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Summary 
A local injection is often considered the only appropriate route of administration for 

active pharmaceutical ingredients that cannot cross biomembranes easily or that are 

not sufficiently stable in the gastrointestinal tract and therefore do not reach their site 

of action in the required quantity. Intraarticular injections provide the opportunity to 

deliver biologics directly to their site of action for a local and efficient treatment of 

osteoarthritis. However, the synovial joint is a challenging site of administration since 

the drug is rapidly eliminated across the synovial membrane and has limited 

distribution into cartilage, resulting in unsatisfactory therapeutic efficacy. In order to 

rationally develop appropriate drug delivery systems, it is essential to thoroughly 

understand the unique biopharmaceutical environments and kinetics in the joint to 

adequately simulate them in relevant experimental models. In this context, the 

estimation of joint residence time of a drug is one of the key requirements for rational 

development of intraarticular therapeutics. There is a great need for a predictive model 

to reduce the high number of animal experiments in early-stage development. In this 

work, a Franz-cell based porcine ex-vivo permeation model is proposed, and 

transsynovial permeation of fluorescently labeled model substances in the range of 

potential drug candidates have been determined. In addition, an inflammatory model 

was assessed for its effect on permeation of solutes. Size-dependent permeability in 

varying degrees of synovitis-like inflammation was observed for the analytes, whereby 

synovial inflammation led to a reduced size selectivity of the synovial membrane. 

Besides offering biorelevant insights into articular pharmacokinetics this work aims to 

reveal how this knowledge can be transferred into designing rationally derived 

formulation strategies to affect the joint residence time using the anti-inflammatory 

biologic adalimumab as an example. Polymer-based formulations present an attractive 

strategy for the intraarticular drug-delivery to refrain biologicals from early leakage from 

the joint. In this study, co-formulations of hyaluronic acid and polyvinylpyrrolidone were 

investigated for their potential as viscosupplements and their influence on the 

transsynovial loss of adalimumab. For this purpose, the polymer mixtures were 
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evaluated for their viscosity and elasticity behavior and their potential to restore the 

rheological properties of the synovial fluid over the range of joint motion while at the 

same time assessing their influence on the permeation of adalimumab across a 

porcine ex-vivo synovial membrane was determined. The formulations showed 

significant influence on transsynovial permeation kinetics of adalimumab and 

hyaluronic acid, which could be decelerated up to 5- and 3-fold, respectively. Besides 

viscosity effects, adalimumab was retained primarily by an electrostatic interaction with 

hyaluronic acid. Moreover, polymer-mediated stabilization of the antibody activity was 

detected. In a second drug-delivery approach, the biopharmaceutical environment of 

the joint space was exploited via positively charged nanocomplexes. The extracellular 

matrix of the synovium consists of a collagen network with enmeshed aggrecan 

galactosamine glycans, generating a high fixed negative charge density. By linking 

adalimumab with different molar equivalents of cationic diethylaminoethyl-dextran 

using avidin mediated nanocomplexes, the flux through porcine synovium was 

significantly decelerated whereby immobilization in superficial tissue layers was 

revealed by confocal laser scanning microscopy. The prepared carriers exhibited 

excellent intra-tissue stability, while retaining antigen recognition of adalimumab. In 

addition, the nanocomplexes did not show any adverse effects on synovial cells, 

resulting in unchanged viability compared with adalimumab alone. To conclude, an ex-

vivo permeation model has been successfully introduced as a tool that allows for 

biorelevant screening of drug release as well as pharmacokinetics at an early stage of 

development, that might narrow the gap between dissolution and in-vivo testing 

through enhanced understanding of material-tissue interactions. The approach thus 

enables researchers to observe, evaluate, and adapt the design of efficient and 

intelligent drug carriers directly within their biopharmaceutical environment. 
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1. Introduction 
Local injections are often the only reasonable route of administration for active 
pharmaceutical ingredients (API) which are unable to sufficiently overcome 
biomembranes or do not exhibit stability in the gastrointestinal tract and thus do not 
reach their dedicated sites of action in the required quantities. Depending on the site 
and form of administration, the injection can aim for both systemic and local effects [1]. 
To ensure satisfactory success of therapy and reduce frequent injections, there are a 
variety of pharmaceutical drug delivery systems to design parenteral depot 
formulations and achieve controlled release of the active ingredient from its dosage 
form. The dosage forms for controlled parenteral delivery systems are as diverse as 
the sites of their administration. Depending on the therapeutic regimen, local parenteral 
depots can be administered e.g., intratumorally, intraocularly, intrathecally, or 
intraarticularly [2]. Due to these very different sites of application, a high heterogeneity 
of the biopharmaceutical environments exists, which, just like the release from the drug 
delivery system itself, has a great influence on the pharmacokinetics and thus 
ultimately on the effect of the therapy. However, in early stages of development, the 
true impact of the injection site on the controlled parenteral delivery system is often 
underestimated. To test the release from these dosage forms, simple in-vitro test 
models are commonly used that measure the dissolution rate but fail to account for 
how the drug delivery system interplays with surrounding tissues, which can lead to 
misinterpretation of drug elimination and distribution kinetics [3,4]. Focusing on 
intraarticular injections, this work aims to raise awareness of the relevance of test 
methodologies that closely simulate the biopharmaceutical environment to provide 
profound information on release profile as well as pharmacokinetics for a more 
comprehensive assessment of controlled injectable drug delivery systems for 
biologics.  
In recent years, targeted biologic therapies such as monoclonal antibodies have 
changed treatment paradigms and prognoses for many chronic diseases, with great 
resources being invested in novel therapeutic regimens and innovative drug delivery 
strategies [5]. Osteoarthritis (OA) represents the most frequent musculoskeletal 
disease diagnosed in more than 20% of US adults [6]. It leads to degeneration of 
cartilage and inflammation of the joint lead to pain, stiffness, and loss of mobility, which 
in turn dramatically impairs quality of life [7,8] and places a high burden on the 
individual and on the healthcare system respectively [9]. Despite the increasing 
incidence of OA worldwide, advanced therapeutic strategies have received little 
attention to date, with biologics yet to find their way into existing treatment regimens. 
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This is the case regardless of the fact that current research efforts have identified 
numerous targets and pathomechanisms, including proinflammatory cytokines and 
catabolic proteases that potentially allow for more causal therapeutic approaches 
[10,11]. With some of the investigational biologics, such as the tumor necrosis factor α 
(TNF-α) inhibitor adalimumab (ADA), being already well established with other 
indications [12], IA administered agents require drug delivery strategies yet to be 
adapted to the application in the joint space in order to exert their effect. ADA, even as 
an immediate release injectable, has been reported to have a beneficial effect on the 
progression and symptoms of OA in clinical trials and thus represents a promising drug 
candidate for more progressive drug delivery systems for OA therapy in order to unlock 
the full potential of the agent [13,14]. Since ADA is a monoclonal antibody (mAb), which 
represent the largest and most relevant category of biologics, it further qualifies as an 
excellent model drug with a high translational capacity to other biologics and was 
therefore chosen as suitable agent to develop and test novel IA formulation 
approaches. Thereby, it has to be considered that proteins are usually much more 
sensitive to chemical and physical stresses so that more precautionary approaches 
have to be taken to applied processes and excipients [15,16].  
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2.1 Graphical Abstract 

 

2.2 Abstract  
Intraarticular (IA) injections provide the opportunity to deliver biologics directly to their 
site of action for a local and efficient treatment of osteoarthritis. However, the synovial 
joint is a challenging site of administration since the drug is rapidly eliminated across 
the synovial membrane and has limited distribution into cartilage, resulting in 
unsatisfactory therapeutic efficacy. In order to rationally develop appropriate drug 
delivery systems, it is essential to thoroughly understand the unique biopharmaceutical 
environments and kinetics in the joint to adequately simulate them in relevant 
experimental models. This review presents a detailed view on articular kinetics and 
drug-tissue interplay of IA administered drugs and summarizes how these can be 
translated into reasonable formulation strategies by identification of key factors through 
which the joint residence time can be prolonged and specific structures can be 
targeted. In this way, pros and cons of the delivery approaches for biologics will be 
evaluated and the extent to which biorelevant models are applicable to gain 
mechanistic insights and ameliorate formulation design is discussed. 

2.3 Keywords 
intraarticular injection, articular pharmacokinetics, joint residence time, cartilage 
diffusion 
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2.4 Introduction 
The synovial joint represents a unique site for drug application that involves complex 
pharmacokinetics, such that intraarticular (IA) administered therapeutic agents may fail 
to exert their potential effects and remain inadequate. Upon injection, the agents are 
subject to rapid elimination across the synovial tissue into surrounding vessels, 
resulting in a therapeutically deficient residence time in the joint or failure to reach their 
site of action due to insufficient distribution into the avascular articular cartilage [1]. In 
the early stages of formulation development, it is therefore important to accurately 
mimic the joint environment and its specific biopharmaceutical characteristics through 
appropriate test models so that drug-tissue interplay in the joint can be thoroughly 
analyzed and comprehensive drug delivery systems can be designed on a rational 
basis. Indeed, provided these pharmacokinetic challenges were controlled, IA 
injections appear to be the ideal therapeutic approach for joint diseases such as 
osteoarthritis (OA), where typically only individual joints are involved and no 
extraarticular manifestations are entailed [2]. Locally administered drugs generally 
offer the advantages of high efficiency while reducing the amount of active ingredient 
and thus the costs and systemic exposure of the therapy and enable the administration 
of progressive therapeutics, such as macromolecular agents, autologous blood 
products and gene or cell-based treatments, which would be unavailable or 
insufficiently effective via the oral or systemic route [3]. However, to date, current 
treatment options remain limited, and no targeted treatments have been approved [4]. 
Consequently, only pain-reducing or mobility-improving agents are being injected into 
the joint space at present. Whereas these can temporarily reduce the burden of 
disease and provide symptomatic benefit, neither cure nor sustained improvement of 
the clinical progression of the disease can be achieved [5]. Thereby, among the IA 
injectables, hyaluronic acid (HA) and corticosteroids present by far the most frequently 
applied agents [6], with analgesics, such as NSAIDs or local anesthetics being less 
commonly applied [7,8]. However, at present there is only one approved drug  
(Zilretta® - Triamcinolone acetonide PLGA microspheres) with a sustained release 
formulation [9]. Over the past years, a lot of research has been conducted to gain 
deeper knowledge on the etiology and pathogenesis of OA and a number of potential 
targets for a directed therapeutic approach have been identified [10–12]. These 
findings could lead to a more causal and profound modulation of OA in future treatment 
regimens via target-specific biologics, as has already successfully been introduced for 
other chronic diseases. However, achieving these aims will require the development 
of dedicated drug delivery systems that overcome biopharmaceutic articular 
challenges while ensuring the stability and bioactivity of non-cellular biologics. This first 
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requires a profound knowledge of the distribution and elimination processes of the drug 
and its delivery system in the different compartments of the synovial joint in the healthy 
as well as in the arthritic state, and models to adequately mimic these processes in the 
laboratory. 

2.5 The synovial joint 
Synovial joints are complex structures whose principal function is to provide stability 
and mobility through flexible junction of adjacent bones. Essentially, within the joint, 
there are two relevant target tissues regarding the potential deployment of therapeutics 
in OA: the synovial membrane enclosing the joint cavity and the bone-covering articular 
cartilage (Fig. 2-1). In addition, the SF, which fills the synovial cavity, has a vital role 
for the interaction of different cells and tissues within the joint and interferes with 
injected dosage forms, thereby affecting their distribution and properties. 

 
Fig. 2-1: Schematic illustration of the structure of a synovial joint in its healthy and arthritic state. Thereby, the key 
pathophysiological processes are depicted, which can be pharmacologically intervened by biologics. 
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2.5.1 The synovial membrane 

The synovial membrane represents the innermost layer of the synovial joint capsule 
and consists of two layers: A connective tissue called subsynovium, which can be of 
fibrous, adipose or areolar structure and a more cellular intimal lining, which is mainly 
composed of 1-4 layers of fibroblast-like synoviocytes and macrophage-like 
synoviocytes [13]. The intima forms a compact yet discontinuous interface without any 
intercellular junctions or presence of a basement membrane [14] and thus, despite its 
apparent resemblance to other body surface or cavity lining epithelia, it is an entirely 
unique structure in the human body (Fig. 2-2A) [15]. The principal functions of the 
synovial membrane are to maintain homeostasis by controlling fluid and nutrient 
exchange within the joint compartments as well as to secrete HA into the plasma 
ultrafiltrate and thus regulate SF properties. Due to the microporous structure of the 
intima, diffusion is predominantly controlled by the subsynovial tissue, which is 
composed of collagen bundles (Fig. 2-2B), fibronectin and enmeshed proteoglycans 
and covered by a polarization layer of secreted hyaluronic acid [16,17]. 
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Fig. 2-2: Electron microscopic image (unpublished data) of the synovial membrane surface (A). In this overview 
image, the intimal layer consisting of synoviocytes with intracellular gaps can be seen. The intima represents a 
densely populated cellular region that is one to three cells thick. It is covered with the synovial fluid of the polarization 
layer, which has been freeze-dried in the fixation process, giving it a uniform surface. The cross-section (B) shows 
a closer look at the extracellular network of the subintima, which is built up from a loosely packed fibrillar 
ultrastructure consisting of collagens III, IV, V and VI with a small amount of type I collagen. 

2.5.2 Articular cartilage  

Articular cartilage covers the interfacing bones of the joint with a uniform and smooth 
surface and, together with the SF, assures for almost frictionless movement. The 
cartilage presents an entirely avascular and alympahtic tissue and is thus reliant on 
diffusion from the SF for its supply of nutrients [18]. Cartilage constitutes predominantly 
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of water (70%) and a high negatively charged and dense network of collagen and 
interwoven aggrecan proteoglycans, wherein chondrocytes are embedded [19]. The 
chondrocytes function as metabolically active cells that maintain the composition of the 
cartilage by regulating anabolic and catabolic processes of this unique complex 
structure [20].  

2.6 Osteoarthritis pathology 
OA is a chronic degenerative disorder that affects only one or a few synovial joints, 
and causes pain, stiffness, and loss of mobility [2]. Although OA is often described as 
a pathological destruction of the cartilage, it is in fact a disease of the whole joint 
associated with changes in articular cartilage, synovial membrane, bone, and SF. 
Focal lesions in cartilage caused by adverse effects of trauma, abnormal load on 
healthy cartilage or normal load on abnormal cartilage are assumed to initiate OA [10]. 
It should however be noted that the exact etiology is still not fully understood and both 
systemic and local biomechanical factors are thought to contribute to the development 
of the disease [21]. OA conditions lead to a stimulation of the chondrocytes in the 
cartilage which react with an upregulation of cytokines and proteases such as 
metalloproteases (MMPs) and aggrecanases of the ADAMTS (a disintegrin and 
metalloproteinase with thrombospondin motifs) family. These proteases cause 
degeneration of the cartilage extracellular matrix (ECM), whose fragments in turn 
trigger the release of inflammatory mediators such as tumor necrosis factor-α (TNF-α) 
and interleukin 1β (IL-1β) by chondrocytes and synoviocytes [22], which promote 
inflammatory processes throughout the joint and drive the progression of the disease. 
This positive feedback loop leads to proceeding degeneration of the cartilage matrix 
and inflammation of the synovial membrane, which leads to hyperplasia of the synovial 
intima, cellular infiltration of immune cells, and pannus formation of the fibrous capsule, 
causing pain and loss of mobility (Fig. 2-1). The activated macrophages within the 
synovial membrane play another key role in OA pathology by further fueling the 
disease particularly through the production of MMPs [23,24]. The resulting mechanical 
stress resulting from a decrease of the lubricating properties of the SF and the 
breakdown of the protective cartilage layer causes remodeling and sclerosis of the 
underlying bones as well as formation of osteophytes within the joint [25]. While the 
processes involved in osteoarthritis can generally serve as an efficient compensating 
system for existing fissures, that result in a structurally altered but symptom-free joint, 
overwhelming deterioration or impaired repair mechanisms may fail to provide 
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adequate recovery from trauma and can lead to progressive tissue damage and 
malalignment of associated symptoms as described above. 

2.6.1 Cartilage degeneration 

Cartilage has a very limited capacity for self-healing, so that its degradation is widely 
considered to be the most critical pathophysiologic issue in OA. In the course of OA, 
there is a disturbance of the chondrocyte function resulting in a deterioration of the 
structural properties of the cartilage. This dysregulation is particularly mediated by 
catabolic cytokines, with both autocrine and paracrine mechanisms described [26]. In 
addition, chemokines and proteases such as MMPs and ADAMTs, that originate from 
the inflamed synovium, can provoke or intensify ECM degeneration [27]. To inhibit 
cartilage degradation, both the blockade of catabolic proinflammatory cytokines and 
the supplement of anabolic growth factors offer possible therapeutic approaches. In 
addition, the suppression of MMP activity and the associated prevention of cartilage 
breakdown presents a potential therapeutic aim [28]. However, while it is sufficient to 
prolong the residence time in the joint for drugs whose site of action is the synovium 
or SF, it is mandatory for drugs aiming for cartilage protection to penetrate deep tissue 
layers and reach the chondrocytes of the avascular cartilage, which requires 
appropriate drug delivery strategies. 

2.6.2 Synovitis 

Since the synovial membrane functions as the principal immunoreactive system of the 
joint, it plays a pivotal role in the development and progression of OA. Synovitis, the 
inflammation of the synovial membrane, is present in the majority of OA patients [29]. 
While OA is not classically considered an inflammatory disease as it is for example the 
case for rheumatoid arthritis, current research increasingly recognizes the role of 
synovitis to be an important determinant for clinical symptoms that reflects of the 
structural progression of the disease. The synoviocytes release an array of 
proinflammatory mediators, including the major cytokines IL-1β and TNF-α among 
others, whose inhibition may provide opportunities for therapy with monoclonal 
antibodies (mAb) or other targeted agents [30]. In turn, the mediators TNF-α and IL-
1β released by the macrophages induce the formation of interleukin 6 (IL-6), nerve 
growth factor (NGF) and other chemokines, as well as catabolic MMPs and ADAMTS, 
which further amplify inflammation and promote breakdown of the articular cartilage 
[31,32].  
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2.6.3 Alterations in synovial fluid 

The SF that fills the joint cavity is a plasma ultrafiltrate that is enriched with HA secreted 
by the synoviocytes and serves as a lubricant and nutrient supplier for the avascular 
cartilage [33]. Pathophysiological changes associated with OA may cause a decrease 
in SF viscosity due to increased activity of galactosamine glycan (GAG) degrading 
hyaluronidases [34,35]. The resulting breakdown of hyaluronic acid chains into smaller 
fragments, leads to a loss of lubricating properties of SF and elevated mechanical 
stress on articular cartilage [36], whereby HA fragments may even further stimulate the 
inflammatory process [37].  

2.7 Kinetics of IA applied molecules  

2.7.1 Elimination of injected drugs from the joint 

Small molecules have a half-life of usually less than 2 h (0.1-6 h) in the joint cavity [38]. 
While these primarily exit the joint via blood vessels, macromolecular agents are 
largely eliminated from the joint cavity via the lymphatic vasculature of the synovial 
tissue. Although bulk flow of proteins into lymphatics has at many times been assumed 
[39], it appears more likely that there is a certain size-dependency in the IA clearance 
of macromolecules (see Fig. 2-1) [40–43], whereby it should be mentioned that 
molecular size has far a greater impact on the ingress of molecules from systemic 
circulation into the joint, than on the elimination from it [44]. Therein, the discriminating 
influencing variable appears to be the effective pore size of approximately 33-59 nm 
as predetermined by the dense structure of the synovial ECM [45], rather than the 
micrometer wide gaps of the intimal layer. In addition, IA outflow of molecules is 
restricted by a concentration polarization layer on the surface of the intima, which is 
formed through accumulation of secreted hyaluronic acid on the tissue surface [46]. 
Nevertheless, fluid exchange in the joint represents a yet relatively unconstrained 
system and rapid elimination of IA drugs from the joint space occurs, which leads to 
insufficient therapeutic success. In OA, both pannus development and alteration in the 
distribution of joint lymphatics lead to a change in the diffusion path of IA injected 
agents through the synovial tissue, which is accompanied by catabolic enzyme activity 
and further inflammatory processes that result in tissue remodeling and alteration of 
permeability. Hence elimination kinetics of macromolecules of the synovial tissue are 
significantly different in the inflamed state. However, the true impact of OA on 
clearance remains unclarified. While some studies have identified an accelerated 
elimination which has been attributed to an increase in the number of lymphatic vessels 
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and enhanced tissue permeability [47–49], other publications describe a reduction in 
the elimination rate of macromolecules [50,51]. These differences could be due to the 
state of disease or accordingly to the experimental model used. In mild OA, for 
example, the number of capillary lymphatic vessels is increased, but in severe disease 
the number of mature lymphatics is decreased [52,53]. In addition, ex-vivo permeation 
studies have shown that enzymatic activity leads to depletion of the enmeshed 
proteoglycans and thereby to a reduction in the size selectivity of the membrane under 
inflammation [40]. Similar implications for the mechanism behind inflamed state 
permeability were derived based on in-vivo injection of enzymes or enzyme inhibitors 
[54,55], so that, taken together, evidence exists that the exact inflammatory state of 
the joint must be considered for an accurate assessment of kinetics. 

2.7.2 Impact of the synovial fluid on drug kinetics 

SF can have considerable influence on the pharmacokinetics of drug delivery systems 
in the joint space. Since it is highly viscous, its hyaluronan gel network sterically 
impedes the passive diffusion of macromolecules in a size-dependent manner [56]. 
Electrostatic interaction of the anionic HA with drugs or their carriers can increase the 
hydrodynamic diameter by formation of self-assembling nano- or microparticulate 
systems, thereby reducing diffusion into the dense ECM of the synovial membrane or 
cartilage [57]. In addition, charge-induced interactions with the ECM of cartilage or 
synovial membrane are diminished by a reduced zeta potential of drug-HA complexes 
[58]. Depending on the defined therapeutic goal of the injected drug, the interactions 
with SF can be both considered advantageous or considered as a challenge, as they 
may prolong the retention time in the joint but as at the same time the penetration into 
the cartilage is hindered. However, it is advisable to integrate the effect of SF on the 
drug delivery system in the development of the formulation strategy, as it may exhibit 
significant influence. 

2.7.3 Drug distribution into cartilage 

Generally, the cartilage causes a substantial hindrance for the drug to reach the 
chondrocytes and thereby its effective site of action due to the dense hydrophilic matrix 
composition creating a fine porous network with an effective pore size of approximately 
6 nm [59]. Furthermore, the high negative-fixed charge resulting from the high content 
of GAGs and proteoglycans in the tissue represents an additional barrier that impedes 
the deep penetration of drugs into the tissue [60]. In general, there is a partition 
equilibrium between the SF and the cartilage, which shifts as the molecular size of the 
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drug increases (see Fig. 2-3). Steric hindrance to the diffusion of macromolecules 
occurs due to the tight and anisotropic ECM. However, even large molecules, up to an 
approximately 16 nm radius, diffuse through the entire cartilage matrix, albeit a 
decrease in the partition coefficient with increasing size appears evident [61,62]. 
Thereby, linear molecules permeate through the tissue more easily than spherical 
molecule such as mAbs [63] and an increase in hydrophilicity leads to an increased 
permeability across the articular cartilage [64]. In addition, molecular charge has a 
significant influence on the permeability of cartilage. The distribution equilibrium of 
charged solutes is subject to the Donnan effect, which is due to the difference in 
electrical potential between the joint cavity and the high negative fixed charge of the 
cartilage [65]. Small cationic solutes accordingly have a higher partition coefficient, 
penetrate deeper into the tissue and are longer retained in the cartilage [41], whereby 
the opposite applies to anionic solutes [66]. This influence of charge can already be 
observed in differences in the pI value of proteins. An antibody with a pI of 5.9 for 
example shows a 20 % higher local diffusivity compared to an antibody with a pI value 
of 4.7 [61]. However, if the total positive net charge is increased above a certain 
threshold, immobilization on the surface of the cartilage occurs due to strong 
electrostatic interactions and deep zones of the cartilage remain unreached [67]. In 
this way, the total residence time in the joint can be influenced as well as the 
chondrocytes can be reached. The local composition of the cartilage undergoes 
structural breakdown of the ECM during the course of OA, resulting in a change in the 
diffusivity of drugs in the tissue [68]. As previously described, it is most notably GAGs 
that control cartilage permeability. Degradation of their structural integrity by MMPs 
and other catabolic enzymes causes enhanced diffusivity of cartilage as the effective 
pore size enlarges [69,70]. Accordingly, in analogy to the synovial membrane, 
permeation rates, but not distribution coefficients, of large macromolecules such as 
proteins are affected more strongly than those of small molecules [71]. In this way, an 
increased uptake into the cartilage after mechanical injury could be shown for Fab 
fragments, that could be further amplified by TNF-α, which acts as an inflammatory 
mediator [72]. Beyond that, the altered ECM leads to a change in convection, which 
additionally enhances drug penetration due to increased fluid flow. This likewise 
causes a more pronounced enhancement of the penetration of macromolecules 
compared to small molecules [73]. Hence, the pathological state could indeed facilitate 
the reachability of chondrocytes by the drug, although a pathologically accelerated 
clearance from the joint in-vivo might offset the herein described effects. 
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Fig. 2-3: Schematic illustration of the pharmacokinetics of IA injected molecules. The agents leave the joint space 
into surrounding lymphatic or blood vessels in a size-dependent manner (blue), which is determined by the ECM of 
the subsynovium. Thereby charge, partly due to interaction with endogenous HA, has a hindering influence on 
permeation. Penetration of cartilage (yellow) is limited by the hydrodynamic radius, so that molecules above a 
certain size do not or not sufficiently reach the deep zones of the cartilage. Positive charged molecules penetrate 
faster and deeper into the cartilage due to the Donnan effect. However, above a certain net charge or size, 
superficial immobilization of the molecule occurs. a: fibrous capsule; b: subsynovium; c: intimal layer. 

2.8 Biorelevant models for articular kinetics 

2.8.1 In-vitro versus in-vivo testing of drug formulations 

A wide variety of in-vitro, ex-vivo, and in-vivo models have been used in research to 
develop new OA drugs to assess the pharmacokinetics of the applied drug and to 
evaluate the impact of pathological processes on their elimination and distribution. 
Animal models are frequently used, as they allow investigation of physiological and 
metabolic factors as well as long-term changes in tissue structure and joint 
organization [74]. While animal models provide valuable information, they are very 
complex in their interpretation, entail ethical considerations and are demanding as well 
as costly in their execution. Reducing this complexity by means of suitable ex-vitro or 
in-vitro models to individual joint compartments or processes can provide more specific 
information about isolated events or mechanisms in the joint, since the number of 
variables and influences is reduced, and causal relationships can be identified more 
readily. Animal models for OA have been described in detail elsewhere [75–78], but 
this paper will provide an overview of current in-vitro, and ex-vivo models for articular 
pharmacokinetics in the healthy and OA joints to evaluate how these processes can 
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be simulated in the laboratory in a biorelevant approach to provide a platform for the 
rational design of formulations in the early stages of development. 

2.8.2 Assessment of joint residence time  

Since the joint residence time represents one of the most crucial criteria when 
developing IA drug formulations, its appropriate simulation is essential for a biorelevant 
assessment of novel drug formulations. In this context, a simple yet accurate in-vitro 
test model is required to adequately evaluate both drug release from the dosage form 
as well as its synovial elimination. However, there is generally no approved model to 
test dissolution of parenteral sustained release drugs, especially for IA injection, so 
that there are different approaches in research. Simple artificial membranes are most 
commonly used, for example in the form of rotating dialysis membranes [79,80] or 
assimilable membrane separated diffusion chambers [57,81]. While these allow for 
testing of the release kinetics from the dosage form, they fail to predict the interaction 
with the tissue and the effective duration of joint residence, since their structural 
composition and chemical properties do not reasonably mimic the physiological state 
[40]. A substantially higher information value is achieved from using ex-vivo synovium 
as a permeation barrier, with explants from porcine joints being used most frequently 
[82,83]. These are considered to have excellent transferability to human synovial 
tissue, making them a suitable surrogate [84]. However, beside the advantage of high 
biorelevance and a favorable in-vitro-in-vivo correlation, ex-vivo models entail the 
drawback of lower replicability across different laboratories. Tissue engineered cell 
culture models also provide a relevant, yet simple assessment of synovial permeation 
kinetics [85], but lack organically grown ECM, which however is ultimately one of the 
most important determinants of elimination kinetics. Since the clearance of drugs in 
the OA joint is altered by both changes in the SF and inflamed tissue, it’s of particular 
interest to integrate these conditions into the test model, since IA drug formulations are 
usually injected into pathologically affected joints. Advanced in-vitro test systems 
mimic the arthritic environment through modification in the composition of the medium 
or a change of pore size of the membrane to gain more relevant insights [86,87]. Again, 
improved simulation can be achieved using ex-vivo tissue or cell-culture models, 
whose living cells offer the prospect to induce true inflammatory events through 
incubation with proinflammatory agents, such as lipopolysaccharides or interleukins 
and thus assessment of the impact of synovitis on the permeation of the drug 
formulation across the synovium [40,85].  
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2.8.3 Assessment of cartilage penetration 

In vitro, determination of absorption kinetics into cartilage is approached almost 
exclusively with explanted material since, as with the synovial membrane, the unique 
properties of the tissue are demanding to mimic artificially. To measure diffusion of 
pharmaceutical dosage forms, different techniques have proven successful. One 
method is to place harvested cartilage in a solution of analyte and indirectly infer 
penetration from the decrease of drug concentration in the surrounding medium. Once 
saturation has been reached, it is then also possible to calculate the desorption by 
replacing the solution in the bath [88,89]. Another method to analyze diffusion is based 
on the use of a two-chamber diffusion model with an explant as a barrier between the 
two chambers [64,90]. Thereby, labeling by means of conjugated fluorophores or 
radiolabeling is common for both models. As it is not possible to gain insight into distinct 
diffusion through the different layers of the cartilage with these methods, examination 
of labeled molecules within the previously incubated tissue by means of fluorescence 
microscopy, CT or NMR is commonly employed to obtain diffusion gradients within the 
tissue [91–94]. In addition, fluorescence recovery after photobleaching (FRAP) is 
widely used to quantify site-specific diffusion dynamics but is restricted to small regions 
within the cartilage rather than providing broader information pertaining to the tissue 
as a whole [62,95]. For biorelevant conclusions, the use of tissue in a state resembling 
that of the diseased cartilage is recommended since factors such as inflammation or 
traumatic injuries relevantly affect the permeability of the cartilage. For this purpose, 
the harvested tissue may be treated ex-vivo with collagenases or cytokines such as 
TNF-α, or mechanical injury may be applied by compression to mimic the arthritic state 
before permeability studies are performed. [72,74,96]. 

2.9 Potential biologics for the treatment of OA 
While small molecules, especially corticosteroids are already used for the treatment of 
OA, there are no approved biologic agents for IA injection yet. Nevertheless, research 
has revealed a number of very promising candidates [97–99], provided an appropriate 
delivery ensures sufficient residence time at the site of action, as well as sufficient 
preservation of the bioactivity of the biologic. Among a few others, mAbs, mainly 
targeting the inhibition of proinflammatory mediators, and growth factors for cartilage 
regeneration have proven to be effective (Tab. 2-1). In particular, the cytokines TNF-
α and IL-1β have been implicated in the development and progression of OA [100]. On 
this basis, the anti-TNF-α agents infliximab, etanercept, and adalimumab have been 
shown to significantly improve OA and to be well tolerated in clinical trials after IA 
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administration [101–105]. Significant improvement in clinical condition including pain 
relief and prevention of cartilage degradation after IA injection was also described for 
the IL-1 receptor antagonist (RA) anakinra and evaluated as a potential therapeutic 
approach [24,106,107]. In addition to receptor antagonists of the main inflammatory 
mediators, tanezumab, a mAb that blocks NGF, has been associated with a significant 
improvement in OA symptoms and has been successfully tested clinically [108,109]. 
The US Food and Drug Administration (FDA) has approved the NGF antibody Solensia 
(frunevetmab injection), the first drug to treat pain associated with osteoarthritis in cats 
and the first new veterinary monoclonal antibody (mAb) drug in early 2022 [110]. 
However, in 2021, the FDA decided against approving the NGF antibody tanezumab 
for use in human therapy [111]. There are no FDA-approved antibody therapies for OA 
in humans to date. Anabolic-acting agents are also of great relevance in research on 
the therapy of OA. Among them, the exogenous addition of the recombinant growth 
factors insulin-like growth factor 1 (IGF-1), bone morphogenetic protein 7 (BMP-7), 
Fibroblast Growth Factor 18 (FGF-18) and calcitonin has been particularly successful, 
which have been shown to induce cartilage repair and thus alleviate symptoms without 
causing adverse events in clinical studies [112–116]. However, none of these biologics 
achieves sufficient therapeutic efficacy without a residence prolonging formulation 
strategy.  
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Tab. 2-1: Potential treatment options for OA with non-cellular biologics as were tested in clinical or animal trials; IR: 
Immediate release; SR: sustained release; SC: subcutaneous; IV: intravenous, TRN: Trial registration number. 

Type Therapeutic Release  Application Reference 

TNF-α inhibitor Adalimumab IR IA/SC 

Human: NCT00686439 [103] 
Human: No TRN [104] 
Human: NCT00597623 [117] 
Human: Case report [118] 
Human: NCT00296894 [119] 

 Infliximab IR  IA Human: Case report [101] 
Human: No TRN [102] 

 Etanercept IR IA Human: No TRN [105] 
Human: NTR-1210 [120] 

IL-1β RA Anakinra IR/SR IA 
Human: No TRN [121] 
Mouse [106] 
Dog [122] 

NGF inhibitor Tanezumab IR IV Human: NCT00394563 [108] 
Human: NCT00864097 [109] 

Growth factor IGF-1 SR IA Rat [123] 
Rabbit [124] 

 BMP-7 SR IA 

Hunter: NCT00456157 [112] 
Mouse [125] 
Pig [126] 
Rabbit [127] 

 TGF-β SR IA Mouse [128] 
Rabbit [129] 

 FGF-18 SR IA Human: NCT01033994 [130]  
Rabbit [131] 

 Calcitonin SR IA Rabbit [116] 
Mouse [132] 

2.10 Intraarticular formulation principles for biologics 
IA injections of biologics such as mAbs, RA or growth factors promise a wide range of 
novel therapeutic approaches to control OA more effectively if adequately delivered 
[133–135]. In comparison to small molecules [136], however, they exhibit distinctly 
different physicochemical and biopharmaceutical characteristics due to their 
complicated shape based on secondary, tertiary and (sometimes) quaternary 
structures [137,138]. In view of their divergent kinetics within the joint, as well as the 
demanding formulation requirements that apply for proteinaceous drugs, focus will be 
placed on IA drug-delivery strategies of non-cellular biologics. In this context, the effect 
on the joint residence time, the stability of the dosage form and the active ingredient 
and the targeting of specific structures are considered. Articular pharmacokinetics 
represents the logical starting point for drug delivery design, from which the formulation 
must be developed and examined. Based on this, three principal strategies were 
identified to manipulate the fate of biologics in the joint (see Fig. 2-4). The viscosity of 
a formulation can be increased by a polymer network which leads to steric obstruction 
of diffusion or restriction of release via protein-polymer interactions that determine the 
dwell time in the joint. Therein, it is important to ensure that adequate injectability is 
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maintained if viscosity is adjusted, which makes it is a common principle in the 
formulation of IA injections to create thermoresponsive or other in situ gelling systems 
to ensure satisfactory applicability of the dosage form even through small needles 
[139]. Another approach is to increase the size of the drug dosage form, through the 
immobilization of the drug in nano- or microspheres, liposomes, or dendrimers, so that 
transsynovial diffusion is restricted and in joint residence time is prolonged. These 
delivery systems exhibit considerable impact on biocompatibility, immune response, 
and the drug stability of the therapeutic in-vivo. Moreover, sustained release can be 
achieved via entrapment of the biologic in a hydrogel matrix, where the drug is 
physically immobilized or chemically linked to the polymer matrix and the drug is 
released by degradation mechanisms. Both carrier size and polymeric network 
systems can be combined and further optimized by bioadhesive qualities or passive 
and active targeting strategies to selectively reach specific cells or structures within the 
joint. In addition to the key requirement of extended joint residence time and 
enhancement of the drugs permeation properties, it is essential for drug delivery 
systems for biologics to provide sufficient stability of the active ingredient as well as 
excellent properties suitable for parenteral dosage forms [140]. Generally, IA 
applications must meet most of the criteria that apply to other injection formulations, 
including sterility and compatibility with physiological conditions at the site of 
application. Thereby, the manufacturing process for protein carriers must be designed 
to ensure that their therapeutic activity is not compromised. Unlike many small 
molecules, it usually requires that neither organic solvents nor elevated temperatures 
or high shear rates stress are involved [5]. Accordingly, more elaborate, and gentle 
techniques or multistep processes are to be favored and careful selection of the 
retarding excipients is required. A wide range of polymers have proven suitable for the 
formulation of drug delivery systems for biologics, including synthetic polymers, natural 
polymers, and their derivatives, as well as endogenous macromolecules from the ECM 
of joint tissues (Tab. 2-2) [141–144]. Thereby, an appropriate formulation should 
further enhance the stability of the three-dimensional protein folding and thus the 
preservation of its bioactivity compared to a pure protein solution due to immobilization 
or restriction of mobility.  
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Fig. 2-4: Schematic representation the approach to rational design IA drug delivery systems in early stages of 
development and presentation of its formulation principles. Thereby, the three pharmacokinetic requirements: 
Increase of joint residence time, targeted or responsive delivery to inflammatory sites, and access to deep cartilage 
structures can be achieved by biopharmaceutically derived combinations of sustained release strategies and 
targeting strategies.  

2.10.1 Viscosity increase 

OA is associated with a collapse in SF viscosity. The viscosity in turn influences the 
fluid egress from the joint, so that a formulation with elevated viscosity can not only 
restore SF properties, but at the same time interfere with the diffusion and synovial 
outflow of macromolecules. Prolongation of the joint residence time by increasing the 
viscosity of the formulation, and thus steric obstruction of the free diffusion of 
macromolecular drugs through a fine polymer network, represents a simple yet 
effective approach for sustained IA drug delivery systems. This is achieved most 
particularly through the formation of hydrogels, which are cross-linked hydrophilic 
polymers that retain large amounts of water and provide a three-dimensional network 
structure. In general, given that the pores of the network are larger than the 
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hydrodynamic radius of an embedded protein, diffusion is the driving release 
mechanism, which is dependent on both the size of the protein and the hydrogel mesh 
size as well as on protein-polymer interaction [145,146]. Diffusion-driven release 
usually implies that the release is proportional to the square root of time, where a burst 
release within the first 24 hours is typically present and retention is seldom prolonged 
for more than 2 weeks [147,148]. In this way, a thermoresponsive hydrogel of HA and 
Pluronic F127 with infliximab incorporated, was shown to be an easily injectable and 
diffusion-controlled drug delivery system. It was seen to ameliorate clinical symptoms 
and decreasing cytokine levels, with approximately half of the dose released on the 
first day and 95% of infliximab released within the first 14 days [149]. Following the 
same principle, embedding IGF-1 in a viscous HA formulation showed a prolongation 
of the release and an improved clinical effect, in particular a decrease in the number 
of cartilage surface lesions and nearly normal microarchitectural properties [124], 
which thus proves a general validity of viscosity as a factor for the rational modulation 
of the joint residence time for biologics. In addition to pure viscosity, interactions 
between the agent and the gel scaffold can influence diffusion, so that depending on 
the agents’ charge, tailored formulations can be designed to take advantage of these 
attributes [150]. Transsynovial permeation of the TNF-binding mAb adalimumab was 
prolonged fivefold by increasing viscosity using a co-formulation of HA and 
polyvinylpyrrolidone, with electrostatic protein-polymer interactions substantially 
controlling drug leakage [151]. Through the use of the endogenous lubricants together 
with a synthetic polymer, the formulation additionally offered viscosupplementative 
properties that could concomitantly restore the rheological properties of the synovial 
fluid upon injection of the formulation. Additionally, the polymer mixture did not affect 
the bioactivity of the mAb, but rather provides increased stability of the protein. This 
represents a general advantage of hydrogels. Hydrogels usually offer high 
biocompatibility since they exhibit a high structural similarity to the natural ECM and, 
since very mild conditions are used in their production, the process is well suited for 
the maintenance of the protein stability. In addition, the integrity of the fragile 3D 
structure of the protein is preserved by restriction of mobility within the network matrix 
of the polymer gel while a high water content still provided [145,152].  

2.10.2 Immobilizing hydrogel systems 

Besides diffusion-driven release from hydrogels, full immobilization of the biologic in 
the three-dimensional scaffold can be achieved [153]. This applies if the mesh size is 
below the hydrodynamic radius of the embedded cargo or if the drug is covalently 
linked to the polymer matrix. The active ingredient is then released either by 
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degradation of the polymer or cleavage of a drug-polymer linkage. One potential 
strategy was to attach biologics to a PEG hydrogel via degradable carbamate linkers 
in order to control their release [154]. This resulted in a 5-fold retardation of the release 
of unmodified and bioactive protein. However, it should be noted that only 60% of the 
initial dose was released. Incomplete release is a common challenge in immobilization 
strategies due to strong chemical bonds. Moreover, though long-term release of the 
therapeutic molecule can be achieved via chemical or physical immobilization, this 
method can lead to denaturalization of protein drugs, as harsh conditions are often 
required to achieve sufficient entrapment. [155]. Nano- or microparticulate carriers can 
be incorporated within hydrogels in order to increase the hydrodynamic radius of the 
cargo and thus immobilize the active ingredient bound therein. This is why, in the case 
of a HA gel loaded with PLGA nanoparticles, a significantly prolonged release of the 
model drug was achieved compared to the nanoparticles or hydrogel alone [81]. 
Bioresponsive systems represent a further development of this formulation strategy. In 
this way, a biologic drug may be attached to the polymer using a responsive cleavable 
linker or by introduction of predetermined breaking points into the hydrogel framework. 
These smart drug delivery systems are capable to titrate their release via an on-
demand hydrogel degradation, that is depending on the inflammatory state [80]. 
However, responsive IA formulations are currently only described for small molecules 
and not for the much more sensitive protein drugs, but smart systems for the delivery 
of macromolecular drugs may yet present an emerging area of interest that could offer 
promising opportunities. In-situ-forming depots are a further development of hydrogel 
systems, which represent an appealing strategy since they form the hydrogel network 
upon injection into the joint, thus ensuring excellent injectability or extended storability 
of the protein. Thereby, rapid formation of the drug depot in the joint is essential to 
achieve the desired effects. A copolymer-based system consisting of PEG or methoxy-
PEG and polylactic acid was tested to prolong the residence time of mAbs in the joint 
cavity [156]. The formulation resulted in an increased concentration of proteins in the 
synovial gap over several weeks without diminishing the activity of the mAbs. However, 
the formulation also induced inflammatory reactions, which was explained with the high 
quantity of injected foreign material. Nevertheless, if further developed in situ forming 
depots represent a very promising approach in the development of IA dosage forms 
especially as scaffolds for growth factors in the regeneration of cartilage. 

2.10.3 Encapsulation in multiparticulate systems 

It is of great importance to be aware of the permeation properties and the pore size of 
the synovial membrane in the healthy and especially in the arthritic state in order to 
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rationally adapt a drug delivery system to these parameters and to actively control the 
resulting pharmacokinetics [157]. It is therefore an effective strategy to prolong the 
residence time of injected therapeutic biologics by increasing the hydrodynamic radius 
of the delivery system and immobilize them within nanoparticulate or microparticulate 
drug carriers [75]. In this process, the drug is encapsulated in a polymeric matrix, 
whereby microparticles sustain the release of the drug from its matrix far more 
effectively compared to nanoparticles [158]. However, for both nanoparticles and 
microparticles, the effective change in the hydrodynamic radius of the drug dosage 
form relevantly influences the duration of the joint residence, as well as the distribution 
within the tissues of the different compartments of the synovial joint. Therapeutic 
proteins such as mAbs typically have a hydrodynamic radius of approximately 5 nm 
[159] and can thus permeate comparatively unimpeded across the 33-59 nm sized 
pores of the ECM into surrounding lymphatic vessels. Enlargement, by conjugation or 
encapsulation within a particulate carrier, results in sterically hindered diffusion of the 
particle in the SF and across the synovial membrane, so that it escapes the synovial 
cavity either more slowly or not at all, but only after biodegradation of the particle. For 
instance, for IL-1 RA self-assembled Poly(2-hydroxyethyl methacrylate)-pyridine 
nanoparticles, it was shown that particles with diameter of 500 nm led to a 3-fold 
increase in half-life in the joint compared to free RA, while particles of 900 nm size led 
to about 4-fold increase in half-life. However, the latter also showed an increased 
retention time of 14 days (30% remaining in the joint cavity), whereas free protein or 
500 nm particles were eliminated from the joint cavity during this period. In the same 
way, it was shown for the biodistribution of polylactic acid particles that 300 nm 
particles slowly emerged from the joint in an in-vivo study in mice, while 3 or 10 µm 
particles of the same material were retained for several weeks [160]. However, 
significant differences due to the pathophysiologically altered tissue permeability in 
synovitis were evident and in the arthritic state, complete retention was described only 
for the 10 µm particles. The size of the particle has a relevant influence on the 
biocompatibility of the therapeutic agent, which in turn affects particle distribution and 
joint residence time. For example, polymeric microspheres in the size range of 35-105 
µm were found biocompatible, whereas smaller microspheres (1-20 µm) were reported 
to elicit an inflammatory response, which was attributed to larger phagocytizable 
fractions [161,162], although it is also conceivable that this finding is related to the 
higher amount of surfactant required for precipitation. Due to antibody opsonization of 
smaller particles in plasma-derived fluids, phagocytosis is induced in synovial 
macrophages and leads to cell activation, which may cause local inflammation that 
might be adversarial to OA therapy [163]. In the same context, when 26 µm 
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microparticles and 265 nm nanoparticles of a DL-lactide/glycoside copolymer (PLGA) 
were compared, the microparticles were likewise found to be non-phagocytosed but to 
granulate on the synovial intima [164]. This suggests that larger microparticles may be 
appropriate for local drug delivery to the synovial surface, whereas the nanospheres 
were phagocytosed, and therefore represent a strategy to target macrophages and 
reach deeper structures of the synovial tissue. In that way, the mere change of size, 
especially the creation of nanoparticles, can therefore be interpreted as a form of 
targeting, since the release is not essentially affected, but the distribution of the drug 
is specifically controlled. However, contrary to the above, a study investigating on the 
inflammatory response to beta-tricalcium phosphate particles of different sizes in vitro, 
reported larger particles of 20-40 µm size to show a stronger induction of 
proinflammatory mediators than smaller particles [165]. This suggests that in addition 
to size, shape must also be considered, and rough, irregular particles appear to 
provoke greater inflammation with a concomitant increase in size. It must therefore be 
concluded that particles of any size, albeit with different mechanisms and at varying 
intensities, are generally capable of inducing inflammatory processes upon injection 
into the synovial joint [166,167]. Besides endogenous biodegradation mechanisms, 
particles can further be reduced by means of bioresponsive formulations in which a 
modified polymers react to certain stimuli in the joint and thus tailors the release of the 
active ingredient or affects the size of a particle. Among simple physiological or 
pathophysiological joint conditions such as body heat or pH-value, inflammation 
associated enzymes or similar are of particular importance as triggering stimuli. In this 
way, passive targeting of inflamed cartilage by polyethylene glycol (PEG) coated 
poly(N-isopropylacrylamide) nanoparticles was described that protect the drug from 
premature extracellular digestion, but after cellular uptake by immune cells are 
degraded via sensitive disulfide cross-links and subsequently release an anti-
inflammatory peptide intracellularly [168]. Similar studies such as disulfide-crosslinked 
chitosan/HA layer-by-layer self-assembled microcapsules, that enable redox-
responsive controlled intracellular release of proteins, thereby providing superior 
activity maintenance, confirm the feasibility of this concept [169]. The unique 
physiological conditions of cartilage require that prolonged drug delivery to the 
chondrocytes or the articular ECM can only be achieved if the drug is released from 
an immobilized depot, ideally from the interface between the SF and the cartilage, or 
if sustained release systems form a depot in the cartilage itself. To penetrate the 
cartilage in full depth, the size of the particles should not exceed a diameter of about 
50 nm, which implies that size alone is not a suitable factor to promote accumulation, 
since it rather causes exclusion from the tissue. It is therefore advisable to design 
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targeted or bioadhesive formulations to achieve the desired penetration of the deep 
cartilage tissue. Following this concept, however, larger particles may be equally 
effective if they bind to the cartilage interface and from there, gradually release the 
active ingredient which then diffuses into the tissue [170]. Encapsulation or 
immobilization of proteins on particles can result in a significant amelioration of protein 
stability in-vivo and maintain its activity over a prolonged period of time. Microspheres 
of polycaprolactone and a copolymer of PEG and methoxy-PEG were shown to retain 
near total activity of etanercept, a TNF-α RA, in SF after 90 days [171]. In the same 
way, nanocomplexes composed of cationic charged proteins and HA formed by 
complex coadservation have been confirmed to significantly increase bioactivity and 
physical stability over time as compared to pure protein and to maintain full activity of 
the drug for several days or even weeks. [172,173]. However, rather hydrophobic drug 
delivery systems such as PLGA, which is the most frequently used polymer for particle 
manufacturing, show inferior preservation of protein structure than more hydrophilic 
polymers which are for example used for hydrogel formation [174]. 

2.10.4 Bioadhesive strategies 

Modification of the charge of a carrier or hydrogel matrix can change the articular 
kinetics of the drug form and passively target the agent to accumulate in specific 
tissues or on structures via bioadhesion [175]. It is however important to note that 
charge-mediated bioadhesion is a rather nonspecific way of targeting and should 
therefore be distinguished from other passive and active targeting strategies that are 
aimed towards more specifically defined target sites. The charge of the particulate 
carrier used can be utilized to increase the residence time in the joint through 
interaction with the microenvironment in the joint space. Uncharged nanoparticles, 
such as PEG-coated nanoparticles, are able to diffuse rapidly within the SF [176], while 
cationic particles can form aggregates with the anionic HA of the SF, increasing their 
size and thus decelerating their mobility in the synovial cavity and their diffusivity 
across the synovial tissue [41,177]. Chitosan, which itself already exhibits bioadhesive 
and anti-inflammatory activity, is a commonly used excipient for nanoparticle 
formation, often through electrostatic interaction together with hyaluronic acid 
[132,178]. Chitosan-HA microspheres showed that incorporation of an IL-1 RA, after a 
burst release, resulted in linear release kinetics over eight days and effectively 
suppressed IL-1β-induced inflammation and apoptosis [179]. Following the same 
concept, self-assembled networks of intraarticular injected cationic dextran and 
Eudragit RL100 nanoparticles interacting with endogenous HA were found to 
significantly prolong the retention time in the joint, with 70% of the incorporated 
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fluorescently labeled protein remaining in the joint cavity after 7 days. [57]. Moreover, 
it has been shown for differently charged polyvinyl acetate nanoparticles that 
particularly cationic particles associate with macrophages and other immune cells, 
suggesting passive targeting of inflamed tissue by utilizing cationic polymers [180]. 
Liposomal preparations require the use of organic solvents, which can cause 
degradation of proteinaceous drugs. In addition, liposomes generally exhibit relatively 
rapid release and shorter joint retention with more polar drugs, such as proteins [3]. 
Nonetheless, it was shown that liposomal administration of lactoferrin alleviated 
arthritic symptoms after intraarticular injection for 2 weeks instead of 3-4 days with free 
protein. Here, positively charged liposomes were formulated and the increased 
therapeutic effect was attributed to enhanced tissue retention and selective adhesion 
onto dendritic cells [181]. Moreover, cargo free multilamellar vesicles were shown to 
exhibit biolubricant properties and have the potential to effectively reduce articular 
friction, which may offer multimodal therapy concepts by combining drug carrier and 
viscosupplementation [182]. Particulate carriers can be used to promote biologics 
uptake into cartilage by passive targeting or bioadhesion via nonspecific electrostatic 
interactions. Cationic multi-armed avidin nano constructs with a size <10 nm and a 
positive charge were shown to effectively penetrate cartilage [183]. The protein avidin 
was used to deliver drugs across the full thickness of the cartilage via conjugation using 
hydrolysable ester linkers. Avidin was found to have a half-life of 29 h in cartilage, 
which represents a significant increase over neutravidin, being the same size but 
uncharged, which was scarcely present in the cartilage after only 24 h [184]. In the 
same way, insulin-like growth factor-1 was successfully retained in cartilage for 4 
weeks via formulation using cationic polyglutamic acid and polyarginine nanoplexes, 
whereby cartilage degradation and interleukin-1 mediated inflammation were mitigated 
over several weeks [185]. In addition to more conventional particulate carriers, scalable 
cationic dendrimers were found to be a versatile carrier for conjugation to a variety of 
drugs, that can control the residence time and penetration depth in cartilage. 
Conjugation of IGF-1 to PAMAM dendrimers showed improved pharmacokinetics and 
efficacy in the clinic with a more than 10 fold increased joint residence time and an 
70% uptake into the targeted tissue [186]. Biocompatibility of the pharmacokinetically 
versatile cationic polymers must however be considered, as they may impact the 
homeostasis of the ECM as well as lead to destabilization of cell membranes. 
Furthermore, interaction may occur with the applied therapeutic biologics and 
negatively influence their activity as well as with serum proteins, causing toxicity 
especially if the agents enter the systemic circulation [187]. Taken together, cationic 
charge presents one of the most promising concepts for IA injections due to its 
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simplicity and efficiency for both its residence time increasing properties and affinity 
for articular cartilage. 

2.10.5 Drug targeting 

Directed therapy can be achieved via targeting of moieties that possess high affinity 
for specific molecules (receptors, structural proteins, markers, antigens, etc.) 
abundantly expressed in the target [188]. At its simplest, a biologic drug can be directly 
linked to a targeting agent. One such example is the fusion of IGF-1 with a heparin-
binding domain, which was able to prolong the retention in cartilage from less than one 
day to 8 days, thereby providing a significant therapeutic advantage over sole IGF-1 
[123]. More commonly the targeting agents are tethered on the surface of particulate 
systems. It was shown that PLGA nanoparticles carrying a collagen type II binding 
peptide and thus selectively binding to cartilage tissue resulted in increased 
association into the tissue compared to passive targeting via charged and uncharged 
nanoparticles [189]. Moreover, an enhanced binding of the collagen-binding particles 
in the arthritic state was shown. Based on a similar concept, a significantly increased 
uptake of FGF-18 nanoparticles was shown [190], where a fusion protein of FGF-18 
and a peptide known to bind selectively to collagen II of the cartilage, but not of the 
synovium, was expressed and conjugated to poly (propylene sulfide) nanoparticles. 
The targeted peptide extended the injection interval from bi-weekly to bi-monthly. 
Besides targeting of collagen entities, it was demonstrated that targeting chondrocytes 
directly via the CD-44 receptor by means of HA coated nanoparticles leads to 
increased articular residence and chondrocytic accumulation and may represent 
another promising and simple delivery strategy for macromolecules [191,192]. 
However, despite the higher effectiveness of drug targeting strategies, it should be 
considered that passive targeting strategies involve less customization, which not only 
simplifies production and thus reduces costs but also creates more readily transferable 
systems.
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Tab. 2-2: Overview of polymer compounds, which were used in research studies to influence the joint residence time of protein drugs after IA injection and their respective features. 

Material Biodegradable Attributes Potential mechanisms of leakage 
prolongation 

Targeting features References 

Natural Polymers (and derivates)      

Hyaluronic Acid (HA) / Crosslinked HA  Yes 
(Hyaluronidases) 

Endogenous lubricant of SF, Viscosupplementative, 
Rapid elimination (linear derivates) Retains 
bioactivity, Anti-inflammatory effect 

Viscosity Increase, Encapsulation  CD-44  [81,124,149,173,191] 

Chitosan Yes (pH, 
enzymes) 

Self-assembling, Anti-inflammatory effect Encapsulation, Viscosity increase Bioadhesion [169,179] 

Cationic dextran Yes (Enzymes, 
hydrolysis) 

Cartilage targeting, In-situ network with SF Encapsulation Bioadhesion, 
Immobilization 

[57] 

Synthetic Polymers      

Poly-hydroxyethylmethacrylate-pyridine Yes (Hydrolysis) Self-assembling, Retain bioactivity Encapsulation None [193] 

Poloxamer Partially 
(Enzymes) 

Thermoresponsive, Retain Bioactivity Viscosity increase, Immobilization None [149] 

Polyethylenglykol (PEG) / Methoxy-PEG Partially 
(Enzymes) 

Retain bioactivity, in-situ formation, potential 
proinflammatory 

Viscosity increase, Immobilization None [154,156,171] 

Poly lactic acid / glycolic acid (PLGA) Yes (Hydrolysis) Long experience, low toxicity Encapsulation None [81,160,164] 

Poly(N-isopropylacrylamide) (PNIPA) Yes (pH) Thermoresponsive Cartilage targeting, Intracellular 
delivery 

Encapsulation Bioadhesion [168] 

Polyvinylpyrrolidone (PVP) Partially 
(Enzymes) 

Viscosupplementative, FDA approved for parenteral 
application, Retain bioactivity, Size dependent 
accumulation 

Viscosity increase None [151] 

Poly(amidoamine) (PAMAM) Yes (pH) Scalable dendrimers, Cartilage targeting, Retain 
bioactivity 

Encapsulation Bioadhesion [186] 

Polyglutamine/Polyarginine Yes (Proteases) Cartilage targeting, Intracellular delivery, Retain 
bioactivity, FDA inactive excipient list 

Encapsulation Bioadhesion [185] 
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2.11 General discussion 

2.11.1 Models 

Currently, most formulations are tested in simple dissolution apparatus and then 
administered directly to an animal model. However, a further intermediate step 
would be useful in most cases, at which the formulation can be optimized with 
regard to its pharmacokinetic target parameters. While current in-vitro methods 
only provide information on the release from the drug delivery system itself, 
animal models are often complex in their interpretation, so that individual 
parameters such as transsynovial permeation, cartilage penetration or tissue 
adhesion cannot be precisely estimated in isolation due to many influencing 
variables [194]. Furthermore, animal models are time and cost intensive and not 
well suited for screening experiments. Biorelevant ex-vivo models allow for this 
intermediate step. A major advantage of using functionally isolated tissues from 
the joint compartments is the retainment of the three-dimensional multi-layered 
assembly and the expression of transport and drug metabolism proteins. 
Therefore, this model allows for intercellular interplay and communication while 
maintaining anatomical and structural diversity of a tissue and mimics in-vivo 
conditions better than in vitro models. This preservation of tissue architecture 
enables biorelevant diffusion models, which also provides a system for studying 
therapeutic efficacy and cytotoxicity as well as give admissible insights into 
pharmacokinetic differences between healthy and OA tissue. Known advantages 
of this system over in-vivo experiments include: no influence of movement or 
extra-articular processes, no limitation of drug concentration administered, and 
full control of the physiological environment while reducing animal consumption. 
However, it remains a major difficulty to fully replicate the complex in-vivo 
conditions and important details, such as the presence of the injection site, are 
not represented. In addition, ex-vivo models show more difficult inter-laboratory 
transferability compared to less diverse in-vitro systems and a restricted run time 
of the assay due to the limited viability of the tissue. While the use of ex-vivo 
synovium or ex-vivo cartilage to simultaneously assess release and permeability 
is not yet well established, for a rational formulation development, all steps: in 
vitro release, ex-vivo biodistribution and in-vivo performance are of great 
relevance, and their consideration leads to a faster and deeper understanding of 
the developed drug delivery system, so that a wide establishment of the proposed 
sequence of pharmacokinetic tests should be pursued in the pharmaceutical 
development of IA injectables. This is because only the accurate detection of drug 
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delivery system-tissue interplay at in the early phases of research enables the 
rational design and profiling of the desired pharmacokinetics. 

2.11.2 Drug delivery strategies 

Numerous IA formulation systems have been tested to prolong the joint residence 
time of biologics, based essentially on the principles of either diffusion-controlled 
retardation via viscosity increase or degradation-controlled release of the drug 
from an enclosing polymer, wherein the latter can be in the form of a monolithic 
hydrogel matrix or multiparticulate systems. In detail, however, the choice of 
strategy and the additives used have many decisive consequences not only for 
the joint residence time, but also for the articular biodistribution, drug stability, 
applicability of the injection and the biocompatibility of the dosage form. Since 
there is no single best approach and the formulation strategy will always depend 
on the biologic used and the origin of its target structure, the drug delivery system 
must be developed in frequent exchange with biorelevant testing of 
pharmacokinetic and pharmacodynamic objectives. The work process should 
follow a cycle in which first the biopharmaceutical parameters of the drug alone 
are assessed in comparison to known model compounds, then rational 
intervention approaches for formulation and targeting strategies are identified, 
and after their deployment, the drug delivery system is reassessed by biorelevant 
methods. The cycle should involve multiple rounds to refine and optimize the 
profile of the formulation before conducting in vivo trials, thus saving time as well 
as resources by pursuing only proven high-potential candidates. However, a 
number of general assumptions can be derived from the research conducted to 
date, which will facilitate finding an orientation for the formulation design of 
biologics. First of all, it must be acknowledged that, despite some existing clinical 
trials with biologics as simple aqueous solutions, a prolongation of the duration 
of action in the joint is essential for all drugs in order to develop promising 
therapeutic treatment regimens. For acute therapy regimens, a duration of action 
of a few days to weeks may be sufficient, whereas for chronic treatment 
strategies, a joint residence of weeks to months should be aimed for in order to 
avoid frequent injections. Therefore, in order to make biological agents for IA 
injections actually clinically applicable in the future, it is of absolute necessity to 
no longer isolate the agents from their drug delivery system, but to consider them 
together as one therapeutic agent. Prolonged joint residence time can be 
achieved most reasonable with immobilized agents, either bound in hydrogel 
systems or encapsulated in multiparticulate systems of several micrometers in 
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size. On the other hand, due to the simple formulation and better translation from 
existing approaches as well as the generally better tolerability and protein 
stability, diffusion-controlled retardation is the simplest and thus most effective 
way for more acute indications such as inflammatory events, especially since 
viscosupplementative properties can be utilized simultaneously to alleviate 
clinical symptoms. Generally speaking, combination therapy targeting more than 
one site/symptom may be a more efficient IA drug delivery strategy for OA 
therapy. Stimuli-responsive hydrogels that respond to temperature, pH, and 
inflammation represent a promising option for future developments. They often 
consist of novel polymers or combinations of polymers. Further studies are 
needed in this area to develop controllable hydrogel systems by synthesis or 
combination that are sensitive to external biochemical, physical, and chemical 
stimuli without the risk of dose dumping in the event of overstimulation. Thereby, 
it is of utmost importance to carefully examine biocompatibility, pharmacokinetics 
of the polymers, and potential cytotoxicity in order to ensure a safe applicability 
of these novel polymers in practice. The assessments of biocompatibility should 
include evaluation of swelling, inflammation, and histopathological analysis in the 
joint. Apart from prolongation of joint residence time some therapies require 
targeting strategies to achieve sufficient effect. In this way, for anti-inflammatory 
biologics nanoencapsulation may be more suitable for delivery to inflamed 
synovial tissue, since nanospheres are extensively phagocytosed by 
macrophages existing in the epithelium synovial lining cells, so that uptake and 
accumulation of nanospheres at inflamed sites within these immune cells 
compared to other cellular or extracellular compartments occurs. The 
macrophages then generate through the synovial tissues and deep tissue layers 
may be reached. Special requirements apply to dosage forms that need to reach 
the chondrocytes in deep cartilage layers. Here, the hydrodynamic radius of the 
dosage form must not exceed the pore size of the cartilage to facilitate full 
permeation of the tissue. However, in most cases there is still insufficient 
penetration, so accumulation should be promoted by bioadhesion through 
cationic charge or passive targeting strategies aiming at specific collagen 
fragments. Thereby, bioadhesion appears to be the tool of choice for targeting 
chondrocytes based on current knowledge. While way to proceed before protein 
agents would be widely introduced. A general problem of IA formulation 
development is the small selection of approved excipients for parenteral use, 
which considerably complicates the introduction of a new drug delivery systems 
into actual therapy regimens, so that an expansion of the possibilities would be 



2 Assessment of joint pharmacokinetics and consequences for the 
intraarticular delivery of biologics 
 

34 

 

desirable in the near future in order to draw from a more versatile toolbox of 
substances. However, the fundamental principles are available to researchers 
today, as outlined in this manuscript, enabling them to further explore and 
implement therapy relevant concepts in a simple and accessible approach. much 
more straightforward to execute compared to active targeting, it is nonetheless 
highly efficient owing to the Donnan effect. However, the cationic polymers 
employed for this purpose will require in-depth investigation of their toxicity and 
distribution, as well as elimination, in order to ensure the safety of the therapy. 
Generally, it can be argued that commercialization of applications based on 
hydrogels and multiparticulate carriers could be required for their efficient use in 
the clinical setting. IA injections are still in their early days in terms of formulation 
and in spite of some very promising research and concept studies, there is 
certainly still a fair.  

2.12 Conclusion 
Biologics bring great expectations as a therapeutic option for many chronic 
diseases. The fact that they have not yet found their way into the treatment of OA 
can be explained by the challenging biopharmaceutical conditions that limit the 
success of the therapy. However, these limitations can be overcome to achieve 
the intended treatment outcome through intelligent design of drug delivery 
systems, as current research is increasingly demonstrating with a variety of 
approaches. In this regard, it is essential to precisely understand and simulate 
the physiological and anatomical conditions in this route of administration and the 
resulting drug elimination or distribution kinetics by relevant models. Deriving 
from this, several factors have emerged to as effective and tunable formulation 
principles in the rational development of IA injections of biologics with prolonged 
residence time and targeting properties. In particular, the size of potential carriers, 
the viscosity of the formulation, the level and mechanism of immobilization, the 
charge and further passive or active targeting strategies can be thoroughly 
adjusted in order to access the full potential of the drug. Hence, future efforts 
should conceptualize and understood the drug delivery system not in isolation, 
but always in the context of the unique characteristics of its application site, which 
will help to achieve effective targeted biologic-based therapies with comparatively 
simple but well-designed strategies. 
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3. Aims and scope 
The aim of this work is to reveal both how an ex-vivo test model for permeation 
across the synovial membrane offers biorelevant insights into articular 
pharmacokinetics and how this knowledge can be used to design rationally 
derived formulation strategies to affect the joint residence time of the active 
ingredient ADA. The first drug delivery approach presents the joint leakage 
prolonging effect mediated by augmented viscosity and polymer-drug interaction. 
In this context, the hyaluronic acid (HA) – polyvinylpyrrolidone (PVP) co-
formulated hydrogel network simultaneously provided a viscosupplementing 
system to restore the lubricating capacity of the joint. The second delivery 
approach presented takes advantage of the endogenous bioelectricity in the joint 
so that the drug is superficially immobilized in the synovium via avidin-biotin 
intermediated nanocomplexes of ADA with cationic diethylaminoethyl-dextrans. 
These two very different designed approaches were assessed for their ex-vivo 
synovial permeability as an indicator of joint retention, with ancillary assessments 
of conservation of antigen recognition of ADA, as well as tracking biocompatibility 
and intra-tissue stability of the formulation. Thus, from rather conventional to 
pioneering, IA drug delivery strategies will be investigated and evaluated using 
advanced early development testing strategies that allow biorelevant estimation 
of pharmacokinetics in the joint.
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4.1 Graphical abstract 

 

4.2 Abstract 
Estimation of joint residence time of a drug is a key requirement for rational 
development of intraarticular therapeutics. There is a great need for a predictive 
model to reduce the high number of animal experiments in early-stage 
development. Here, a Franz-cell based porcine ex-vivo permeation model is 
proposed, and transsynovial permeation of fluorescently labeled dextrans in the 
range of potential drug candidates (10-150 kDa), as well as a small molecule 
(fluorescein sodium) and charged dextran derivates, have been determined. In 
addition, a lipopolysaccharide (LPS) -induced synovitis model was assessed for 
inflammatory biomarker levels and its effect on permeation of the solutes. Size-
dependent permeability was observed for the analytes, which distinctly differed 
from findings with an artificial polycarbonate membrane, which is a widely used 
model. LPS was found to successfully stimulate an inflammatory response and 
led to a reduced size selectivity of the synovial membrane. 150 kDa dextran flux 
was accelerated approximately 2.5-fold in the inflamed state, whereas the 
permeation of smaller molecules was little affected. Moreover, by varying the LPS 
concentrations, the ex-vivo model was shown to produce varying degrees of 
synovitis-like inflammation. A simple and highly relevant ex-vivo tool for 
investigation of transsynovial permeation was developed, offering the further 
advantage of mimicking synovitis-induced permeability changes. Thus, this 
model provides a promising method for formulation screening, while reducing the 
need for animal experiments. 

4.3 Keywords 
formulation development, permeability, synovitis, joint residence time, Franz-cell 
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4.4 Introduction 
Intraarticular (IA) injections offer several advantages for treatment of arthritic 
joints. High local drug concentrations while maintaining small total drug load may 
increase efficacy and decrease cost of therapy. However, after IA injection the 
drug appears to be rapidly cleared through the synovial membrane into 
surrounding blood capillaries or lymphatic vessels [1]. The potential benefits of 
prolonged retention time of the drug do not only arise from the effective duration 
of action within the joint, but also from the enhancement of patient compliance 
and the reduced risk of infection due to high injection frequency [2]. Despite an 
increasing number of therapeutic approaches in IA treatment, including 
nanoparticles, liposomes, and hydrogel formulations in research [3,4], a suitable 
test system to examine drug retention and escape from the joint is lacking. Animal 
experiments to examine transsynovial transport are commonly used to provide 
relevant clearance data but entail ethical issues as well as imprecise sampling 
methods and high cost, making them unsuitable for screening purposes and 
early-stage development. However, with no regulatory approved, in-vitro model 
for sustained parenteral drug delivery, various test systems have been used in 
recent years. Application of USP (United States Pharmacopeia) apparatus III 
(reciprocal cylinder) and IV (flow through cell) have been investigated for their 
general adaptability for sustained parenteral drug testing [5]. IA injectables were 
most commonly assayed using the rotating dialysis cell model [6,7] or assimilable 
membrane separated diffusion chambers such as the Ussing chamber or vertical 
permeation cells [8,9]. These models typically use an artificial membrane and can 
supplement routine parenteral delivery tests and quality control. However, they 
are expected to be applicable primarily for simple drug formulations [10] and do 
not necessarily reflect physiological environment. As an artificial membrane does 
not adequately mirror the synovium’s specific structure and properties, its usage 
may result in inaccurate measurement of the effective drug clearance from the 
joint, where transport is controlled by multiple mechanisms. Due to the 
physiological complexity of the joint, drug elimination is typically studied using a 
high number of animal experiments. To efficiently reduce animal studies an ex-
vivo model that more closely represents physiological synovial permeability is 
required. This is especially true since the synovium features a unique two-layered 
architecture. It consists of a 1-4 cells thick discontinuous intimal layer, which is 
composed of fibroblast-like B cells and macrophage-like A cells, and the 
subsynovium, comprised of loose connective tissue and fat cells [11,12]. The 
combination of intercellular gaps, dense extracellular network and enmeshed 
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proteoglycans determine an effective pore size of approximately 50-100 nm to 
create a pathway for fluid drainage [11,13]. However, true morphology of pores 
is believed to be far more complex than that of a cylindrical pore [14]. Moreover, 
extracellular matrix is highly anionic [15] and cell-secreted hyaluronan forms a 
charged polarization layer [16] which can affect trans-synovial permeation. Thus, 
close resemblance to physiological morphology is crucial to precisely 
discriminate between specific drugs or complex formulations and display a 
biorelevant permeation profile. As IA injections are ordinarily applied to arthritic 
joints, it is of additional importance to evaluate the impact of pathologic changes 
due to synovitis on the permeation of the drug. Animal studies may offer insight 
into arthritic permeability, but involve chronic pain, loss of mobility and surgery of 
the animals. Besides ethical issues, these animal models make it challenging to 
gain insight on individual factors such as synovial permeability, as in-vivo data 
result from a multitude of influencing variables. In-vitro tests to mimic arthritic 
synovial permeability have been developed [17,18] but are currently based on 
artificial membranes and mimic the arthritic joint by diversification of media 
compounds or membrane pore size. Ex-vivo tissue testing provides a method to 
evaluate physiological permeation characteristics of therapeutic molecules and 
was first introduced to investigate the permeation of gold nanoparticles [19]. More 
recently, synovial explants were used for evaluation of size-selective diffusion of 
polyethylene glycol polymers [20], and a multiphasic computational model of a 
small molecule was established with the help of ex-vivo data to estimate the 
influence of intimal layer and matrix diffusivity [21]. To expand the understanding 
of ex-vivo drug permeation through the synovial membrane, we introduce and 
characterize a Franz-cell-based, vertical diffusion model to link synovial 
permeability to the influence of molecular size and viability of the explant. As 
porcine anatomy and physiology are generally believed to exhibit high similarities 
to human [22], use of a standardized porcine ex vivo model for IA permeability 
provides a new surrogate for transsynovial elimination. Biochemical modification 
can be made to the test model to gain additional insight into transport 
mechanisms, offering another major advantage of the ex-vivo model and 
providing decisive benefits for specific experimental objectives, such as 
pathologic state investigations [23]. Clearance from the arthritic joint differs from 
the naive joint, due to numerous morphological and biochemical alterations 
associated with synovitis, as the course of disease progresses [24,25]. As IA 
injections are ordinarily administered to pathologic joints, a permeation model 
that is capable of simulating synovitis as seen in arthritic diseases would be of 
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great value. In the present work, the development of a transsynovial permeation 
model for determination of drug diffusion profiles and pathologic model 
adjustment is pursued. To identify its characteristics, we focus on the suitability 
of distinctive permeation between specific macromolecules with different 
physicochemical properties and link them to the underlying mechanisms for naive 
and arthritic joints as stated in literature. Fluorescently-labeled dextrans of 
different molecular sizes served as adaptable and easily traceable standard 
markers for macromolecular substances were chosen for investigation of synovial 
permeability. Sizes were chosen to match those of possible drug candidates for 
IA injection (10-150 kDa). 

4.5 Materials and methods 

4.5.1 Reagents and materials 

Fluorescein-isothiocyanate-dextrans (FITC-dextrans) sized 10, 40, 70, 150 and 
500 kDa fluorescein-isothiocyanate–diethylaminoethyl–dextran (FITC-DEAE-
dextran) and fluorescein-isothiocyanate–carboxymethyl–dextran (FITC-CM-
dextran) with MW 150 kDa were all purchased from Sigma-Aldrich (St. Louis, 
USA). Methylthiazolyldiphenyl-tetrazolium bromide (MTT reagent) was supplied 
by Sigma-Aldrich (St. Louis, USA). Lipopolysaccharides (LPS) from Salmonella 
enterica serotype Minnesota were purchased from Sigma-Aldrich (St. Louis, 
USA). Protease inhibitor cocktail containing 4-(2-aminoethyl)benzenesulfonyl 
fluoride hydrochloride (AEBSF) at 2 mM, Aprotinin at 0.3 μM, Bestatin at 116 μM, 
trans-Epoxysuccinyl-L-leucylamido(4-guanidino)butane (E-64) at 14 μM, 
Leupeptin at 1 μM and Ethylenediaminetetraacetic acid (EDTA) at 1 mM was 
purchased from Sigma-Aldrich (St. Louis, USA) Porcine tumor necrosis factor 
alpha ELISA kit was received from Sigma-Aldrich (St. Louis, USA). Hematoxylin-
eosin (H&E) fast staining kits were purchased from Carl Roth (Karlsruhe, 
Germany). Dulbecco minimum essential media (DMEM), fetal bovine serum 
(FBS) and penicillin plus streptomycin were obtained from Biochrom (Berlin, 
Germany). Chemicals for preparation of buffers were of analytical grade. 
Deionized water was used throughout the experiments. Pig feet of Class E pigs 
(Regulation EU No 1308/2013), 5-7 months old, following the routine slaughtering 
procedure, were obtained from a local commercial slaughterhouse. 



4 An ex-vivo model for transsynovial drug permeation of intraarticular 
injectables in naive and arthritic synovium 
 

64 

 

4.5.2 Ex-vivo transsynovial permeation model 

4.5.2.1 Synovium explant harvest 

On the day of slaughter for human consumption, lower limbs from domestic pigs 
were received prior to each experiment and synovial tissue was contiguously 
dissected from the articulatio metacarpophalangicus. To do so a dorsal incision 
was made approximately 1 cm proximal to the metacarpal heads. Skin and 
subcutaneous fat layers were elevated, and extensor tendons and ligaments 
were transected. Following careful removal of loose areolar tissue, exposed 
synovial membrane separated by a sagittal ridge, was dissected undermining the 
synovium in that area. The tissue was attached to a thin ring to avoid movement 
during the permeation test and thickness was measured using a Mitutoyo 
Absolute indicator (Mitutoyo, Neuss, Germany). The tissue was stored in 
phosphate-buffered saline (PBS) at 4 °C until the start of experiment (< 30 min).  

4.5.2.2 Franz-cell experiments 

The permeation experiments were performed on custom-made Franz cells with 
an orifice diameter of 1.0 cm, resulting in a total diffusional area of 0.785 cm2. 
Basolateral- and luminal-representing chambers were divided by the harvested 
porcine synovium and two thin foamed Teflon seals. The Franz cells were 
adjusted to 37 ± 0.5 °C and PBS buffer (pH 7.4) was used as acceptor fluid unless 
otherwise stated. The basolateral side consists of 5.0 ml acceptor fluid stirred at 
150 rpm. To prevent bacterial growth during the experiment, 0.05% sodium azide 
was added to the buffer. Sample solutions, each containing differently sized or 
charged FITC-dextrans (FITC-dextran 10, 40, 70, 150 kDa, negatively charged 
FITC-CM-dextran 150 kDa and positively charge FITC-DEAE-dextran 150 kDa) 
or fluorescein sodium (SM) were prepared at a concentration of 2.5 mg/ml in PBS 
buffer. 0.2 ml of fluorescently labeled analyte was added to the luminal side of 
the membrane to start the permeation test. Sink conditions were maintained as 
the dextran concentration in the basolateral chamber did not exceed 10% of its 
saturation solubility. For comparison, all dextrans, as well as fluorescein sodium, 
were additionally tested using an artificial Whatman® polycarbonate filter 
membrane by Sigma-Aldrich (St. Louis, USA) with a pore size of 50 nm under the 
same conditions. To identify the influence of the explant cell viability on the 
transsynovial permeability, permeation profiles of differently treated synovium 
explants were compared. Non-viable tissue was obtained by devitalization with 
10% sodium azide [26]. Full viability, as preliminarily identified (see below), was 
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reached by replacing the fluid in the acceptor chamber by DMEM. 10 kDa and 
150 kDa FITC-dextran, representing the smallest and largest macromolecules 
tested, were analyzed, and compared to the results of untreated synovium in 
previous experiments. The luminal compartment was sealed by parafilm to 
minimize evaporation effects. 0.5 ml samples were withdrawn from the 
basolateral chamber by a 1.0 ml syringe at predetermined intervals and replaced 
with acceptor fluid. Fluorescence quantification was performed utilizing a plate 
reader (PerkinElmer Victor Multilabel reader) at an excitation of 485 nm and an 
emission of 535 nm for fluorescein labeled molecules. Since analyte is removed 
from the acceptor chamber with each sample draw, the cumulative amount 
permeated is calculated from 

𝑀𝑀𝑖𝑖 = 𝑉𝑉𝑠𝑠�𝐶𝐶𝑖𝑖−1

𝑡𝑡−1

𝑖𝑖=0

+ 𝑉𝑉𝐴𝐴𝐶𝐶𝑡𝑡 

where, VA is the total volume of the acceptor chamber, Ct is the concentration at 
each sampling time, VS is the volume of the withdrawn sample and Ci represents 
the concentration of analyte at time i. The cumulative mass was then divided by 
the total diffusional area (0.785 cm2) for normalization. Plots of cumulative 
amount permeated per area against time were derived and the percentage 
permeation amount of the applied dose was calculated. The fluxes were from the 
slope calculated by linear regression interpolation of the experimental data at 
steady state, hence describing the mass per time and area diffused across the 
membrane in µg/(cm2*h). The flux is considered as a surrogate parameter for the 
permeability of the synovial membrane to a specific substance. 

4.5.2.3 Viability test 

Synovial membrane was assayed for viability by measuring tetrazolium reductase 
activity, which reflects the number of viable cells present. Harvested tissue sized 
approximately 1 cm in diameter was weighed and placed into a vessel containing 
either PBS buffer or DMEM, 10% FBS, penicillin and streptomycin. Analogous to 
the total time of permeation experiments, incubation time was set 0 h, 24 h or 48 
h at 37 ± 0.5 °C. Media was subsequently replaced by 1 mg/ml MTT reagent and 
samples were incubated for 2 h at 37 ± 0.5 °C. The explant was placed into 3 ml 
dimethyl sulfoxide (DMSO) and disintegrated with the IKA Ultra Turrax (Staufen, 
Germany). Following centrifugation, the supernatant absorption was detected at 
540 nm. For positive control, viability was determined immediately after dissection 
without further treatment steps. As a negative control, tissue discs were 
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devitalized by 10% sodium azide and subsequently treated in the exact same 
manner. Sodium azide is an inhibitor of the mitochondrial respiratory chain and 
induces apoptosis at the given concentration [26]. Results were normalized by 
tissue weight. Mean viability was calculated from 5 samples for each treatment. 
Results were expressed as the percentage of positive control after subtraction of 
the negative control, which was considered 100%, as no absolute viability of cells 
can be estimated in tissue samples via MTT assay. 

4.5.3 Incubation of synovium with LPS and analysis of inflammatory 
response 

Harvested synovial tissue explants were weighed and incubated with either 1 
µg/ml, 5 g/ml, 10 µg/ml or 20 µg/ml LPS for 24 h at 37 ± 0.5 °C. For viability testing 
explants were incubated in PBS for 24 h or 48 h at 37 ± 0.5 °C after LPS 
incubation. Subsequently an MTT assay was performed analogous to naive 
tissue viability test. Sampling intervals were after 0 h, 24 h in LPS, and after 24 h 
(48 h total) and 48 h (72 h total) in PBS. Additionally, naive synovial membrane 
was compared to LPS inflamed tissue by histological image analysis. The tissue 
was fixed in 4% phosphate-buffered formaldehyde solution for 24 h. After 
dehydration in increasing ethanol concentrations, xylol and paraffin, the sample 
was embedded into a paraffin block. Thin cross sections (4 µm thickness) were 
cut with a Leica RM 2155 (Wetzlar, Germany) microtome and stained 
subsequently to hydration with hematoxylin and eosin according to the 
manufacturer recommendations. Microscopic examination was performed with a 
Leica DM 2700 M (Wetzlar, Germany) microscope. TNF-alpha was quantified 
following incubation with 0, 1, 5, 10 and 20 µg/ml LPS for 24 h at 37 °C in 
DMEM+FBS. Sampling intervals were equal to those of the viability test. TNF-
alpha was consecutively quantified using a porcine tumor necrosis factor alpha 
ELISA Kit. The assay was performed according to the manufacturer’s instructions 
and results were normalized by explant’s weight (concentration per gram explant) 
and cell viability (%). Mean TNF-alpha concentration was calculated from four 
samples for each treatment. For assessment of the transepithelial electrical 
resistance (TEER) synovial explant (n=6) was attached to a Corning Costar 
Transwell 6.5 mm insert. For incubation 0.6 ml of DMEM+FBS as a control, LPS 
10 µg/ml or 20 µg/ml in DMEM was added per well and 0.1 ml of the respective 
media was added into the insert. Incubation was performed analogous to the 
permeation test for 24 h at 37 ± 0.5 °C. After equilibration electrical resistance 
was measured using a Millicell-ERS2 (Merck, Germany) at predetermined 
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intervals. TEER values for each group were averaged and data was expressed 
in Ω/cm2 and normalized by the baseline resistance values. 

4.5.3.1 Dependency of transsynovial permeation on inflammation of explant 

After incubation with 10 µg/ml LPS for 24 h, which preliminarily indicated 
favorable inflammatory response (see below), synovial permeability was tested 
using inflamed tissue. All FITC-dextrans and derivates tested above, as well as 
fluorescein sodium, were analyzed and compared to the results obtained using 
naive explant. 150 kDa FITC dextran was additionally tested using synovium 
incubated by either 1 µg/ml, 5 µg/ml or 20 µg/ml for 24 h to mimic different 
degrees of inflammation and its effect on transsynovial permeation. To evaluate 
the hypothesis of ECM depletion by catabolic enzymes as the main cause for 
altered permeation in the synovitis model, protease inhibitors at the given 
concentration were added to the incubation media containing 10 µg/ml or 20 
µg/ml LPS and permeability was tested subsequently using 150 kDa FITC-
dextran. The resulting permeation profile was compared to naive synovium and 
inflamed tissue, respectively. 

4.5.4 In-vivo-in-vitro-correlation (IVIVC) 

To establish a level A correlation, IVIVC literature data of intraarticular injected 
FITC-dextrans (10 kDa and 500 kDa) into healthy rats [27] was used and 
correlated with corresponding data from the same molecules in our ex-vivo or in-
vitro artificial membrane model. For the in-vivo data, in-vivo elimination in percent 
was obtained by calculating the reciprocal value of the normalized fluorescence 
intensity in the joint gap as measured by in-vivo imaging. In-vivo elimination in 
percent was drawn against cumulated amount permeated ex-vivo in a Levy-Plot 
was fitted to correlate the corresponding times [28]. The Levy-plot generate a 
time scaling factor for the ex-vivo permeation data. Time scaled values were 
interpolated using a four-parameter logistic regression to calculate interrelated 
time scaled ex-vivo values. These were plotted against in-vivo elimination to 
obtain a Level A IVIVC, which was analyzed by linear regression. All calculations 
were performed using GraphPad Prism 8. 

4.5.5 Statistical analysis 

Data was presented as mean ± standard deviation. Comparison of permeation 
profiles was assessed using their flux within the linear region as calculated from 
linear regression. Statistical significance was determined by one-way analysis of 
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variance test (one-way ANOVA) followed by either Dunnett’s or Tukey-Kramer 
multiple comparison test. Differences were considered significant at p<0.05 
Statistical analysis was performed using GraphPad Prism 8 software. 

4.6 Results 

4.6.1 Characterization of the transsynovial permeation model  

Average harvested porcine synovial tissue thickness was measured 272 ± 85 µm. 
The explant was assayed for cell metabolic activity by measuring enzymatic 
reduction of tetrazolium dye MTT, which reflects the number of viable cells 
present. The untreated synovial tissue measured immediately after dissection, 
which served as a positive control, showed an UV-absorption of 0.381± 0.071 in 
the colorimetric assay after normalization by tissue weight and was set as 100% 
viability after subtraction of the negative control which measured approximately 
0.053 ± 0.007. Following incubation in PBS-buffer, viability dropped significantly 
within 24 h (p < 0.05) to about 50% (Fig. 4-1), compared to positive control. No 
further significant decline was observed after 48 h, but viability stayed at a 
proportionate level. In contrast, no significant change (p > 0.05) was found 
throughout the whole experiment when the explant was incubated in DMEM + 10 
% FBS. 

  

Fig. 4-1: Viability changes of synovium samples in percent of positive control at 37 °C in different media 
after 24 h and 48 h. *p < 0.05 vs CTRL. 

As depicted in Fig. 4-2, cumulative amount permeated from luminal to basolateral 
chamber of the test system was found to depend on the molecular weight of the 
analyte. Fluorescein sodium, as a model substance for small molecules, was the 
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only sample to completely permeate the tissue within 48 h of measuring. The 
fluorescein sodium flux was significantly different from tested dextrans (p < 0.05). 
Overall, flux for all FITC-dextrans sequentially decreased with increasing 
molecular weight. Permeation of 500 kDa FITC-dextran was measured for 
correlation with in-vivo elimination data and was found to permeate slightly slower 
than the 150 kDa FITC-dextran (Sup. Fig. 4-1). Permeation of charged dextran 
derivates is depicted in Fig. 4-3. Diffusion of anionic FITC-CM-dextran was faster 
compared to unmodified FITC-dextran, but the difference was not significant. 
FITC-DEAE-dextran was observed to diffuse through the synovial membrane at 
not more than 5 % within 48 h, resulting in a considerably slower permeation, 
when compared to the other derivatives (p<0.05). No significant difference (p > 
0.05) could be found, when comparing the permeability using DMEM as acceptor 
fluid or devitalized tissue, to data generated using PBS as acceptor phase (Fig. 
4-4). Neither 10 kDa FITC-dextran nor 150 kDa, representing the smallest and 
largest macromolecule tested, showed any impact of cell viability on diffusion 
respectively. To evaluate the differences of the ex-vivo model compared to 
frequently used artificial membranes, the measured fluxes were normalized and 
plotted against the normalized fluxes obtained from the artificial 50 nm 
polycarbonate membrane. As Fig. 4-5 shows, the use of an artificial membrane 
can over-estimate effective drug clearance from the joint concerning their relative 
quantities. The scatter plot indicates a poor correlation of fluxes, reflected by the 
goodness of fit for the linear regression (R squared = 0.7502). 

  
Fig. 4-2: Cumulative amount permeated of differently sized dextrans (10 kDa, 40 kDa, 70 kDa and 150 kDa 
FITC-dextran) and fluorescein sodium (SM).  
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Fig. 4-3: Cumulative amount permeated of negatively charged 150 kDa FITC-CM-dextran and positively 
charged 150 kDa FITC-DEAE-dextran as compared to uncharged 150 KDa FITC-dextran. 

 

 

Fig. 4-4: Permeation data comparing devitalized tissue (DV) and experiments using either DMEM (fully 
viable over 48 h) or PBS (partly viable over 48 h) as acceptor fluid. No significant differences could be seen 
(p < 0.05) for 10 kDa FITC-dextran (10) and 150 kDa FITC-dextran (150). 
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Fig. 4-5: Scatter plot of flux in synovial explant (EX) and corresponding data with an artificial polycarbonate 
membrane (50 nm) (AM). FITC dextrans ranging from 10 – 150 kDa as well as fluorescein sodium (SM) 
were evaluated. Linear regression (R squared = 0.7502) reflects poor correlation of size discrimination. 

4.6.2 Characterization of the transsynovial permeation of the ex-vivo 
synovitis model 

The metabolic activity of the cells was measured using the MTT assay as a 
surrogate for viability after LPS treatment. The positive control corresponding to 
freshly dissected synovial tissue showed an absorption of 0.429 ± 0.078, which 
was normalized as 100% viability after subtraction of the negative control which 
measured 0.052 ± 0.006. No significant reduction of cell survival was observed 
when incubated in DMEM+FBS, showing an average viability close to 100 % after 
24 h (p > 0.05). LPS incubation for 24 h led to concentration dependent decline 
in viability, being significant for concentrations larger than 5 µg/ml (p < 0.05). 
Values were found ranging from 90% viability (1 µg/ml) to approx. 60% viability 
for 20 µg/ml (Fig. 4-6). After a media change and another 24 h of incubation in 
PBS, viability of all samples including control dropped significantly to 
approximately 50%, to 35% viability (p < 0.05). Yet, except for 10 µg/ml LPS, no 
significant difference (p > 0.05) was observed compared to 0 µg/ml LPS at the 
same time, though the average values tended to decrease with increasing LPS 
concentration. Another decrease of viability was assessed after 48 h in PBS, 
where control was measured to be 45% viable at the end of the test and all LPS 
concentrations showed comparable viabilities around 30% to 25%, again being 
significantly lower than positive control (p < 0.05). Fig. 4-7 shows concentration 
in ng/ml of TNF-alpha normalized by weight of synovial explant (concentration 
per gram of explant) and viable cells (%). TNF-alpha was shown to be 
significantly increased for all concentrations of LPS after 24 h of incubation 
(p<0.05). During the subsequent permeation test, incubation time is prolonged 
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for another 48 h, which culminates in a further rise of TNF-alpha level for 10 and 
20 µg/ml LPS at the measured timepoints. Overall, an increasingly LPS-
dependent segmentation of TNF-alpha concentrations can be observed over the 
course of the permeation test. As shown in Fig. 4-8 TEER of naive synovium 
remained constant over a period of 24 h in DMEM, whereas LPS treated tissue 
electrical resistance decreased with increasing amount of LPS. Though a general 
trend could be observed, only the 24 h value of the 20 µg/ml LPS sample was 
significantly different to the control (p < 0.05) due to high variability of the 
measured data. As seen in Fig. 4-9A the H&E-stained naive synovial tissue slice 
exhibits the characteristic intimal cell layer of 1-4 cells covering a dense 
extracellular matrix of collagenous network. Few cells and occasional blood 
vessels are visible within the subintimal matrix. The ex-vivo synovitis (10 µg/ml 
LPS for 24 h) slice (Fig. 4-9B) shows no signs of hyperplasia of the intimal layer. 
Clustering and infiltration of cells into the ECM as well as tissue defects were 
observed in some samples. However, due to high interindividual variability within 
all samples, a valid assessment of the ex-vivo inflammatory state of the tissue by 
image analysis remains difficult. 

4.6.3 Transsynovial permeability from synovitis model 

Following incubation with 10 µg/ml LPS for 24h, FITC-dextrans, derivates and 
fluorescein sodium were tested to elucidate the impact of inflammation on the 
permeation profile (Fig. 4-10). No significant change was detected for the smaller 
sized molecules, although a small acceleration was observed (p > 0.05). The 
molecular radius is the most relevant factor that defines passive diffusion through 
the joint. Increasing molecular radii led to an asymptotic decrease in flux in both 
naive and synovitic synovium. However, large macromolecules, especially 150 
kDa FITC-dextran but also 70 kDa FITC-dextran and 40 kDa FITC-dextran, 
diffused through the inflamed synovium significantly faster when compared to 
naive tissue (p < 0.05) (Fig. 4-11A). In conclusion, a sequential size-discriminate 
effect was observed within the range of tested molecules. These findings become 
more apparent when comparing the respective flux ratios, indicating an up to 
approximately 2.5-fold acceleration of permeation in inflamed tissue (Fig. 4-11B). 
No differences were observed for the positively charged DEAE-FITC-dextran, 
whereas the negatively charged CM-FITC-dextran was affected similarly as the 
uncharged FITC-dextran (Fig. 4-10). Since large molecules depict most 
considerable differences in permeation with 10 µg/ml, 150 kDa FITC-dextran was 
chosen for additional investigation of different synovitis degrees induced by 
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increasing LPS concentrations (Fig. 4-12A). LPS concentrations of 5 µg/ml or 
greater entail a significant rise in flux (p < 0.05) as compared to the naive control, 
and an overall trend of concentration-dependent sequential arrangement was 
observed, although not all concentrations were significantly different from each 
other (p > 0.05). Low-grade inflammation already leads to a significant rise in flux, 
depicted by the respective flux ratio (Fig. 4-12B). Acceleration culminates in a 
3.7-fold flux rise after incubation with 20 µg/ml LPS. As shown in (Fig. 4-12C+D) 
the addition of protease inhibitors to the 10 and 20 µg/ml LPS incubation media 
was able to prevent acceleration of the 150 kDa FITC-dextran permeation and 
resulted in fluxes not significantly different to the naive synovium flux (p < 0.05). 
Though both concentrations showed the same trend, differences in flux between 
LPS incubation with and without protease inhibitor were only significant for the 20 
µg/ml LPS concentration (p < 0.05). 

  

Fig. 4-6: Viability changes of explant after incubation with 1 µg/ml, 5 µg/ml, 10 µg/ml and 20 µg/ml LPS for 
24 h and during subsequent permeation test, where PBS presents surrounding media at the timepoints 24 h 
(48 h total) and 48 h (72 h) in percent of positive control. *p < 0.05 vs CTRL; #p < 0.05 vs. LPS 0 incubated 
for the same time. 
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Fig. 4-7: Concentration of TNF-alpha normalized by weight of tissue (concentration/gram explant) and viable 
cells (%) as observed in negative control (LPS0) and after LPS incubation with 1 µg/ml, 5 µg/ml, 10 µg/ml 
and 20 µg/ml for 24 h in DMEM and during subsequent permeation test, where PBS presents the 
surrounding media after 24 h (48 h total) and 48 (72 h); *p < 0.05 vs. LPS 0 incubated for the same time. 

 

  

Fig. 4-8: TEER measurement of naive tissue and LPS 10 µg/ml and 20 µg/ml treated synovium over 24 h. 
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Fig. 4-9: H&E-stained synovial tissue. Histological appearance of naive explant (A) and 10 µg/ml LPS 
incubated (24 h) synovium (B). Scale bars are 120 µm. 
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Fig. 4-10: Comparison of dextran permeation in naive tissue and 10 µg/ml LPS ex vivo inflamed (24 h) 
explant for fluorescein sodium (SM), 10 kDa (10), 40 kDa (40), 70 kDa (70), 150 kDa FITC-dextran (150), 
150 kDa FITC-DEAE-dextran (DEAE) and 150 kDa FITC-CM-dextran (CM).  
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Fig. 4-11: (A) Rise in divergence from pathologic to naive flux with increasing molecular size becomes 
perceptible when molecular radius is plotted against flux for arthritic and naive synovium. (B) Flux ratio, 
describing the relative acceleration of permeability for differently sized dextrans (SM=fluorescein sodium; 
10-150 kDa FITC-dextrans). 

 
Fig. 4-12: (A) Cumulative amount permeated of 150 kDa dextran in naive tissue and in different stages of 
arthritic synovium as induced by increasing concentrations of LPS (µg/ml) ex-vivo. (B) Flux for 150 kDa 
FITC-dextran, describing the acceleration of permeation for different concentrations of LPS (µg/ml) to mimic 
increasing grades of synovitis in comparison to naive explant flux. *p < 0.05 vs CTRL (C) Cumulative amount 
permeated of 150 kDa dextran in naive tissue and in arthritic synovium as induced by LPS (10 and 20 µg/ml) 
ex-vivo with and without addition of a protease inhibitors (PI). (D) Flux of 150 kDa FITC-dextran, describing 
the acceleration of permeation after LPS (µg/ml) incubation with and without addition of a protease inhibitors 
in comparison to naive explant flux. *p < 0.05 vs CTRL. 
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4.7 Discussion 
Viability of the synovial explant was assessed in this ex-vivo model using a 
metabolic activity assay. While no reduction of viability was observed using 
DMEM + FBS, viability dropped significantly when PBS was used as the fluid. 
Similar results were observed in previous studies showing more than 80-90% auf 
equine synovium to be viable after several days of culturing in DMEM [29,30]. 
However, in consecutive tests, permeability of differently sized dextrans (10 kDa 
and 150 kDa) appeared to be independent from the state of synovial viability, 
confirming PBS as a suitable acceptor receptor fluid for non-metabolic 
preparations according to the OECD guidelines [31]. These findings are in line 
with the theory of molecular sieving by the porous synovial extracellular network 
rather than cellular processes or intercellular junctions [32]. Yet, viable synovial 
cells offer the prospect of biochemical intervention prior to or during the 
permeation testing to modify the permeation model according to the experimental 
objective. Elimination of macromolecules from the joint gap was often described 
as a non-selective bulk flow into lymphatics [33]. However, more recent studies 
investigating the in-vivo clearance of differently sized macromolecules [34,35] 
report size discriminative transport profiles. Differences in clearance of 
macromolecules may have been underestimated due to complex measurability 
and distinction of in-vivo joint-elimination. Ex-vivo experiments allow a reduction 
of interference factors and a simplification of experimental setup and analytics, 
that allow a more isolated observation of synovial permeability. Dextrans are 
strongly hydrophilic molecules, and their permeation profile is mainly driven by 
passive diffusion and convection. Linear kinetics were found for all tested 
substances until approaching the end of luminal drug depot. Given that 
transsynovial permeability for uncharged molecules relies on steric exclusion 
defined by the dense extracellular matrix, differentiation by molecular size of the 
analyte could be expected. To assess if the ex-vivo model is biorelevant, the 
results of the size-dependent permeation (10 kDa and 500 kDa) ex-vivo were 
correlated to intraarticular elimination of dextrans of the same size after injection 
into naive rat joints as reported by Mwangi et al. [27]. A good correlation (R2 = 
0.9551) was received from the establishment of a linear level A in-vitro-in-vivo-
correlation (IVIVC) (Fig. 4-13A). The IVIVC supports similar relative permeation 
or elimination rates in both systems and therefore the transferability of the results. 
However, in-vivo clearance appears to be considerably faster than the measured 
ex-vivo permeability, necessitating the application of a Levy-plot and 
consequential time scaling for predictive assessments. Differences to diffusion 
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times in-vivo are believed to derive from varying interspecies concentration-to-
surface ratios and diverging thickness of tissue as well as the lack of intraarticular 
pressure and joint movement. Comparably good correlation could not be 
achieved using the artificial membrane (R2 = 0.9066), which thus appears to have 
a lower relevance of the results for in-vivo prediction of the joint residence time 
(Fig. 4-13B). The dextrans tested represent the size range of potential drugs for 
OA treatment and suggest high molecular weight macromolecules as promising 
candidates for prolonged joint residence, as these exhibit fluxes more than 10-
times slower than small molecules. The estimated clearance of differently sized 
proteins in-vivo confirms the determined results and consequently the ex-vivo 
model applicability for permeation testing [35]. The measured ex-vivo permeation 
was compared with an artificial membrane of 50 nm pore size, which was 
assessed by a previous study to most appropriately mimic synovial retention of 
macromolecules [36]. Despite these findings, the poor goodness of fit of the linear 
regression in the respective scatter plot reflects the inaccuracy of measuring joint 
residence time of differently sized molecules using an artificial membrane. This 
is especially true for the 10 kDa-sized macromolecules, indicating a divergence 
in molecular cutoff of the different membranes. The observed discrepancies are 
probably due to the inability of the artificial membrane to represent the in-vivo 
complexity of nanosized biostructures, multi-layer architecture and physiological 
properties, making it a less appropriate research tool for clearance screening of 
differently sized analytes. However, it should be noted that diverging thickness of 
the synovium as a result of the operating procedure leads to longer permeation 
times and herein higher apparent residence times. High molecular weight 
molecules will be more affected than low molecular weight molecules, which 
makes it challenging to translate results across laboratories or species. This 
challenge is seen as a disadvantage to commercially available artificial 
membranes, which tend to generate more reproducible results. To overcome this 
issue, normalization through standard molecules and standardized techniques as 
performed in this work may be applied. Chemical modified derivates of 150 kDa 
dextran, that contain negatively (FITC-CM-dextran) or positively (FITC-DEAE-
dextran) charged functional groups were used to investigate the influence of 
analyte charge on the transsynovial permeation. For the polyanionic CM-Dextran 
no difference could be observed compared to uncharged dextran. Though the 
FITC molecule itself is negatively charged already, a further increase of the 
negative net charge by introduction of the carboxymethyl-group does not appear 
to significantly influence the permeability. In contrast, cationic FITC-DEAE-
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Dextran exhibited considerable reduction in permeability. The anionic 
extracellular matrix of the synovium, as well as the polarization layer formed by 
secreted glycosaminoglycans, creates a high negative fixed charge density 
barrier. As a result, strong association due to electrostatic interaction hinders the 
permeation of the molecule through the synovium. This effect has previously 
been described for the penetration into articular cartilage, where molecules 
appear to either penetrate facile with low cationic net charge or being trapped in 
superficial zones with a high molecular net charge [37]. These findings appear to 
be true for the synovial membrane, likewise, as was shown in the permeation 
experiments and confocal laser scanning microscopy (Data not shown). Both 
cationic and anionic charge exhibited comparable effects on the diffusion of 150 
kDa dextrans in vitreous humor [38], indicating the presence of 
glycosaminoglycans as the main influence of the electro-diffusive permeation. 
Since viable cells provide the potential application of biochemical alteration, a 
pathologic synovitis model to mimic the permeability of an arthritic joint was 
developed by inflammation of the explant and subsequent permeation testing. 
The synovial explant was inflamed using LPS, which has previously been shown 
to increase cytokines in ex-vivo synovium [39]. TNF-alpha was chosen as marker 
cytokine to indicate the degree of inflammation, as it is known to play a key role 
in the pathology of arthritis [40]. TNF-alpha increased in a concentration-
dependent manner, proving the presence of a strong inflammatory response. The 
increase was especially distinct for 10 µg/ml LPS and 20 µg/ml LPS. 
Corresponding TNF-alpha ranges were witnessed by Lu et al., who further tested 
additional inflammatory markers to verify the LPS effect on the synovial explant 
[41]. As expected, no hyperplasia of the intimal layer was detectable by image 
analysis, as no cells can migrate into the tissue ex-vivo, and incubation time is 
insufficient for noticeable mitosis activity, which might be considered as a 
disadvantage of this model. However, as diffusion is believed to be determined 
by passive diffusion through the extracellular matrix, a change of the intimal layer 
thickness is believed to be a less relevant factor for drug permeation studies [21]. 
In-vivo, transsynovial influx from the blood capillaries into the synovial gap 
showed reduced selectivity of the membrane in arthritic state. Permeability to 
large molecules is increased, whereas smaller molecules are little affected [42]. 
Likewise, discrimination of macromolecular permeation was observed in the ex-
vivo model. Despite differences not being as substantial as for the influx, synovitis 
may significantly affect the residence time of a locally injected therapeutic. 
Whereas smaller FITC-dextrans as well as fluorescein sodium were little affected 
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by the inflammatory state of synovium, increasing size of FITC-dextrans 
corresponds with significantly increasing transsynovial permeation. These 
findings become more perceptible by calculating the flux ratio, which describes 
the relative acceleration of transsynovial flux from naive to inflamed state. 
Whereas small molecules result in a flux ratio of approx. 1.0, implying no flux 
increase due to immunogenic effects, 150 kDa dextran undergoes an 
approximately 2.5-fold acceleration when compared to naive synovium. In 
accordance, acceleration of clearance from synovitis was likewise proven by in-
vivo studies for different proteins, being most significant for large molecular radii 
[24,35]. Depending on the state of disease and intraindividual manifestations, 
synovitis may arise from low-grade to highly inflamed states in arthritis. LPS has 
been shown to cause a defective barrier, which results in a concentration-
dependent increase in transsynovial permeability. Even low-grade inflammations 
already showed a decisive acceleration with a 1.7-fold flux increase for 1 µg/ml 
LPS. Maximum increase was observed after incubation with 20 µg/ml with a 3.2-
fold flux. These findings are in agreement with a study of protein clearance in 
canine joint synovitis [24], which describes a 2-3-fold increase in clearance for 
low-grade synovitis as found in arthritis. An increase of inflammatory permeability 
of cartilage was explained by a sharp rise of catabolic enzymes and 
glycosaminoglycan/collagen turnover in LPS treated cartilage within 24 h [43,44] 
leading to massive cartilage matrix break down through NF-κB and PI-3K 
pathways [45]. This hypothesis was tested for transferability to ex-vivo synovium 
by addition of a protease inhibitors to the LPS incubation media. Protease 
inhibitors were able to maintain a flux close to that of naive synovium, suggesting 
that the LPS treatment-induced permeability changes in our synovitis model may 
have their cause in the degradation of the extracellular matrix protein network by 
catabolic enzymes, which, along with glycosaminoglycans, are considered the 
main contributor to synovial hydraulic resistance [46]. Conversely, it was also 
reported that synovial enzymatic depletion of proteoglycans and glycoproteins 
leads to high rates of fluid and macromolecule loss in living joints [32]. Further 
effects such as LPS induced hyperpermeability of the fibroblast-like-synoviocytes 
[47] may play a contributary role. These effects were affirmed by the TEER 
measurements that likewise indicate an altered barrier function of the synovial 
membrane after exposure to LPS. However, it should be noted that the ex-vivo 
synovitis model cannot directly be translated to synovial clearance in-vivo, as not 
all pathologic changes that arise within the joint are covered. The observed 
impact of increased permeability of the synovial extracellular matrix as a diffusion 
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barrier is opposed by an impaired lymphatic drainage due to reorganization of 
lymphatic vessels [48] and hypertrophy, both of which extend the pathlength of 
diffusion (Fig. 4-14). With some studies conversely indicating a prolongation 
rather than acceleration [27], effective clearance may vary from the results 
presented herein, depending on specific state of disease, or applied pathologic 
model, as IA clearance increases at the onset of synovitis and then declines as 
inflammation progresses to a more chronic phase [49]. Nevertheless, the 
simulation of the pathologic synovial permeability allows potential benefits for 
formulation testing and rational development of new intraarticular therapeutics, 
by providing a more relevant model for the determination of drug elimination and 
assessment of retentive strategies, thereby reducing the need for animal 
experiments. 

 

Fig. 4-13: IVIVC of 10 kDa and 500 kDa FITC dextran in the ex-vivo model (A) or the in vitro (artificial 
membrane) model (B) and as quantified via in-vivo imaging after injection into rat joints [27]. Time-scaling 
was performed using a Levy-plot (Sup. Fig. 4-2). Ex-vivo: R2=0.9551, intercept=3.175, slope=1.076. In-
vitro: R2=0.9066, intercept=-2.991, slope=1.030 
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Fig. 4-14: Capabilities and limitations of the ex-vivo synovitis model derive from its resemblance of the 
pathologic processes observed in-vivo, as not all mechanisms may be mimicked within the model. 

4.8 Conclusion 
In this work, an ex-vivo synovial permeation model was employed as a promising 
tool for relevant assessment of the synovial permeability to macromolecules for 
early-stage development of IA injectables. With a level A IVIVC we were able to 
confirm that the ex-vivo model is able to partially simulate the in-vivo permeation 
and supports its biorelevance. Meanwhile, comparable results could not be 
provided by the artificial membranes, that lack the unique two-layered synovial 
architecture and the morphology of the extracellular matrix as diffusion barrier. 
Thus, an improved ex-vivo assessment and screening of promising drug 
candidates or formulations for IA injections is possible without the need for animal 
studies. The proposed model offers the ability to relevantly distinguish multiple 
physicochemical drug parameters and give a valuable insight into the transport 
mechanisms and clearance characteristics of tested IA injectables. Further, the 
use of viable synovial explants offers the prospect of a synovitis model for 
advanced permeability simulations, which cannot be done using artificial 
membranes. LPS has been shown to increase permeability, whereby this effect 
could be antagonized by protease inhibitors, suggesting that inflammation-related 
enzymatic catabolism may play a role in this process. Imitation of the pathological 
state within the proposed ex-vivo model therefore allows elucidation of 
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fundamental permeation kinetics and provides a more relevant insight into 
synovial permeability, as injections are ordinarily applied to pathologic joints.  
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4.11 Supplementary Data 

 

Sup. Fig. 4-1 Cumulative amount permeated of 500 kDa FITC-dextran for IVIVC. 

 
Sup. Fig. 4-2 (A) Levy Plot for in-vivo vs. ex-vivo for a given fraction eliminated or permeated from 10 kDa 

FITC-dextran and 500 kDa FITC-dextran. R2=0,9686, intercept=0.2935, slope=0.1076 (B) Elimination and 

permeation profiles of 10 kDa FITC-dextran and 500 kDa FITC-dextran after time scaling. The panel is 

limited to time equal to 8 h to facilitate viewing the overlapping of the processes [27]. (C) Levy Plot for in vivo 

vs. in vitro (artificial membrane) for a given fraction eliminated or permeated from 10 kDa FITC-dextran and 

500 kDa FITC-dextran. R2=0.5363, intercept=0.5809, slope=0.9862. (D) Elimination and permeation profiles 

of 10 kDa FITC-dextran and 500 kDa FITC-dextran after time scaling for the artificial membrane.  
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5.1 Graphical abstract 

5.2 Abstract 
Polymer-based formulations present an attractive strategy in intraarticular drug-
delivery to refrain biologicals from early leakage from the joint. In this study, co-
formulations of hyaluronic acid and polyvinylpyrrolidone were investigated for 
their potential as viscosupplements and their influence on the transsynovial loss 
of adalimumab. For this purpose, polymer mixtures were evaluated for their 
viscosity and elasticity behavior while their influence on the permeation of 
adalimumab across a porcine ex-vivo synovial membrane was determined. 
Hyaluronic acid showed strong shear thinning behavior and exhibited high 
viscosity and elasticity at low motions, while combinations with 
polyvinylpyrrolidone provided absorption and stiffness at high mechanical stress, 
so that they can potentially restore the rheological properties of the synovial fluid 
over the range of joint motion. In addition, the formulations showed significant 
influence on transsynovial permeation kinetics of adalimumab and hyaluronic 
acid, which could be decelerated up to 5- and 3-fold, respectively. Besides 
viscosity effects, adalimumab was retained primarily by an electrostatic 
interaction with hyaluronic acid, as detected by isothermal calibration calorimetry. 
Furthermore, polymer-mediated stabilization of the antibody activity was 
detected. In summary, hyaluronic acid - polyvinylpyrrolidone combinations can 
be efficiently used to prolong the residence of adalimumab in the joint cavity while 
simultaneously supplying viscosupplementation.  

5.3 Keywords  
intraarticular injection, hydrogel, ex-vivo, diffusion, viscosupplementation 
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5.4 Introduction 
The synovial joint cavity is filled with synovial fluid, which in a healthy state is 
responsible for preventing damage and wear to the adjacent cartilage surfaces. 
The anionic glycosaminoglycan hyaluronic acid (HA) is the major hydrodynamic 
component in synovial fluid for its unique viscoelastic properties and lubricating 
capabilities [1]. In the course of osteoarthritis (OA), however, HA is degraded, 
which leads not only to a depression of viscosity and a resulting intensified 
mechanical stress on the chondral tissue [2], but HA fragments might even further 
stimulate inflammatory processes [3].The intraarticular (IA) injection of high 
molecular weight HA into diseased joints has been shown to be effective in 
reducing pain and improving function in a broad spectrum of osteoarthritic 
patients [4]. The primary effect of HA is presumably mediated by increasing 
viscosity and restoring the natural lubrication and shock absorption of the 
pathologically altered synovial fluid, a therapy commonly referred to as 
viscosupplementation [5]. Nevertheless, further effects, such as anti-
inflammatory, cytoprotective and immunoregulatory properties on disease 
progression must be assumed due to the limited residence time of exogenous HA 
and have since been confirmed in several research studies [6]. Despite the 
positive and well-established clinical experience with IA injections of HA, novel 
formulations made of chemically altered HA or artificial polymers as 
viscosupplements are being explored to further improve their performance for 
OA-therapy. Thereby, the objective is to extend the retention time of the 
viscosupplements, to optimize the tribological and rheological properties or to 
implement additional functionalities, such as a controlled drug transport [7]. 
However, as was concluded by a recent review on HA mediated drug delivery, 
there is still a need for research and development on biomaterials that can 
lubricate joint tissue with minimal inflammation by delivering HA in a sustained 
and prolonged manner [8]. Polyvinylpyrrolidone (PVP) is a biocompatible polymer 
with excellent solubility that has been approved by the FDA for parenteral 
administration (K12 PF and K19 PF) due to its low toxicity and long experience 
in pharmaceutical applications. [9]. Various studies have demonstrated excellent 
lubricating properties through formation of thin films for long-chain PVPs [10,11], 
so they have been successfully used in various medical applications, including 
the lubrication of artificial joints after total knee arthroplasty [12]. Moreover, there 
are early preclinical and clinical studies investigating viscosupplementation with 
15% PVP solutions and observing, similar to HA, beneficial effects on the 
rheological properties of synovial fluid as well as on immunological processes 



5 Co-formulations of adalimumab with hyaluronic acid / polyvinylpyrrolidone 
to combine intraarticular drug delivery and viscosupplementation 
 

95 

 

[13,14] and more recent studies that investigated the suitability of PVP containing 
hydrogel formulations for use as cartilage replacement on artificial bearing 
surfaces [15,16]. The blending of polymers enables the directed composition of 
materials that contribute different rheological properties to the polymeric solution 
[17]. In this study, we investigate the interplay of the two polymers HA and PVP 
concomitantly formulated, both of which have been shown to be appropriate 
candidates for IA application, in a systematic and concentration-dependent 
manner and evaluate their suitability as viscosupplements by means of a design 
of experiment (DOE). However, since viscosupplementation is considered to be 
only one cornerstone of a successful therapy, the aim here was to incorporate an 
active pharmaceutical ingredient (API) into the viscosupplement formulations that 
simultaneously benefits from the polymer solution viscosities of HA and PVP in 
view of a prolonged availability in the synovium. Since local chronic inflammation 
is considered one of the main causes of knee pain in OA [18], TNF-α, among IL-
1, IL-6 and IL-17, is regarded as key cytokine for the onset and pathogenesis of 
osteoarthritis and the process of cartilage destruction [19] and can be efficiently 
targeted with approved antibodies, such as Adalimumab (ADA). Clinical trials and 
case studies reported therapeutic benefit of systemic ADA antibodies in OA, 
which improved patients' pain, stiffness and joint swelling [20,21]. The treatment 
of arthritic diseases by biologics provides a targeted and well tolerated therapy 
for reduction of the inflammatory processes in the joint [22]. Yet, in contrast to 
rheumatoid arthritis, no cytokine targeted therapy for osteoarthritis has been 
approved to date. As usually only few joints are affected, local injections into the 
joint space allow the dose to be reduced while at the same time increasing the 
amount of active ingredient at the actual site of action, thereby reducing systemic 
availability of the highly potent drug. However, rapid clearance into surrounding 
blood capillaries and lymphatics is the defining issue to consider when developing 
an intra-articular formulation [23]. The joint residence time of proteins is typically 
a few hours or less [24], which has been shown to be too short for an effective 
duration of action, necessitating frequent injections to achieve the desired 
therapeutic effect [25]. For this reason, in addition to the rheological investigation 
of the viscosupplements, this study also evaluates the formulation’s potential to 
increase the effective residence time of the antibody ADA and HA in the joint 
cavity. For the evaluation of the different viscosupplement mixtures, viscosity and 
viscoelastic properties were measured as important flow parameters 
characterizing the ability to provide fluid-film lubrication in the synovial joint and 
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as a potentially paramount factor the retention of ex-vivo permeation across a 
porcine synovial membrane was analyzed for ADA and HA. 

5.5 Materials and methods 

5.5.1 Reagents and Materials 

Adalimumab was obtained from the commercially available product HUMIRA® 
(50 mg/mL) (Abbott Laboratories). Hyaluronic Acid (HA) with an approximate MW 
of 2400-3600 kDa and a polydispersity index (PDI = MW/MN) of 1.08 was received 
from Ferring Pharmaceuticals (Parsippany, USA). Polyvinylpyrrolidon K90 F 
(PVP) with an approximate MW of 1000-1500 kDa and a PDI of 3.1 was received 
from BASF (Ludwigshafen, Germany). Dulbecco minimum essential media 
(DMEM), fetal bovine serum (FBS) and Penicillin, Streptomycin and Amphotericin 
B solution was purchased from Merck (Darmstadt, Germany). Fluorescein 
isothiocyanate 5/6 isomers were purchased from Merck (Darmstadt, Germany). 
150 kDa FITC-dextran was purchased from Merck (Darmstadt, Germany). 
Ethylenediamine and N-ethyl-N’-(3-dimethyl-amionopropyl) carbodiimide were 
purchased from Merck (Darmstadt, Germany). Human TNF-α recombinant 
Protein was purchased from Biomol (Hamburg, Germany). All Chemicals used 
for preparation of buffers were of analytical grade. Deionized water was used 
throughout the experiments. Pig feet of Class E pigs (Regulation EU No 
1308/2013), 5-7 months old, were obtained from a local commercial 
slaughterhouse (following routine slaughtering procedures) and were freshly 
used for the excision of the synovial membranes.  

5.5.2 Design of experiments (DOE) 

A quadratic central composite design was created in order to establish a 
polynomial response surface graph using Design-Expert® (Stat-Ease, USA). 
Numeric factors were: HA from low 0.0 mg/mL to high 20.0 mg/mL and PVP from 
0.0 mg/mL to 300.0 mg/mL, which resulted in 9 different blends (HA10, HA20, 
PVP150, PVP300, PVP150HA10, PVP300HA10, PVP150HA20, PVP300HA20, 
Solution) (Tab. 5-1). The concentration ranges cover the spectrum in which the 
polymers have previously been clinically tested. Responses were: the ex-vivo flux 
of ADA, the ex-vivo flux of HA, ZSV, STI, G’ at 2.5 Hz, tanδ at 2.5 Hz and 
syringeability (23 G needle). All experiments were conducted in a randomized 
order and in triplicate. The collected data were modeled, and plots were 
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constructed using the same software. Correlations of the different factors and 
responses were calculated using Pearson multiple variables analysis. 

Tab. 5-1: Composition and ratio of the investigated mixtures of HA and PVP. 

Formulation HA (mg/mL) PVP (mg/mL) Ratio (PVP/HA) 
HA10 10 0 / 
HA20 20 0 / 
PVP150 0 150 / 
PVP300 0 300 / 
PVP150HA10 10 150 15 
PVP300HA10 10 300 30 
PVP150HA20 20 150 7.5 
PVP300HA20 20 300 15 

5.5.3 Preparation of the ADA loaded HA/PVP formulations 

Based on the precedent design of experiments, 9 blends of HA and PVP with 2.5 
mg/mL ADA each were prepared. The mixture stirred for 4 h using a RW 20 digital 
overhead stirrer at 100 rpm (IKA, Germany). After air bubbles have been removed 
by centrifugation, the mixture was left to swell overnight at 4 °C.  

5.5.4 Rheology 

To determine the formulation rheology, a HAAKE RheoStress® 1 (Haake, 
Karlsruhe, Germany) rheometer was used with a cone-plate geometry (25 mm 
diameter, 1 ° cone angle). The temperature was kept at 37 °C for all experiments. 
To better assess the measured values, aspirated porcine synovial fluid was also 
measured and compared with the polymer blends to classify their suitability for 
viscosupplementation. A shear rate sweep was performed at logarithmic interval 
from 0.01-500 s-1 and subsequent reversed from the maximum shear rate to 0.01 
s−1. Each test was run in triplicate. The obtained viscosity data points were fitted 
using Carreau-Yasuda model to generate the zero-shear-viscosity (ZSV) using 
RheoWin® Software (Thermo Haake, Karlsruhe, Germany) software. 
Furthermore, a shear thinning ratio (STR=η0/η300) was calculated from the 
measured ZSV and the viscosity at 300 s-1 to obtain an index representing the 
extent of shear thinning, as previously introduced for the characterization of 
synovial fluid samples [26,27]. All blends were measured with and without ADA, 
and a ZSR ratio was calculated. To evaluate whether labeling modified the 
rheological behavior of the HA, naive and labeled HA were additionally compared 
in a shear rate sweep. For assessment of the viscoelastic properties of the 
viscosupplements, a frequency sweep was performed at a logarithmic interval 
from 0.1 to 100 Hz at a low strain of 0.1 %, which was preliminarily determined to 
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ensure a linear shear response. For ease of comparison, the elastic moduli G' 
are stated for a frequency of 2.5 Hz. This corresponds approximately to the 
expected movement during running and has been established as a comparative 
parameter in previous works [28]. Additionally, the loss factor tanδ (G’’/G’) is 
compared as a surrogate for elastic or viscous-like behavior of the 
viscosupplements. Syringeability was tested using a custom build extension for 
the Texture Analyzer TA-HDi (Stable Micro Systems, UK) equipped with a 500 N 
loading cell, in which a BD Luer-Lok 1 mL syringe (BD, Franklin Lakes, USA) can 
be attached with downward needle. The syringe was filled with the formulation 
and a Sterican® needle (B.Braun, Melsungen, Germany) of 23G size (0.60 x 25 
mm) was screwed on the syringe tip. The measurement was performed using the 
compression mode at a velocity of 1 mm/s representing the manual syringe 
delivery to the patient [29] over a distance of 20 mm. The average maximum 
injection force was calculated of triplicate measurements.  

5.5.5 Conjugation of fluorophores 

Adalimumab was labeled with fluorescein isothiocyanate (FITC) for the ex-vivo 
permeation studies in an adapted method of the manufacturer’s instructions. To 
remove unbound dye, the labeled antibody was purified by centrifugation using a 
PD Miditrap G-25 column (Merck, Darmstadt, Germany) according to the 
manufacturer recommendation. The molarity of the protein and degree of labeling 
was determined by UV-measurement with a Genesys 10S UV/VIS 
Spectrophotometer (Thermo-Fisher, Waltham, USA). FITC-labelled HA without 
significant change in molecular weight was prepared by introduction of 
ethylenediamine by carbodiimide reaction and subsequent FITC coupling as was 
previously reported [30]. After reaction with ethylenediamine and N-ethyl-N’-(3-
dimethyl-amionopropyl) carbodiimide the mixture was dialyzed against distilled 
water. The HA derivative was then labeled using the same protocol as ADA and 
dialyzed again. Finally, the FITC-HA solution was freeze-dried and following 
reconstitution the labeling degree photometrically was determined and viscosity 
was measured as explained below. 

5.5.6 Ex-vivo transsynovial permeability 

The permeability through a porcine ex-vivo synovial membrane was measured in 
a Franz-Cell model as previously described [31] with an orifice diameter of 
1.0 cm, resulting in a total diffusional area of 0.785 cm2. Before each experiment, 
the lower limbs of domestic pigs were obtained on the day of slaughter and the 
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synovial tissue from the articulatio metacarpophalangicus was dissected 
contiguously. The membrane was attached to a thin ring to avoid any movements 
during the permeation test. Basolateral-representing chamber, containing DMEM 
with 5% FBS, 1% antibiotics and antimycotics as acceptor media, and luminal-
representing chamber were separated by the harvested porcine synovium. 0.2 
mL of each formulation containing either FITC-labelled ADA or HA was applied 
on the donor cell and samples were drawn over 48 h at predetermined intervals. 
Sink conditions were maintained as the analyte concentration in the basolateral 
chamber did not exceed 10% of its saturation solubility. To evaluate the effects 
of ADA and HA interaction on the permeation, a 150 kDa-sized FITC-dextran was 
additionally tested with all formulations. Quantification of the analytes was 
performed utilizing a plate reader (PerkinElmer EnSpire®) at an excitation of 
490 nm and an emission of 525 nm for FITC-labeled molecules. All permeability 
experiments were performed with n=6. The cumulative amount permeated is 
calculated according to the equation 

𝑀𝑀𝑖𝑖 = 𝑉𝑉𝑠𝑠�𝐶𝐶𝑖𝑖−1

𝑡𝑡−1

𝑖𝑖=0

+ 𝑉𝑉𝐴𝐴𝐶𝐶𝑡𝑡 

where VA is the total volume of the acceptor chamber, Ct is the concentration at 
each sampling time, VS is the volume of the withdrawn sample and Ci represents 
the concentration of analyte at time i. The so calculated mass was subsequently 
divided by the diffusional area. Plots of cumulative permeation amount per area 
against time were derived, and the percent permeation amount of the applied 
dose was calculated. Fluxes were determined from the slope at steady state 
computed by linear regression and thus describe the mass diffused through the 
membrane per time and area in µg/(cm2*h). The flux is considered as a surrogate 
parameter for the permeability of the synovial membrane for ADA and HA, 
respectively. 

5.5.7 Isothermal titration calorimetry 

An interaction of the ADA or dextran with HA was evaluated by measuring binding 
associated thermal changes by isothermal titration calorimetry (ITC) of each 
molecule using a high-sensitivity Microcal isothermal titration calorimeter (VP-
ITC, Northampton, MA). For this purpose, all solutions were degassed under 
vacuum prior to measurement to remove any gas bubbles that might be present 
using the Themovac-2 sample degasser and thermostat. The cell was filled with 
1.43 mL of ADA solution at a concentration of 50 µM in 0.1x PBS buffer. The 
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syringe was loaded with 25 µM HA (150 kDa sized to allow the measurement at 
reasonable viscosities) solution in the same buffer. Titration was performed at 
298.15 K by making 30 injections of 10 μl every 180 s at a rate of 30 μl/min while 
the sample was stirred in the measurement well at 310 rpm. Data was analyzed 
using Origin® Microcal 5.0. ITC raw data were integrated, and the binding 
isotherm was plotted from the computed values. A curve was fitted using the ‘two 
sets of sites’ binding model and the respective parameters were calculated, since 
both binding of the protein to the polymer and dissociation lead to heat changes. 
All measurements were corrected by subtraction of heat of dilution, which was 
determined by titrating HA into buffer.  

5.5.8 Activity of ADA in presence of HA and PVP 

To assess the binding activity of the ADA to TNF-α in the presence of the 
polymers, a direct fluorophore-linked immunosorbent assay (FLISA) was 
performed, which was adapted from a previously developed ELISA for the 
detection of ADA [32]. For this purpose, 25 µg/mL FITC-ADA was mixed with 0.2 
mg/mL HA, 3 mg/mL PVP or 0.2 µg/mL HA and 3 mg/mL PVP, which corresponds 
to the same ratio of protein to polymer as in the higher concentration formulations. 
All samples were prepared with n=9 and incubated at 37° C for 48 h. A 96 high 
protein binding well plate (NUNC Maxisorp™, Thermo-Fisher, Waltham, USA) 
was incubated overnight with 1 µg/mL TNF-α at 4 °C. After blocking the remaining 
protein binding sites with BSA for 2 h at RT. Following three-times-washing with 
PBS containing 0.05 % Tween 20, 1:100 diluted standards and samples were 
pipetted into the wells in duplicates. Samples were allowed to incubate for 1.5 h 
at RT in an orbital shaker, after which the plate was washed again as previously 
described. Subsequently, 100 µL of PBS was added to the wells and the 
fluorescence of the bound ADA was measured using a plate reader (PerkinElmer 
EnSpire®) at 490 nm / 525 nm. 

5.5.9 Statistical analysis 

Data was presented as mean ± standard deviation. Permeation of the analytes 
was assessed using their flux as calculated from linear regression. Normality was 
analyzed by Box-Cox plot and transformation of data was applied for statistical 
tests according to the calculated λ-value. Statistical significance was determined 
by one-way analysis of variance test (one-way ANOVA) followed by Dunnett’s 
multiple comparison test. Differences were considered significant at p<0.05. 
Statistical analysis was performed using GraphPad Prism® 8 software. Analysis 
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of the DOE and establishment of response surface graphs was performed in 
DesignExpert®12. 

5.6 Results 

5.6.1 Rheology of HA/PVP mixtures 

Strong non-Newtonian behavior was observed for synovial fluid and all 
viscosupplement samples, except for the preparations containing only PVP, 
which showed nearly constant viscosity over the range of measured shear rates 
(Sup. Fig. 5-1). From the profiles of the different formulations, it can be seen that 
HA, in particular, increases the viscosity at low shear rates, while the addition of 
PVP rather impacts the viscosity at high shear rates. Porcine synovial fluid 
exhibited a ZSV of 33 ± 9 Pas and non-significantly different ZSVs were obtained 
for HA10 and PVP30 (Fig. 5-1A), while significantly larger ZSVs were in particular 
measured for all formulations with HA20 (p<0.0001). A Pearson correlation (Fig. 
5-2) of the ZSV with the concentrations of HA and PVP shows a better correlation 
to the amount of HA (r=0.83) than to the one of PVP (r=0.25). ZSV was found to 
significantly decrease for HA containing formulations after addition of ADA (Fig. 
5-3A) where HA10 is affected the most and decreased by a factor of 
approximately 4. Non-Newtonian shear thinning behavior was observed in the 
synovial fluid sample described by a large shear-thinning-index (STI=η0/η300) of 
214 ± 40 (Fig. 5-1B). Whereas PVP samples decreased the index (r=-0.43), as 
its viscosity decreases only marginally with increasing shear, HA showed a large 
positive correlation to the STI (r=0.80). All tested formulations were significantly 
different from the synovial fluid STI (p < 0.05) with HA10, PVP150HA20, and 
PVP300HA20 still being relatively close to the value for synovial fluid. The 
viscoelastic properties of the viscosupplements were evaluated on the basis of 
parameters relevant to the joint. At a frequency of 2.5 Hz, which approximately 
corresponds to motion of running, the elastic moduli G’ of HA10, PVP150, 
PVP300 and PVP150HA10 were insignificantly different from synovial fluid (p < 
0.05) (Fig. 5-3B). The loss factor tanδ of HA20 at a frequency of 2.5 Hz (Fig. 
5-3C) was the only one that showed no significant difference to the porcine 
synovial fluid (p > 0.05). However, with the exception of the pure PVP 
viscosupplements, all other formulations, especially HA10 and PVP150HA20, 
were in the same range with values tanδ<1, showing predominantly elastic 
behavior. PVP150 behaved more like a viscous fluid, since G'<G'' (tanδ >1) is 
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present. With increasing PVP concentration, the elastic character of the 
viscosupplements increases, with tanδ >1 still remaining. For most of the 
viscosupplements, the elastic behavior increases with increasing frequency, so 
conversely a crossover (tanδ=1) can be observed at low frequencies, or a trend 
of the dynamic moduli indicated the existence of a crossover point at frequencies 
below 0.1 Hz (Sup. Fig. 5-2). For all HA-containing formulations, this crossover 
point was found below a frequency of 0.5 Hz and moreover HA does not 
significantly increase the syringeability compared to water (p > 0.05) at both 
concentrations, though a trend may be observed with increased polymer 
concentration (Sup. Fig. 5-4). PVP150 and PVP300 were found significantly 
harder to inject leading to injection forces in the range of 25 N. Similarly, HA10 
formulations showed over additive and significantly increased syringeability for 
PVP150HA10 and again for PVP300HA10 compared to HA10 alone and likewise, 
HA20 syringeability is significantly increased by the addition of PVP150l and 
PVP300. 
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Fig. 5-1 (A) Zero shear viscosity (ZSV) in Pas of the polymeric blends as calculated using Carreau-Yasuda 
regression. (B) Shear thinning index (η0/η300). Grey area shows range of measured ZSV for human healthy 
synovial fluid [2]. Mean ± SD; n=3; ANOVA + Dunnett’s multiple comparison test; significant differences: ‘*’ 
(p < 0.05), ‘**’ (p < 0.01), ‘***’ (p < 0.001) compared to synovial fluid. 
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Fig. 5-2 Pearson r multiple variables correlation of the different factors and responses analyzed. 
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Fig. 5-3 (A) Ratio of zero shear viscosity (ZSV) describing the relative decrease of ZSV caused of addition 
of ADA to the sample. Mean ± SD; n = 3. (B) Elastic modulus (G’) and (C) loss factor tan δ (G’’/G’) at 2.5 Hz 
(‘Run’) as measured by oscillatory rheometry. Grey area shows the range of measured values for human 
healthy synovial fluid [56]. The dotted line equals 1, which is the value that divides mostly elastic samples 
and mostly viscous samples. Mean ± SD; n=3; ANOVA + Dunnett’s multiple comparison test; significant 
differences: ‘*’ (p < 0.05), ‘**’ (p < 0.01), ‘***’ (p < 0.001) compared to synovial fluid. 
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5.6.2 FITC-HA ex-vivo transsynovial permeability 

HA was labeled with a degree of labeling of approximately 0.0096 molecules dye 
per monomer and FITC-HA (10 mg/mL) was found to exhibit the same rheological 
properties as the unmodified HA (data not shown). As to be seen in Fig. 5-5A 
addition of PVP150 to HA10 showed no significant decrease in flux, whereas a 
further increase of PVP concentration to 300 mg/mL decreased the flux 
significantly (p < 0.05). HA20 flux was significantly decreased by both PVP 
concentrations (Fig. 5-5B). However, in between PVP150HA20 and 
PVP300HA20 no significant difference was found (p > 0.05) though a trend with 
increasing concentration of PVP may be observed (Fig. 5-5C). The response 
surface graph (Fig. 5-6C) shows that a minimum HA flux was achieved by 
combining high HA and PVP concentrations. No significant interaction was found, 
which would influence the permeation of HA (p > 0.05). 

5.6.3 FITC- ADA and FITC 150 kDa ex-vivo transsynovial permeability 

When ADA was labeled with FITC the degree of labeling was of 7.81 molecules 
dye per protein. No significant difference was observed for ADA alone on 
transsynovial permeation whether synovial fluid or buffers were in the donor 
chamber (Sup. Fig. 5-3). The fluorescence labeled biological ADA was generally 
found to permeate through the porcine ex-vivo synovium with linear kinetics and 
its flux could be slowed down by adding either PVP or HA or both polymers. 
PVP150 did not significantly affect the ADA flux, where with PVP300 less than 
half of the cumulated mass was recovered from the acceptor compartment  
(Fig. 5-4A). The flux of the 300 mg/mL formulation was significantly lower than 
both ADA solution and 150 mg/mL formulation (p < 0.05). The presence of HA10 
did significantly decelerate the permeation of ADA compared to its solution and 
this effect was stepwise further enhanced with increasing PVP concentrations 
(Fig. 5-4B). HA20 further decreased the permeation of ADA significantly as 
compared to H10 however, other than for HA10 addition of PVP let to a 
significantly higher flux of ADA, though PVP150HA20 flux was yet higher than 
PVP300HA20 (p < 0.05) (Fig. 5-4C). The calculated fluxes (Fig. 5-4D) reveal 
that, except for PVP150, all formulations were able to significantly slow down the 
permeation of ADA. The highest overall retention was achieved with the 
formulations HA20 and PVP300HA10, which were able to decelerate the 
permeation by a factor of approximately 5. In the response surface plot ADA flux 
minima were calculated for the region of HA 10.28 mg/mL and PVP 300 mg/mL 
(flux = 0.816 µg/cm2/h) and for the region of HA 16.06 mg/mL and PVP 
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3.73 mg/mL (flux = 0.803 µg/cm2/h) (Fig. 5-6B). Both factors as well as their 
interaction were proven to be significant with regard to their influence on the ADA 
flux in the quadratic model (p < 0.05). In contrast, the 3D-surface plot of 150 kDa 
dextran showed a different shape and a noticeably lower influence of HA on the 
flux of dextran compared to ADA (Fig. 5-6A). This is also shown by the finding 
that only the normalized dextran flux values for the HA10 and HA20 formulations 
differ significantly from the normalized fluxes of ADA (Fig. 5-7).  

  

  
Fig. 5-4: Cumulative amount permeated of ADA through ex-vivo synovium as solution and with addition of 
viscosity modifying additives. (A) Comparison of ADA permeation alone and with different concentrations of 
PVP (B) Comparison of ADA permeation alone and with 10 mg/mL HA and different concentrations of PVP 
(C) Comparison of ADA permeation alone and with 20 mg/mL HA and different concentrations of PVP (D) 
Flux of ADA describing the deceleration caused by the polymer mixture. Mean ± SD; n=6; ANOVA+ 
Dunnett’s multiple comparison test; significant differences: ‘***’ (p < 0.001) compared to Solution. 
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Fig. 5-5 Cumulative amount permeated of HA through ex-vivo synovium alone and with addition PVP 90. 
(A) Comparison of HA 10 mg/mL permeation alone and with different concentrations of PVP (B) Comparison 
of HA 20 mg/mL permeation alone and with different concentrations of PVP (C) Flux of HA describing the 
deceleration caused by the PVP mixture. Mean ± SD; n=6; ANOVA+ Dunnett’s multiple comparison test; 
significant differences: ‘***’ (p < 0.001) compared to HA10. 
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Fig. 5-6 3D Surface response plot showing the effect of HA (X1) and PVP (X2) on ex-vivo flux of dextran 
150 kDa (Y1) (A), ADA (B) or HA (C) respectively.  
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Fig. 5-7 Normalized flux of ADA through the ex-vivo synovium compared with the normalized flux of dextran 
150 kDa. Mean ± SD; n=6, Multiple t-test; significant differences: ‘*’ (p < 0.05), ‘***’ (p < 0.001), DEX vs. 
ADA. 

5.6.4 Isothermal titration calorimetry 

Binding isotherms of HA and ADA was found biphasic (Fig. 5-8A). After the 
resulting heat first slowly declined, it reached a minimum from which it increased 
sigmoidally and approaches zero. The evolved parameters resulted in a negative 
value of enthalpy (ΔH) for both binding sites (Sup. Tab. 1). In contrary, binding 
isotherms with dextran and HA showed values close to zero which suggested 
that no or very little binding occurs between the molecules at the relevant mixing 
ratios (Fig. 5-8B). As a consequence, no model could be fitted, and no binding 
parameters could be developed for dextran. 
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Fig. 5-8 ITC results showing the binding isotherm of HA with ADA (A) after subtraction of the heat of dilution 
and of HA with dextran 150 kDa (B) after subtraction of the heat of dilution. Binding isotherm obtained by 
integration of the raw ITC data (Sup. Fig. 5-5). The solid line represents the best-fit curve generated from a 
‘two set of sites’ binding model. 

5.6.5 ADA activity in presence of polymers 

The measured concentration of TNF-α bound ADA after incubation for 48 h at 37° 
C was 17.3 ± 1.6 µg/mL for the solution which corresponds to approximately 70% 
activity (Fig. 5-9). No significant difference was observed by addition of HA alone 
(p > 0.05), though the activity of the polymer solution was measured higher than 
that of the control solution. In contrast, the addition of PVP resulted in a 
significantly higher activity of ADA (p < 0.05). 
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Fig. 5-9 Activity of active ADA to bind TNF-α in presence of polymers after 48 h of incubation at 37° C. 25 
µg/ml equals 100% activity compared to directly measured ADA solution. Mean ± SD; n=9; ANOVA+ 
Dunnett’s multiple comparison test; significant differences: ‘***’ (p < 0.001) compared to solution. 

5.7 Discussion 

5.7.1 Rheology 

The ZSV of healthy human synovial fluid was reported in the area of 6-175 Pas 
with a STI (η0/η300) of 70-250, whereas arthritic synovial fluid shows ZSVs from 
0.1-1 Pas and a STI of 5–40 [2]. From these digits it becomes clear that the aim 
of viscosupplementation is to restore or augment the rheological properties of 
healthy synovial fluid. Most tested viscosupplements were insignificantly different 
as compared from the measured porcine synovial fluid and fell into the region 
described for human synovial fluid. Exceptions were the formulations with HA20, 
which due to the formation of a dense network, led to a sharp increase in ZSV 
that could be further increased by the addition of PVP. HA’s intermolecular 
interactions via hydrogen bonds increase with its concentration or its longer 
polymer chains leading to more entanglements, so that higher concentrations as 
well as higher molecular weights cause an increase in ZSV [33]. For evaluation, 
it should be considered that, besides restoration of healthy synovial fluid 
rheological properties, there are no generally accepted rheological target values 
for the development of viscosupplements. Hence, higher viscosities than synovial 
fluid, which can for instance be achieved by cross-linking HA [34], likewise 
provided beneficial therapeutic effects in clinical trials. Shear thinning behavior 
was in the range of healthy human synovial fluid for HA10, PVP150HA10 and 
PVP300HA20. PVP alone exhibited an almost Newtonian behavior over the 
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measured shear rate range with an STI close to 1, which indicates that no network 
is formed by interaction of the polymer chains. While this property seems 
undesirable at first, PVP was yet evaluated favorable in the therapy of OA in 
clinical studies [13], possibly due to the excellent tribological and film building 
characteristics of the polymer solution [12,35], which likely enhances the 
physiological superficial layer covering the articular surface [4]. Since optimal 
articular lubrication is expected to be mediated by the synergistic action of fluid 
film lubrication and boundary lubrication [36,37], combination of the lubricants HA 
and PVP may provide these exact characteristics due to their different tribological 
properties. In addition, a higher viscosity at high shear rates can be advantageous 
from the perspective of cartilage protection under high load, where the surfaces 
remain more effectively preserved during stronger movements and further 
articular destruction may be prevented, which is also the rationale for the use of 
PVP in arthroplasty [16]. A low STI may further have an influence on the release 
of API from the viscosupplements under load and thus retain the depot effect of 
the viscosupplement formulation. These qualities are contrasted with the 
syringeability of the formulation, which, however, was measured to be adequate 
(26-50 N), for the viscosupplements containing PVP300 or even easy to very 
easy (<25 N) for all other viscosupplements [38]. During walking, running or 
jumping, a fast frequency and therefore mechanical stress is applied to the 
articular surfaces, which could be simulated by oscillatory measurements. The 
objective of the synovial fluid or viscosupplement is to absorb this mechanical 
stress through its rigidity and elasticity. Generally, a fluid with a tanδ <1 behaves 
like an elastic body, that absorbs the mechanical energy and thus protects the 
cartilage tissue from possible mechanical damage. In addition, it has been 
discovered that elastic behavior led to a pain relief through desensitization of the 
mechanosensitive apparatus of nociceptors in the synovial tissue [39]. All 
viscosupplements showed at least equivalent rigidity to the synovial fluid, as can 
be taken from the elastic modulus values at 2.5 Hz, with only PVP150 being an 
exception. The formulations containing only PVP also show a tanδ >1, which, as 
described above, is also not considered ideal for the shock absorption of the joint. 
Thus, from a rheological perspective, PVP alone is not an optimal VS. However, 
as a blend with HA, it is able to increase its stiffness and viscosity under load, 
thus enabling a rational design of the VS by synergistic rheological combination. 
This is especially true since for all HA-containing formulations the crossover point 
was found to be below a frequency of 0.5 Hz, which is generally considered to be 
the transfer of energy as experienced to cartilage surfaces during walking, which 
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implies that elastic behavior was predominant over the relevant range of joint 
motion. 

5.7.2 Transsynovial permeability 

The potential of VSs to sensitively control drug diffusion of macromolecular APIs 
such as ADA and thus their residence time in the joint space is also important to 
consider. ADA solutions permeate the synovial membrane with linear kinetics, 
which leads to the assumption of passive diffusion as the major path of ADA joint 
elimination, with no or little cellular processes contributing. As synovial 
permeability is dependent on the size of the molecule [40,41], ADA permeates 
slightly faster across the ex-vivo membrane than the 150 kDa dextran since, 
despite a comparable MW, it has a reported smaller hydrodynamic radius than 
the polysaccharide due to its secondary folding [42]. Although in our experiment 
no difference was found between SF and buffer on the permeation of ADA alone, 
the complex composition of the antibody in vivo could still be influenced by the 
properties of the SF, especially since their effect in combination with the different 
formulations was not evaluated separately. Addition of PVP leads to a 
concentration dependent deceleration of both ADA and dextran diffusion to 
similar extends. The restriction in mobility of the different macromolecules in the 
PVP formulations can be directly correlated to the increased ZSV as described in 
the Stokes-Einstein equation, with polymeric chains acting as obstacles and that 
alter the motion of the molecule [43]. In contrast, the pure HA hydrogel shows 
significant differences in the influence of the dextran and ADA. While the 
permeation of dextran is only marginally affected, a decrease in the transsynovial 
flux of ADA can be observed even with smaller amounts of HA. Since ADA has 
an isoelectric point of approximately 8.9 it bears a positive charge at physiological 
pH. What is more, the presence of basic patches in its structure result in an 
enhanced electrostatic interaction potential of the protein as compared to other 
monoclonal antibodies [42], which may further delay its diffusion in the 
polyelectrolyte matrix. The ITC measurements confirm this electrostatic 
interaction between HA and ADA for both binding sites, as a negative value of 
enthalpy (ΔH) is considered indicative for electrostatic and hydrogen-bonding 
contributions [44]. Thereby, the first binding site presumably reflects multiple 
binding sites of the same type of ADA to HA, whereas the second binding site 
might indicate size or charge restricted saturation of HA with ADA. The observed 
binding reaction between ADA and the negatively charged HA by ITC, whereas 
dextran showed no apparent interaction with the polysaccharide, suggested that 
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this interference, in addition to viscosity-mediated effects, was responsible for the 
prolongation of residence of ADA. This finding is in agreement with a significant 
decrease of ZSV after addition of ADA, caused by intermolecular interactions. 
While HA is normally present in a rod-like structure, it has been shown that the 
binding of cationic patches of a protein with the carbonyl groups of HA leads to 
an entanglement of the molecule, which induces a decrease in viscosity [45,46] 
but yet restricts permeation over the synovial membrane as revealed in our work. 
Despite the observed interaction of ADA with HA, no negative effect on ADA 
activity was detected. On the contrary, both polymers showed a trend towards 
slightly higher binding activity of ADA to TNF-α compared to the control solution, 
with PVP containing formulations being significantly higher. They therefore 
appear to have a stabilizing effect on the antibody and ameliorate the loss of 
activity that monoclonal antibodies generally experience due to dilution PBS [47]. 
This observation is consistent with previous studies of hyaluronic acid 
coacervates with cationic proteins, which likewise resulted in a significant 
improvement in stability [48] and protein stabilization through PVP by volume 
exclusion and soft interactions [49]. As both, ADA and HA, have a positive impact 
on the development of osteoarthritis and their combination additionally increases 
the ADA joint residence time, a dual strategy of a drug-delivering 
viscosupplements represents to be reasonable therapeutic approach. PVP and 
HA in combination can further reduce the flux by combining both diffusion-limiting 
mechanisms. In research, HA blends are already of importance for controlled 
release of antibiotics and antiseptics, for example in the field of wound healing. 
Among others, HA/PVP mixtures have shown a sustained release of the active 
ingredient because of interaction between the polymers [8]. Given the pivotal role 
of HA in the joint, it is reasonable to transfer these conclusions to their potential 
in prolonging the residence time of protein drugs in the joint space by means of 
formulations that are adapted to this biopharmaceutical environment. The 
observed synergism can be tuned to reach an optimum in ADA residence time 
since above a threshold ratio, flux increases again with further increase of PVP 
content, which is likely attributed to disruptions of the HA network by separation 
of interpenetrating PVP polymer chains. Taken together, it should be considered 
that PVP, in addition to its diffusion-restricting effect on ADA, also prolongs HA 
retention in the joint cavity. This reduction in HA flux can be explained, similarly 
to dextran, by an increase in viscosity and an associated restriction in the 
diffusion of the biomacromolecule, which is also reflected in good correlations of 
the flux with the viscosity responses. HA is particularly strongly retained because 
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it has a considerable hydrodynamic radius of approximately 400 nm [33]. Since 
from the therapeutic perspective it is desirable to maintain both HA and ADA in 
the joint cavity for a prolonged period of time, or in view of the drug delivery 
strategy alone, PVP could hence represent a beneficial excipient for IA injections, 
whereby desirable lubricating properties are additionally introduced into the 
formulation. Despite the promising properties of the PVP/HA combinations, the 
use of higher molecular weight PVPs may be constrained by the restricted PVP 
elimination in-vivo. Unlike short-chain PVPs, these are only renally eliminated to 
a very limited extent, so that due to the low biodegradability, their fate remains 
unclear, and storage may occur [50,51]. Although studies indicate that cumulative 
doses up to at least 200 g do not lead to any accumulation in tissue, a more 
detailed investigation of PVP elimination or accumulation after injection into the 
joint space would be necessary to justify an in-vivo application. When compared 
to alternate delivery approaches for monoclonal antibodies [52–54], the 
presented polymer mixtures exhibit multiple advantages in terms of bioactivity 
preservation and facile, yet efficient, prolongation of the combined residence 
time. They require neither organic solvents nor elevated temperatures, 
sonication, or exposure to high shear, all of which are widely regarded critical for 
preserving a protein drug's full activity, as is the case with conventional methods 
for the formation of particulate carriers [55]. However, the presented viscous 
polymer formulations are not able to extend the residence time to the same extent 
as microparticulate dosage forms. Yet, they provide an additional multimodal 
therapeutic approach and relief OA symptoms due to their viscosupplementative 
nature instead of potentially causing irritation due to mechanical friction. In this 
way, this study demonstrates general principles of rationally combining different 
types of polymers for intra-articular injections to achieve simultaneous multiple 
therapeutic goals, such as lubrication and drug release, and shows good 
transferability to other systems through an adoptable and rational formulation 
strategy. 

5.8 Conclusion 
The biocompatible, parenterally administrable polymers HA and PVP have 
different rheological properties, both of which have been shown to be beneficial 
in clinical trials for the treatment of OA and which can be combined to provide a 
sensitively adjustable formulation for viscosupplementation. Since PVP is subject 
to low biodegradability and has the ability to slow the clearance of HA, it may 
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enhance and prolong the effectiveness of IA treatment when combined with HA. 
Furthermore, the incorporation of ADA into the IA injection represents a promising 
dual therapeutic strategy, whereby the hydrogel matrix not only prolongs the joint 
residence time of the anti-inflammatory antibody but is itself biomechanically 
active. The retardation of diffusion of ADA from the hydrogel matrix is thereby 
achieved not only by viscosity-related properties of the polymer blend, but in 
particular by electrostatic interaction between ADA and HA, with the polymer 
combination further promoting stabilization of the antibody activity. 
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5.11 Supplementary data 

 
Sup. Fig. 5-1: Viscosity as a function of shear rate of synovial fluid and the different HA + PVP 
viscosupplements. SD was omitted for clarity reasons; n = 3. 

 

   

  
Sup. Fig. 5-2: Elastic and viscous modulus as measured by oscillatory rheometry with 0.1% stress for 
synovial fluid in comparison HA 10 and 20 mg/mL (A), PVP 150 mg/mL and 300 mg/mL (B), HA 10 mg/mL 
+ PVP150 mg/mL or 300 mg/mL formulations (C) and HA 20 mg/mL + PVP150 mg/mL or 300 mg/mL (D). 
SD was omitted for clarity reasons; n = 3. 
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Sup. Fig. 5-3: Cumulative amount permeated of ADA through ex-vivo synovium as solution and with 
addition of synovial fluid (SF). 

 

 

Sup. Fig. 5-4: Maximum injectability of intraarticular formulations in Newton (N) as measured for a syringe 
equipped with a 23 G needle. Dotted lines correspond to classification into <10 N "Very easy to inject", 11-
25 N "Easy to inject", 26-50 N "Injectable" according to Rungseevijitprapaa and Bodmeier [38]. Mean ± 
SD; n = 3; ‘*’ (p < 0.05), ‘**’ (p < 0.01) compared to H2O. 
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Sup. Fig. 5-5: Raw data from titration of consecutive 10-µL injections of HA into either ADA (A) or dextran 
(B), represented as the heat change (µcal/s) upon injection over time. 

 

Sup. Tab. 1: Thermodynamic properties of ADA binding to HA after subtraction of the dilution heat as derived 
from ‘two sets of binding sites’ fitting. 

N1 K1 ΔH1  TΔS1 ΔG1 
0,0372 7,12E+08 -1,03E+04 1,73E+03 -1,21E+04 

N2 K2  ΔH2  TΔS2 ΔG2 
0,018 2,83E+08 -2,21E+05 -2,10E+05 -1,15E+04 
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6.1 Graphical abstract 

 

6.2 Abstract 

Local intraarticular injections of biologics such as the TNF-α antibody 
adalimumab could provide more efficient therapy for osteoarthritis but suffer from 
an insufficient residence time in the joint cavity due to rapid elimination across 
the synovial membrane. The extracellular matrix of the synovium consists of a 
collagen network with enmeshed aggrecan galactosamine glycans, generating a 
high fixed negative charge density. This biopharmaceutical environment can be 
taken advantage of through rationally derived drug delivery strategies that extend 
the duration of action in the joint. By linking adalimumab with different molar 
equivalents of cationic diethylaminoethyl-dextran using avidin mediated 
nanocomplexes, the flux through porcine synovium was decelerated from 53.3 ± 
15.4 to 14.3 ± 7.2 pmol/cm2/h whereby immobilization in superficial tissue layers 
was revealed by confocal laser scanning microscopy. The prepared carriers 
exhibited excellent intra-tissue stability, while retaining up to 84.4 ± 3.6% antigen 
recognition of adalimumab compared to pure mAb. In addition, the 
nanocomplexes showed no adverse effects on synovial cells exhibiting a viability 
of 86.7 ± 10.4 % compared to adalimumab alone. This work highlights how 
bioelectric-driven material-tissue interactions can be employed by avidin-biotin-
linked cationic nanocomplexes to slow ex vivo permeation across the synovial 
membrane without limiting antibody functionality. 

6.3 Keywords  
Bioelectricity, ex-vivo synovium, DEAE-dextran, joint residence time 
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6.4 Introduction 
Osteoarthritis (OA) is an irreversible joint degeneration that most frequently 
affects the hands, knees, hips, and spine and leads to pain, stiffness, and loss of 
mobility [1]. Although OA is the most common musculoskeletal disorder 
worldwide and the disease causes a severe reduction in the quality of life [2], until 
today only very limited therapeutic options are available. Since usually individual 
joints are affected, local therapy by means of intraarticular injections (IA) would 
present a logical treatment approach. In addition, local therapies generally enable 
the application of macromolecular agents such as therapeutic antibodies and 
allow delivery of the drug directly to the site of action, providing increased 
bioavailability while minimizing systemic side effects. Local chronic inflammation 
of the synovium is assumed a major source of knee pain associated with OA [3] 
and displays a leading contributor in the onset of the disease, as well as the 
process of cartilage destruction [4]. Thereby, TNF-α is considered one of the key 
cytokines in the pathogenesis of OA [5] and can be targeted by approved 
antibodies such as adalimumab (ADA). Yet, despite reports of the therapeutic 
effect of ADA in the management of OA [6,7], and the general potential of 
biologics as a highly specific and well-tolerated therapy to relieve joint 
inflammation, there is no approved cytokine-targeted local therapy available to 
date. This is primarily due to the fact that the promises of IA injections are offset 
by the challenge of rapid elimination from the joint cavity, which results in drug 
residence times of typically a few hours or less and lead to an insufficient efficacy 
of the therapy [8]. The synovial membrane plays a key regulatory role in defining 
fluid exchange in and out of the joint and its properties essentially control the 
elimination of macromolecular substances into surrounding blood vessels or 
lymphatics [9]. It is a soft tissue consisting of an intimal discontinuous cellular 
intimal layer and the relatively acellular subsynovium that surrounds the joint 
cavity [10]. Thereby, it is assumed that synovial ultrafiltration is not achieved by 
the intimal layer with its wide intercellular gaps, but rather by the underlying 
extracellular tissue, which is composed of collagen fibrils and enmeshed 
glycosaminoglycans, proteoglycans, and glycoproteins, thus forming a 
microporous network with a high negative fixed charge density [11]. As described 
for other negatively charged barriers in the human body, electrostatic interactions 
with cationic modified dosage forms can be used to enhance their transport, 
uptake and storage or improve their retention [12]. In this way, it was shown, that 
the penetration of peptides into articular cartilage can be controlled by to either 
deep penetration or complete immobilization at the intimal tissue surface by 
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increasing their cationic net charge [13]. Following the same principle, 150 kDa 
sized diethylaminoethyl-dextran (DEAE-dextran), a polysaccharide with a high 
net cationic charge that exhibits biodegradability and biocompatibility [14], was 
found to permeate the synovial membrane significantly slower than neutrally 
charged or negatively charged dextrans of the same molecular size, indicating an 
increased residence time of the substance in the joint cavity and within superficial 
layers of the tissue [15]. Therefore, to overcome the issue of rapid synovial drug 
elimination, the formation of multidomain nano constructs consisting of a 
therapeutic antibody with cationic polyelectrolytes may represent a progressive 
drug delivery approach for the treatment OA, aiming for improved residence time 
of the active substance in the synovial cavity and thus a prolonged duration of 
action of the drug while preserving antigen recognition. In the formation of 
biohybrids, among a number of other tools, the avidin-biotin interaction has 
gained special interest due to its enormously high, non-covalent binding strength, 
which makes it a convenient conjugation technique for a variety of 
macromolecules and a suitable drug carrier due to its low immunogenicity [16]. 
Avidin nanocomplexes are being explored in many medical applications and 
provide an adaptable system that allows facile fusion of an antibody with 
miscellaneous molecules of additional functionalities to improve 
pharmacokinetics, drug stability, or to enable combination with other 
synergistically acting drugs [17]. In this work, biohybrid conjugates of ADA and 
cationic DEAE-dextran, which are based on the principle of well characterized 
avidin-biotin nanocomplexes, were investigated. For this purpose, ADA-
complexes were formed and characterized with different equivalents of DEAE-
dextrans and analyzed with respect to their permeation across a porcine ex-vivo 
synovial membrane model and their biocompatibility and maintenance of drug 
bioactivity. Since not only charge by electrical interaction but also increasing size 
of the molecule by steric hindrance has an influence on the elimination of the 
applied drug carrier [18,19], synergistic combination of two mechanisms that aim 
for an extended joint residence time is intended via the formation of cationic 
nanocomplexes and a novel but yet facile and adaptable formulation strategy for 
IA delivery of biologics is presented. 
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6.5 Methods 

6.5.1 Reagents and materials 

Adalimumab (ADA) was obtained from the commercially available product 
HUMIRA® (50 mg/ml) (Abbott Laboratories, Chicago, USA). Sodium meta-
periodate and EZ-link hydrazide-LC-Biotin were purchased from ThermoFisher 
(Waltham, USA). 2-(4’-hydroxyazobenzene)-benzoic acid (HABA) was 
purchased from ThermoFisher (Waltham, USA). Avidin, egg white was 
purchased from ThermoFisher (Waltham, USA). Rhodamine-B isothiocyanate 
was purchased from Merck (Darmstadt, Germany). Diethylaminoethyl-dextran 
(DEAE-dextran) and fluorescein labeled diethylaminoethyl-dextran (FITC-DEAE-
dextran) was purchased from Merck (Darmstadt, Germany). Dulbecco minimum 
essential media (DMEM), fetal bovine serum (FBS) and Penicillin, Streptomycin 
and Amphotericin B solution was purchased from Merck (Darmstadt, Germany). 
Methylthiazolyldiphenyl-tetrazolium bromide (MTT reagent) was purchased from 

Merck (Darmstadt, Germany). Human TNF-α recombinant Protein was 
purchased from Biomol (Hamburg, Germany). All Chemicals used for preparation 
of buffers were of analytical grade. Deionized water was used throughout the 
experiments. Pig feet of Class E pigs (Regulation EU No 1308/2013), 5-7 months 
old, were received from a local commercial abattoir and were freshly used for the 
excision of the synovial membranes.  

6.5.2 Potentiometric titration  

To characterize the DEAE-dextran, its proportional composition of the monomers, 
its relative nitrogen content, and its effective net charge at different pH values 
were determined by potentiometric titration. 1000 mg of DEAE-dextran was first 
dissolved and, after titration with 0.1 N HCl until complete protonation of the 
amine groups, back-titrated with 0.1 N NaOH as was previously described [20]. 
The titration was performed as triplicates and the change in pH was measured 
using a potentiometer. To determine the proportion of the three different 
monomers, ΔpH/ΔV was calculated and plotted against the molar equivalent of 
NaOH required to completely deionize the respective amine group. The total 
amount of nitrogen was calculated as follows 

𝐶𝐶𝑁𝑁[%] = �
𝑛𝑛𝑖𝑖(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) ∗ 𝑀𝑀𝑁𝑁

𝑀𝑀𝑀𝑀𝐷𝐷𝐷𝐷𝐴𝐴𝐷𝐷

𝑁𝑁 3

𝑖𝑖=1
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where CN is the total nitrogen content, ni is the molar equivalent of NaOH to 
completely deionize the respective tertiary amine N1 and N2 (Sup. Fig. 6-1A). 
The amount of quaternary amine N3 equals the amount of tertiary amine N1. MN 
is the molecular mass of nitrogen and MrDEAE is the relative molecular mass of 
DEAE-dextran. The ionized fraction for each pH value determined was calculated 
as follows 

𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐ℎ𝑎𝑎𝑀𝑀𝑎𝑎𝑁𝑁 = 𝐴𝐴𝑁𝑁3 + �
𝐴𝐴𝑁𝑁𝑖𝑖

10𝑝𝑝𝑁𝑁−𝑝𝑝𝑝𝑝𝑠𝑠𝑖𝑖

𝑁𝑁2 

𝑖𝑖=1

 

where ANi is the amount of amine N1, N2 or N3 per molecule of DEAE-dextran. 
The percent ionization was determined by dividing the calculated charge by the 
maximum net charge upon protonation of all amines and plotted against the pH 
value. Complete protonation of the DEAE-dextran was achieved by titration with 
0.1 HCl. The excess acid was titrated back, where, as shown in Sup. Fig. 6-1B, 
the first maximum of ΔpH/ΔV represents 100% ionization of the amines and was 
defined to be equal to 0 molar equivalents of NaOH. The following two maxima 
of ΔpH/ΔV correspond to the respective complete ionization of the tertiary amines 
and thus serve to quantify the different monomers per dextran molecule. The 
dextran used was determined to contain 142.5 (15.1%) monomers c with the 
more basic tertiary amine 1 and 42.25 (4.95%) monomers b with the weaker 
tertiary amine 2, as well as 649.58 (77.95%) uncharged monomers a (Sup. Fig. 
6-1A). The quaternary amine 3 carries a positive charge at all pH values and is 
not detected by the titration but equals to amine 1 in its absolute number. This 
composition of the DEAE-dextrans thus results in a total nitrogen content of 
3.05%. As shown in Sup. Fig. 6-1C, the molecular charge is pH-dependent, 
whereby the first pka value (c) was determined to be 5.9 and the second pka 
value measured 9.5 (b). Together the effective total net charge was estimated 
+188 at physiological conditions (pH=7.4), which corresponds to an ionized 
fraction of 58% of the amines. A decreased pH value, such as in an inflammatory 
event, would accordingly result in a further increased net charge of the molecule. 

6.5.3 Biotinylation and conjugation of fluorophores 

For site-specific biotinylation of ADA at the glycosylation sites, the respective 
polysaccharides of the antibody were first oxidized using 20 mM sodium 
periodate in acetate buffer (pH 5.5) for 30 min at 4 °C. Excess sodium meta-
periodate was subsequently separated using a PD Miditrap G-25 spin column 
(Merck, Darmstadt, Germany) according to the supplier's instructions with the 
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buffer exchanged to PBS. Hereafter, hydrazide-biotin solution in DMSO and ADA 
was incubated for 2 h at RT, and the unbound biotin was then removed by 
centrifugation. DEAE-dextran was labeled accordingly. The yield of DEAE-
dextran after the labeling steps was analyzed by a phenol-sulfuric assay in a 96-
well plate [21]. For this purpose, 50 µL of diluted DEAE-dextran solution mixed 
with 150 µL of concentrated sulfuric acid and 30 µL of phenol and heated for 5 
min at 90 °C in a water bath, and subsequently measured in a plate reader at 490 
nm (PerkinElmer EnSpire®). The yield of ADA was determined by UV/Vis 
measurement at 280 nm using a Genesys 10S UV/Vis spectrophotometer 
(Thermo-Fisher, Waltham, USA). The biotinylation degree was assessed using a 
HABA assay according to the manufacturer's instructions. For this purpose, 0.5 
mg/mL avidin was added to a 72.6 µg/mL HABA solution in PBS and 180 µL of 
the resulting color complex was measured in the plate reader at 500 nm. 20 µL 
of the diluted biotinylated sample was added and the absorbance was measured. 
The degree of biotinylation was calculated by the equation 

𝐷𝐷𝑁𝑁𝑎𝑎𝑀𝑀𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐵𝐵𝐵𝐵𝑜𝑜𝑁𝑁𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝑎𝑎𝑁𝑁𝐵𝐵𝑜𝑜𝑛𝑛 = ((𝐴𝐴(𝑁𝑁/𝐴𝐴) − 𝐴𝐴(𝑁𝑁/𝐴𝐴/𝐵𝐵))/(34,000 M−1cm−11 𝑥𝑥 0.5 𝑐𝑐𝑐𝑐) )/𝑐𝑐 

where A(H/A) is the absorption of the HABA/Avidin complex, A(H/A/B) is the 
absorption after addition of the sample. 34,000 M-1cm-1 equals extinction 
coefficient for HABA/avidin samples at 500 nm, pH 7.0, 0.5 cm is the pathlength 
at the given volumes and c equals the concentration of ADA or DEAE-dextran in 
mol/L as determined previously. ADA was labeled with rhodamine-B 
isothiocyanate in an adapted method from the manufacturer's protocol. To 
remove any unbound dye, the antibody was purified by size-exclusive 
centrifugation using a PD Miditrap G-25 column (Merck, Darmstadt, Germany) 
according to the supplier's instructions. The protein yield and the degree of 
labeling were determined by UV/Vis measurement at 280 nm / 555 nm using a 
Genesys 10S UV/VIS spectrophotometer (Thermo-Fisher, Waltham, USA). 

6.5.4 Preparation and characterization of ADA-nanocomplexes 

To assemble the nanocomplexes, 2.5 mg/ml of biotinylated ADA was initially 
combined with an equimolar amount of PBS-diluted avidin and thoroughly mixed. 
The preparation was then mixed with previously biotinylated 150 kDa DEAE-
dextran (D) in the ratios 1:1 (ADA-D1), 1:2 (ADA-D2) and 1:3 (ADA-D3) (Fig. 6-1). 
For characterization of the complex stoichiometry, preparations were also made 
in ratios of 1:4 (ADA-D4) and 1:5 (ADA-D5). To investigate nanocomplexes with 
uncharged dextran, biotinylated 150 kDa dextran (DEX) was added to the ADA-
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avidin preparation in the same proportions. An HABA assay was performed to 
assess the number of biotin-occupied binding sites of avidin and thus the 
generated stoichiometry of the nanocomplexes [22]. Having a lower affinity to 
avidin than biotin, HABA gives a characteristic absorbance at 500 nm when in its 
complexed form with Avidin [23]. Accordingly, stoichiometry of the complexes 
was characterized by displacement of HABA by biotinylated DEAE-dextran from 
the three-remaining biotin-binding sites of ADA-Avidin. For optimization of the 
stoichiometry of the ADA-DEAE-dextran complexes, 1 equivalent of biotinylated 
ADA was added to the HABA solution alone and together with 1-5 more 
equivalents of biotinylated DEAE-dextran to examine the stepwise decrease in 
absorbance. For this purpose, the difference in absorbance at 500 nm was 
measured and the values obtained were normalized to the pure HABA solution 
as the maximum value and the ADA-D5 formulation as the minimum value. 
Dynamic light scattering (DLS) was used to determine the hydrodynamic radius 
of ADA, Biotin-conjugated ADA, DEAE-dextran, and the prepared polyelectrolyte 
complexes. DLS was performed using a Horiba Nano Particle Analyzer SZ-100 
(Horiba, Kyoto, Japan). 200 µL of each sample at a concentration of 10 mg/mL 
were analyzed in quartz micro cuvettes at a fixed angle of 173° at 25 °C (n=5). Z-
average particle size and polydispersity index (PDI) were calculated using the 
SZ-100 internal software (Horiba, Kyoto, Japan). 
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Fig. 6-1: Site-selective biotinylation of ADA after oxidation of the bound sugars by hydrazide-LC-biotin, and 
biotinylation of cationic DEAE-dextran by hydrazide-LC-biotin. Preparation of ADA-D(N)-nanocomplexes 
from the reaction of biotinylated ADA and avidin in PBS, pH 7 and subsequent addition of 1-3 molar 
equivalents of biotinylated DEAE-dextran to the reaction mixture to obtain ADA-D1, ADA-D2 and ADA-D3 
complexes. 

6.5.5 Permeation studies 

Synovial explants were harvested from the lower limbs of domestic pigs obtained 
from a local abattoir as previously described [15]. The ex-vivo permeation studies 
were performed using a Franz cell model with diffusion area of 0.785 cm2. The 5 
ml acceptor chamber was filled with DMEM containing 5% FBS and 1% 
antibiotics and antimycotics as acceptor medium and adjusted to a temperature 
37 ± 0.5 °C, stirred at 150 rpm. The prepared tissues were mounted as a diffusion 
barrier between the two chambers. 0.2 ml of sample with a concentration of 2.5 
mg/ml rhodamine-B-labeled ADA and the respective amount of fluorescein-
labeled DEAE-dextran was applied to the luminal side of the synovial membrane 
at t=0. All experiments were performed with a sample size of n=10. Sink 
conditions were present throughout the experiment as protein concentration did 
not exceed 10% of saturation concentration. The luminal side was sealed with 
Parafilm to minimize evaporation effects. At the specified time points, 0.5 ml 
samples were taken with a syringe and replaced with fresh media. The 
fluorescence signal was measured using a plate reader (PerkinElmer EnSpire®) 
at an excitation of 555 nm and emission of 580 nm for rhodamine-B-labeled ADA 
and an excitation of 490 nm and an emission of 520 nm for the fluorescein-labeled 
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DEAE-dextran. Since analyte was removed with each sample draw, the 
cumulative permeated amount of ADA was calculated as follows. 

𝑀𝑀𝑖𝑖 = 𝑉𝑉𝑠𝑠�𝐶𝐶𝑖𝑖−1

𝑡𝑡−1

𝑖𝑖=0

+ 𝑉𝑉𝐴𝐴𝐶𝐶𝑡𝑡 

Where VA is the total volume of the acceptor chamber, Ct is the concentration at 
each sampling time, VS is the volume of the withdrawn sample and Ci represents 
the concentration of analyte at time i. The resulting mass was then divided by the 
diffusion area. Fluxes were determined from the steady-state slope obtained by 
linear regression and thus describe the mass permeated per time and area in 
µg/(cm2*h). The flux is considered as a surrogate for the permeability of the 
synovial membrane for ADA and DEAE-dextran. The flux of DEAE-dextran in 
nanocomplexes of different stoichiometry was corrected to equimolar amounts to 
allow better comparability. To differentiate the respective influence by size or 
cationic charge of the complex, the experiment was also performed with 
nanocomplexes consisting of uncharged dextran of the same molecular mass 
and the determined flux was compared with the charged counterparts. To further 
investigate the influence of the cationic charge and its interaction with the tissue, 
the synovium was initially incubated with 15 mg/ml unlabeled DEAE-dextran for 
4 h to block ionic interactions of the subsequently applied fluorescein-labeled 
sample with the membrane. In order to observe how the in vivo insertion of the 
cannula could cause a possible leakage of the active substance, the membrane 
was punctured with a 26G cannula in an additional experiment and the resulting 
permeation course of ADA and ADA-D3 was compared with the non-punctured 
membranes. To determine the distribution of the fluorescence-marked 
nanocomplexes within the synovial membrane, three additional tissue samples 
each were taken from the diffusion cells after 4 h and 48 h and were snap frozen. 
Subsequently, 50 µm thick cross-sections of the frozen synovium were made with 
a cryomicrotome (Slee, Mainz, Germany) and mounted on a microscope slide. 
The samples were visualized using a Confocal Laser Scanning Microscopy 
(CLSM) (Nikon Instruments Europe B.V., Amsterdam, Netherlands), whereby the 
diffusion of rhodamine-labeled ADA and FITC-labeled DEAE-dextran was 
simultaneously assessed. Pictures were taken using the same settings and the 
pixel density. To evaluate the acquired fluorescence signals, 50 µm Z-stacks 
were captured and the individual layers were summed using FIJI to achieve a 
normalization of the signal within the cut cross sections. Using the FIJI plot profile 
function, the fluorescence intensity (FI) over distance the stacks was quantified, 
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whereby three plot profiles were generated along a linear path in the direction of 
diffusion for each section. The so obtained averaged plot profiles of the three 
different tissue samples were then again averaged. 

6.5.6  Tissue viability  

The viability of the synovial tissue in the presence of the nanocomplexes was 
determined by measuring the tetrazolium reductase activity, which allows 
inference on the metabolic activity of the cells and thus indirectly on the number 
of viable cells present. The retrieved tissue samples were weighed and then 
incubated with the nanocomplex formulations in the different stoichiometric 
compositions (ADA-D1-3). Matching the total time of the permeation experiments, 
the incubation time was set to 48 h at 37 ± 0.5 °C. Subsequently, the medium 
was substituted by 1 mg/ml MTT reagent, and incubated for 2 h at 37 ± 0.5 °C. 
Then, the so-treated explant was placed into 3 ml of dimethyl sulfoxide (DMSO) 
and homogenized using an IKA Ultra Turrax (Staufen, Germany). After 
centrifugation, the absorbance of the supernatant was measured at 540 nm. For 
positive control, viability was determined immediately after harvest without any 
further treatment steps. For negative control, tissue samples were devitalized with 
10% sodium azide and then treated by the same exact procedure. Sodium azide 
acts as an inhibitor of the mitochondrial respiratory chain and causes apoptosis 
at the indicated concentration [24]. Data was normalized by tissue weight. 
Average viability was derived from 5 samples for each treatment. 

6.5.7  TNF-α FLISA 

To evaluate the binding activity of fluorescently-labeled ADA to TNF-α after 
biotinylation, as well as after binding to avidin and after formation of the ADA-D1, 
ADA-D2 and ADA-D3 nanocomplexes, a direct fluorophore-linked 
immunosorbent assay (FLISA) was established, which was adapted to a 
previously developed ELISA for the detection of ADA [25]. In addition, the 
bioactivity of ADA and the complexes post permeation across the synovial tissue 
was determined by sampling from the acceptor chamber of the diffusion cells in 
order to evaluate the influences of the tissue on antigen recognition. Results were 
expressed as the active fraction of the previously measured concentrations 
obtained. All samples were prepared with n=3. A 96-well plate (NUNC 
Maxisorp™, Thermo-Fisher, Waltham, USA) was allowed to incubate overnight 
with 1 µg/ml TNF-α at 4 °C. The remaining protein binding sites were blocked 
with BSA for 2 hours at RT, and 1:100 diluted standards and samples were 
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pipetted into the wells in duplicate following three times washing with PBS 
containing 0.05% Tween 20. The samples were then incubated at RT in an orbital 
shaker for 1.5 h, and then the plate was again washed as described previously. 
Finally, 100 µL of PBS was added into the wells and the fluorescence of the 
bound ADA was measured using a plate reader (PerkinElmer EnSpire®).  

6.5.8 Statistical analysis 

Data was presented as mean ± standard deviation. The permeation of the 
samples was evaluated by their flux calculated by linear regression. Statistical 
significance was assessed by one-way analysis of variance (one-way ANOVA) 
followed by Dunnett or Tukey multiple comparison tests. Differences were 
considered significant at p<0.05. All statistical analysis was performed using 
GraphPad Prism® 8 software. 

6.6 Results 

6.6.1 ADA-Nanocomplex formation and analysis 

Biotinylation of ADA was achieved with a yield of approx. 97% with an average 
binding of 1.07 molecules of biotin per protein as shown by the HABA Assay. 
Biotinylated DEAE-dextran was obtained with an average 1.15 molecules per 
polymer at a yield of approx. 93% as estimated by phenol-sulfuric carbohydrate 
assay. The HABA assay (Fig. 6-2) showed a reduction in normalized absorbance 
at 500 nm of about 25% with the addition of one equivalent of biotinylated ADA 
(75.3 ± 0.1%). Subsequent addition of 1-5 equivalents of biotinylated DEAE-
dextran resulted in a further gradual decrease in absorbance of about 25% each 
time, leading to a value close to zero for ADA-D3 (4.6 ± 3.0%). Addition of more 
than 3 equivalents of DEAE-dextran did not lead to any further significant 
decrease in absorbance. Comparable hydrodynamic radii were observed for 
ADA, ADA-Biotin-conjugates, and DEAE-dextran (Tab. 6-1) with a non-significant 
increase of 4 nm after conjugation of biotin. Formation of the nanocomplexes 
resulted in a significant increase in size of approximately 7-9 nm per equivalent 
of DEAE-dextran added. On the basis of the PDI, ADA exhibited a lower 
polydispersity than the dextran. Compared to the monomers the PDI increased 
upon formation of the nanocomplexes to a magnitude of ca 0.4-0.5, with a non-
significant trend of decreasing PDI with increasing DEAE-dextran equivalents. 
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Fig. 6-2: HABA assay to determine the stoichiometry of the formed ADA-D complexes in the molar ratio 1:1-
5. The measured absorbance option at 500 nm was normalized to the pure HABA-avidin complex as the 
maximum value, and the ADA-D5 complex as the minimum value (n=3). 

 

Tab. 6-1 DLS results indicated as Z-average and PDI of ADA, ADA after biotinylation (ADA-Conj.), DEAE-
dextran (DEAE), and ADA as nanocomplexes with DEAE-dextran in different molar ratios (ADA-D1-3). Mean 
± SD; n=5. 

 ADA ADA-Conj. DEAE ADA-D1 ADA-D2 ADA-D3 

Z-Average (nm) 12.1 

±1.6 

16.2 

±0.8 
14.4 

±1.3 

19.3 

±2.6 

25.3 

±2.4 

34.5 

±1.3 

PDI 
0.24 

±0.07 

0.23 

±0.08 

0.29 

±0.12 

0.47 

±0.14 

0.40 

±0.13 

0.39 

±0.06 

6.6.2 Synovial permeation 

As shown in Fig. 6-3A, the cumulative amount of rhodamine-labeled ADA 
permeating from the luminal to the basolateral chamber of the test system 
increased linearly over time after a short initial lag time, suggesting passive 
diffusion across the synovial tissue. The calculated permeate fluxes are 
presented in Fig. 6-3B. A flux of 53.2 ± 15.4 pmol/cm2/h was obtained for ADA 
as a solution, whereas a significantly lower flux of about 15 pmol/cm2/h was 
obtained for the all ADA-nanocomplexes (p<0.001), showing no significant 
difference between the different stoichiometries. Thereby ADA-D1 flux was 
measured 14.7 ± 9.5 pmol/cm2/h, ADA-D2 was 14.7 ± 8.7pmol/cm2/h, and ADA-
D3 showed a flux of 14.3 ± 7.2 pmol/cm2/h (p>0.05). In addition to the rhodamine-
labeled ADA in the respective nanocomplexes, comparable, significantly non-
different flux values were obtained for the FITC-labeled DEAE-dextrans in the 
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complexes, measuring 21.7 ± 6.9 pmol/cm2/h (ADA-D1), 18.3 ± 10.4 pmol/cm2/h 
(ADA-D2) and 16.7 ± 4.1 pmol/cm2/h (ADA-D3) (p>0.05) (Fig. 6-3B). FITC-
DEAE-dextran alone was found to permeated at likewise low flux across the 
tissue. As shown in Fig. 6-4 nanocomplexes of the same stoichiometries were 
formed with uncharged dextran of the same size and compared with the cationic 
DEAE-dextran complexes for better evaluation and differentiation of the 
respective influence of size and charge. Unlike the ADA-DEAE-dextran 
nanocomplexes whose flux is reduced to approximately one third upon 
conjugation of one equivalent of DEAE-dextran and for which there were no 
additional significant effects from using multiple equivalents of DEAE-dextran, the 
use of uncharged dextran showed a size-dependent decrease of permeation 
across synovial tissue. While the flux of neutrally charged ADA-D1 (40.4 ± 10.0 
pmol/cm2/h) is not significantly different from ADA alone (53.2 ± 15.4 pmol/cm2/h) 
(p>0.05), the flux value of ADA-D2, which was determined 32.3 ± 10.7 pmol/cm2/h 
(p<0.05) and of ADA-D3 thar was 26.4 ± 8.9 pmol/cm2/h (p<0.01) each 
permeated significantly slower through the tissue but could not achieve the same 
retention as obtained through usage of the cationic dextran in any stoichiometry, 
which ranged in the region of 15 pmol/cm2/h. To further investigate the effect of 
charge, the synovial tissue was initially incubated with a high dose of unlabeled 
DEAE-dextran to suppress ionic interactions of the subsequently applied sample 
with the membrane (Fig. 6-5). The previously described differences between 
charged and uncharged complexes were found to be no longer to be present after 
pretreatment of the tissue. Thereby, the charged ADA-D1 complex permeated 
with the approximate same flux as the uncharged complex (p>0.05) which further 
illustrates the influence of the charge on the tissue diffusivity. Puncturing the 
synovial membrane with a cannula, as is the case with an in-vivo IA injection, led 
to an increase in the flux of ADA over the first 6 h, before the flux returned to the 
level of the imperforate membrane. For the ADA-D3 complex, no difference in 
flux was observed at any time point (Sup. Fig. 6-2). The CLSM images show the 
distribution of rhodamine-labeled ADA (Fig. 6-6) and FITC-labeled DEAE-dextran 
(Sup. Fig. 6-3), both at 4 h and 48 h after application of the respective 
formulations. Visually, no significant differences can be seen after 4h and ADA 
resides primarily in the superficial layers of the tissue. After 48 hours, however, 
ADA solution is distributed throughout the entire tissue, while the complexed ADA 
continues to adhere to the intimal layers. As the number of stoichiometrically 
conjugated DEAE-dextran per ADA molecule increases, the effect becomes more 
pronounced and the sharpness of the fluorescence gradient across the synovium 
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increases. For the fluorescein labeled dextran, the image is visually almost 
identical, though no fluorescence is observed for ADA alone. As expected, the 
fluorescence intensity (FI) increases with the amount of dextran, as more 
fluorophores are present in the sample. Plotting the fluorescence intensity against 
the distance in the direction diffusion proves that ADA alone penetrated the tissue 
significantly deeper than the nanocomplexes. Although initial differences in the 
plot profile were already apparent after 4 h through this processing (Fig. 6-7A), 
they became more pronounced after 48 h (Fig. 6-7B). Especially in deeper tissue 
layers, the FI level for free ADA was already observed to be higher after 4 h 
compared to the complexes, which showed an FI close to zero beyond a depth 
of more than 100 µm. Whereas the FI of ADA after 48 h showed generally a high 
level that declined almost linearly over the tissue depth, the nanocomplexes were 
entrapped in the uppermost layers of the synovial membrane, resulting in a rapid 
FI decrease after the first 50-100 nm. The nanocomplexes exhibit closely similar 
profiles, although it appears that the ADA-D1 FI decreased less rapidly when 
compared to ADA-D2 and ADA-D3. The plot profiles were normalized to the 
maximum FI, which is necessary due to the different intensity and different 
quantity of fluorophores. Subsequently, the distribution of FI of rhodamine-ADA 
and FITC-DEAE-dextran in the nanocomplexes was compared for each complex 
respectively, whereby it could be shown, that the distribution across the synovial 
membrane was close identical for the different macromolecules of the complexes 
for ADA-D1, ADA-D2 and ADA-D3 (Sup. Fig. 6-4). 
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Fig. 6-3: (A) Cumulative permeation amount of rhodamine-labeled ADA solution and cationic ADA-D1, ADA-
D2, and ADA-D3 nanocomplexes as measured ex-vivo across a porcine synovial membrane in a vertical 
diffusion cell. (B) Corresponding calculated flux in ng/cm2/h, which reveals the deceleration of permeation 
due to the formation of cationic nanocomplexes and proves the simultaneous diffusion and thus stability of 
the complexes in the tissue due to the non-significantly different flux rates of rhodamine-labeled ADA (Rho-
ADA) and FITC-DEAE-dextran (FITC-DEAE). Mean ± SD; n=6; ANOVA + Dunnett’s multiple comparison 
test; significant differences: ‘***’ (p < 0.001) compared to ADA solution. 
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Fig. 6-4: Flux in ng/cm2/h of ADA and the cationic and neutral charged ADA-nanocomplexes of different 
molar equivalents, showing the effect of size and cationic charge on permeation of the nanocomplexes. 
Mean ± SD; n=6; ANOVA + Dunnett’s multiple comparison test; significant differences: ‘*’ (p < 0.05), ‘**’ (p 
< 0.01), ‘***’ (p < 0.001) compared to ADA solution. 

 

 
Fig. 6-5: Flux in ng/cm2/h of the ADA-D1 nanocomplex formed by either cationic or neutrally charged dextran 
and of tissue pretreated with high concentration unlabeled DEAE-dextran solution, showing the effect of size 
and cationic charge on permeation of the nanocomplexes. Mean ± SD; n=6; ANOVA + Dunnett’s multiple 
comparison test; significant differences: ‘*’ (p < 0.05), ‘**’ (p < 0.01) compared to the cationic ADA 
nanocomplex. 
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Fig. 6-6: CLSM images of ex-vivo synovium cross-sections after 4 h as well as 48 h showing the retention 
of rhodamine-labeled ADA in cationic nanocomplexes with different molar equivalents of cationic DEAE-
dextran compared to solution. Direction of diffusion from left (luminal) to right (basolateral); Scale bar: 500 
µm. 

 

 
Fig. 6-7: Plot profiles generated from CLSM images of the measured fluorescence intensities (FI) of 
rhodamine-labeled ADA from ADA solution and ADA-D1, ADA-D2, and ADA-D3 nanocomplexes (n=3) after 
4 h (A) and 48 h (B). Error bars were omitted for clarity reasons. 

6.6.3 ADA-nanocomplex antigen recognition 

The relative binding affinity of complex-bound ADA to TNF-α was assessed by a 
fluorescence-linked immunoassay in comparison to free ADA, whose activity was 
set 100%. As shown in Fig. 6-8, the antigen recognition of ADA was found to be 
decreased slightly after oxidation and biotinylation of the antibody (91.5 ± 6.2%) 
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in the biotinylation steps, as well as after binding to avidin (96.2 ± 4.4%), although 
the differences were not statistically significant (p>0.05). Linkage with the 
biotinylated DEAE-dextran resulted in a decrease in activity of the conjugated 
ADA (p<0.05). Thereby, ADA-D1 showed a percentage antigen recognition of 
83.0 ± 8.1%, ADA-D2 was measured 84.4 ± 3.6% and ADA-D3 was 82.3 ± 3.4% 
which were all assessed as significantly different compared to free ADA (< 0.05). 
However, no significant differences in activity were observed between ADA-D1, 
ADA-D2 and ADA-D3 (p>0.05). There was also no significant effect on antigen 
recognition post permeation across the synovial membrane (p>0.05). For ADA, a 
slight decrease in activity was observed, but the complexes remained at the same 
activity level as measured pre-permeation. 

 
Fig. 6-8: Pre: Activity of ADA to bind TNF-α in Solution and as nanocomplexes with DEAE-dextran in 
different molar rations (ADA-D1-3) after 48 h of incubation at 37° C in PBS. Post: Activity of ADA to bind 
TNF-α in Solution and as nanocomplexes with DEAE-dextran in different molar rations (ADA-D1-3) following 
the permeation study as sampled from the acceptor chamber; Mean ± SD; n=3; ANOVA+ Dunnett’s multiple 
comparison test; significant differences: ‘*’ (p < 0.05), ‘**’ (p < 0.01) compared to ADA Solution (ADA). 

6.6.4 Synovial cell viability in presence of nanocomplexes 

Synovial metabolic activity decreased non-significantly to approximately 92.5 ± 
7.6 % on addition of ADA over the duration of the experiment (48 h) at 37 °C 
compared to the viability of the untreated tissue control right after dissection, 
which was normalized to 100 % (Sup. Fig. 6-5). Nanocomplex formation led to a 
slight yet general trend of decreasing viability with increasing amounts of 
polyelectrolyte. More precisely, ADA-D1 showed a synovial viability of 86.7 ± 10.4 
%, ADA-D2 of 83.3 ± 12.5 and ADA-D3 of 79.6 ± 4.46 after 48 h of incubation. 
However, the differences were not significant except for ADA-D3 as compared 
freshly dissected tissue (p<0.05) and none of the nanocomplex formulation 
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samples showed significant deviation from tissue treated with ADA solution alone 
(p>0.05). 

6.7 Discussion 
In this work, we present a nanocarrier model that significantly decelerates the 
permeation of a therapeutic antibody across the synovial barrier due to ionic 
interactions with the surrounding tissue. Accurate conjugation of the 
stoichiometrically defined avidin-mediated complex was obtained by linking one 
biotinylated ADA via the spacer to one to three equivalents of biotinylated DEAE-
dextrans as was proven via the HABA assay. Thereby, it could be demonstrated, 
that with the addition of each molar equivalent of biotin-coupled macromolecule, 
the absorbance decreased by approximately 25%, which is explained by the four 
biotin binding sites of avidin. Further, absence of the absorption peak on addition 
of three or more molar equivalents of polyelectrolyte showed that all biotin binding 
sites of ADA-Avidin were occupied by one equivalent of DEAE-dextran, proving 
a correct stoichiometry of the complexes. In consistency with previous studies on 
the hydrodynamic radius, [26,27] the determined Z-average value of ADA was 
estimated approx. 12 nm, whereby a small increase in size was observed upon 
the conjugation of biotin, that was attributed to the spacing EZ linker. With 
progressive introduction of DEAE-dextran, a gradual increase in the size of the 
complexes formed was observed. Thereby increased polydispersity was 
observed, which can be explained by the fact that the complexes are generated 
on the basis of calculated equivalents and steric shielding, so that statistical 
distributions are to be expected. Consequently, there is a decrease in PDI with 
increasing DEAE-dextran content, since in ADA-D3 all avidin binding sites were 
occupied and thus the homogeneity of the formulation increased. The synovial 
membrane represents the main barrier for fluid exchange in and out of the joint 
space. Due to the structure of the synovial extracellular matrix, whose pores are 
defined by intercalated polyelectrolytes and a polarization layer of the hyaluronic 
acid on the tissue-fluid interface [28], the synovial membrane forms a ultra-
filtrating barrier with a high negative fixed charge density. Synovial permeability 
and hence elimination of macromolecules depends on both the molecular size 
and the net charge of the applied drug or dosage form [15,29]. Ranging from 19.3 
to 34.5 nm in size all complexes fall below the effective pore size of 33-59 nm 
defined by the extracellular matrix of the synovial membrane [30], which control 
diffusion across the tissue, so theoretically, based on size alone, complete but 
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significantly decelerated elimination of the complexes can be expected without 
prior degradation. However, charge has been found to exert major influence on 
the diffusion of analytes in galactosamine glycan-rich structures. Whereas 
anionic charge appears to have a minor influence on tissue permeation as 
compared to uncharged molecules, cationic charge can significantly accelerate 
or decelerate diffusion by interaction with the surrounding tissue. Hence, for the 
penetration of positively charged peptides into cartilage [13] and for diffusion in 
vitreous humor [31] as well as in mucin [32], it was shown that the diffusion could 
initially be enhanced by increasing cationic net charge due to weak reversible 
binding. However, exceeding a certain threshold of cationic charge will cause 
complete immobilization of the analyte at the tissue surface or within its superficial 
layers due to strong ionic interactions. This finding was attributed to the cationic 
total net charge of the sample and immobilization was identified from a detected 
of about +20 [13,31]. For the DEAE-dextran used, a net charge of approx. +180 
was determined by potentiometric titration at physiological pH which results from 
the permanently charged quaternary amines and the pH-dependently charged 
tertiary amines. Accordingly, this molecule was found to exhibit almost complete 
immobilization during permeation tests in the intimal layer of the of synovium. 
However, we were able to transmit these diffusion characteristics to the otherwise 
significantly faster permeating ADA by the formation of a biohybrid nanocomplex 
so that the ADA diffusion is decelerated to the level of the cationic DEAE-dextran. 
Although there are no comparative studies on the permeation of highly positive 
charge bearing nanocarriers in synovial tissue, previous work on diffusivity of 
cationic nanoparticles in alternate galactosamine glycans enriched collagen 
tissues such as skin also reports immobilizing effects in superficial tissue zones 
[33,34]. This suggests fusion of therapeutic agents with cationic polymers to be 
a potentially generally applicable formulation strategy to extend the residence 
time at the surface or superficial zones of polyanionic tissue layers. The quantity 
of DEAE-dextran equivalents showed no significant impact on the resulting flux 
as determined in the diffusion cell, with all formulations prepared having an 
equally decelerating effect on ADA permeation. Accordingly, charge of the 
complex displayed the most decisive retarding parameter since fusion of ADA 
with a single DEAE-dextran had a significantly greater impact on permeation than 
increasing size of the nanocarrier up to three uncharged dextrans, with the latter 
passing the tissue more slowly as their size increased, whereas a maximum 
prolongation of the charged DEAE-dextran flux was already achieved for ADA-
D1. Albeit this could be attributable to the fact that cationic preparations can 



6 Polyelectrolyte nanocomplexes to increase intraarticular residence of 
adalimumab injections 
 

148 

 

increase the retention time in the joint space by forming micrometer-sized 
aggregates with endogenous hyaluronic acid secreted by synoviocytes [35], the 
high effect of electrochemical interactions with surrounding tissue on the 
permeation was conversely proven since pretreatment of the tissue with an 
excess of unlabeled cationic dextran resulted in a suppression of binding of the 
nanocomplexes to the synovial extracellular matrix. As a result, size became the 
defining parameter, and the cationic complex permeated non-significantly 
differently from the uncharged complex. Therefore, both size-dependent and 
charge-dependent effects are believed to prolong the diffusion of the prepared 
nanocomplexes. This finding coincides with a previously published study, where 
charged dextran-based drug carriers for intradiscal injection had both size and 
charge potentiated effects on the residence time of the conjugate in the nucleus 
pulpus [36]. However, upon examination of the CLSM plot profiles, a trend in 
terms of decreasing fluorescence intensity at increasing distance with an 
ascending number of conjugated equivalents of DEAE-dextran became apparent. 
An increased immobilization of ADA in the superficial tissue layers of the synovial 
tissue mediated synergistically through size and charge would provide an 
elevated therapeutic value, since in chronic arthritis strong expression of 
proinflammatory cytokines is particularly found within the intimal lining layer [37]. 
In the osteoarthritic situation, synovitis alters the permeability of the synovial 
membrane, resulting in reduced size selectivity, i.e., faster elimination of large 
molecules due to catabolic processes in the ECM [38–40]. However, as was 
shown in previous studies, these effects were not observed for high cationic 
charged macromolecules such as DEAE-dextran [15]. Therefore, it can be 
assumed that the permeability of the nanocomplexes is the same even in the 
pathologically affected joints, whereas uncharged complexes were expected to 
leak out of the joint space more rapidly. It is also worth noting that it has been 
shown that puncturing of the synovium, as occurs in vivo when the drug is 
injected, leads to some dose dumping, visible in an increased flux over the first 6 
h, out of the joint space. Due to the adhesion of the cationic formulation to the 
tissue, this effect was observed for the nanocomplexes, which can be seen as 
another advantage over other injected drug delivery systems. The stability of the 
ADA-DEAE-dextran complexes over the duration of the permeation studies in its 
physiological environment could be evaluated by the simultaneous labeling of 
both ADA and DEAE-dextran with two different fluorophores. The images show 
almost congruent fluorescence-distance profiles, suggesting identical localization 
of both molecules in the tissue, and thus sufficient stability of the conjugation can 
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be assumed for all formulations prepared. Moreover, it could be shown by FLISA 
that neither oxidation nor conjugation with either the linker or avidin, nor the 
presence of DEAE-dextran had a negative influence on the antigen recognition 
of ADA towards TNF-alpha and therefore an equivalent or greater potency of the 
formulations may be expected relative to the injection of unmodified antibody. 
Apart from ADA-D3, the MTT assay indicated no significant reduction in metabolic 
cell activity, suggesting high tolerance of the complexes. However, since a slight 
trend in the decrease of metabolic activity with increasing amounts of dextran 
could be noticed and one conjugated DEAE-dextran molecule alone was found 
prevent rapid diffusion out of the injection site, the complexation of one antibody 
with one cationic dextran polymer may be considered as the most advantageous 
for reasons of maximum compatibility at a maximum protein diffusion-delaying 
effect. However, the biocompatibility of the pharmacokinetically versatile 
nanocomplexes has yet to be tested in-vivo, as cationic polymers in general may 
have the potential to affect ECM homeostasis or lead to destabilization of cell 
membranes. In addition, they may interact with serum proteins, leading to toxicity, 
especially if the agents enter the systemic circulation. Compared to other IA drug 
delivery systems, the cationic nanoconstructs offer several advantages in terms 
of preserving bioactivity within the formulation and the tissue and providing a 
simple but effective increase in joint residence time. Unlike conventional methods 
for the formation of particulate carriers, neither organic solvents nor elevated 
temperatures, sonification or shear stresses are required, which is generally 
considered critical to maintain the full activity of a protein drug. [41–43]. In 
addition, given their low viscosity, they are easy to inject and, unlike implants or 
larger particulate systems, have no potential to provoke irritation in the inflamed 
joint space as a result of mechanical friction. Thus, the rational exploration of the 
joint environment by means of a cationic charged nanocomplex using 
biodegradable polyelectrolytes can provide a facile but nonetheless potent 
solution to the more widely investigated IA depot dosage forms such as hydrogels 
or synthetic particles to retain protein drugs within the joint cavity, thereby 
maintaining bioactivity of the protein drug. 

6.8 Conclusion 
The investigated nanocomplex offers high translational possibilities to improve 
the pharmacokinetics of IA injected therapeutic antibodies and illustrates how 
protein diffusion can be rationally modulated using bioelectricity, thereby 
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effectively exploiting physiological environments through drug delivery strategies. 
ADA-DEAE-dextran nanocomplexes exhibited a significant prolongation of the 
permeation through synovial membrane without adverse effect on antigen 
recognition or biocompatibility in ex-vivo experiments, thus providing a promising 
novel formulation principle for intra-articular injections. 
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6.11 Supplementary data 

 

 

 
Sup. Fig. 6-1 (A) Chemical structure of DEAE-dextran which consists of three different monomers (a, b, c) 
where the substituents include two tertiary amines (1, 2) and a quaternary amine. (3). (B) As determined by 
potentiometric titration, the plot of ΔpH/ΔV vs. molar equivalents of NaOH, shows the point of complete 
deionization of each of the two tertiary amines (1,2). (C) Proportion of ionized tertiary amines (1,2) at different 
pH values, as well as of the total molecule including the permanent charged quaternary amine group 
(1+2+3). At physiological pH, 58% of the amines are positively charged, corresponding to a total net charge 
of approximately +187 for the 150 kDa DEAE-dextran. 

A 
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Sup. Fig. 6-2: Comparison of permeation of ADA as a solution and in complex across an untreated and a 
cannula punctured synovial membrane. Mean ± SD; n=6. 

 

 
Sup. Fig. 6-3: CLSM images of ex-vivo synovium after 4 h as well as 48 h showing the retention of FITC-
labeled DEAE-dextran in cationic ADA-nanocomplexes with different molar equivalents of cationic DEAE-
dextran. Direction of diffusion from left (luminal) to right (basolateral); Scale bar: 500 µm.  
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Sup. Fig. 6-4: Plot profiles generated from CLSM images of the measured fluorescence intensities of 
rhodamine-labeled ADA and FITC-labeled DEAE-dextran from ADA-D1 (A), ADA-D2 (B), and ADA-D3 (C) 
nanocomplexes (n=3) after and 48 h proofing simultaneous diffusion and thus stability of the complexes in 
the tissue. Error bars were omitted for clarity reasons. 
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Sup. Fig. 6-5: % viability of synovial tissue in presence of nanocomplex formulations in different molar 
rations (ADA-D1-3) after 48 h of incubation at 37° C as determined by MTT-assay. Mean ± SD; n=5; 
ANOVA+ Dunnett’s multiple comparison test; significant differences: none of the formulations was 
significantly different compared to ADA alone (ADA); ‘*’ (p < 0.05) compared to compared to freshly dissected 
tissue. 
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7. Summary and outlook 
IA injections of biologic agents, whether protein, gene, or cell therapies most 
certainly represent the future in pharmacologic therapy for osteoarthritis to 
achieve more long-term and causal success than existing regimens are capable 
to provide [1,2]. Biologics offer a wide range of targeted applications and can 
intercept catabolic events or induce anabolic activity and promote regeneration 
of deteriorated tissues in the joint [3]. However, intensive research efforts will yet 
be required before such therapies can become established in clinical practice, 
not only in the discovery of potential target structures and the development of 
active pharmaceutical ingredients, but in particular in their delivery to the joint 
space with the aim of overcoming biopharmaceutical challenges so as to achieve 
sufficient duration of action in the joint cavity and a reasonable injection 
frequency.  
With the initiation of this research to develop a formulation for IA delivery of 
biologics, the initial key question was to determine how the joint residence time 
of the drug dosage form could be tested in a biorelevant but yet simple screening. 
While there are methods described in the literature to address this concern, they 
usually involve either basic dissolution experiments or complex and expensive 
animal models. For the investigation of parenteral depot drug forms in general, 
scientists often rely on artificial membrane-based models such as the USP 
apparatus III (reciprocal cylinder) and IV (flow cell), the rotating dialysis cell or 
assimilated membrane-separated diffusion chambers such as the Ussing 
chamber [4–7]. However, these models are primarily applicable to simple drug 
formulations and only infer release but not elimination or distribution kinetics in 
the joint, as they do not reflect the physiological environment and no material-
tissue interplay is involved. Animal models, on the other hand, present much 
more thorough insights as they include physiological and metabolic factors as 
well as long-term changes in tissue structure and joint composition. However, 
whilst they generate valuable data, they are highly complex to interpret, involve 
ethical concerns, and are both challenging and costly to execute. Accordingly, 
animal studies are rather inappropriate for preliminary screenings of joint 
residence time in the stage of early development, especially since individual 
processes or compartments are difficult to evaluate in isolation as they are 
influenced by multiple variables. To fill this gap in between dissolution and in-vivo 
studies and allow relevant decisions to be made at the very earliest stages, an 
ex-vivo permeation model was developed, which adopts the membrane-based 
methodology of conventional release models, but combines it with a viable 
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synovial membrane, thus providing simultaneous assessment of drug dosage 
release and tissue permeability and thus local elimination processes. The 
conceived model was characterized in-depth using fluorescence-labeled 
dextrans, which are widely employed as standards for assessing permeability in 
tissues [8–10]. Thereby, different molecular sizes and charge were examined, 
and the conceived model was proven to exhibit an excellent translatability to 
existing in-vivo studies on IA administered dextran into rats via an IVIVC [11]. 
Since further studies have also reported good correlation of diffusion amidst ex-
vivo porcine and human synovial membranes [12], a high relevance of the 
acquired data is to be expected. The ex-vivo model thus fulfilled the expectations 
by offering a convenient technique for predicting elimination kinetics in the earliest 
stages of development involving only modest resources and costs. Furthermore, 
due to the viable nature of the membrane a simulation of arthritic tissue structures 
could be achieved via LPS stimulation, thus allowing conclusions on 
synonovitically altered permeabilities. This represents a novelty for the 
assessment of synovial permeability and provides yet deeper mechanistic 
insights, since an injection is commonly administered into inflamed joints. 
Contrary to former practiced procedures of developing a formulation and 
subsequently testing it, modern drug delivery research usually first identifies the 
biopharmaceutical barriers and designs criteria before formulations are 
developed, thus placing a greater emphasis on the physiological environment. 
[13]. While this approach is not yet widely employed in pharmaceutical 
osteoarthritis research, the present work adopted this workflow and first identified 
key factors affecting synovial permeability through characterization of permeation 
with the ex-vivo model and then deduced formulation strategies. This concept 
allowed physiological conditions to be leveraged for engaging rational guidelines 
for the development of IA therapeutics, with the data elaborated providing a 
sound basis for a rational selection and development of potential drug candidates 
to be considered for sustained release intra-articular drug delivery. In this context, 
it was observed that increasing molecular weight as well as positive charge led 
to a prolongation of transsynovial diffusion.   
Based on these findings, the drug ADA was selected as a suitable agent for IA 
injections because it not only has promising therapeutic potential, but is expected 
to be eliminated more slowly compared to other protein drugs due to its large 
molecular size and basic patches [14]. However, these properties should be 
further optimized by drug delivery design in order to exploit the full potential of 
the agent. In a first formulation approach, a binary hydrogel system of HA and 



7 Summary and outlook 
 
 

162 

 

PVP was investigated with respect to the extension of the joint residence time of 
ADA as well as of HA, which is likewise possessing pharmacological activity 
within the joint. For this purpose, a DOE was used to find an optimal ratio of the 
polymers, which necessitated a rather large number of samples. Here, the 
strength of the test system was highlighted in its ability to perform extensive 
screening and yet offering straightforward insights into drug release as well as 
delivering information on the tissue permeability. Viscosupplementation by 
injection of HA is an integral element of current OA therapy regimens to alleviate 
patients' symptoms [15]. In addition to decelerating drug diffusion, the designed 
delivery system was found to provide viscosupplementative qualities owing to the 
viscosity of the selected polymers HA and PVP. Hence, it was possible to achieve 
not only a retarded permeation of ADA across the synovial membrane but 
simultaneously achieve optimization of the lubricating capacities and thus 
resulting in a multimodal therapy approach. Based on rheological and tribological 
analyses it may thereby be assumed that the effect is at least equal to that of 
approved HA viscosupplements, although it should be mentioned that these 
assumptions are based only on the physical properties of the formulations and 
not on preclinical or clinical trials.   
The concept of leveraging biopharmaceutical conditions for formulation design is 
even more evident in the development of the second drug delivery system. The 
discovery that DEAE-derivatized dextrans penetrate the synovial membrane 
much more slowly than uncharged dextrans of the same size gave rise to the idea 
of linking the cationic polysaccharides to the API via an avidin-mediated complex, 
which perfectly exemplifies the described development workflow. Electrostatic 
interaction has already been exploited for controlling intra-joint distribution of 
small molecules by increasing their uptake into the articular cartilage [16,17]. In 
the present work, however, the net positive charge of the excipient was yet 
increased, so that instead of deep penetration into articular compartments, which 
have a high negative fixed charge density, immobilization was observed within 
superficial layers of the synovium. Given that synoviocytes and synovial 
macrophages, which secrete inflammatory mediators into the joint space in OA 
and thus contribute to cartilage degeneration and inflammation, are located in 
intimal layers, these tissue layers were considered an ideal target for ADA 
delivery.  
The novel approach of anchoring biologics in superficial tissue zones using 
charged nanocomplexes to decelerate intrusion into joint biobarriers represents 
a promising delivery strategy, particularly since no detrimental effects on the 
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activity of the antibody or the viability of synovial cells could be measured. Since 
this second approach is based on material-tissue interaction, which can usually 
only be estimated in a relevant way by animal models or complex 3D cell cultures 
[18], the advantages of the permeation model in the development of IA drug 
delivery systems over conventional artificial membranes, which would not have 
been able to represent the observed effects, were once more demonstrated.  
To conclude, the ex-vivo permeation model has successfully introduced a tool 
that allows for biorelevant screening of release as well as pharmacokinetics at an 
early stage of development, thus narrowing the gap between dissolution and in-
vivo testing. In addition, this platform offers the opportunity to incorporate novel 
formulation development practices into the research of IA drug delivery systems 
through enhanced understanding of material-tissue interactions, thus enabling 
researchers to observe, evaluate, and adapt the design of more efficient and 
intelligent drug carriers in their biopharmaceutical environment. Two very 
different delivery concepts have been developed. On the one hand a co-
formulated hydrogel-based system, which combines the sustained release of a 
biologic with an optimized viscosupplementation and thus presents a novel 
multimodal therapeutic approach and on the other hand an innovative system, 
which decelerates the diffusion a biologic via cationic nanocomplexes and leads 
to immobilization of the anti-inflammatory drug in superficial layers of the 
synovium. For these very diverse approaches, advantages in terms of 
quantitative capacity and qualitative performance of the ex-vivo model compared 
to conventional test methods have been demonstrated. The developed model 
provides an in-depth understanding of potential retention mechanisms in order to 
gain sustained release upon intra-articular administration of drugs. We therefore 
trust to have contributed to more sophisticated assessment and development 
workflow of pioneering IA formulation and to have expanded the testing 
capabilities by an additional biopharmaceutical tool that provides early and 
profound insights and understanding into elimination and distribution kinetics of 
drugs from the joint space.   
For future applications and optimization of the predictions of the applied model, it 
would be of great value to conduct equivalent animal studies in order to assess 
the pharmacokinetics of drugs alone, but also of formulations, by means of in-
vivo-imaging methods. In vivo imaging would enable tracking of fluorescent drugs 
from the joint and thus provide conclusions to be drawn about the distribution 
processes in the living model with all vital parameters. This would allow for even 
more precise predictability of the data generated by the ex-vivo model. In this 
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context, pharmacokinetic modelling software should support the identification of 
potential agents or drug delivery systems for application as IA injections based 
on a small number of ex-vivo screenings, with the aim of predicting relevant in-
vivo processes while further reducing the number of necessary experiments. In 
the way, the effectiveness of the system would again be enhanced. However, at 
present, no IA modelling software is on the market, as existing software is 
generally restricted to the more traditional routes of administration, in particular 
p.o. medicines. Further improvement of the model could be achieved in future 
research by accelerating the test process. Especially for slow permeating agents 
or sustained formulations, the model encounters limitations due to the restricted 
stability and viability of biological tissue, as the specified test periods of 48 h 
should not be exceeded. Through quantification of tissue cross-sections in the 
CLSM, as was already applied in chapter III, this problem could be mitigated, so 
that short and thus efficient test periods would suffice for all samples. Using a 
computational finite dose simulation for scaling would allow a simplified 
translation of the results, whilst equalizing the bias of intra-individual thickness 
variations of the synovial membranes. So, while there are yet more exciting 
projects ahead to increase the efficiency and adaptability of IA in-vitro or rather 
ex-vivo testing, this work had its share in pioneered biopharmaceutical 
pharmacokinetic screening in the field of IA drug delivery systems and will likely 
bring inspiration and support for the evolution of new ideas for researchers in the 
field of sustained IA injection for the treatment of OA. 
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8. Appendix 

8.1 List of abbreviations 
ADA adalimumab 

ADAMTS a disintegrin and metalloproteinase with thrombospondin motifs 

ANOVA analysis of variance test 

API active pharmaceutical ingredient 

BMP-7 bone morphogenetic protein 7 

CLSM confocal laser scanning microscopy 

CM carboxymethyl 

DEAE diethylaminoethyl 

DLS dynamic light scattering 

DMEM Dulbecco minimum essential media 

DMSO dimethyl sulfoxide 

DOE design of experiments 

ECM extracellular matrix 

ELISA enzyme-linked immunosorbent assay 

FBS fetal bovine serum 

FITC fluoresceine-isothiocyanate 

FGF-18 fibroblast growth factor 18 

FLISA fluorophore-linked immunosorbent assay 

GAG galactosamine glycan 

HABA 2-(4’-hydroxyazobenzene)-benzoic acid 

IA intraarticular 

IL-1β interleukin 1β 

IGF-1 insulin-like-growth factor 1 

ITC isothermal titration calorimetry 

IVIVC in-vivo-in-vitro-correlation 

HA hyaluronic acid 

H&E hematoxylin-eosin 

LPS lipopolysaccharide 
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mAb monoclonal antibody 

MMP matrix-metalloprotease 

MTT methylthiazolyldiphenyl-tetrazolium bromide 

NGF nerve growth factor 

OA osteoarthritis 

PBS phosphate-buffered saline 

PDI polydispersity index 

PEG polyethylene glycol 

PLGA poly(lactic-co-glycolic acid) 

PVP polyvinylpyrrolidone 

RA receptor antagonist 

STR shear thinning ratio 

TEER transepithelial electrical resistance 

TNF-α tumor necrosis factor α 

USP United States Pharmacopeia 

ZSV zero shear viscosity 
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