each tissue (NP 
and AF separately), GAG values were normalized for DNA and collagen for GAG content 
for all groups and means were compared with each other using a randomized block design 
ANOVA to correct for donor variability. If statistical significant differences were found 
between groups, Tukey’s post hoc analysis was used to correct for multiple comparisons. NGF 
immunopositive cell averages were analyzed with independent sample t-test, Bonferroni 
post hoc analysis was used to correct for multiple comparisons (induced vs. TAA ld and 
induced vs. TAA hd). Statistical significance was assumed for p < 0.05.

RESULTS

All dogs recovered from surgery uneventfully and remained without evident clinical disorders 
during the 12-week study period.

TAA administration did not alter IVD degeneration progression 

In nucleotomy-induced degenerated IVDs, progressive degeneration was seen as confirmed 
by Pfirrmann scores (figure 6.1, p<0.001) and reduction of the T1ρ values. Disc height 
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Figure 6.1: Disc height index (DHI), Pfirrmann grades and nucleus pulposus (NP) T1ρ, T2-
weighted values of IVDs where further degeneration was induced and treated with TAA, compared 
to non-induced controls. Non-induced discs = healthy control, induced discs = nucleotomy-
induced degenerated discs, PEAMs = poly(esteramide) microspheres, TAA = triamcinolone 
acetonide, ld = low dosage (8.4 µg), hd = high dosage (0.84 mg). *p<0.05 and ***p<0.001.
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Figure 6.2: Representative macroscopic mid-sagittal images of intervertebral discs (left column), 
squared boxes indicate location of region depicted for histology. Scale bar = 1 cm. Microscopic images 
of ventral annulus fibrosus and nucleus pulposus stained with picosirius red/alcian blue to visualize 
collagens and proteoglycans, respectively (middle column). Scale bar = 1 mm. Microscopic images of 
nucleus pulposus stained with hematoxylin and eosin (right column). Scale bar = 50 µm. Non-induced discs 
= healthy control, induced discs = nucleotomy-induced degenerated discs, PEAMs = poly(esteramide) 
microspheres, TAA = triamcinolone acetonide, ld = low dosage (8.4 µg), hd = high dosage (0.84 mg).
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remained unaltered at 12 weeks follow up regardless of the treatment group (figure 6.1) 
consistent with mild degeneration. Quantitative T1ρ and T2 values showed no difference 
in IVD degeneration between treatments at the end point of the study (figure 6.1). No 
abnormalities that were treatment related were observed on CT images post mortem. Some 
sclerosis of the endplates and very mild new bone formation occurred occasionally (2/6 
levels) at the location of degeneration induction, independent of the treatment, probably 
due to minor surgical trauma (data not shown). Macroscopic and microscopic analyses 
showed no evidence of osteoporosis. Furthermore, macroscopic and microscopic evaluation 
and scoring at 12 weeks follow up showed no clear differences in degeneration or tissue 
integrity 12 weeks after TAA administration (figure 6.2 and 6.3). 

TAA detection in IVD tissue 12 weeks after intradiscal injection

Approximately ¼ of the NP and AF tissue of each IVD was employed to determine TAA 
levels from tissue extracts. NP tissue from IVDs injected with empty microspheres did not 
contain appreciable levels of TAA (data not shown). TAA was detected in AF tissue of IVDs 
injected with TAA containing microspheres, 12 weeks after injection (figure 6.4, p<0.05). No 
difference was noted between the two dosages. 
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Figure 6.3: Macroscopic (Thompson) grade and microscopic (Boos) scoring systems were 
applied to evaluate IVD degeneration. Non-induced discs = healthy control, induced 
discs = nucleotomy-induced degenerated discs, PEAMs = poly(esteramide) microspheres, 
TAA = triamcinolone acetonide, ld = low dosage (8.4 µg), hd = high dosage (0.84 mg).
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Figure 6.4: TAA retention in annulus fibrosus after 12 weeks of intradiscal delivery. TAA was measured in 
induced discs injected with PEAMs + TAA low dosage (ld) and PEAMs + TAA high dosage (hd). Amount of TAA 
was corrected for DNA content of each annulus fibrosus. TAA was still detected in most of the induced discs 
injected with PEAMs+TAA. PEAMs = poly(esteramide) microspheres, TAA = triamcinolone acetonide. *p<0.05.
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Extracellular matrix (immuno)histology 

Histological evaluation of the NP and AF revealed that collagen type I was absent in the 
ECM of NP and inner AF tissues for all conditions as depicted in figure 6.5 compatible with 
mild degeneration. In nucleotomy-induced degenerated IVDs injected with empty PEAMs, 
collagen type II was present only peri-cellularly in the NP, compared to IVDs injected with 
TAA low dosage and TAA high dosage, where collagen type II was also found in the ECM. 
Collagen II was observed throughout the AF in all conditions (figure 6.5). Collagen type X 
was absent in the ECM of all IVDs (data not shown) while the canine growth plate (positive 
control) stained appropriately.

Local delivery of TAA-loaded microspheres did not affect ECM content 

Degeneration in nucleotomy-induced degenerated IVDs as measured by Pfirrmann scoring 
was not reflected by GAG/DNA or GAG/collagen content of the NP. Levels did not differ 
from non nucleotomized levels at 12 weeks follow up (figure 6.6), nor were these affected 
by TAA delivery. TAA exposure did not significantly influence PGE2/DNA levels in NP tissue 
(figure 6.6). In contrast to NP tissue, GAG/DNA levels were decreased and PGE2/DNA levels 
increased in AF tissues 4 weeks after induction of degeneration (figure 6.6, p<0.05). GAG/
collagen ratio however was not affected in nucleotomy-induced degenerated AF tissue. 
Extended TAA release did not result in significant differences in GAG/collagen ratios 
compared to induced or non-induced IVDs in AF tissues (figure 6.6). TAA exposure did not 
alter PGE2/DNA levels in AF tissue (figure 6.6).
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Figure 6.5: Immunohistological staining for collagen type I and II of nucleus pulposus (NP) and annulus 
fibrosus (AF) tissues. Collagen type I, scale bar = 50 µm and collagen type II, scale bar = 20 µm. Non-induced 
discs = healthy control, induced discs = nucleotomy-induced degenerated discs, PEAMs = poly(esteramide) 
microspheres, TAA = triamcinolone acetonide, ld = low dosage (8.4 µg), hd = high dosage (0.84 mg).
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Nerve growth factor was decreased in NP tissues treated with TAA

Increased NGF levels are associated with inflammation and chronic LBP9, and NGF released by 
degenerated NP cells can contribute to the innervation of the degenerated IVD46. Therefore 
the presence of NGF in NPs of nucleotomy-induced degenerated IVDs after exposure to 
extended TAA release was further investigated (figure 6.7). On average, nucleotomy-
induced degenerated IVDs (56±6.8%) contained significantly more NGF immunopositive NP 
cells compared to non nucleotomized controls (15±3.9%) (figure 6.7, p<0.001). In the NP of 
IVDs exposed to the lower dosage of TAA, significantly less NGF immunopositive cells were 
present (30±4.0%) compared to nucleotomy-induced degenerated IVDs (figure 6.7, p<0.05). 
Although not statistically significant, also in nucleotomy-induced degenerated IVDs treated 
with the higher dosage of TAA, less cells (42±5.6%) were immunopositive for NGF compared 
to non nucleotomized controls (15±3.9%). 
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Figure 6.6: Glycosaminoglycan (GAG) corrected for collagen or DNA content and prostaglandin E2 
(PGE2) corrected for DNA, in both nucleus pulposus and annulus fibrosus tissues. Non-induced discs 
= healthy control, induced discs = nucleotomy-induced degenerated discs, PEAMs = poly(esteramide) 
microspheres, TAA = triamcinolone acetonide, ld = low dosage (8.4 µg), hd = high dosage (0.84 mg). *p<0.05.
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DISCUSSION

This is the first study to show the safety of intradiscal delivery and extended release of TAA 
in a clinically relevant large animal model recapitulating the process of disc degeneration 
in man47. TAA was still detectable 12 weeks after intradiscal delivery confirming local, 
sustained and prolonged drug delivery by the PEAMs and did not affect IVD or bone integrity, 
based on macroscopic evaluation, disc height index, T1ρ and T2 values, histopathological 
and biochemical analyses. Prolonged TAA exposure at the lower dosage decreased NGF 
immunopositivity in NP tissue from nucleotomy-induced degenerated IVDs, indicative of an 
analgesic effect, although the set-up of the current study did not allow for pain as a readout 
parameter. 
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Figure 6.7: Immunohistological staining for nerve growth factor (NGF). A) histological image of 
nucleus pulposus (NP) cells, NGF immunopositivity is indicated by the black arrows. scale bar = 50 
µm. B) Quantification of NGF immunopositive NP cells. Non-induced discs = healthy control, induced 
discs = nucleotomy-induced degenerated discs, PEAMs = poly(esteramide) microspheres, TAA = 
triamcinolone acetonide, ld = low dosage (8.4 µg), hd = high dosage (0.84 mg). *p<0.05 and ***p<0.001.
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Needle puncture of the IVD is required for local delivery of therapeutic agents, but has been 
suggested to induce IVD degeneration48-50. This was mainly based on one publication where 
discography was shown to enhance degeneration in human subjects. However, this seemed 
to have mainly occurred in healthy IVDs50. Moreover, discography involves pressurization of 
the IVD and the contrast agent used has been shown to reduce IVD cell proliferation and 
enhance cell death51,52. As previous large animal studies in which small volumes of non-
cytotoxic materials were injected in mildly degenerated IVDs showed no long-term damage 
to the injected IVD32-34, the two former factors rather than insertion of a needle itself 
will have entailed the described risk. Although needle puncture is applied to induce IVD 
degeneration in small experimental animal models49,53 this is dependent on the needle size 
relative to the IVD size49; In large animal studies32-34,47 the use of 27G needles was shown safe, 
but in rat IVDs, insertion of a 27G needle induced degeneration49; this would be comparable 
to injection of a human IVD with a needle larger than 6G (6.4 mm). Nevertheless, the 
exact cut off for needle size for safe injection in the human IVD still warrants further 
investigation. It is therefore unlikely that the degenerative changes observed in this study 
are attributed to needle puncture of the IVD.

Intradiscal glucocorticoid injections in human patients have been investigated extensively 
before with pain relief as major aim and outcome parameter18-21,54,55. However, the toxic 
formulations of steroid depots containing PEG, carboxymethylcellulose or benzyl alcohol, 
might have been an underappreciated confounder in these studies25,56. Considering that 
TAA depot formulations also consist of the latter, negative results from previous clinical 
studies using these formulations may be attributed to the excipients rather than the 
corticosteroids26,57. In the current study, non-toxic PEAMs34,58 were used to deliver a relatively 
high dosage of TAA in the IVD without additional excipients. Considering that the high 
dosage of TAA (0.84 mg) delivered to the canine IVD is the maximum attainable dosage and 
slightly under the human dosage used for other corticosteroid preparations for intradiscal 
injections, this platform appears to provide the opportunity to deliver local high dosages of 
TAA without adding toxic compounds to the formulation. Also, TAA crystallization, which can 
also be toxic when in direct contact with cells57,59, is less likely to occur when using a slowly 
degrading biomaterial depot like PEAMs. Both the PEA biomaterial platform and controlled 
release of glucocorticoids have been shown to be safe in other tissues34-36. Other side effects 
of long-term glucocorticoid delivery may be osteoporosis60. In this study, the TAA released by 
the PEAM platform did not influence bony structures, as was determined by CT evaluation 
and histological examination of the cortical and trabecular bones. Considering that TAA was 
still detectable in the IVD 12 weeks after administration, apparently relatively high dosages 
of TAA can be locally delivered using controlled release formulations without exerting 
detrimental effects. Interestingly, TAA was not detected in NP tissues from nucleotomy-
induced degenerated IVDs injected with TAA releasing microspheres. This may be due to 
the limited amount of tissue available for extraction and analysis (1/4 IVD) combined with 
TAA levels in the NP around the detection limit. On the other hand, TAA is known to bind 
to proteins61, thereby extending its half-life and therapeutic duration, as has been shown 
for ocular pigments in applications for eye diseases62. Hence another possible explanation 
for the presence of TAA in the AF opposed to the NP might be the binding of TAA to ECM 
proteins, which are more abundantly present in the AF than in the NP. However, this binding 
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has never been subject of investigation.

To our knowledge, the effect of sustained local TAA release on IVD tissue in a clinically relevant 
larger animal model has not been investigated before. So far, only one study described the 
effect of the controlled release of corticosteroids, i.e. cortisone, from ceramic capsules in 
a rat IVD degeneration model. The implanted ceramic capsules releasing the corticosteroid 
delayed progression of stab-induced degeneration after 4 weeks compared to empty 
capsules, as was determined by increased disc height and increased cell density28. However, 
the latter is also a hallmark for degeneration in humans and canines42,63. Moreover, rat tail 
IVDs are not well comparable to lumbar IVDs, due to differences in size, cell composition 
and mechanical loading64. At the cellular level, corticosteroid exposure has shown to have 
mixed effects. Human IVD cell proliferation in pellet culture was suppressed in the presence 
of TAA, although GAG and collagen content was not affected65. Dexamethasone stimulated 
bovine NP and AF cell proliferation in monolayer culture66, in contrast to its effects found 
in 3D culture systems used in other studies67,68. In the current study, even the relatively 
high dosage of TAA did not induce further degeneration of nucleotomy-induced IVDs, as was 
assessed by MRI, macroscopic, microscopic and biochemical evaluation. Even so, prolonged 
TAA exposure could not slow down progression of degeneration 12 weeks after intradiscal 
delivery based on all the outcomes. However, in the present study the degeneration induced 
by nucleotomy was mild (Pfirrmann grade III; supplementary figure 6.1). Furthermore, non 
nucleotomized and nucleotomy-induced degenerated IVDs also did not differ significantly at 
the biochemical and histological ECM content and tissue PGE2 levels, even 16 weeks after 
induction of degeneration, except for decreased GAG/DNA levels in the AF of induced IVDs. 
As such, our study may be underpowered to detect significant biochemical and structural 
effects of TAA exposure in the degenerating IVD. Possibly after nucleotomy, intrinsic disc 
repair occurs and biochemical levels normalize over a longer period of time53. 

From a clinical perspective, the present platform seems to be promising in extending the 
local controlled delivery of TAA with the potency to provide long standing analgesia in the 
subset of LBP patients suffering from discogenic pain. Clinical efficacy in pain reduction 
could not be determined, given that the present model employed a randomized block 
design to comply with the 3Rs principles and degeneration remained at the subclinical level. 
However, at the IVD tissue level we did observe inhibition of NGF protein expression, which 
was statistically significant for the lower dosage of TAA. Although the lack of significance 
found for the NGF decrease in the high dosage-treated IVDs implies a dose dependency, 
rather the limited number of IVDs in each group and the inherently large biological variation 
found in this type of model may have been the culprit. NGF protein expression is thought to 
play a role in the development of painful IVDs by the stimulation of peripheral nociceptive 
sensory neuron growth into degenerated IVDs9,69 and pain sensitization10,11. It has been 
suggested that local chemical factors, such as PGE2, in the IVD and nerves might render IVDs 
painful via spontaneous firing of the nerve roots70,71. Nerve roots were shown to increase 
their firing pattern upon PGE2 stimulation, which can in turn be inhibited by TAA72. However, 
no effect of TAA was found on PGE2 levels, possibly due to the minimally elevated PGE2 levels 
in nucleotomy-induced degenerated NP tissues, which was only statistically significant in the 
AF. Therefore further suppression of PGE2 by TAA may have been impossible. NGF expression 
in the NP, however, did decrease after prolonged TAA exposure in nucleotomy-induced 
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degenerated IVDs, by as yet unidentified mechanisms of action. One possible explanation 
for the discrepancy between inflammatory and pain marker expression NP levels is that the 
inflammation upon induction may have been increased temporarily, whereas the resulting 
pain response in the IVD may have been chronic. The interaction between PGE2 and NGF 
is not completely understood and sometimes their production indeed diverges. Patients 
experiencing pain in different body structures do not always show increased inflammation, 
as detected by PGE2 production73-75. NGF production has been shown to much more closely 
correlate with pain than inflammation in several patient populations73,75. In line with this, 
anti-NGF treatments have shown promise in pain relief in chronic LBP patients76 and as TAA 
can reduce NGF expression in degenerated IVDs, this may be a cost-effective alternative 
to such expensive biologicals-based treatments. As IVD degeneration processes and chronic 
LBP are common and comparable in dogs and humans, the current preclinical large animal 
model may also be used as proof of principle in the treatment of canine patients with LBP31. 
Therefore, to confirm clinical efficacy on pain reduction of the controlled release of TAA by 
the PEA platform, a study design in clinical trial setting with client-owned dogs or human 
patients would be a logical next step, taking this product a step closer to the bedside of 
human patients. As no clear effects were noted on IVD degeneration, the release of co-
administered regenerative factors is a route worthwhile investigating in the near future29,77.

In conclusion, controlled release of TAA did not affect degeneration in the nucleotomy-
induced degenerated IVDs, nor were side effects found. As NGF production was decreased, 
extended TAA release holds promise in treating pain associated with IVD degeneration.
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ABSTRACT

Drug delivery systems enable minimally invasive, local and sustained therapy for the 
treatment of degenerative disease of the joint, such as osteoarthritis (OA) or intervertebral 
disc (IVD) disease. However, for the optimal safety and efficacy of such therapeutic 
strategies, more knowledge regarding the retention of locally delivered agents is needed. 
Anatomical characteristics such as the presence of vasculature, but also degenerative 
changes that occur in cartilaginous tissue disease such as IVD degeneration and OA might 
influence drug delivery and retention. Within this context, we used the enzyme-responsive 
PEA drug delivery system to gain insight in local conditions governing in vivo drug retention, 
with a focus on IVD degeneration underlying chronic low back pain. PEA microspheres loaded 
with the near-infrared (NIR) fluorescent dye IR-780 were injected in several body locations 
of rats; subcutaneously, in the knee joint and intra-discally in healthy and degenerated 
joints/discs). Upon noninvasive imaging over time, the signal in the subcutaneous area and 
knee joints, structures with relatively rapid fluid clearance, showed faster decline of NIR 
signal compared to the avascular tail IVDs. In IVDs even an increase in signal was observed 
in the first 4 weeks independent of disease status. In the knee joint, IR-780 retention was 
unaffected by joint degeneration while it was extended in degenerated IVDs compared to 
healthy IVDs. We conclude that the retention of small drug molecules is dependent on tissue 
location, most likely related to local clearance rates. Only in the IVD the disease state of 
the tissue affected IR-780 retention by loaded PEA microspheres, suggesting an interaction 
between clearance and biomaterial degradation rate. Development of local drug delivery 
treatments should take local drug kinetics into account, especially when using responsive 
biomaterials.

keywords: drug delivery systems, intervertebral disc, near-infrared fluorescence, non-
invasive imaging, polyesteramide microspheres
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INTRODUCTION

Chronic low back pain (CLBP) is one of the major causes of disability in the global population, 
affecting nearly everyone at a later stage in life1. The disability causes a decreased 
productivity and increase in health care costs, leading to an enormous socio-economic 
burden worldwide2. Intervertebral disc (IVD) degeneration of the lumbar spine is considered 
as one of the underlying factors of CLBP3, as 40% of the CLBP cases can be attributed to 
degeneration of the IVD4-6. The prevalence of IVD degeneration keeps on rising with the 
increase in life expectancy and aging of the population, and is estimated to be in the top 
ten leading causes of disability in 20201. During the process of IVD degeneration, loss and 
remodeling of extracellular matrix (ECM) proteins from the macromolecular framework of 
collagens and proteoglycans (PGs) will lead to a decrease in water content in the disc7,8. The 
disorganized and dehydrated IVD in turn will fail to provide the compressive strength that is 
needed to absorb shocks and to allow movements of the spine9. A painful IVD can be treated 
with intradiscal injections to alleviate pain, but the effect is only temporal10,11, most likely 
due to drug clearance. It is postulated that small molecules are cleared relatively fast from 
the IVD after intradiscal injection11, but this has not been confirmed yet in experimental 
research. Extending the exposure of bioactive agents using a drug delivery system (DDS) is a 
recently introduced therapeutic strategy to prolong the treatment of symptomatic LBP and/
or to reverse IVD degeneration12. To determine the drug dosage that is safe to deliver in the 
targeted tissue, mainly in vitro studies are performed to establish drug release rates from 
the DDS, cell viability and tissue properties13,14. However, in vitro release kinetics are rarely 
similar to in vivo release kinetics. Furthermore, the IVD is not innervated or vascularized 
and withstands a lot of loading pressure at a daily basis15 that might influence local drug 
clearance and retention. In addition to that, during IVD degeneration, the expression of 
enzymes responsible for ECM breakdown increase16 and the degenerative changes might 
alter drug clearance compared to healthy IVD tissue.

Stimuli-responsive systems have made recent progress in the controlled drug delivery17. 
This underlines the fact that stimuli from the injected environment (e.g. changes in pH 
or enzyme concentration) might alter the degradation of the DDS, thereby also affecting 
the retention of the DDS itself. Polyesteramides (PEAs) are such responsive biodegradable 
polymers that can be used as a DDS, consisting of natural α-amino acids18,19. PEA is broken 
down in non-toxic waste products by proteolytic enzymes20 and show good biocompatibility 
in knee joints18 and the IVD21. The PEA microsphere platform was used to prolong anti-
inflammatory agent delivery in degenerated joints22,23 and degenerated IVDs19,24 for inhibition 
of inflammation and pain. PEA microsphere degradation is serine protease dependent and 
several serine proteases are upregulated in degenerated joints and IVDs25,26, although the 
exact pathological role of all serine proteases in both musculoskeletal diseases is still not 
elucidated. In order to evaluate the location- and disease-dependent retention of small 
molecules released by the PEA DDS, non-invasive in vivo Near-infrared (NIR) imaging can be 
used. To this end, the IR-780 dye used as NIR label was incorporated into PEA microspheres 
to model and follow real-time drug release in rats. Drug retention in two musculoskeletal 
joints (knee vs IVD) was compared to the subcutaneous area, included as control tissue with 
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a rapid clearance. The drug retention in healthy knee and IVD joints was compared to drug 
retention in degenerated joints. Furthermore, retention released from the PEA DDS was 
compared to the retention of IR-780 bolus.

MATERIALS AND METHODS

Loading and characterization of polyesteramide microspheres 

PEA was synthesized in accordance to procedures reported previously22,27. For the preparation 
of loaded microspheres, PEA was dissolved in dichloromethane (DCM, Merck Millipore, 
Darmstadt, Germany) and 2 wt% IR-780 iodide (425311, Sigma-Aldrich, Darmstadt, Germany) 
was added to the solution and homogenized by ultrasound. The homogenized suspension 
was added to 20 ml of an aqueous solution containing surfactants for stabilization (1 wt% of 
poly(vinyl alcohol and 2.5 wt% NaCl, Sigma Aldrich) and emulsified under high shear, using 
an Ultra-Turrax. Thereafter, the particles were allowed to harden overnight in 100 ml water. 
Excess of water and surfactant was removed by rinsing and centrifugation. Before freeze-
drying to remove residuals, particles were resuspended in 0.04% Tween 80. Once dried, 
closed vials were sterilized with γ-radiation on dry ice. Size distribution of PEA particles 
was measured by static light scattering using a Malvern Mastersizer 2000S and ranged from 
8 to 50 μm.

Animals and study design

The study design was approved by the National Commission of animal experiments 
(AVD108002015282) and the working protocol was supervised by the local Animal Welfare 
Body (WP#105078-2) and (WP#282-5-02) and met the guidelines for animal research in the 
Netherlands.

In this study, 8 female 10 weeks old Sprague-Dawley rats (Charles River Laboratories 
International, the Netherlands) were used and housed in groups (3 to 4 rats, randomized) in 
polycarbonate cages with wire tops, wood chip bedding, and access to ad libitum food and 
tap water. Rats were allowed to acclimatize for 7 days before the start of the experiment. 
One rat died at t=0 directly after IR-780 injection (cause of death; not recovered from 
anesthesia) and could not be included in the study. The experimental unit in this study 
was a single injection sites for every tissue (PEA-NIR subcutaneously in the skin n=5, PEA-
NIR healthy knee n=5, PEA-NIR degenerated knee n=5, PEA-NIR healthy IVD n=4, PEA-NIR 
degenerated IVD n=4, bolus NIR healthy IVD n=4, bolus NIR degenerated IVD n=4). Primary 
experimental outcomes included IR-780 retention (bolus or released from PEA microspheres) 
during the complete follow-up and disc height changes after 16 weeks. Complying with 
the 3Rs principles, 4 rat tails (n=8 degenerated IVDs and n=8 healthy IVDs) were used to 
study the IR-780 retention from PEA microspheres, the other 3 for a similar study with 
another polymer described elsewhere but does not otherwise influence the present study. A 
schematic overview of the animals used in the study and injected body locations is displayed 
in figure 7.1.
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PEA-NIR injection
subcutaneous area  n=5

healthy knee   n=5
degenerated knee  n=5

healthy IVD   n=4
degenerated IVD  n=4

bolus injection
healthy IVD   n=4
degenerated IVD  n=4

bolus injection

PEA-NIR injection

other polymer injections

Figure 7.1: Schematic overview of the study design and injected body locations meeting the 
3R-requirements with specific focus on minimizing the number of animals needed to address 
the objectives of this study. IVD = intervertebral disc, NIR = near-infrared, PEA = polyesteramide.

Rat model of induced IVD and knee degeneration

All rats received pre- and post-operatively 0.03 mg/kg buprenofine (buprecare®) and 4 
mg/kg carporal® (AST farma B.V., Oudewater) subcutaneous as prophylactic analgesia. IVD 
degeneration induction was executed under general anaesthesia consisting of isoflurane 
gas (4-5% induction, 1-2 % for maintenance), delivered in a 1:1 oxygen:air mixture. A pre-
puncture radiograph (t-4) was taken and used as baseline IVD height measurements. Tail IVDs 
were located by palpation on the coccygeal (Co) vertebrae and confirmed by radiograph. 
In each rat, IVD degeneration was induced in level Co4-Co5 and Co6-Co7. Adjacent levels 
(Co5-Co6 and Co7-Co8) were included as healthy IVD controls. Tail skin was sterilized and 
a sterile 20-gauge needle was inserted perpendicular to the skin, at 5 mm depth through 
the AF into the NP, rotated 360° and held for 30 seconds, as previously reported by Han 
et al.,28. Correct needle placement was confirmed by intra-operative fluoroscopy. After 
IVD degeneration induction, the anterior cruciate ligament was transected and a part 
of the medial meniscus was removed in the left joint under isoflurane anaesthesia (4-5% 
induction, 1-2 % for maintenance) as described previously22. All animals received 0.03 mg/
kg buprenorphine subcutaneously as post-operative analgesia for the following three days.

PEA-mediated IR-780 delivery 

IR-780 injections (bolus or loaded in PEA microspheres) were performed four weeks 
after degeneration induction. All rats received pre-operative analgesia by subcutaneous 
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injection of carprofen (4 mg/kg) and buprenorphine (0.03 mg/kg). All IR-780 injections 
were executed under general anaesthesia consisting of isoflurane gas (4-5% induction, 1-2 
% for maintenance), delivered in a 1:1 oxygen:air mixture. First, radiographs (t0) were 
taken to determine changes in IVD height. Then, IR-780 iodide dye alone or IR-780 loaded 
PEA microspheres were intradiscal injected under fluoroscopic guidance to confirm correct 
needle position in the centre of the IVD with final concentration of 625 µg/mL IR-780 in a 
total volume of 2 µl. Gastight Hamilton syringes (25 µL) connected to 29G needles (Hamilton 
Company USA, Reno, Nevada) were used for the intradiscal injections. Subsequently, 
subcutaneous and intra-articular IR-780 injections were done using 1 mL 29G insulin needles 
(Becton Dickson, Franklin Lakes, USA) with final concentration of 625 µg/mL IR-780 in a 
total volume of 25 µl.

Injection sites (skin, knee joints and tail IVDs) were scanned every other week for in vivo 
IR-780 detection. Rats were first sedated by intraperitoneal injection of ketamine (75 mg/
kg) and dexmedetomidine (0.25 mg/kg). Images were acquired with the Pearl Impulse Small 
Animal Imager (LI-COR, Westburg B.V., Leusden, the Netherlands) with 785-nm excitation 
light to detect IR-780 signal. The Pearl camera automatically optimizes exposure times. 
Imaging data was acquired with a thermoelectrically cooled CCD sensor. Fluorescence 
intensity was quantified using Image Studio Lite software (LI-COR, Westburg B.V., Leusden, 
the Netherlands). Regions of interest were selected using an equal-sized circle, and a mean 
value was calculated with localized background subtraction analysis. Unloaded microspheres 
in the same concentration and volume as when loaded with IR-780 were subcutaneously 
injected in a cadaver and showed no fluorescence spectra.

Disc height measurement and analysis 

To confirm induction of disc degeneration, caudal disc radiographs were taken directly 
before induction of IVD degeneration (t-4) and IR-780 injection (t0). The rats were placed 
in the prone position with their tails straight during radiographs. IVD heights were measured 
using the digital radiographs in Adobe Photoshop software (Adobe Systems Incorporated, 
version 13.0.1, San Jose, California, USA) using the ruler tool. IVD height was expressed as 
the disc height index (DHI) according to the procedure described by Masuda et al.,29.

Histopathologic analysis 

Rats were terminated by CO2 suffocation, 16 weeks after IR-780 injection on t0. Tails and 
knee joints were harvested. Provided that the histological data on knee degeneration 
were already available at this time point from previous experiments22, knee joints were 
hydrolyzed to quantify PEA polymer as a measure of retention; PEA polymer was below the 
detection limit (data not shown). Considering the latter, tails were skinned and imaged again 
before fixation in 4% formaldehyde solution (Klinipath B.V., Duiven, the Netherlands) for 1 
week. Thereafter, they were decalcified in 0.5M EDTA (VWR international B.V., Amsterdam, 
the Netherlands) solution for a total of 6 weeks, re-fixating for 3 days in 4% formaldehyde 
solution every 2 weeks. The IVDs were embedded in paraffin as spinal units containing the 
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adjacent vertebral bodies. Five μm sections were stained with Picrosirius red / Alcian blue 
staining protocols30. The cellularity and morphology of all IVDs were examined in a random 
blinded fashion.

Statistical analyses

All data were analyzed using IBM® SPSS® Statistics software (version 21). One-Sample t-tests 
was used to analyze the significance of differences in DHI between healthy and degenerated 
IVDs. All NIR fluorescence intensity data was evaluated for equality of data variances by Q-Q 
plots and homoscedasticity of residuals by scatterplots. In all cases the assumptions were 
not met and Kruskal–Wallis tests were used to analyze nonparametric data with post-hoc 
pairwise comparisons using the Dunn-Bonferroni approach. All data were expressed as the 
mean ± standard error of the mean. Statistical significant differences were considered at 
values p<0.05.

RESULTS

PEA microspheres loaded with IR-780 dye were injected in the vascularized skin 
subcutaneously and the knee joint with high fluid retention, as well as in the aneural and 
avascular IVD (figure 7.2). NIR signal gradually decreased in the skin and knee joint and was 
not detected 16 weeks after injection. In contrast, NIR signal increased in the first 6 weeks 
after intradiscal injection and thereafter a slow, gradual decrease was observed (figure 
7.2B). NIR signal remained visible after the 16 week follow-up period and NIR intensity 
measured over time was significantly higher in the IVD compared to the skin and knee joint 
(figure 7.2B, p<0.05).

Percutaneous needle puncture of rat tail IVDs resulted in significant disc space narrowing 
after 4 weeks, in comparison with adjacent control discs (figure 7.3A, p<0.05). Post 
mortem histological images confirmed the presence of degeneration processes in the IVDs 
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Figure 7.2: Tissue-dependent retention of IR-780 dye over 16 weeks, delivered by PEA microspheres. A) 
Skin, knee joint and IVD images 6 and 14 weeks after IR780-loaded microsphere injection in rats subjected 
to fluorescence optical imaging. White arrow indicates healthy IVD. B) Quantification of NIR intensity 
signal after IR780-loaded microsphere injection in the skin (n=5), knee joint (n=5) and IVD (n=4) of rats. 
Data represent mean ± SEM. Significant increase in NIR intensity was found in IVD compared to skin and 
knee joint, indicated by *p<0.05. IVD = intervertebral disc, NIR = near-infrared, PEA = polyesteramide.
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with disrupted NP, AF and endplates. There was no disease-dependent effect found for 
IR-780 retention in knee joints (figure 7.3B). In degenerated IVDs, increased NIR intensity 
over time was found, compared to healthy IVDs (figure 7.3B, p<0.05) and intra-articular 
injected knee joints (figure 7.3, small insert). The increase in NIR signal during the first 
6 weeks after intradiscal injection was observed in both healthy and degenerated IVDs. 
Notably, NIR intensities measured in degenerated IVDs did not decrease over time, even 
after 16 weeks of intradiscal injection, in contrast to the gradual decreased NIR signal in 
healthy IVDs. Bolus intradiscal injection of free IR-780 dye gradually decreased, at a pace 
that appeared independent of IVD health status. The decline in NIR intensity was delayed 
when released by the PEA microspheres compared to bolus IR-780 injection (figure 7.3B, 
p<0.05). Post mortem, NIR signal was still detected after 16 week follow-up in degenerated 
discs, although no statistically significant differences were found in NIR signal between 
degenerated and healthy IVDs (figure 7.4).
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Figure 7.3: Disease-dependent IR-780 retention in joint and intervertebral disc degeneration. A) 
Top: Decreased disc height index, 4 weeks after degeneration induction. Bottom: Histologic image 
of a normal IVD containing organized collagen lamellae of the annulus fibrosus (AF) surrounding a 
round nucleus pulposus (NP), indicated by the dotted circle (left) and an IVD, 16 weeks after 
degeneration, with a disorganized collagen content transitioning into the irregular shaped NP with 
disrupted endplates, indicated by black arrows (right). Scale bars = 500 µm. B) Quantification of 
normalized NIR intensity signal after IR-780 loaded PEA microsphere injection in healthy knee 
joints versus degenerated knee joints (left) and healthy IVDs versus degenerated IVDs (right) 
in rats. Small insert displays all conditions in the same graph. Data represent mean ± SEM. IR-780 
retention from PEA microspheres (blue lines) was significantly prolonged compared to retention 
of free IR-780 dye (grey lines) in IVDs. Significant increase of NIR intensity released from PEA 
microspheres was found in degenerated IVD tissues (solid lines) compared to healthy IVD tissues 
(dotted lines) at *p<0.05. IVDs = intervertebral discs, NIR = near-infrared, PEA = polyesteramide. 
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DISCUSSION

Drug delivery systems (DDSs) are widely investigated to decrease systemic drug 
concentrations and prolong local exposure. Although drug retention from DDSs in vivo will 
be affected by the local environment including the disease state of the injected tissues, 
this has never been investigated in detail before. In the current study, the retention of IR-
780 dye, a model for a small molecule drug, released from PEA microspheres was prolonged 
in IVD tissue, compared to the skin and the knee joint. In degenerated IVDs, NIR signal 
intensity was higher compared to healthy IVDs, ánd in both an increase in NIR signal was 
observed during the first 6 weeks post-injection. Moreover, the presence of degeneration 
even enhanced the increased NIR signal compared to healthy IVDs. Also, IR-780 retention 
remained quite stable throughout the complete study period in degenerated IVDs, since 
no gradual decrease in signal was observed over the 16 week follow-up. Surprisingly, a 
higher NIR signal in degenerated knee joints compared to healthy knee joints was not seen 
indicating that the drug retention is location- and disease state dependent. 

Real-time monitoring of drug presence can be done via non-invasive imaging techniques, 
such as NIR fluorescence imaging23,31. Another advantage of using NIR imaging to assess 
local drug release from DDSs over time is the minimal tissue autofluorescence in the NIR 
wavelength region32. The retention rate of a certain drug that is released from a DDS is 
dependent on the release kinetics of that DDS and tissue clearance. Hence, retention rate is 
dependent on the biomaterial-based DDS properties but also on clearance from the injected 
tissue. In particular the release from the PEA polymer is enzyme-responsive, which will 
influence how the NIR signal intensity conducts over time. The PEA microsphere platform 
is uniquely sensitive for serine protease dependent degradation. Various serine proteinases 
have been described to play a role in (osteo)arthritis pathology33. In particular, plasmin and 
HtrA1 have been detected in degenerated IVDs, compared to healthy IVD tissue25,34,35. The 
differences in serine proteases present in the tissues might explain the differences of NIR 
signal intensity that was observed and is the focus of ongoing in vitro studies.
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Figure 7.4: Retention from controlled released IR-780 dye in healthy and degenerated 
intervertebral disc tissues, 16 weeks post-injection. Post mortem NIR signal intensity, 
detected in skinned rat tail IVDs 16 weeks after intradiscal injection. IR-780 dye injected as 
a bolus was undetectable. IVDs = intervertebral discs, NIR = near-infrared, PEA = polyesteramide.
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The present study explored how the tissue-dependent aspects may influence DDS-based 
treatment strategies modeling this with the aid of NIR label loaded in microspheres for 
two degenerative diseases that may benefit from the same therapeutic approach. In a 
synovial joint, elimination of intra-articularly injected drugs from the joint occurs through 
the synovial membrane36, while fluid transport in and out of the disc is regulated by a 
combination of diffusive and convective transport37,38. The observed differences in model 
drug presence over time could therefore partially be explained by the properties of the 
tissues injected. Tissues rich in lymphatic vessels are the skin and knee39,40, in contrast to 
the tightly enclosed IVD41. In these tissues with an intrinsically higher fluid clearance, IR-780 
retention was lower. Unexpectedly, no difference in IR-780 retention was observed between 
healthy and degenerated knee joints, while enhanced clearance of glucocorticoids42 or large 
molecules such as hyaluronic acid43 in inflamed joints has been explained by the increased 
vascular permeability due to synovitis44. Considering that the current model displays a 
relatively mild OA form in which an increase in lymphatic vasculature has been described 
12 weeks after degeneration induction40, it was expected to detect differences in IR-780 
retention in this time window. Although a trend was observed that points towards a faster 
clearance during the first 12 weeks after degeneration induction in knee joints, the current 
study is underpowered to detect statistically significant differences.

At the IVD level, IR-780 retention was significantly higher in degenerated vs healthy IVDs. Even 
more so, in contrast to the knee joints and the skin, the NIR signal in IVDs increased the first 
weeks after intradiscal injection and this was even more pronounced in degenerated discs. 
The differential drug retention in the disc observed here can be explained by the elegant 
finite element model predicting that degenerative changes of the IVD (such as blood supply, 
endplate permeability, disc geometry or matrix and cellular properties) can have important 
impaired effects on the concentration gradients of nutrients and metabolites throughout 
the disc45. Indeed, IVD degeneration accompanied by disc deformations result in lower fluid 
exchanges rates, which might lead to a lower clearance and hence higher retention in 
degenerated IVDs, compared to healthy IVDs46. Furthermore, dense collagen fibers in an 
intact IVD decrease drug penetration and diffusion into tissue47, hence the hydrophobic 
properties of IR-780 and the possible presence of protein regions in a degenerated IVD with 
a loose collagen framework might be responsible for binding of the hydrophobic IR-780 NIR-
dye more diffuse compared to a healthy intact IVD48. Altogether, these findings imply that 
drug retention in the degenerated IVD is prolonged compared to healthy discs as modelled 
in the present study with the aid of IR-780 dye.

IR dyes enable longitudinal follow-up with the aid of NIR imaging but have their challenges 
when employed in modelling DDS during in vivo applications. High IR-780 dye molar 
percentages used for incorporation in drug delivery systems can induce quenching in 
microparticles49, which might explain the increase of the NIR signal upon release by the 
microspheres. Due to the relatively fast clearance in the knee joint, in combination with 
the larger tissue surface, IR-780 quenching will probably not be detected in this tissue. 
The NIR peak signal was higher in degenerated IVDs compared to the healthy IVDs, most 
likely due to increased levels of serine proteases in degenerated IVDs25 which can enhance 
PEA microsphere degradation18. Also NIR signal post mortem was virtually absent in healthy 
IVDs, while in most degenerated IVDs NIR signal could still be detected. The increase in 
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NIR signal observed in the first 4 weeks indicates that care must be taken that IR-780 is 
loaded at non quenching concentration. Of course even then it will remain unclear what 
part of the total NIR signal is detected from the IR-780 dye inside the particles and what 
emerges from the released IR-780 dye after microsphere degradation. However, when using 
various other biomaterial-based DDS to monitor in vivo drug release by NIR fluorescence 
imaging in the IVD, a sharp increase in NIR signal might be detected as well after intradiscal 
delivery due to quenching of the signal within the biomaterial. In this study, the first time 
point of NIR signal intensity measurement is at two weeks post injection, to exclude signal 
from remnants of free IR-780 dye outside the microspheres after encapsulation50. As a 
consequence, other phenomena may have been missed. Although the use of NIR dyes can 
provide a general insight into local delivery and retention, their release kinetics cannot be 
one on one translated to every other small molecules (e.g. small molecule drugs). IR-780 
is a hydrophobic cyanine dye with a comparable order of molecular weight to hydrophobic 
small molecule drugs such as triamcinolone acetonide. Labeling the drug of interest with 
a fluorescence marker might improve the approach, although it might alter the biological 
activity of the drug in question.

Despite the aforementioned technical limitations, the present study demonstrates that 
although the degenerative processes in an arthritic joint and the IVD are quite similar51, 
drug retention is most likely not comparable. Therefore, the many regenerative DDSs 
that are being developed to improve therapies for various musculoskeletal conditions 
might have to be tailored for the specific needs per disease. For example, cleavage sites 
of specific serine proteases might be incorporated in the polymer to increase sensitivity 
of the predominant degenerative processes in the target tissue. Other modifications that 
might improve drug delivery for a specific condition is to influence degradation properties 
of the polymer. Musculoskeletal conditions with acute inflammation as driver might need 
a different drug exposure time than conditions in which chronic inflammation determine 
disease progression.

In conclusion, the retention of small molecules released by microspheres as a DDS is tissue-
dependent and is longer in avascular tissue with lower fluid exchange. It seemed that 
disease-dependent retention of small molecules released by the DDS was also reliant on 
the type of joint. Therefore, extrapolation of drug retention patterns from one type of 
tissue to another type of tissue is not recommended. To optimize PEA-based drug delivery 
for each tissue type, the different building blocks from the PEA polymers can be altered 
changing the susceptibility to certain enzymes and hence changing the rate of biodegradable 
properties52,53. Drug delivery targeting an avascular IVD with a confined space might benefit 
from PEA microspheres containing polymers with a more accelerated degradation pace than 
a knee joint with a relatively higher fluid exchange.
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SUMMARY

Osteoarthritis (OA) of synovial joints and intervertebral disc (IVD) degeneration are two 
musculoskeletal conditions that can seriously affect the quality of life of individual patients, 
strain health and social care systems and thereby the economy worldwide. The prevalence 
of both conditions is expected to grow due to increasing life expectancy and/or incidence 
of risk factors such as obesity1. The predominant burden of musculoskeletal conditions in 
patients is pain, often in combination with a limitation of movement and as such affecting 
the quality of life. Very few effective non-surgical treatment options are available. Local 
corticosteroid (CS) injection is a commonly applied treatment targeting inflammation and 
pain, especially in the osteoarthritic joint. However, locally administered CSs only provide 
a temporal reduction in pain, while the multiple injections that are needed for sustained 
effects are accompanied by several risks. Specifically for arthritic joints, multiple injections 
can lead to hormone imbalance or muscle weakness2-4. In the IVD, multiple injections by 
itself might enhance IVD degeneration5-7, although may be dependent on the needle size and 
the volume injected relative to the IVD size6,8. Promising approaches to prolong the anti-
inflammatory and analgesic effects of CS are to extend local drug exposure by a drug delivery 
system (DDS), while avoiding harmful peak concentrations or the side-effects that come 
with multiple injections. Therefore, the studies in this thesis investigated the applicability 
of local controlled release of corticosteroids for prolonged inhibition of inflammation, pain 
and degeneration in degenerative joint diseases.

This thesis showed that the controlled release of the CS triamcinolone acetonide (TAA) 
can be applied for the inhibition of inflammation and pain in various knee joint diseases. 
Chapter 2 demonstrated the characteristics of the polyesteramides (PEAs) drug delivery 
platform. TAA release from PEA microspheres was extended, while the potentially harmful 
TAA peak exposure was diminished, compared to bolus TAA. Also, local joint inflammation 
was successfully inhibited 7 weeks post-injection. It was seen in chapter 3 that extended 
CS release is not applicable in every subtype of knee joint diseases as the extended local 
presence worsened the tissue damage and lead to calcifications in unstable joints with 
ligament trauma. Chapter 4 and 5 revealed that in (stable) arthritic joints, the release of 
TAA by our PEA platform was extended and more superior in the reduction of inflammatory-
associated pain over the conventional poly lactic-co-glycolic acid (PLGA) platform. This 
thesis also reported the findings regarding the applicability of controlled release of TAA 
in degenerated IVDs, in terms of safety and efficacy. It was found in chapter 6 that local 
controlled release of TAA in degenerated IVDs does not affect the tissues in and surrounding 
the IVD and has the potential to provide long-term analgesia. The research question of what 
the relation is between the retention of small molecules released by PEA microspheres 
and the location and disease status of the injected site was addressed in chapter 7. It was 
found that in tissues with a relatively low fluid exchange, such as the IVD, retention of the 
injected molecules was higher compared to tissues with a rapid clearance (such as the skin 
and knee joint). Moreover, in the IVD were the retention was delayed, it was also observed 
that in degenerated tissues retention was further prolonged.
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GENERAL DISCUSSION

Corticosteroid mechanism of action in degenerative joint diseases

In musculoskeletal disease, CSs are widely used as anti-inflammatory drug. The term CSs 
actually encompasses both mineralocorticoids and glucocorticoids (GCs), while the latter 
class is mostly used to treat patients. Almost all cells in our body contain receptors for 
GC hormones9. These soluble mediators have pleiotropic effects, regulating carbohydrate 
metabolism, water balance and interfere with various aspects of the immune response by 
inhibiting the production and secretion of soluble activating factors such as pro-inflammatory 
cytokines by immune cells9,10. The first major clinical effect aimed for is pain reduction, as 
the molecular pathway of inflammation overlaps with the molecular pain pathway, with 
inflammatory cytokines in many ways involved the induction of pain11. In addition, systemic 
low-grade inflammation is linked to the degenerative processes in musculoskeletal joints12. 

Inhibition of the inflammatory process has been thought to inhibit progression of tissue 
degeneration, although the evidence has been limited to rheumatoid arthritis (RA) until 
now13,14. In addition to immune cells, also various other cell types in the joint produce 
pro-inflammatory cytokines and are responsive to CS action. In nucleus pulposus (NP) cells 
of the IVD, the CS dexamethasone – glucocorticoid receptor (GR) complex mediates its 
anti-inflammatory effect via the inhibition of nuclear translocation of components from 
the key pro-inflammatory signaling molecule NF-kb upon binding with these transcription 
factors15. Also in OA chondrocytes, dexamethasone inhibited mRNA expression levels of 
inflammatory mediators16 or the production of key mediators of the inflammatory PGE2 
synthesis pathway17. A recent study focused on the endogenous role of glucocorticoids (GC) 
in the development and resolution of inflammatory arthritis and highlighted the importance 
of glucocorticoid signaling in chondrocytes in the regulation of inflammatory arthritis18. 
Ablation of GC signaling in chondrocytes leads to an increase in gene expression levels 
of IL-1β, neutrophil-recruiting chemokines and associated receptors that contribute to 
the pronounced inflammatory activity observed in these arthritic mice. This elegant study 
suggests that chondrocytes help mitigate local inflammatory processes via a GR-dependent 
pathway18, indicating that GC treatment might restore the balance in the joint. 

Safety of intra-articular corticosteroid administration

Intra-articular CS injections have been administered to arthritic patients since 195119. To 
date, the effects they have on pain relief and tissue degeneration are variable and their 
safety is still under debate. CSs or GCs can elicit several effects in various tissues after local 
injection. GCs inhibit the release of inflammatory mediators and cytokines from various 
immune cells10, although how GC affect the individual cell types in the joint is not exactly 
known. A safety concern for long-term GC administration, regardless of delivery method, is 
a diminished GR sensitivity that can lead to GR resistance20. It has been postulated that GR 
resistance might be mediated by ligand-induced downregulation of GR expression levels21, 
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although the exact molecular basis of GC resistance remains largely unknown. Also the 
molecular mechanism and regulation of GR function in peripheral tissues remain unclear. 
Contradicting results regarding the effects on cell proliferation and matrix production 
of CS exposure in NP cells have been reported22-25 and there are a few case reports of 
spinal canal ossification, calcifications or necrotic granulomatous lesions that have been 
associated with intradiscal bolus steroid injections26,27. The safety of CSs on cartilage tissue 
is also still a subject of debate. TAA, a broadly used CS, has shown to be chondrotoxic 
in vitro28,29, while the response in anti-inflammatory cytokine production of macrophages 
with distinct phenotypes increases under the influence of dexamethasone30. In vitro and 
ex vivo studies on the effect of CSs on articular cartilage viability and matrix production 
are contradicting29,31-33, although the safety and efficacy of long-term injections in knee OA 
patients generally showed no detrimental effects34-36. 

Multiple explanations for the contradicting results can be given. CS can have different 
effects on articular cartilage, depending on the disease state of the joint. In a healthy joint, 
matrix turnover is low due to the quiescent chondrocytes and because catabolic processes 
are not dominant37. The presence of CS in a healthy joint stimulate anti-anabolic effects 
that govern the normal remodeling process towards matrix degeneration38,39. In a catabolic 
OA environment, however, inflammation and matrix degradation are diminished by the 
injected CS, reducing matrix loss31,40,41. Another possible, but closely related, explanation 
for the contradicting results of CS therapy is the heterogeneity of OA patients. OA can be 
stratified into different groups according to the etiology (idiopathic, non-traumatic, trauma 
or joint misalignment)42 or pathophysiological aspects43,44, which may underlie the widely 
varying response to treatments in patients. In line with this, OA animal models have been 
developed and correspond to a certain patient classification45. In this thesis, treatment 
response varied greatly between two different OA models; prolonged CS exposure aggravated 
joint deterioration in trauma-induced instable OA joints (chapter 3) while the prolonged CS 
exposure in a milder instability model without trauma did not alter the integrity of the joint 
(chapter 2). Different experimental set-ups, varying dosing regimens, evaluated periods 
and readout parameters that are explored can furthermore influence the contradicting 
results of CS therapy found in literature. These variations make it difficult to interpret 
and compare outcomes of CS therapy and contradicting results might be attributed to 
these variations rather than the CS. For example, multiple read-out parameters for pain 
associated behaviors in animals can be employed which describe different aspects of pain 
that may be differently affected by different concentrations of the released drug, resulting 
in spatiotemporal effects on different pain parameters. This was suggested in chapter 5, 
where we have demonstrated that TAA released by PEA microspheres suppressed the pain 
thresholds for evoked- and non-evoked pain behaviours, in contrast to the TAA released by 
the PLGA microspheres which only reduced the non-evoked pain behaviour.

Previously reported negative effects of CS on cartilage integrity46 might also be due to toxicity 
of the excipients used for CS formulations47. In ophthalmology research, the mechanisms by 
which CS treatment can exert cytotoxic effects on retinal cells has been intensely evaluated. 
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Severe structural and functional changes were observed in the eyes of animals receiving 
benzyl alcohol48-51, the vehicle of the commercially available TAA suspension Kenalog®. In 
vitro studies have shown in depth that the molecular mechanisms by which benzyl alcohol 
induces retinal cell death are caspase-dependent and independent apoptosis52 or necrosis 
mediated by the production of reactive oxygen species52,53. Only very few studies have 
included CS vehicles after intra-articular54-56 or intradiscal57 injection with varying results 
regarding vehicle toxicity; whether benzyl alcohol has the same effect in chondrocytes 
or NP cells has yet to be confirmed. Here, extended TAA delivery in the knee joint or IVD 
without the toxic excipients normally present in bolus formulations did not influence tissue 
degeneration. In chapter 3, we did observe adverse effects on fibroblast cell outgrowth and 
migration of pure TAA diluted in ethanol. Therefore, the inhibitory effects of TAA on wound 
healing processes cannot be solely attributed to the preservatives of Kenalog®. 

CS use in knee joints or the IVD can be a boon for effective pain relief, or a bane for tissue 
repair processes. If CS presence can hamper tissue repair, while acute inflammation is needed 
to maintain tissue homeostasis, then CS treatment for degenerated joint diseases may be 
counterproductive. However, OA and IVD degeneration are chronic progressive diseases, 
which wields the double-edged sword of inflammation towards the side of pathological 
tissue remodeling. For long-term pain relief, temporary bolus injections of CS have proven 
to be ineffective in tipping the scale towards an anti-inflammatory state to initiate tissue 
repair. 

Anti-inflammatory and analgesic effects of prolonged local corticosteroid 
exposure

in the (osteo)arthritic joint

Given the side effects of multiple injections and the frequent toxicity of excipients used, 
biomaterial based drug delivery may increase efficiency and safety of intra-articular CS. 
As was shown in chapter 2, 4 and 5 and in agreement with work by others, sustained CS 
exposure after intra-articular injection can indeed prolong the reduction of inflammation 
in (osteo)arthritic joints, indicated by reduced joint swelling and synovitis58-60. Only one 
controlled release system consisting of PLGA microspheres releasing TAA has been evaluated 
clinically and was shown to repress inflammation in only 21 out of the 57 patients, although 
the superiority over direct injection of TAA suspension remains questionable35. Apart from 
the relatively fast in vivo degradation of PLGA, the degradation into lactic and glycolic 
acid might be responsible for the limited therapeutic effect of the PLGA platform, as PLGA 
degradation can lead to toxic local pH levels61. The fact that TAA has a low solubility in 
water might also account for a delayed delivery due to the naturally occurring TAA crystals 
after injection62, which could further explain the limited added value of the PLGA platform 
over bolus TAA injection. Furthermore, intra-articular CS crystals formed might induce 
synovitis63, possibly resulting in painful joints. 
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PEA microspheres for sustained delivery of TAA were studied in the current thesis as a 
superior alternative to PLGA, given its enzyme- instead of hydrolysis-based degradation, 
allowing for longer retention in the joint. Determining the efficacy of the TAA PEA-based 
platform appeared to be challenging and model-dependent; prominent anti-inflammatory 
and analgesic effects were observed in the acute arthritis model rather than the OA model 
based on ligament trauma and partial meniscectomy. The evidence of analgesic effects of 
TAA released by PEA microspheres was inconclusive in rats with surgically-induced unstable 
OA joints, but pain was also not detected in untreated OA animals (chapter 3). Possibly, 
the weight changes were too subtle to detect using the static weight bearing measurement 
device, since in the same strain and OA model, maximally 10% weight-bearing changes 
occurred64. OA animals receiving TAA-loaded PEA microspheres did, however, unload their 
joint more compared to control OA animals, indicative of a painful joint. We hypothesized 
that the prolonged joint instability due to the strong anti-fibrotic effects of TAA locally 
released, in combination with the dystrophic calcifications might be responsible for the 
observed increase in joint pain. Furthermore, rats with painful knee joints distribute their 
weight in various other ways as well65-67. Therefore, a more elaborate device was used in 
follow-up experiments in chapter 4, combined with an animal model focused on pain and 
inflammation. In contrast to a static weight bearing measurement device, the advanced 
dynamic weight bearing device allows the animals to move freely while measuring the 
spontaneous weight bearing of every paw separately. The acute arthritis model that was 
used is more akin to RA, but still recapitulates important acute inflammatory aspects of OA68. 
Here it was shown that pain-associated behaviors in our animal model can be suppressed by 
the local controlled release of TAA. 

In order to explored the long-term additive value of extended local release of TAA by the 
PEA microspheres, the acute arthritis model was modified. Controlled release platforms 
such as PLGA-based DDS have the potential to locally prolong exposure of drugs with an 
anti-inflammatory action, but in general the in vivo follow-up lasts up to 42 days59,60,69. 
One of the drawbacks of this relatively short follow-up period is that it makes it difficult 
to predict long-lasting anti-inflammatory and analgesic effects in patients. The follow-up 
period from the acute arthritis model used in chapter 4 was extended in a modified model 
described in chapter 5, to allow evaluation of the proposed duration of analgesic effects 
of the DDS in question. We demonstrated that TAA-loaded PEA microspheres were more 
potent in reducing joint inflammation and hypersensitivity compared to TAA-loaded PLGA 
microspheres. In addition to that, a loss of therapeutic effect from the TAA-loaded PLGA 
microspheres was indicated after 32 days, which we were unable to detect in the original 
arthritis model in chapter 4 that only described the effects up to day 32. Moreover, we 
showed that recurrent joint inflammation may lead to substantial osteophyte formation and 
bone cysts and that the prolonged exposure of TAA by PEA microspheres can inhibit these 
bone changes. 
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in the degenerative disc

Considering the widespread use of CSs for (osteo)arthritis, it is noteworthy that so far, 
only one preclinical rat study has touched upon the controlled release effect of CS on IVD 
degeneration, but the anti-inflammatory action was not the subject of investigation70. In 
patients suffering from chronic low back pain (LBP) with persistent inflammatory end-plate 
changes (Modic changes type I), intradiscal CS injections have been shown to effectively 
reduce inflammation and low back pain71,72, although the long-term benefits are still 
unverified73. Modic changes seen on MRI represent vertebral anomalies that are strongly 
associated to degeneration of the IVD74 or clinical LBP75. Although the relationship between 
inflammation and pain is not always evident in patients76-78, inflammation is one of the 
established mechanisms by which pain is thought to be generated. Therefore, during anti-
inflammatory treatment, pain is most likely addressed as well in LBP patients. The efficacy 
of controlled release of TAA on the reduction of IVD-related pain has not been investigated 
before in clinical settings.

In chapter 6, we showed that the controlled release of TAA by PEA microspheres did not 
affect the mild inflammatory state of the canine degenerated IVD, as the levels of the 
pro-inflammatory mediator PGE2 remained unchanged after treatment. Also, Modic type 
changes were absent in this model. The preclinical large animal study described in chapter 
6 could only determine the efficacy at a subclinical level and only at the IVD level; a block 
design was employed to reduce experimental animal use. Indeed, nerve growth factor (NGF) 
expression levels, used as pain biomarker79, were reduced in the canine NP tissues treated 
with the extended local release of TAA. The role of NGF in LBP was further confirmed 
in recent clinical studies in which intravenous anti-NGF antibody demonstrated significant 
reduced LBP scores compared to placebo or naproxen80-82. Hence, the sustained release 
of TAA leading to reduction in NGF production suggests its potency to provide long-term 
analgesia in patients with degenerated IVDs as well.

PLGA- and PEA-based drug delivery platforms

Until now only one controlled release platform releasing TAA made it from the research 
bench to the market and patient’s bedside83. Still, the degradation rate of PLGA is relatively 
fast resulting in a prolonged duration of action that showed to be barely more effective 
compared to the standard bolus TAA injection84,85. In contrast to the bulk eroding PLGA 
platform, PEA degradation is mainly driven by serine protease activity86 which will not 
result in local toxic pH levels upon polymer degradation87. This sensitivity to protease 
activity confers auto-regulatory properties of PEA86, which is hypothesized to stimulated 
PEA degradation and drug release during inflammation in vivo, but little release in a low 
inflammatory environment. Although indirectly, the distinction in polymer degradation 
rates was observed in chapter 5. Here, animals injected with TAA-loaded PEA microspheres 
showed a prolonged duration of therapeutic action compared to the animals injected with 
TAA-loaded PLGA microspheres. While the total amount of drug loaded is the same in the 
microsphere platforms, most likely the spatiotemporal TAA release in vivo from PEA is 
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different from PLGA, leading to local TAA profiles optimal for effectuating the observed 
changes. Also the inflammation recurring 30 days after TAA-loaded PLGA injection in the 
modified arthritis rat model indirectly suggests that distinctive TAA release patterns may 
have occurred in vivo, since inflammation did not recur in animals injected with TAA-
loaded PEA particles. The animals treated with TAA-loaded PLGA microspheres may have 
endured continuous inflammation during the last 60 days of follow-up, which could have 
contributed to the post-mortem osteophyte formation and bone cysts that we observed. 
The exact pathogenesis of osteophyte formation is not yet fully understood, although it has 
been suggested that macrophages from the synovium play a role in osteophyte formation 
via growth factor production and synovial activation88,89. The extended presence of intra-
articular TAA by weekly injections have already been shown to inhibit osteophyte formation 
via the activation of anti-inflammatory macrophages90. In line with this, we observed a 
borderline significant difference in macrophage polarization towards anti-inflammatory 
macrophages in TAA-loaded PEA microsphere treated joints compared to TAA-loaded PLGA 
microsphere treated joints. TAA release from the PLGA microspheres was ineffective in 
reducing inflammation after 30 days, which could have thereby influenced the macrophage 
polarization, resulting in the bone changes observed in these joints. In conclusion, PEA-
based DDSs releasing CSs might be more effective in improving local drug delivery than 
PLGA-based platforms.

Safety of intra-articular controlled release of corticosteroids 

On top of the debate around safety of intra-articular CS, the challenge in platforms 
effectuating local controlled release of CS lies in the safety aspects of the biomaterial 
and of the sustained presence of CS. Work performed by others have already described 
various biomaterial platforms releasing CS and have shown good biocompatibility and safety 
in healthy-39,91,92, OA-58,93 and arthritic joints60,94,95. Although to a lesser extent explored, 
sustained CS exposure in degenerated rat IVDs showed no adverse effects either, in terms 
of tissue integrity70,96. The work described in this thesis is in line with the findings that 
controlled release of CS is a safe and effective therapeutic strategy. Here, the PEA platform 
was employed that has advantages over the readily available and studied controlled PLGA-
based DDS in terms of its biodegradability in non-toxic waste products. We showed that 
TAA released in a controlled fashion by the PEA microsphere platform is safe in knee joint 
diseases such as OA (chapter 2) and rheumatoid arthritis (RA) (chapter 4, 5) in terms of a 
minimal systemic drug exposure, foreign body response and local tissue integrity. Indeed, 
reduced systemic TAA peak levels were found compared to bolus TAA in collagenase-induced 
OA joints (chapter 2) and trauma-induced OA joints (chapter 3). 

Despite the controlled release of small quantities of CS using non-toxic DDS, side effects 
cannot be excluded. Indeed, the studies described in chapter 2 to 6 in this thesis 
demonstrated that prolonged exposure of TAA in vivo does not affect cartilaginous tissue 
degeneration when acute tissue trauma is not present, as shown in the collagenase-induced 
OA model described in chapter 2. Importantly, extended CS release formulations aggravated 
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joint deterioration in unstable OA joints, hence should not be administered in joints that are 
instable through acute tissue damage (chapter 3). This is likely due to the notion that CS 
exposure can lead to reduced repair responses as was studied in various joint cell types97-101 
. Notably, high or repeated doses of GCs can negatively affect various soft tissues in the 
joint102-105 and even impair wound healing processes97,99. Also in chapter 3 the inhibitory 
effects of TAA were shown to lead to reduced tissue repair responses, reflected in the 
abrogated outgrowth and migration of fibroblast in the continuous presence of TAA. Cell 
proliferation and migration are important tissue repair processes and the inhibitory effect 
of CS might explain the observed lack of tissue regeneration in our studies (chapter 2 and 
6). The anti-proliferative effects of CS on various cell types is thought to be mediated by 
arresting the cell cycle and inducing apoptosis106-109. Decreased NP and chondrocyte cell 
proliferation was also observed in the presence of CSs22,110. These effects are not solely 
induced by CS, also selective and nonselective cyclooxygenase (COX)-inhibitors can inhibit 
cell proliferation, cell migration and thereby possibly wound healing in epithelial cells111-113 
and chondrocytes114 and neoplasm proliferation which are dependent on COX activity115-117. 
In chondrocytes, cell proliferation was suppressed in the presence of the non-steroidal 
anti-inflammatory drug naproxen114 or after exposure to the CS dexamethasone110. With 
the recent attention to intra-articular administration of TAA for the treatment of ligament 
injuries118-121, the safety of prolonged TAA exposure in joints with ligament trauma should be 
preclinically evaluated before its application in the clinic. To our knowledge, whether CS 
therapy could also negatively influence spinal stability has not been described in literature. 
Therefore, the use of formulations to prolong CS exposure locally should be dependent 
on the disease state of the joint (e.g. tissue repair needed, instability) and the inherent 
biomechanics and functionality of the joint addressed. 

Despite the reduced systemic TAA exposure and absence of macro- and microscopic 
abnormalities of the organs, total body weight loss occurred in all rodent models studied 
in this thesis where TAA-loaded PEA microspheres were employed. In chapter 5, exploring 
the effect of TAA-loaded PEA microspheres in RA joints, the total TAA dose loaded in the 
microspheres was 11, 16 and 26 times lower than in the trauma-induced OA model and 
is more representative for clinically administered TAA at 62.5 µg. Since no macro- and 
microscopic evidence was found of any effects of prolonged systemic CS exposure, using 
body weight as read-out in preclinical studies with rodent models will not determine 
whether corresponding TAA doses for prolonged exposure in human patients will be safe. The 
regulation of all the physiological processes GC are involved in might differ between rodents 
and humans. While the administration of GCs at low concentrations can induce muscle 
atrophy in rodents122 and might elicit weight loss at undetectable systemic concentrations, 
therapeutic doses of GCs in humans increased their food intake remarkably123. Hence, 
other read-outs should be included in these preclinical studies to confirm the safety and 
effective tolerated dose in human patients. The (osteo)arthritis rodent models employed to 
study safety of prolonged TAA exposure can be further refined by measuring serum cortisol 
levels that indicate whether the function of the hypothalamic-pituitary-adrenal axis is 
compromised due to remaining systemic TAA levels. This approach is supported by clinical 
findings. Following the administration of 40 mg intra-articular Kenalog® suspension, cortisol 
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levels were temporarily suppressed and returned to baseline within 14 days62, while knee OA 
patients intra-articularly injected with TAA-loaded PLGA microspheres showed suppressed 
cumulative cortisol levels through week 6 post-injection but did not suffer from adverse 
effects124. As such, it was argued that the intra-articular injection of 32 mg TAA released 
from the PLGA microspheres did not compromise cortisol production or stress responses 
throughout its prolonged exposure in knee OA patients84. We postulate that the same 
dose released from PEA microspheres would not compromise cortisol production or stress 
responses in knee OA patients as well and might therefore be a rational dose to start with in 
case the prolonged exposure from PEA microspheres will be investigated in human patients. 

An important safety aspect related to the DDS is the reduction in plasma drug concentration 
levels by controlled release platforms compared to bolus administration. While this has 
already been demonstrated in OA animals before60 (chapter 2), this still remains to be 
confirmed for intradiscal injections. So far, only one study described the controlled release 
profile of a growth factor in rabbit IVDs, which successfully prolonged the drug release 
compared to the bolus up to 14 days following intradiscal injection125. However, whether 
corresponding systemic peak exposure levels were actually reduced using a DDS was not 
determined. In our experimental IVD model described in chapter 6, the experimental unit 
was a single IVD and to comply with the 3Rs principle, multiple IVDs were injected with 
TAA-loaded microspheres in one animal. Hence, systemic drug exposure levels following 
intradiscal injection could not be established. Nevertheless, other safety aspects were 
verified; in degenerated IVDs, TAA exposure prolonged by PEA microspheres did not affect 
tissue integrity negatively or elicited foreign body responses. The foreign body response 
intramuscular126, intravitreal127, intradiscal126 and intra-articular86 to the PEA microspheres 
itself has already been reported to be mild, consisting of infiltration of mononuclear 
inflammatory cells and giant cells without any signs of necrosis, inflammation or systemic 
adverse events. 

Location and disease state determines drug retention 

The applicability of controlled release of TAA for prolonged inhibition of inflammation, pain 
and degeneration in the two degenerative joint diseases (e.g. OA and IVD degeneration) 
were extensively investigated in this thesis. Provided that pain is the predominant clinical 
symptom of both OA and IVD degeneration and that the conditions share similarities in 
their pathophysiology, the evaluated PEA-based DDS releasing TAA might be applicable 
to both patient populations. The findings in chapter 7 emphasized that drug retention 
and degradation characteristics of the PEA platform is dependent on tissue location and 
disease state of the targeted tissue. The synovial membrane is an important determinant 
in the clearance of intra-articular administered macro-molecules and acts as a size-
selective barrier128. Hence, increasing the molecular weights of administered molecules 
will concomitantly extend their residence time129. Altered intra-articular pressure, synovial 
permeability, synovial thickness, lymphatic vessel function and distribution have been 
observed in different arthritis pathologies130-132. In contrast, the IVD lacks a surrounding 
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synovial capsule and (macro)molecular clearance is therefore dependent on other factors. 
For instance, the fluid flow within the IVD that contributes significantly to the transport 
of larger molecules is predominantly regulated by external mechanical loads and internal 
osmotic pressure133-135 suggesting clearance might be dependent on mechanical loads and 
osmotic pressure as well. As such, translating a drug delivery platform towards different 
clinical entities should be tailored for the different applications and underlying pathological 
processes. 

Drug retention from healthy or degenerated joints and IVDs is to our knowledge studied 
here for the first time (chapter 7). Here, the PEA platform was loaded with a near-infrared 
(NIR) dye to non-invasively track retention from the microspheres over time in vivo. In the 
knee joints, a relatively fast decline in NIR signal was observed compared to the avascular 
and aneural tail IVDs. Also, a prolonged retention in degenerated IVDs was seen compared 
to healthy IVDs. Furthermore, an unexpected sharp increased NIR signal intensity was 
observed during the first weeks post intradiscal injection in degenerated IVDs, compared 
to the healthy tissues in which NIR signal intensity showed a more gradual increase. Most 
likely, during the degenerative changes of the IVD in which the blood supply, endplate 
permeability, disc geometry and matrix properties are affected136, NIR clearance may be 
impaired. Hence, drug clearance properties might be similarly impaired in degenerated 
IVDs137. 

It is technically challenging to evaluate in vivo characterization of biodegradable DDS, but 
in vitro degradation rates in general do not correlate to the in vivo degradation rates138,139. 
The elegant work of Doty et al. determined whether the same degradation processes from a 
PLGA microsphere platform releasing TAA occurred in vivo as was determined in vitro139. For 
this purpose, a small cage implant was designed to restrain and retrieve the microspheres 
during subcutaneous in vivo release in rats. Increased hydrolysis, microsphere mass loss and 
water uptake resulted in an accelerated drug release in vivo from the PLGA microspheres. 
It would be very intriguing to determine which degradation processes predominates the in 
vivo degradation of PEA microspheres and how it will affect the release of TAA. Importantly, 
the construct constraining the microspheres should be placed in the joint rather than 
subcutaneous area, as drug retention and PEA degradation is dependent on tissue location. 
In addition to that, placing the device in other tissues of interest such as the (degenerated) 
IVD would be ideal to further detect differences in tissue-related and disease state-related 
drug retention. Using this system designed by Doty et al. can overcome the drawbacks of 
studies using radioactive and NIR labels for measuring drug retention. 
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Perspectives on the controlled release of corticosteroids for prolonged inhibition 
of inflammation, pain and degeneration in degenerative joint diseases

Fine-tuning drug delivery systems for clinical applications

Tailoring the DDS release kinetics to the tissue of interest and the disease state is essential, 
while considering the safety aspects of local DDSs with regard to drug retention and in 
light of the patients that will most probably need to be treated several times in their life 
with this novel therapeutic. One unique characteristic of the PEA microsphere platform is 
its serine protease dependent degradation. Since several serine proteases are upregulated 
both in degenerated joints and degenerated IVDs140,141, the PEA platform can be an ideal 
enabling technology to provide prolonged local drug delivery. The degenerative processes 
in OA and IVD degeneration are often compared and current treatment aims are similar for 
both diseases. Hence, cross-fertilization between cartilage and IVD research in (preclinical) 
therapies to restore cartilaginous structures is often desired. However, different extracellular 
matrix (ECM) degrading proteinase profiles have been found comparing chondrocytes with 
IVD cells such as matrix metalloproteinase (MMP) -12, -27 and -28142. MMPs, and in particular 
the collagenases, are thought to be the key effector proteinases in cartilage destruction, 
while serine proteinases mediate crucial functions involved in cartilage destruction such as 
proMMP activation, direct ECM degradation, receptor activation and cytokine regulation143. 
Various serine proteinases have been described to play a role in (osteo)arthritis pathology143, 
while up to now only plasmin and HtrA1 have been detected in degenerated IVDs140,144,145. 
To optimize the performance of the PEA platform as DDS for each targeted tissue type, 
functional groups along the polymer chain can be tailored146 which will alter physicochemical 
and degradation properties147. PEA polymers can be composed of different building blocks 
that will affect the susceptibility to certain enzymes, and altering the composition will 
also change the rate of the biodegradable properties146,148. PEA microspheres consisting of 
polymers with a more accelerated degradation pace would be more suited for an avascular 
IVD in a confined space which depends on nutrient exchanges solely through diffusion, than 
for a knee joint with a relatively higher fluid exchange. 

Orthopaedic applications of PEA-based corticosteroid delivery

From a clinical perspective, the main purpose of the local controlled release of CS in OA 
and LBP patients is to prevent the fast drug clearance and to prolong the inhibition of pain. 
Reducing the frequency of repeated bolus injections needed to prolong the therapeutic action 
will thereby decrease the risk of infections. Furthermore, the disadvantages accompanied 
with those multiple bolus injections, such as a compromised cortisol production, will be 
overcome. The main desired result of a treatment is often pain relief, from a patient’s 
perspective, leading to an increase in quality of life149. Hence, in principal, every OA or 
LBP patient experiencing pain may benefit from the extended CS therapy applied locally, 
regardless of disease progression stage. Notably, the research described in this thesis 
emphasizes that instable joints through acute tissue trauma should be excluded. Whether 
this is also the case for unstable spine patients with low back pain remains to be determined, 
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considering that the effects of (prolonged) CS exposure on spinal ligaments or the other 
biomechanical aspects that contribute to spinal stability are as of yet still unknown. The 
contradictory effects of CS on tissue degeneration might conserve safety concerns for the 
clinical application of extended CS release by a PEA-based DDS. Still, there are numerous 
favourable reports on the use of intra-articular CS in OA patients34,84,150,151. In addition to 
that, studies describing the safety and efficacy of repeated intra-articular CS injections in 
OA patients have shown that cartilage degeneration was not aggravated152-154.

Future implications 

Current treatments for degenerative joint diseases such as OA or IVD degeneration merely 
focus on alleviating inflammation and pain, but offer no regenerative perspectives. Patients 
visit their doctor for pain treatments, but long-term solutions can only be achieved by 
addressing the underlying pathology resulting into biological tissue repair. The studies in 
this thesis confirms that the effects of the controlled release of CS glittered but was not 
gold; regenerative processes were undetectable and imply that CS therapy in OA or IVD 
degenerated related CLBP patients will remain a conservative treatment to improve quality 
of life and delay surgical interventions. The next aim of biomaterial-based DDS is to hamper 
or halt tissue degeneration, while reducing the clinical symptoms of pain and inflammation. 
In order to reverse degeneration or to either conserve or restore the entire joint, the release 
of co-administered regenerative factors96,155-157 might provide the best of both worlds to fulfil 
the clinical need to inhibit inflammation and pain while regenerating damaged tissue. For 
that purpose, the affected tissue should still contain inherent regenerative capacities and 
thus should not be too deteriorated. This suggests that in particular OA or degenerated IVD 
patients with a mild degenerative disease stage could benefit from regenerative therapy.

Conclusions

In general, the potent CS effects on the reduction of inflammation and pain are more 
commonly studied in OA pathology than IVD degeneration, even though the mechanism 
of sensitized peripheral nociceptors by which inflammatory pain arises upon tissue injury 
or acute inflammation158 are similar in OA159,160 and IVD degeneration161,162. Although the 
cellular characteristics and ECM components are also alike, regenerative capacities might 
not necessarily be the same. Since local controlled drug release from any DDS is dependent 
on tissue clearance and the release kinetics of that DDS, biomaterial-based DDS properties 
should be adapted to match the characteristics for the specific target disease. For example, 
conditions in which acute inflammation is the main driver might need a different drug 
exposure time than conditions in which chronic inflammation determine disease progression. 
In the end, the widespread use of CS in degenerative joint diseases can be refined by the 
use of PEA DDS to circumvent current drawbacks that come with local bolus injections. The 
controlled release of CS holds great promise for the prolonged inhibition of inflammation 
and pain in degenerative joint diseases.
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NEDERLANDSE SAMENVATTING

Achtergrond

Twee musculoskeletale aandoeningen die een enorme economische en sociale impact hebben 
op de maatschappij zijn artrose en chronisch lage rugpijn door tussenwervelschijfdegeneratie. 
Artrose is een voortschrijdende aandoening waarbij het kraakbeen in gewrichten geleidelijk 
verdwijnt en het weefsel zijn karakteristieke eigenschappen verliest om onderliggende 
botten te beschermen en het gewricht wrijvingsloos te kunnen laten bewegen. Tijdens 
tussenwervelschijfdegeneratie verandert de geleiachtige nucleus pulposus in het centrum in 
een stijf collageenrijk weefsel. De buitenste annulus fibrosus bestaat uit collageenfibrillen 
met een treksterkte vergelijkbaar met dat van staal en houdt de nucleus pulposus op zijn plek 
tijdens lichamelijke bewegingen. Met het verlies van de extracellulaire matrixcomponenten, 
die normaal water aantrekken als een spons, wordt de tussenwervelschijf stug en minder 
geschikt voor het dempen van schokken. De wervelkolom verliest daarbij zijn flexibiliteit. 
De degeneratieve processen die optreden tijdens artrose of tussenwervelschijfdegeneratie 
zijn niet gelimiteerd tot één type weefsel, maar tasten ook de bijbehorende omliggende 
weefsels van het gewricht aan. Symptomen van deze twee chronische gewrichtsziektes 
zijn onder andere gewrichtspijn, zwelling en stijfheid en leiden tot een beperking in 
bewegingsvrijheid of belastbaarheid. Lokale ontstekingsreacties in het gewricht kunnen een 
oorzaak zijn van bovengenoemde klachten en spelen een belangrijke rol in het ontstaan van 
de pijn en het stimuleren van weefselafbraak. Om de gewrichtssymptomen te verlichten 
kunnen lokale injecties met corticosteroïden, sterke ontstekingsremmers, direct in het 
gewricht worden gegeven. Het voordeel is dat ter plekke een hoge dosis terechtkomt, maar 
niet in de rest van het lichaam, zodat bijwerkingen worden geminimaliseerd. Echter, de 
corticosteroïden verdwijnen al snel weer uit het gewricht waardoor het effect van korte 
duur is. 

Een nieuwe strategie om de retentie van de lokaal geïnjecteerde corticosteroïden 
te verlengen, is het toedienen van biologisch afbreekbare biomaterialen waarin de 
corticosteroïden zijn verpakt.  De biomaterialen ontwikkeld voor dit doeleinde bestaan 
uit polymeren (PEA) waarvan microbolletjes worden gemaakt, die door lichaamseigen 
enzymen langzaam tot water en niet-toxische producten worden afgebroken. Tijdens het 
afbraakproces komt er constant een kleine hoeveelheid van de corticosteroïden vrij en 
aan de hand van voorlopige in vitro experimenten wordt er verondersteld dat deze lokale 
afgifte 3 tot 6 maanden zal duren. De geleidelijke en verlengde afgegeven in het gewricht 
zorgt er tevens voor dat er minder vaak opnieuw geïnjecteerd hoeft te worden. Wat dit 
biomateriaal onderscheidt van veel andere biomaterialen, is dat de polymeren bestaan uit 
α-aminozuren, de synthetische analogen van eiwitten, waardoor bij afbraak lichaamseigen 
stoffen vrijkomen. Voorgaande studies hebben aangetoond dat er geen immuunreactie is op 
dit biomateriaal zelf, getest in kniegewrichten van ratten met artrose of gedegenereerde 
tussenwervelschijven van Beagle honden. In dit proefschrift focussen wij op de toepasbaarheid 
van de gecontroleerde afgifte van de corticosteroïd triamcinolon-acetonide (TAA), geladen 
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in PEA microsferen, in gedegenereerde kniegewrichten of tussenwervelschijven. TAA is een 
standaard corticosteroïdoplossing die vaak gebruikt wordt in de kliniek voor artrose en was 
daarom de corticosteroïd van interesse. 

Gecontroleerde afgifte van corticosteroïden in het kniegewricht

In hoofdstuk 2 werd er gekeken naar de ladings- en afgifte-eigenschappen van het PEA 
platform met behulp van een in vitro ontstekingsmodel die de activiteit over tijd kan 
meten van het afgegeven corticosteroïd. De verlengde TAA afgifte van de PEA microsferen 
leidden tot een effectieve ontstekingsremming van 80 - 95% over de gemeten 28 dagen. Het 
TAA-geladen PEA platform werd verder geëvalueerd in een artroserattenmodel, waarin de 
systemische blootstelling en lokale effecten werden bepaald na intra-articulaire bolus TAA 
injectie ten opzichte van de gecontroleerde afgifte van TAA. Tot 7 dagen na intra-articulaire 
TAA injectie van de geladen microsferen, dan wel bolus injectie, was TAA te traceren in de 
systemische bloedcirculatie van de geïnjecteerde ratten. TAA afgegeven door de microsferen 
verlaagde de maximale hoogte van de systemische blootstelling significant ten opzichte 
van TAA bolus injectie. Histologische analyse wees op een verlaagde ontstekingsgehalte 
in artrosegewrichten geïnjecteerd met TAA-geladen microsferen en het beïnvloedde de 
kraakbeenintegriteit niet. Intra-articulaire toediening van TAA-geladen PEA microsferen 
bleken een veilige toedieningsroute te zijn; er was geen reactie van het lichaam op het 
vreemde lichaam aanwezig in het synoviaal weefsel en de systemische blootstelling van TAA 
was succesvol verlaagd. De langzame afbraak van de microsferen met langdurige TAA afgifte 
als gevolg bieden de mogelijkheid tot een verlengde periode van geremde ontsteking en pijn 
in een artrosegewricht. Desalniettemin wordt het gebruik van corticosteroïden afgeraden in 
onstabiele (knie)gewrichten, omdat het bekend is dat corticosteroïden ligamenten kunnen 
verzwakken en wondgenezing kunnen remmen. Toch wordt in de kliniek intra-articulaire 
corticosteroïden regelmatig toegediend om de acute ontsteking die geassocieerd is met 
ligamentschade en de verdere degeneratieve processen van omliggende gewrichtsweefsels 
te onderdrukken. Daarom hebben we in hoofdstuk 3 gekeken naar de veiligheid van 
lokale hoge TAA concentraties in een onstabiel artrosegewricht, en of een verlenging van 
de afgifte dezelfde effecten zal bewerkstelligen. In tegenstelling tot hoofdstuk 2 lieten 
we in hoofdstuk 3 zien dat een verlengde afgifte van TAA ligamentschade in combinatie 
met kraakbeenschade kan verergeren in een post-traumatisch artrosemodel in combinatie 
met instabiliteit van het kniegewricht. We postuleren dat de verergerde kraakbeenschade 
veroorzaakt wordt door de verlengde aanwezigheid van TAA; het instabiele kniegewricht 
blijft instabiel en ligamentgenezing treedt niet op doordat de nodige cellen hiervoor 
geremd worden in deze processen. Bij patiënten met een instabiel gewricht is het dus 
niet aan te raden om de gecontroleerde afgifte van corticosteroïden toe te passen. Om 
aan te tonen dat het PEA afgifteplatform wel toegepast kan worden in gewrichten om de 
ontsteking en pijn te remmen, hebben we in hoofdstuk 4 gekeken naar de werking in een 
stabiele knie met artritiskenmerken.  De mate van pijn- en ontstekingsremmende effecten 
van de gecontroleerde corticosteroïdenafgifte van het PEA platform werd vergeleken met 
de tijdelijke remmende effecten van een bolus TAA injectie. Daarbij werd er getest of 
het PEA platform dat TAA afgeeft een vergelijkbare potente werking heeft als het PLGA-
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microsferenplatform dat TAA afgeeft, bestaand uit een conventioneel polymeer, dat al 
eerder in hetzelfde ratten-artritismodel geëvalueerd is. Gedurende de 32 dagen van deze 
studie werd de gewrichtsontsteking en pijn onderdrukt door de verlengde afgifte van TAA 
door het PEA- en PLGA-microsferenplatform, terwijl bolus TAA injecties alleen effectief 
bleken gedurende de eerste 14 dagen na injectie. Ook waren er minder dieren kreupel die 
geïnjecteerd waren met TAA-geladen PEA microsferen, ten opzichte van bolus TAA- of TAA-
geladen PLGA microsferen geïnjecteerde dieren. Omdat het huidige artritismodel gelimiteerd 
is aan een opvolgperiode van 32 dagen, maar de afgifteplatformen zijn ontwikkeld voor 
afgiftes gedurende een aantal maanden, hebben we getracht het artritismodel aan te passen 
om afgifteplatformen te kunnen testen in het diermodel op langere termijn. Hoofdstuk 
5 beschrijft dan ook het aangepaste artritismodel waarin de tijd tussen geïnduceerde 
gewrichtsontstekingsperiodes verlengd is met een totale opvolgperiode van 84 dagen. 
De toepasbaarheid van het aangepaste artritismodel voor het testen van gecontroleerde 
afgifteplatformen bleek goed te zijn, samengaand met systemische ontstekingskenmerken 
in de dieren waardoor verdere optimalisatie van het model aan te raden is. Verder werden 
de twee bovengenoemde polymeerplatformen geëvalueerd in het aangepaste model, om op 
langere termijn de pijn- en ontstekingsremmende werking te bepalen van de gecontroleerde 
TAA afgifte. In het aangepaste artritismodel met verlengde opvolgperiode bleek dat TAA 
afgegeven door PEA microsferen potenter waren in het remmen van de gewrichtsontsteking 
en pijn vergeleken bij TAA afgegeven door PLGA microsferen.

Gecontroleerde afgifte van corticosteroïden in de tussenwervelschijf

De veiligheid en toepasbaarheid van gecontroleerde afgifte van corticosteroïden in 
de tussenwervelschijf werd geëvalueerd in hoofdstuk 6 waarvoor een preklinisch 
experimentele hondenmodel met tussenwervelschijfdegeneratie was gebruikt. Gedurende 
het verloop over 12 weken bleek dat er geen afwijkende weefselreacties waren van de 
tussenwervelschijf en naastgelegen botstructuren op de microsferen, dan wel het afgegeven 
corticosteroïd. Verder biedt dit afgifteplatform een mogelijkheid om in de toekomst 
langdurige pijnstilling te geven aan de patiënten die lijden aan lage rugpijn geassocieerd 
met tussenwervelschijfdegeneratie, aangezien een biologische pijnmarker verlaagt was 
in gedegenereerde nucleus pulposussen, geïnjecteerd met TAA-geladen microsferen. In 
hoeverre de locatie van injectie en degeneratieprocessen in het weefsel de afgiftekinetiek 
van een medicijn zal beïnvloeden werd bestudeerd in hoofdstuk 7. Near-infrared (NIR) 
fluorescentie werd geïncorporeerd in de PEA microsferen om de afgifte te kunnen visualiseren 
en volgen over tijd in verschillende weefsels van levende ratten. NIR retentie was langer en 
bleef hoger in een avasculaire tussenwervelschijf dan in de onderhuid en knie die beide een 
snellere lichaamsvloeistofuitwisseling hebben dan de tussenwervelschijf. De degeneratieve 
processen in de tussenwervelschijf leken de NIR intensiteit te verhogen en retentietijd 
te verlengen, hoewel dit niet voor de degeneratieve processen in het kniegewricht gold. 
Alhoewel de NIR afgifte niet één op één te vertalen valt naar ontstekingsremmers, is 
het hoogstwaarschijnlijk dat ook die afgifte zal variëren in een gedegenereerd gewricht 
ten opzichte van een gezond gewricht. De gecontroleerde afgiftepatronen van bepaalde 
biomateriaalplatformen is dus afhankelijk van de geïnjecteerde locatie en degeneratie kan 
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dit verder beïnvloeden. Resultaten verkregen van het afgifteplatform geïnjecteerd in een 
type weefsel kan dus niet zomaar geëxtrapoleerd worden naar andere weefsels of organen. 

Toekomstperspectieven en conclusies

In dit proefschrift werd er gekeken naar de toepasbaarheid van de gecontroleerde afgifte 
van TAA om de lokale blootstelling te verlengen en de nadelen van de huidige bolus TAA 
suspensies in de orthopedische kliniek te omzeilen. Ontsteking en pijn worden succesvol 
onderdrukt voor een langere tijd dan TAA suspensies doen in artrosekniegewrichten. Ook in 
de tussenwervelschijf is de afgifte verlengd en heeft het de potentie om gedegenereerde 
tussenwervelschijven te verlichten van pijn, hetgeen hier indirect is aangetoond. De 
gecontroleerde afgifte van TAA zal ondanks de remming van ontsteking en pijn niet leiden 
tot weefselherstel. In het bijzonder in instabiele gewrichten met weefselschade lijkt de 
langdurige afgifte van TAA nadelige effecten te geven. Al met al lijkt de toepasbaarheid 
van de gecontroleerde afgifte van TAA in stabiele knieartrose- of chronische lage rugpijn 
patiënten een mooie therapie te kunnen zijn om invasieve chirurgische ingrepen uit te 
stellen. 
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super interessant dat ik bij een obductie mocht meekijken.
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Vrienden en familie
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Appendices



197
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Emma, ook jij zorgt ervoor dat ik weer even afgeleid kan worden van werk-zaken en hoe jij 
met Aleks speelt is heerlijk om te zien. Dat we altijd vrienden mogen blijven.
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Mijn lieve ouders
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