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ABSTRACT

Smart delivery biomaterials for targeting hyperplasic synovium and treatment of rheumatoid

arthritis

Rheumatoid Arthritis (RA) is an autoimmune and inflammatory disease that affects approximately 1
% of people worldwide. The pathogenesis of RA is characterized by joint synovial inflammation and
cartilage and bone tissue destruction. Several treatments are available to control the inflammation,
however, traditional drugs administration are not fully effective and present severe undesired side
effects. Novel treatment routes are considering the advantages of personalized therapies that can make
use of smart nanobiomaterials as drug delivery systems. These topics are the focus of Section 1, in
Chapters I, Il, and lll. In this thesis, we developed PAMAM dendrimers functionalized with chondroitin
sulfate (CS) as nanocarriers, covalently linked to anti-TNF a Abs to provide anti-inflammatory properties.
This targeted delivery is aimed at treating the inflammation on RA (Chapter V). Besides nanoparticles,
the use of different biomaterials as 3D drug delivery systems is attracting a great deal of attention due
to their tunable mechanical properties. We innovatively proposed enzymatically crosslinked Tyramine-
Gellan gum (Ty-GG) hydrogels as a drug delivery vehicle to provide a sustained release and improve the
treatment safety in patients with RA (Chapter VI). To further increase mechanical properties,
biocompatibility, and therapeutic efficacy in controlling inflammation processes in RA, Ty-GG with Silk
Fibroin hydrogels were produced (Chapter VII). To potentiate the nanoparticles and hydrogels
performances, a combined system using these two platforms was developed and evaluated /n vitro
under static and dynamic conditions, aiming to achieve controlled drug release kinetics (Chapter VIII). In
Chapter IX, an /n vitro human 3D inflammatory cartilage model on-a-chip was developed to be used as
a drug screening platform. In this sense, an inflammatory environment was established by exposing
chondrogenic cells to inflamed macrophages to support with more efficiency the therapeutic effect of
anti-TNF o Ab-CS/PAMAM dendrimer NPs loaded-Ty-GG in the treatment of inflammation (proof-of-
concept). The major conclusions and future trends for the type of drug delivery that were developed,
and screening platform used in this thesis are discussed in Chapter X. This work goes beyond the
current state of the art in the development of nanobiomaterials and drug delivery systems scope with
the potential to improve and overcome the current limitations associated to the conservative treatment

of RA.

Keywords: Biomaterials, Bioreactor, Microfluidics, Nanoparticles and Rheumatoid Arthritis.



RESUMO

Biomateriais de entrega inteligente para o direcionamento do sinévio hiperplasico e tratamento da

artrite reumatoide

A Artrite Reumatdide (AR) é uma doenca autoimune a inflamatéria caracterizada por inflamacéo
das articulacdes, destruicdo da cartilagem e do tecido dsseo. Varios tratamentos estao disponiveis para
controlar a inflamacéo, contudo a administracdo de medicamentos tradicionais nao é totalmente eficaz
e apresenta efeitos secundarios indesejaveis. Novas possibilidades de tratamento tém vindo a
considerar as vantagens das terapias personalizadas, as quais recorrem a nanobiomateriais inteligentes
como sistemas de libertacao de farmacos. Estes temas s&o abordados e revistos no Capitulo I, Il e Ill.
Nesta tese, foram desenvolvidas nanoparticulas a partir de dendrimeros PAMAM funcionalizados com
sulfato de condroitina e covalentemente ligados ao anti-TNF o como uma estratégia de dotar estes
nanosistemas com propriedades anti-inflamatorias. Este sistema de libertacao controlada e direcionado
visa tratar a inflamacédo na AR (Capitulo V). Além das nanoparticulas, o uso de diferentes biomateriais
como sistema de libertacdo de farmacos (3D) estdo a atrair bastante atencdo. Propusemos de forma
inovadora o uso de hidrogéis de goma gelana funcionalizados com tiramina (Ty-GG) e a sua aplicacao
como sistemas de libertacdo de farmacos por forma a assegurar uma melhoria no tratamento em
doentes com AR (Capitulo Vl). Para melhorar as propriedades mecéanicas, biocompatibilidade, e eficacia
terapéutica no tratamento da inflamacéo, foram produzidos hidroggis de Ty-GG e fibroina de seda
(Capitulo VII). Com o objetivo de obtermos uma cinética de libertacdo controlada de farmaco e
potenciar uma melhoria do desempenho das nanoparticulas e dos hidrogéis, um sistema dual
combinando dendrimeros PAMAM funcionalizados e encapsulados em hidrogéis de tiramina-goma
gelana e fibroina de seda foi desenvolvido e avaliado /7 wifro em condicdes estaticas e dinamicas
(Capitulo VII). No Capitulo IX, um modelo de cartilagem inflamatéria humana 3D /n vifro foi
desenvolvido num chip para ser usado como uma plataforma de avaliacdo de farmacos. Nesse sentido,
um ambiente inflamatério foi estabelecido para avaliar com mais eficiéncia, o efeito terapéutico da
abordagem desenvolvida no tratamento da inflamacao (prova de conceito). As principais conclusdes e
tendéncias futuras para o tipo de sistemas de libertacao controlada que foram desenvolvidos nesta tese
sao discutidas no Capitulo X. Este trabalho vai além do estado da arte atual no que respeita ao
desenvolvimento de nanobiomateriais e no ambito de sistemas de libertacdo de farmacos, com o

potencial para melhorar e superar as limitacdes atuais associadas aos tratamentos tradicionais da AR.

Palavras-chave: Artrite Reumatoide, Biomateriais, Biorreator, Microfluidica, Nanoparticulas.
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INTRODUCTION TO THE THESIS FORMAT

To make a clear organization of the work performed under the scope of this PhD, this thesis is

divided into four main sections (1 to 4) containing ten chapters (I to X).

A general introduction (Section 1) can be found divided in three different chapters: Chapters I, II
and lll. This section is followed by Materials and Methods description, corresponding to Section 2, that
includes Chapter IV. Section 3, in which Chapters V to IX can be found, focuses on the experimental
studies and results obtained in the context of this thesis and their discussion. This corresponds to the
main body of the thesis is based on a series of publications published in international journals or
already submitted for publication. Each individual chapter is presented in a manuscript form, /e.
abstract, introduction, experimental section, results and discussion, conclusion, and
acknowledgements. A list of relevant references is also provided as a subsection within each chapter.
The contents of each part and chapter are described below in more detail. Final Conclusions and Future

Perspectives can be found in the last section of this thesis, Section 4 (Chapter X).
Section 1 - General introduction

Chapter | — Rheumatoid Arthritis: Pathogenesis and Current Therapeutic Strategies: This

chapter focuses on the analysis of the pathogenesis of Rheumatoid Arthritis, discussing the role of pro-
inflammatory cytokines involved in disease, and presenting the current therapeutic strategies used in

the treatment of RA.

Chapter Il - Engineering nanoparticles for targeting rheumatoid arthritis: Past, Present and

Future Trends: This chapter presents an extensive overview of recent studies using nanoparticles in the
treatment of Rheumatoid Arthritis namely, liposomes, polymeric nanoparticles, dendrimers, and

metallic nanoparticles

Chapter lll = Hydrogels in the treatment of Rheumatoid Arthritis: Drug delivery systems and

artificial matrices for dynamic /n vitro models: This chapter reviews and discuss the recent studies using

hydrogels in the treatment of Rheumatoid Arthritis, featuring different hydrogel formulations. Besides,
their use as artificial extracellular matrices in dynamic /n wiro articular cartilage and Rheumatoid

Arthritis disease models are reviewed in depth.

Section 2 - Detailed description of experimental materials and methodologies
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Chapter IV - Materials and Methods: A list of the materials used, and methods performed to

obtain the results described further on is provided, being the basis for the all work described in this

thesis.

Section 3 — Experimental work regarding the nanoparticles and biomaterials approach to the

treatment of inflammation on Rheumatoid Arthritis

Chapter V - PAMAM dendrimers functionalized with an anti-TNF o antibody and chondroitin

sulphate for treatment of rheumatoid arthritis: This chapter focuses on the development and evaluation

of PAMAM dendrimers functionalized with chondroitin sulfate and linked to an anti-TNF a antibody,
based on targeted delivery to the treatment of inflammation on Rheumatoid Arthritis. The PAMAM
dendrimer was functionalized with chondroitin sulfate and synthesized as nanocarriers, to help receptor-
ligand interaction and low toxicity, while the covalently linked anti-TNF o Abs provides anti-inflammatory

properties.

Chapter VI — Enzymatically crosslinked tyramine-gellan gum hydrogels as drug delivery system

for _rheumatoid arthritis treatment: In this chapter, we developed tyramine-modified gellan gum

hydrogels (crosslinked by both physical and chemical mechanisms) in the presence of horseradish
peroxidase and hydrogen peroxide. The Ty-GG hydrogels were loaded with betamethasone in order to

provide it sustain release and improve the treatment safety in patients with Rheumatoid Arthritis.

Chapter VII - Anti-Inflammatory Properties of Injectable Betamethasone-Loaded Tyramine-

Modified Gellan Gum/Silk Fibroin Hydrogels: In this chapter, we aimed to produce hydrogels of

Tyramine-modified Gellan gum with silk fibroin via horseradish peroxidase, with encapsulated
betamethasone, to improve the biocompatibility and mechanical properties, and further increase

therapeutic efficacy to treat rheumatoid arthritis.

Chapter VIl — Bioengineered nanoparticles loaded-hydrogels to target TNF alpha in inflammatory

diseases: In this chapter, monoclonal anti-TNF o antibody linked to chondroitin sulfate modified
poly(amidoamine) dendrimer nanoparticles and loaded into Tyramine-Gellan gum hydrogels and
Tyramine-Gellan gum/Silk Fibroin hydrogels were developed. The therapeutic efficacy was evaluated
using cells-based inflammation /n vifro model under standard static conditions and dynamic conditions

using a bioreactor.

Chapter IX — Modulation of inflammation by anti-TNF a mAb-dendrimer nanopatticles loaded in

tyramine-modified Gellan gum hydrogels in a cartilage-on-a-chip model:
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This chapter describes focuses on the development of a new /7 vifro human 3D inflammatory
cartilage-on-a-chip model aiming to be used as a drug screening platform. An inflammatory environment
was established by means of culturing human primary chondrocytes exposed to active pro-inflammatory
macrophages to support with more efficiency the therapeutic effect of anti-TNF o mAb-CS/PAMAM

dendrimer NPs loaded-Ty-GG in the treatment of inflammation
Section 4 - Concluding remarks

Chapter X — General Conclusions and Future Perspectives: The final Section of the thesis

presents the main conclusions of each chapter, current limitations and potential of the advanced
strategies for application in the treatment of Rheumatoid Arthritis. The future perspectives of the

advanced strategies developed in this thesis were also provided.
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No great discovery was ever made without a bold guess”

—Isaac Newton
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Chapter |

Rheumatoid Arthritis: Pathogenesis and Current

Therapeutic Strategies:

ABSTRACT

Rheumatoid Arthritis (RA) is an autoimmune and inflammatory disease that affects approximately 1% of
people worldwide. The exact cause of RA remains unknown, however, seems to result from interaction
among genetic and environmental factors. The pathogenesis of RA is characterized by the infiltration of
several inflammatory cells into the synovial membrane and by subsequent cartilage and bone tissue
destruction. The synovial membrane is the central area of pathology. The specialized connective tissue
becomes thickened and hyperplastic containing an infiltration of inflammatory cells. These cells form a
complex network that promotes the production of pro-inflammatory cytokines that play important roles
in the pathophysiology of RA. Although there is no cure for RA, treatments can help reduce
inflammation in the joints, relieve pain, and prevent or slow down joint damage. This chapter focuses
on the analysis of the pathogenesis of RA, discussing the role of pro-inflammatory cytokines involved in

disease, and presenting the current therapeutic strategies used in the treatment of RA.

Keywords: Rheumatoid arthritis, Pathogenesis, Cytokines, Current treatments.

'This chapter is based on the following publication:

Oliveira I. M., Gongalves C., Reis R. L., Oliveira J. M. "Synovial Knee Joint". Regenerative Strategies for the Treatment of Knee Joint

Disabilities. Oliveira J. M., Reis R. L. (Eds.), Springer, 2016, 21:21-28. doi:10.1007/978-3-319-44785-8_2.
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I-1. INTRODUCTION

I-1.1. Pathogenesis of Rheumatoid Arthritis

Rheumatoid Arthritis (RA) is a chronic, progressive, inflammatory autoimmune disease that arises
more frequently in females than males, affecting approximately 1% of people worldwide. This arthritic
disease is associated with progressive disability, premature death, and socioeconomic burdens [1]. The
exact cause of RA remains unknown, however, initiation of the disease seems to result from interaction
among genetic susceptibility and environment triggers (smoking, obesity) [2]. The pathology of RA is
characterized by the infiltration of several inflammatory cells into the synovial membrane and by

subsequent cartilage and bone tissue destruction (Figure I-1).
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Figure I-1 - Pathophysiology of Rheumatoid Arthritis and comparation with normal joint. Reprinted with permission [3].

The synovial membrane (synovium) is the central area of pathology in several inflammatory joint
diseases, including RA. This membrane is a thin highly organized structure that is present between the
joint cavity and the fibrous joint capsule [4]. The synovial membrane has two layers, the inner layer,
constituted by macrophages or synoviocytes, and the outer layer, composed of two to three layers of
synoviocytes over connective tissue with fibroblasts, secreting collagen, and other extracellular matrix

proteins. The outer layer has few macrophages and lymphocytes, blood vessels containing nutrients to



Chapter |- Rheumatoid Arthritis. Pathogenesis and Current Therapeutic Strategies

the synovial membrane, and the adjacent avascular cartilage and fat cells [5]. The synovial membrane
is surrounding the cavity of joints, taking the space with synovial fluid [6]. The synovial fluid, secreted by
the synovial membrane, is responsible for (i) joint lubrication (which reduces friction and lessen shock
between the surfaces of cartilage) and (ii) has an important role in the nutrition of the articular cartilage

[7].

The joint synovial structure changes substantially in RA patients. RA is initially characterized by a
pre-vascular inflammatory phase, followed by a vascular phase with an increase in vessel growth. The
normal synovial membrane becomes hyperplastic, containing a superficial lining layer of synovial
fibroblast and macrophages, overlying an interstitial zone that comprises a marked cellular infiltrate,
which includes synovial fibroblasts, macrophages, mast cells, CD4+ T-cells, CD8+ T-cells, natural killer
(NK) cells, NKT cells, B-cells and plasma cells [8]. The inflammation of the synovium invades adjacent
cartilage and subsequently, it can promote articular destruction. Articular damage is featured by an
environment hypoxic and angiogenesis (growth of new blood vessels), characteristic of RA joints. The
increased number of blood vessels is associated with synovial cell hyperplasia and mononuclear cell
infiltration. The angiogenesis allows cells to migrate from the blood into the inflamed synovium, where
pro-inflammatory cytokines and chemokines have an important role in the pathogenesis of RA

[91,[10],[11].

I-1.2. Pro-inflammatory cytokines involved in the pathogenesis of rheumatoid arthritis

Various immune modulators (cytokines and effector cells) and signaling pathways are involved in
the pathophysiology of RA [12]. The RA pathogenesis begins with the activation of immune cells
(including dendritic cells, T cells, B cells, plasma cells, macrophages, and mast cells) and by
angiogenesis. Macrophages, T cells, B cells, and other immune cells form a complex network that
promotes the production of pro-inflammatory cytokines that play important roles in the pathophysiology
of RA [13]. Cytokines support cellto-cell communication in immune response and stimulate the
movement of cells towards sites of inflammation, infection, and trauma. In rheumatic joints, the
upregulation of pro-inflammatory cytokines and downregulation of anti-inflammatory cytokines favors the

induction of autoimmunity, chronic inflammation, and thus joint damage [14].

The pro-inflammatory cytokines most directly implicated in the RA disease process are tumor

necrosis factor-a (TNF-at), interleukin (IL-1), and IL-6. These cytokines produce an overlapping spectrum
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of biological actions, they act in concert with each other and other cytokines to produce many of their
pathophysiological effects [15]. The main role of pro-inflammatory cytokines in the pathogenesis of RA

disease is summarized in (Table I-1) [16].

TNF-a is expressed as a type Il transmembrane protein consisting of 233 amino acid residues (26
kDa). After processing by the TNF-a-converting enzyme, the soluble form of TNF-a is cleaved from
transmembrane TNF-a (17 kDa). The soluble TNF-a and its precursor form, transmembrane TNF-a, are
involved in the inflammatory response. Soluble TNF-a acts at sites remote from the TNF-a-producing
cells and transmembrane TNF-a exerts its biological function in a cell-to-cell contact (binding to TNF-a
receptors). Therefore, transmembrane TNF-a plays a critical role in local inflammation [17]. The main
supply of TNF-a are macrophages, T-cells, B-cells, mast cells, synovial fibroblasts, chondrocytes, and
osteoblasts. It is one of the key cytokine molecules that cause inflammation in RA. TNF-a stimulates the
production of other inflammatory cytokines, IL-1, IL-6, IL-8, granulocyte monocyte-colony stimulating
factor (GM-CSF), MMP (Matrix Metalloproteinases), attracting and activating immune and inflammatory
cells into the joint (leukocytes, endothelial cells and fibroblast-like synoviocytes (FLS) [18]. This process
is enabled by the upregulation of key integrins and adhesion molecules. The destruction of the
underlying articular cartilage and subchondral bone is initiated by the proteolytic and MMPs which
provoke the destruction of the underlying cartilage, and the initiation of osteoclast resorptive activity,
which brings about the destruction of the subchondral bone [19]. In cultures of synovial cells from RA
patients, blocking TNF-a. with antibodies significantly reduces the production of IL-1, IL-6, IL-8, and GM-
CSF. Thus, the inhibition of TNF-a may have a wider effect on inflammation than the inhibition of other

cytokines present in high concentrations in synovial fluid [20].

The IL-1 family comprises a total of 11 members. Several members of the IL-1 superfamily have
been implicated in the pathogenesis of RA. IL-1a and IL-13 are expressed in abundance in the synovial
membrane and produce the biological effects attributed to IL-1 cytokine [21],[22]. This pro-
inflammatory cytokine is expressed by macrophages, B cells, T cells, synovial fibroblasts, and
chondrocytes. IL-1a and IL-1f3 increase cytokine production by synovial monocellular cells, chemokine,
prostaglandins (PGs), and MMP released by fibroblasts. Furthermore increases catabolism and cytokine
production by chondrocytes, and bone erosion by osteoclasts [23]. Due to the role of this cytokine in

the RA pathology, the IL-1 blockade has an important therapeutic effect in disease [24].
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The IL-6 is a pro-inflammatory cytokine that also plays an important role in the pathophysiology of
RA. This cytokine is found in abundance in the synovial fluid and serum of patients of RA and the level
associates with the disease activity and joint destruction [25]. It is mainly produced in the inflamed
joints by macrophages, FLS, B cells, and T cells. IL.-6 can induce synovitis and joint destruction by
stimulating neutrophil migration, osteoclast maturation, and vascular endothelial growth factor (VEGF)-
stimulated pannus proliferation [26]. IL-6 may also contribute to the induction and maintenance of the
autoimmune process through B-cell maturation and TH-17 differentiation. So, the inhibition of IL-6 is a

desirable therapeutic option in the treatment of RA [27].

Table I-1 - Main pro-inflammatory cytokines involved in the pathogenesis of Rheumatoid Arthritis.

Cytokine Cell source Role in the disease process

Activates immune and inflammatory cells (leukocytes,

endothelial cells, and synovial fibroblasts);
Macrophages,

T-cells and B-cells L . )
Increase the monocyte activation, cytokine, chemokine,

TNF-a Mast cells adhesion molecules, and MMP release;

Synovial fibroblasts
Chondrocytes

Actives the destruction of the underlying articular cartilage
Osteoblasts

and subchondral bone;

Increase the synovial fibroblast cytokine, chemokine, MMP,

and PG release;
Macrophages

T-cells and B-cells -
IL-1 S Osteoclast activation;
Synovial fibroblasts

Chondrocytes
S Endothelial cell adhesion molecule expression;

Neutrophil recruitment;
Osteoclast activation;

Macrophages Pannus formation via promotion of VEGF production;
IL-6 T-cells and B-cells

o B-cell proliferation and antibody production;
Synovial fibroblasts

T-cell proliferation and differentiation;
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I-2. CURRENT THERAPEUTIC STRATEGIES FOR RA

Treatments for RA can help reduce inflammation in the joints, relieve pain, and prevent or slow
down joint damage. Although there is no cure for rheumatoid arthritis, suitable treatment early during

RA can reduce the risk of joint damage and limit the impact of the condition [28].

The current treatment principles for established RA involve symptomatic management and disease
modification. There are five main classes of drugs frequently used in the treatment of RA, analgesics,
NSAIDs, GCs, DMARDs, and biological agents. The most usually used therapeutic strategies comprise
analgesics, NSAIDs, GCs. However, DMARDs and biological agents are the first line of treatment in RA

in order to relieve joint damage and control the disease progression [29],[30].

Despite recent advances in medical therapeutics, the treatments still raise major efficiency
concerns. The therapeutic strategies are associated with poor pharmacokinetic distribution to the
specific site of disease, short half-life, and several side effects. The current strategies used in RA
treatment are summarized in (Table I-2) [31],[32].

Analgesics provide pain relief from slight to moderate arthritis. In these groups are included
acetaminophen, tramadol, capsaicin, and narcotics. Since these drugs do not exhibit any anti-
inflammatory properties, they are usually combined with GCs, NSAIDs, DMARDs, and biological
therapies [31],[33].

NSAIDs have both analgesic and anti-inflammatory properties but do not change the course of the
disease of RA or prevent joint destruction. NSAIDs are useful for treating the symptoms of RA but are
incapable to avoid the development of the progressive disease. The drugs in this class include
ibuprofen, aspirin, naproxen, and indomethacin. This class of drugs inhibits ciclo-oxigenase (COX)-1 and
COX-2, blocking PGs synthesis that are mediators of inflammation and pain [34],[35]. Although NSAIDs
are essential to the treatment of RA, they can cause severe gastrointestinal adverse events and ulcers
[36]. Recent studies have verified that their analgesic and anti-inflammatory effects are mediated mainly
through inhibition of the COX-2 iso-enzyme. Three selective COX-2 inhibitors are celecoxib, rofecoxib,
and valdecoxib [37]. Compared with traditional NSAIDs, they have been shown to have comparable
efficacy and a better overall safety profile. As NSAID gastropathy is one of the most significant side
effects associated with NSAIDs, and because this toxicity seems to associate closely with inhibition of
COX-1, one of the greatest potential advantages for COX-2 selective inhibition was anticipated to be their

lower incidence of gastropathy. However, if the patient has a medical story of cardiovascular disease,
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COX-2 inhibitors can increase ischemic cardiovascular events [38],[39]. Although COX-2 inhibitors can
lower the rate of gastrointestinal adverse events, they do not completely protect high-risk patients from
recurrent ulcer complications [40],[41].

Glucocorticoids have both anti-inflammatory and immunoregulatory activity. GCs have profound
effects on the distribution and function of circulating leukocytes. They inhibit neutrophil migration to
sites of inflammation reducing their adherence to vascular endothelium and interfere with cytokine
stimulation. This class of drugs includes prednisone, methylprednisolone, betamethasone,
dexamethasone, among others [42],[43]. They can be administered orally, intravenously, or by intra-
articular injection. The actions of these drugs on joint pain are much greater than NSAIDs and
analgesics but they have more side effects including osteoporosis, weight gain, muscle weakness,
diabetes, hypertension, and glaucoma. Due to their multiple side effects, they are now used mainly as a
therapeutic adjunct in low doses or as a bridge therapy aimed at controlling symptoms during periods
when disease activity is high [43].

DMARDs include a large group of drugs that reduce the progression of joint erosion. Although both
NSAIDs and DMARDs agents improve symptoms of active RA, only DMARDs agents have shown to alter
the disease course [44],[45]. DMARDs have slow onsets and no analgesic activity. In most cases, when
the diagnosis RA is confirmed, the therapy with DMARDs agents should be started [46]. The currently
available drugs include gold compounds, penicillamine, hydroxychloroquine, cyclophosphamide, and
methotrexate. The actions of these drugs are possibly related to the decrease of phagocytosis and
immune responses. Due to powerful action, DMARDs can cause several side effects, normally,
stomachache, liver problems, blood problems, among others [47],[48].

Biological agents have recently been developed to treat RA. This class of drugs acts by decreasing
the inflammatory response in affected joints. Biological agents target specific components of the
immune system that play an important role in the sustenance of the disease process and tend to work
more quickly than conventional DMARDs [49],[12]. There is substantial evidence that the pro-
inflammatory cytokines TNF-a, IL-1, and IL-6 are upregulated in RA [18]. Recent clinical trials targeting
these cytokines have shown a significant clinical improvement and slowing of disease progression.
Examples of these drugs include anti-TNF-a agents, IL-1 and IL-6 receptor antagonists [50],[51].
However, these agents may induce side effects, tuberculosis, respiratory infection, skin infection, and
urinary tract infection. These drugs are newer treatments and in the future supplementary biological

therapies will possibly become available [52].



Chapter |- Rheumatoid Arthritis. Pathogenesis and Current Therapeutic Strategies

Table I-2 - Main pro-inflammatory cytokines involved in the pathogenesis of rheumatoid arthritis.

Therapy Drug Mechanism of action Side effects
Acetaminophen
Tramadol
Analgesics Analgesia Gastrointestinal problems
Capsaicin
Narcotics
Ibuprofen
Aspirin
Naproxen
COXs inhibitors Gastrointestinal problems
NSAIDs Indomethacin
Immunomodulation Cardiac disfunction
Celecoxib
Ulcers
Rofecoxib
Valdecoxib
Osteoporosis
Prednisone Weight gain
Methylprednisolone Muscle weakness
GCs Immunosuppression
Betamethasone Diabetes
Dexamethasone Hypertension
Glaucoma
Gold compounds
Penicillamine Gastrointestinal problems
Immunosuppression
DMARDs Hydroxychloroquine Liver and kidney problems
Disease-modifying activity
Cyclophosphamide Blood problems
Methotrexate
Etanercept
Tuberculosis
Infliximab
TNF-a inhibitor Respiratory infections
Adalimumab
Biological agents IL-1 receptor inhibitor Urinary tract infection
Anakinra
IL-6 receptor inhibitor Skin infection
Tocilizumab
Sarilumab

I-3. CONCLUSION AND FUTURE PERSPECTIVES

RA is a frequent and chronic painful disease that affects synovial joints. Recently acquired
knowledge regarding the pathogenesis of RA has significantly improved the therapy of the disease.

Current treatments focus on suppression inflammation preventing the progression of joint damage but

10
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rarely provide complete pain relief. Pain is not the only important consequence for RA patients but also

exacerbates disability and psychological suffering. RA pain can be mediated by inflammation

mechanisms and structural damage. A better understanding of the different contributions of these

mechanisms should lead to more effective treatment targeting, as well as the development of new

approaches with fewer side effects.
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ABSTRACT

Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by joint synovial inflammation
and cartilage and bone tissue destruction. There are some treatment strategies for RA but they are not
completely safe and effective. Therefore, it is important to develop and test new drugs for RA that
specifically can target inflamed/swollen joints and simultaneously attenuate other possible damages to
healthy tissues. Nanotechnology can be a good alternative to consider when envisioning precise
medicines for the treatment of RA. Through the use of nanoparticles, it became possible to increase
bioavailability and bioactivity of therapeutics and further selective targeting to damaged joints. Herein, it
is reviewed the recent studies using nanoparticles in the treatment of RA namely, liposomes, polymeric
nanoparticles, dendrimers, and metallic nanoparticles. These therapeutics strategies have been
showing great promise to improve the RA treatment as compared with the use of traditional drugs. The
results of these studies allow confirming that the use of nanoparticles is mainly due to their properties
such as biocompatibility, low toxicity, controlled release, and selective drug delivery to inflamed tissues
in animal RA models. Therefore, it is possible to claim that nanotechnology will have, in the near future,

a crucial role in advanced treatments and patient-specific therapies for human diseases such as RA.

Keywords: Nanoparticles, Liposomes, Dendrimers, Rheumatoid arthritis
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II-1. GRAPHICAL ABSTRACT

I1-2. INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease that affects approximately 1% of the
general population worldwide, and it is associated with a high degree of morbidity and significant
mortality [1],[2]. It is characterized by joint synovial inflammation and stiffness, and the destruction of
cartilage and bone [3],[4]. Many cell types have been identified as important participants on the
establishment and progression of the disease. T-cells have been implicated as primary mediators in the
pathogenesis of RA, they contribute to the inflammatory response through the elaboration of cytokines
and interaction with other cells that perpetuate the inflammation and joint destruction [5]. Pro-
inflammatory cytokine tumor necrosis factor-a (TNF-ot) has an important role in the pathogenesis of RA.
It has been found to be a therapeutic target, while anti-TNF-a agents showed to induce longterm

improvements in the RA symptoms and signs, by protecting affected joints from tissue degradation [6].

The treatment strategies for RA comprise the use of disease-modifying anti-rheumatic drugs
(DMARDs), typically supported by non-steroidal anti-inflammatory drugs (NSAIDs) and/or
glucocorticoids (GCs), in order to reduce joint inflammation and pain, maximize joint function, and
prevent joint destruction and deformity. Agents that target TNF-a are the leading biological DMARDs.

There are three TNF-a inhibitors well established in the RA market: (I) Infliximab, (i) a chimeric
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monoclonal antibody, and (iii) the fusion protein etanercept [7],[8]. Despite recent advances in medical
therapeutics, the treatments still raise major efficiency concerns. In fact, patients fail to respond
adequately or become resistant to drug therapy and longterm use of these drugs may be due to
adverse events, such as tuberculosis, fungal infections, lymphomas, liver injury, myelosuppression, and
heart failure. It is urgent to develop and test new drugs to specifically target inflamed joints, to attenuate
damage to healthy tissues. In this sense, nanomedicine is a promising therapeutic approach to RA.
Drug-loaded nanocarriers coupled with pathophysiological characteristics of inflamed joints can amplify
bioavailability and bioactivity of medical therapeutic and possibly promote selective targeting to inflamed

joints [9].

Encapsulating bioactive agents into nanocarriers that selective drug delivery to the intended

sites of action may be reached through targeted approaches, and will be herein overviewed [5].

II-3. NANOPARTICLE SYSTEMS

Nanotechnology refers to the ability to measure, design, and manipulate materials at atomic,
molecular, and supramolecular levels [10],[11]. The production of nanomaterials for drug delivery can
offer new opportunities to provide a more focused and perfect treatment of the disease at molecular
level, improving the potential therapeutic drugs so that they become less toxic and more effective. Most
drugs have several limitations due to their poor solubility, high toxicity, high dosage, nonspecific
delivery, and short circulating half-lives. Nano-size drug delivery focuses on the preparation of bioactive

molecules in biocompatible nanosystems such as nanoparticles [12],[13].

Nanoparticles (NPs) have sizes ranging from 1-100 nm. The therapeutic applications of NPs are
diverse. One advantage is the improvement of the poorly water-soluble solubility drugs. Nanoparticles of
poorly water-soluble drugs can increase the surface area and surface interactions of NPs, which can be
used to enhance the dissolution rate and allow controlling the pharmacokinetic properties of the dosage
form [14]. The NPs also prolong the half-life of drug systemic circulation, releases drugs at a sustained
rate, delivers drugs in a targeted manner to minimize systemic side effects, and delivers two or more
drugs simultaneously for combination therapy. Drugs are used in RA treatment due to their anti-
inflammatory and analgesic effect and reduction in inflammatory markers. Drugs such as clodronate,
triptolide, methotrexate, indomethacin, dexamethasone, siRNA against TNF-a, among others can be

loaded onto NPs by diverse methods such as being attached to the nanocarrier’s surface or
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encapsulated within them. They have been used as drug-delivery systems with unique architectures to
work as a drug-delivery vehicle for particular disease treatment. These technologies have been studied
and used for the treatment of cancer, diabetes, pain, asthma, allergy and infection
[10],[11],[12],[13],[15]. There are different types of nanoparticles including polymeric NPs, liposomes,
dendrimers magnetic NPs, metallic NPs, polymeric micelles, solid lipid nanoparticles, nanotubes,
among others [11],[16],[17] (Figure II-1). Most studied nanoparticles for RA treatment are liposomes,

polymeric NPs, dendrimers and metallic nanoparticles.

(d)

(h)

Figure II-1 - Scheme with the nanoparticles systems. a) polymeric NPs, b) liposomes, c) dendrimers, d) magnetic NPs, e)
metallic NPs, f) polymeric micelles, g) solid lipid nanoparticles, and h) nanotubes.

II-3.1. Liposomes

Liposomes are spherical nanoparticles constituted of bilayer membranes with aqueous interior and
can be composed of synthetic or natural phospholipids. Physical and chemical properties of a liposome
include permeability, charge density, and steric hindrance. They can be used as effective drug delivery
systems. Drug loading in liposomes can be in the aqueous compartment or in the lipid membrane.
Generally lipid soluble drugs are incorporated in the liposomal membrane and water soluble drugs are
loaded in the compartment [18],[19].

There are many studies reporting the potential applications of liposomes in RA treatment (Table II-
S1 in the Supplementary Information). Fong ef a/. [20] studied rabbits with and without arthritis injected
with free [3H] methotrexate ([3H]MTX) or liposomes containing [3H]MTX with thioglycollate-elicited
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macrophages /n vitro. These authors found that the catchment of liposomes by the synovium was low.
However, it was reported a 40-fold increase in drug retention in the joint, compared to the injection of
free MTX. Liposomes can improve the efficacy and decrease the side effects of drugs into the joint

cavity [21],[22].

Love and co-workers [23] have studied liposomes in the inflamed tissue of rats with induced
arthritis and in rats without arthritis. Control rats and with arthritis were injected intravenously, via the
tail vein, with four different sized liposome preparation. Through the study was possible to verify that
there was 10 times more liposome accumulation in inflamed rats than in control rats and there were
differences between the small unilamellar vesicle and multilamellar vesicle in inflamed and control
paws. The small unilamellar vesicle was more accumulated in inflamed paws. Another study
investigated if local removal of phagocytic synovial lining cells (SLCs) from the knee by clodronate-
liposomes before the introduction of collagen-induced arthritis (CIA) influenced the development of
cartilage destruction. That study showed that phagocytic SLCS depleted by a single injection of
clodronate-liposomes in the knee joint accompanied of SLCs with treatment with dexamethasone
decreased cartilage damage [24],[25],[26],[22]. Williams et a/. [27] studied the liposome encapsulated
with methotrexate in the inflamed knee joint to determine if conjugation would be able to modulate the
severity of induced arthritis in rats. The conjugated has been shown /7 viro to inhibit to release of two
pro-inflammatory mediators, TNF-a and prostaglandin stimulated rat peritoneal macrophages. After the
onset of joint inflammation, the rats were treated intravenously with liposome-methotrexate. Liposome
encapsulated with methotrexate showed significant improvement in established joint inflammation and
less toxicity than comparable doses of the free drug. A study made by Watson-Clark et al [28]
examined the use of liposomes as a boron delivery method in rats with CIA. The concentration of boron
delivery by liposomes was determined after the intravenous injection of liposomes. The biodistribution of
liposomes incorporated in the vesicle membrane demonstrated higher synovium/blood boron ratios,
reduced boron uptake in synovial tissue, and more rapid blood clearance [26]. Another study analyzed
the effect BPD-Verteporfin (liposomal benzoporphyrin derivate-monoacid ring A) in the inflamed
synovium and articular and peri-articular tissues following intravenous and intra-articular administration
in the rabbit model. The study showed that there was a preferred distribution of BDP-MA in the inflamed

synovium and clearance from the synovium was rapid (Figure 1I-2) [29],[26],[22].
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Figure 1I-2 - Scheme for the use of liposomes in rheumatoid arthritis. Reprinted with permission from [22] .

Highton et a/ [30] investigated the involvement of liposomes containing clodronate as an anti-
macrophage treatment for RA. They used the antigen-induced arthritis model (AlA) in sheep to evaluate
the effect of clodronate liposomes. There was an uptake of liposomes into macrophages within the
inflamed joint. They gave an intra-articular injection of clodronate liposome in a group of sheep (group
1), or saline liposome (group 2) and others without arthritis and no treatment (group 3). There were no
differences between joint diameter and swelling in groups 1 and 2. In these groups histologic scoring
was similar, and both were worse than group 3. Despite the possible pro-inflammatory effect, they were
not able to show a therapeutic effect of a single dose of clodronate liposomes in this kind of animal
model [26]. Another investigation explored the subcutaneous administration of superoxide dismutase
(SOD) entrapped in long circulating liposomes in rats with RA. Results showed that small-sized SOD-
liposomes gave a higher uptake in the inflamed foot than the large-sized SOD-liposomes. When
compared the localization in the inflamed foot with the non-inflamed foot, uptake was higher for the
small-sized SOD-liposomes than the large-sized SOD-liposomes. Thus, small-sized liposomes are more
effective than the large-sized SOD liposomes for targeting of SOD to arthritis sites after subcutaneous
administration [31],[26]. A study made by Srinath ef a/ [32] investigated the encapsulation of
indomethacin in liposomes to determine anti-inflammatory potential. The study investigated the
biodistribution using convention liposomes and long-circulating liposomes in a RA rat model. It was
found that long-circulating liposomes have shown higher targeting efficiency in arthritis paw tissue than
conventional liposomes [21],[26]. Ceponis and co-workers [33] showed that intra-articular injection of
low doses of liposomal clodronate in rabbits established AIA had anti-inflammatory and antierosive

effects. There were low levels of TNF-a, lining cell hyperplasia, and macrophages in the synovium of the

20



Chapter II- Engineering nanoparticles for targeting rheumatoid arthritis: Past. Present and Future Trends

liposomal clodronate treatment group. Nevertheless, the effect was temporary and it did not prevent the
occurrence of joint erosions over the long term [26]. A study reported by Trif ef a/,, [34] investigated the
use of liposome-entrapped lactoferrin (hLf) as a delivery system to prolong hLf retention at local
inflammation sites such as the rheumatoid joint. Investigators compared negatively charged liposomes,
positively charged formulations, and free protein. /n vivo studies in rats with CIA showed that the
positive liposomes were more effective in prolonging the residence time of hLf in the inflamed joint
when compared with other liposomes. In 2007, the same investigation group compared the capacity of
free lactoferrin and lactoferrin encapsulated in liposomes to prevent established joint inflammation and
to modulate the cytokine response of lymph node (LN) T lymphocytes in DBA/1 mice with CIA. The anti-
inflammatory effect was higher in positive liposomes and it was inferior in the free protein. After a single
injection of liposomal hLf, the arthritic score was significantly reduced. Cytokine levels produced by LN
T cells showed a pro-inflammatory cytokines (TNF-a) decrease followed by an increase of the anti-
inflammatory cytokines (IL-10) in encapsulated when compared with free hLf [35]. Another report has
compared a dexamethasone-anti-E-selectin immunoconjugate with anti-E-selectin immunoliposomes
that contain dexamethasone, analyzing /n vivo increase in activated endothelial cells and /7 vitro binding
and internalization. That study showed that dexamethasone-anti-E-selectin was internalized to a larger
extent than the anti-E-selectin immunoliposomes, while the high drug-loading capacity of the liposomes
may allow a larger quantity of dexamethasone to intracellular delivery. Both accumulated in activated
endothelial cells in murine inflamed skin [36],[37]. Metselaar ef a/ [38] studied the intravenous
treatment action of prednisolone phosphate (PLP), encapsulated in long-circulating polyethylene glycol
liposomes, to target inflamed joints in rats with AlA. Liposomal PLP proved to be highly effective, with a
complete reduction of the inflammatory response while the same dose of non-encapsulated PLP did not
reduce inflammation [27],[28]. In 2004, the same researchers investigated the effect of treatment with
encapsulated PLP in long (poly) ethylene glycol (PEG)-liposomes to target synovial lining cells in
inflamed joint and cartilage destruction in mice with CIA. Mice were treated with conjugated and free
PLP few days after the established disease, and liposome PLP resulted in a strong and lasting
resolution of joint inflammation compared with free PLP [39],[5]. A study made by Harigai ef a/., [40]
evaluated the potential of prednisolone phosphate (PSLP) - containing 3,5-dipentadecyloxybenzamidine
hydrochloride (TRX-20) liposomes to treat RA. The conjugated was added to Human Fibroblast-Like
Synoviocytes (HFLS) cells. The effects of PSLP in TRX-20 liposomes, on HFLS cells were evaluated by
the inhibition of the production of inflammatory cytokines and inflammatory chemokine. The symbiosis

of the PSLP-containing liposomes with HFLS cells was 40 times higher than that of PSLP-containing
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liposomes without TRX-20 [22]. Another study investigated if RGD peptide-exposing long circulating PEG
liposomes (RGD-PEG-L). The aim of this work is to see if avf33 integrins expressed on angiogenic
vascular endothelial cells (VECs) are efficient to connect VECs at sites of inflammation and if liposomes
containing dexamethasone phosphate (DEXP) could be used as carriers to interfere with the
development of experimental arthritis. In rats with AIA was evaluated DEXP-encapsulating RGD-PEG-L as
compared with non-target liposomes. One intravenous injection of DEXP encapsulated in RGD-PEG-L
resulted in a strong and lasting anti-arthritic effect in rat AlA [41],[25],[371,[22]. The folate-linked lipid-
based nanoparticles delivery a nuclear factor kappa B (NFkB) decoy into murine macrophage
RAW264.7 cells was also studied. The manifestation of the folate receptor in RAW26.7 cells activated
lipopolysaccharide as confirmed by suppression of folate receptor (FR) mRNA. After transferred via NP-
F, the NFkB was detected in the cytoplasm and an inhibitory effect on the translocation of NFkB in the
nucleus was observed, presuming that NP-F delivered the NFkB catch into the cytoplasm. This
approach is important for active macrophages in gene therapy for RA [42]. Rauchhaus et al, [43]
analyzed the glucocorticoid dexamethasone phosphate (DXM) encapsulated in non-PEGylated liposomes
in rat AIA and rat with no drug. Injection of liposomes DXM at 6, 24, and 48 hours after arthritis
induction was responsible for removing joint swelling. Liposomal DXM suppressed both chronic
inflammation and joint destruction, while free DXM-P failed to prevent joint destruction. Richard et a/,
[44] investigated the efficacy of a single dose of liposomal clodronate within small unilamellar vesicles
(SUVs) to suppress joint inflammation and histological progression of AIA rats. Rats received a single
injection of liposomal clodronate 7 days post-arthritis induction. The results showed that liposomal
clodronate eliminates synovial macrophages, reduces inflammation, and ameliorates joint destruction in
AlA. In 2001, Richard et a/. [45], investigated the role of macrophages using liposomal clodronate in
the pathogenesis of induced chronic arthritis. Ten days after arthritis induction, rats received a single
intravenous injection of liposomal clodronate within SUVs. Twenty-six days after treatment, SUVs
suppressed the development of arthritis. Macrophage elimination by SUVs inhibits local production of IL-
1B, IL-6, TNF-a and MMP-9, and the pathogenesis of inflammatory arthritis [26]. A study made by
Simdes et al. [46] investigated a novel treatment possibility using the SOD liposome mixed lipid
vesicles, Transfersomes (TFs) in the AIA rat model. Treatment of animals started on day 1 by
application epicutaneous of SOD-TFs. After this application, there was the suppression of the induced
rat paw edema. It was shown for the first time that SOD incorporates into TFs and applied into a skin
area not necessarily close to the inflamed tissue is able to promote non-invasive treatment of induced

arthritis [22]. Gaspar ef a/. [47] studied the biological behavior of Acylated Superoxide Dismutase (Ac-
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SOD) enzymosomes inserted in the lipid bilayer of the liposomes, as compared to SOD that is located in
the aqueous compartment of liposomes. For that study were used unmodified liposomes and long
circulating liposomes coated with PEG. The results showed that liposomes coated with PEG were not
influenced by the insertion of Ac-SOD in the lipid bilayers. The potential therapeutic of SOD liposome
was compared with Ac-SOD enzymosomes in rats with arthritis. Ac-SOD enzymosomes presented a
faster anti-inflammatory effect as observed by the volume of the inflamed paws. The results allowed
conclude that Ac-SOD enzymosomes are able to exert therapeutic effect before liposome disruption and
they can act as a sustained release of the enzymes. Another study determined the therapeutic effect of
TNF-a siRNA administration using liposomes, in rats with rheumatoid arthritis. The therapeutic effect in
rats was assessed after intravenous delivery of TNF-a siRNA by cationic liposomes. Rats showed
improvements when TNF-a siRNA was administrated, combined with the liposome and with carrier
DNA. There was inhibition of systemic TNF-a secretion and a decrease in the levels of IL-6. The study

demonstrated the efficiency of a liposome carrier system to silence TNF-a in rats with RA [48],[26].

II-3.2. Polymeric nanoparticles

Polymeric nanoparticles (NPs) are biodegradable, good drug-delivery systems, and can be
biocompatible. These nanoparticles exhibit a big potential for surface modification and functionalization
with different ligands, are excellent pharmacokinetic controls, and are able to encapsulate and deliver a
variety of therapeutic agents [13]. There are various studies of polymeric nanoparticles for the
treatment of RA (Table I- S2/S3 in the Supplementary Information). Gerlag ef a/, [49] studied mice
with CIA that were injected with RGD-containing cyclic peptide (RGD-4C) that binds selectively to the
avB3 and avfB5 integrins in the cells of the inflamed synovium but not in the cells of the normal
synovium. avf33 and avf35 are important in angiogenesis, av3 manifests on synovial blood vessels in
RA and av antagonists injected directly into the joint quell synovitis. The results showed that RGD-4C
decreased rheumatoid arthritis symptoms and increased apoptosis of synovial blood vessels. A study
made by Kim et al., [50] investigated the effect of single administration of Polylactic-co-glycolic (PLGA)
entrapping type Il collagen (ll) on the development of CIA. This conjugate was studied due to the
capacity of each element to be a strong candidate to suppress autoimmune disease. After a single
administration of PLGA-CIl in mice, the incidence and severity of arthritis on CIA was significantly

reduced. Furthermore, mice showed a higher level of TGF[3 (transforming growth factor ) mRNA and a
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lower level of TNF-a mRNA expression compared with the other groups of mice. Another study
evaluated the Fluoresceinamine bound PLGA (FA-PLGA) copolymer for intra-articular delivery system in
the rat synovium after administering directly into the joint cavity. FA-PLGA nanospheres could be more
adequate for delivery to inflamed synovial tissue due to their ability to pass through the synovium and
can provide local-therapy action in joint disease, [50],[51]. Fienh et a/. [52] evaluated the anti-arthritic
effect human serum albumin-coupled methotrexate (MTX-HSA) as potential target cells for albumin-
mediated drug delivery. The mice model of CIA was used to analyze anti-arthritis effects of MTX and
MTX-HSA. Intravenously administration injection showed that MTX-HSA is superior to MTX in inhibition
of the development of CIA and reduction the joint destruction as well as the number of affected paws.
MTX-HSA can be one of the potential target cells to anti-arthritic treatment [21],[53]. A study by Higaki
et al,, [54] investigated Betamethasone sodium phosphate (BSP) encapsulated in PLGA nanoparticles
to target inflamed joints in rats with AIA and mice with anti-type Il collagen antibody induced arthritis
(AblA). These rats were treated intravenously with PLGA-nanosteroid after the initial sign of arthritis. In
AlA rats, there was a decrease in paw inflammation. A single injection of the PLGA-nanosteroid resulted
in a large decrease of the inflammatory response after 1 week. Furthermore, a histological examination
showed a significant decrease of the inflammatory cells in the joints [21],[58],[51]. Another study
analyzed the anti-inflammatory effect of the triptolide (TP) loaded polylactic acid (PLA) nanoparticles in
AlA rats. The results showed that TP-PLA-NPs significantly inhibited adjuvant arthritis and had a
significant anti-inflammatory effect with the long-time administration [55],[56]. Mansouri et al., [57]
studied the synthesis and characterization of FA-chitosan-DNA nanoparticles and evaluated the
cytotoxicity /n witro. Chitosan-DNA and FA-Chitosan-DNA nanoparticles were made using reductive
amidation and a complex coacervation process. The transfection efficiency depends on various factors
such as the chemical structure of polycations, cell type, nanoparticle size, composition, and interaction
with cells. The results showed that FA-nanoparticles had decreased cytotoxicity (damaging property of a
substance compared to cells), there was a good DNA condensation and particle size improved the

cellular uptake (around 118 nm) [37].

A study made by Wang et al, [58] investigated dexamethasone (Dex)- AM(2-hydroxypropyl)
methacrylamide (HPMA) copolymer conjugate to target inflamed joints in rats with RA. The investigators
administered dexamethasone-HPMA in the AIA rat model and it was found that dexamethasone-HPMA
had more anti-inflammatory effects compared with free DEX. Moreover, bone and cartilage preservation

with the dexamethasone-HPMA treatment was higher than with free Dex treatment [21],[37]. Other
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study investigated nanoparticles coated with collagen ll-binding-peptide (WYRGRL) to target the articular
cartilage in RA disease. It was reported that peptide-functionalized nanoparticles targeted articular
cartilage is much higher than nanoparticles presenting a scrambled peptide sequence following intra-
articular injection in the mouse [59]. Another study made by Hwang ef a/ [8] evaluated the use a-
Methylprednisolone (MP) conjugated cyclodextrin polymer-based nanoparticles (CDP) for rheumatoid
arthritis therapy. The conjugate was administered intravenously in rats with CIA. A significant decrease
in arthritis score was observed in rats treated with CDP-MP, after 28 days and histological evaluation
showed synovitis decrease. That study showed that conjugation CDP-MP may increase the efficacy for
rheumatoid arthritis treatment [5],[9]. Another group, Howard ef a/. [2] investigated chitosan/siRNA
nanoparticle-mediated TNF-a reduction in macrophages for anti-inflammatory treatment in CIA mice.
Histological analysis of joints showed little cartilage destruction and inflammatory cell infiltration in anti-
TNF-a-treated mice. This work showed that chitosan/siRNA nanoparticle-mediated TNF-a knockdown
reduces local and systemic inflammation. Ishihara et a/ [4] studied the therapeutic activity of
betamethasone disodium 21-phosphate (BP) encapsulated in nanoparticles of poly (D,L-lactic/glycolic
acid) PLGA)/poly(D,L-lactic acid) (PLA) homopolymers and polyethylene glycol (PEG)-block-PLGA/PLA
copolymers in rats with AIA and mice with AbIA to target inflamed joint. The conjugated was
intravenously administered. In AlA rats, there was a 35% decrease in paw inflammation with a single
injection [37],[5],[9]. In 2010, Ishihara et a/ [60] investigated the degradation of poly(lactic acid) and
monomethoxypolyethyleneglycol(PEG)-polylactide block copolymer along with betamethasone disodium
phosphate (BP) /n vitro during incubation. It was found that there is an accumulation of BP in the
inflammatory lesion of adjuvant arthritis rat models and that the amount of BP gradually decreases.
Results suggested that the BP increase in the lesion is due to the increase of the permeability and
retention effect. The internalization in inflammatory macrophages is due to the loss of PEG and the
release of BP in cells with PEG hydrolysis. Another study examined PEG-Dexamethasone conjugate for
the treatment of RA in an AIA model. The study revealed that a single PEG-Dex conjugate improves the
ankle joint inflammation of AIA rats. Histological and bone mineral density showed that there was
superior anti-inflammatory and disease modifying effects with PEG-Dex conjugate [61]. A study made by
Kim et al. [62] examined the efficiency of RA treatment through of development of nanocomplexes
based on hyaluronic acid (HA) and polyethylene glycol (PEG)-derivatized TRAIL((TNF)-related apoptosis
inducing ligand) (PEG-TRAIL). The nanocomplexes were prepared by mixing the positively charged PEG-
TRAIL and negatively charged HA. The /n vivo biodistribution and diffusion kinetics of Cy5.5-labeled

PEG-TRAIL in mice were observed after subcutaneous injections. Results showed that there were
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greater therapeutic effects in clinical scores and histology in delivery of PEG-TRAIL, with nanocomplex in
1% HA, furthermore this approach resulted in a substantial reduction of serum inflammatory cytokines
and collagen-specific antibodies that are responsible for RA. A study performed by Schmitt ef a/, [63]
investigated hydrophilic nanogels based on chitosan, with hyaluronate surface, loaded with
photosensitizers to target macrophages. That work showed a selective uptake by macrophages and
increase retention of drugs in inflamed tissues. The injection free photosensitizers resulted in rapid
liberation from the joints, while nanogel-encapsulated photosensitizers stayed in the inflamed joints for
a longer period of time. The last treatment of the inflamed joints resulted in a reduction of inflammation
when compared with a standard corticoid treatment [37]. Another study investigated chitosan
conjugated with folate. Chitosan-DNA and folate-chitosan-DNA were intravenously injected in normal and
arthritis rats. That approach showed to help transfect more efficiently folate-chitosan-DNA nanoparticles
and can decrease inflammation in the arthritis rat model [64],[37]. Scheinman et al., [65] investigated
the functionalization of RGD-PLGA to deliver a STAT1 siRNA in the RA model. RGD-PLGA increased paw
tissue uptake and increased long delivery of nanoparticles in the arthritis mice model. RA regressed
with STAT1 siRNA and STAT1 mRNA levels were lower in paws of treated animals. This conjugate
showed to be effective in the treatment of arthritis, through selective inhibition of macrophage and
dendritic cell activation. Another study investigated if a metalloproteinase MMP-3-specific polymeric
matrix could be used for early diagnosis of arthritis in mice with CIA using a near-infrared fluorescence
(NIRF) imaging system [66]. After intravenous administration of the probe, different stages of the
disease through fluorescent images were obtained. A higher NIRF signal was recovered from arthritis
joints compared with normal joint. The immune histochemical analysis and Western blotting confirmed
that fluorescence in the /7 vivo imaging was related to MMP-3 activity in the joint tissues. A study made
by Park et al [67] investigated hydrophobically modified gycol chitosan nanoparticles (HGC) labeled
with Cy5.5 (a dye) in mice with CIA. Activated macrophages expressing Mac-1 molecules effectively
phagocyted HGC-Cy5.5 that formed spherical nanoparticles under physiologic conditions. Previous
studies showed that HGC nanoparticles mainly accumulate in tumor tissue via leaky vessels, which
show that the pathophysiologic properties increased permeability and retention effect. Due to a large
quantity of activated macrophage and angiogenesis characterized by the permeable and disorganized
structure within the synovial tissues in RA, the investigators put the hypothesis that HGC nanoparticles
may preferentially within arthritis joint. The histological evaluation confirmed that the mechanism of
selective accumulation of HGC-Cy5.5 within synovitis tissues included increased phagocytosis as well as

permeability increase through leaky vessels. Another group, Boekhorst ef a/ [68] evaluated the anti-
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inflammatory effect of poly(poly(DL-lactide-co-glycolide acid) (PLGA) nanoparticles loaded with small
interfering RNA (siRNA) against TNF-a. Intra-articular treatments in joint with TNF-a siRNA-loaded NPs
resulted in a disease activity reduction and no significant decrease in joint effusions was observed as
compared to treatment with PLGA NPs loaded with non-specific control siRNA. The study suggested that
HGC-Cyb5.5 can have an important role as RA therapeutic. Rollet ef a/. [69] investigated the effect of the
folic acid-human serum albumin nanocapsules (FA-HSA) to target drug delivery to chronically activated
macrophages. Some studies showed that the beta folate receptor (FR) has a high affinity for FA and it
is expressed by activated macrophages. Therefore, FA based nanoparticles can provide the possibility of
delivering therapeutic agents to activated macrophages without affecting normal cells and tissues. It
was reported that FRB-expressing macrophages showed an increased binding for FA-HSA compared
without FA [56]. Another study developed PLGA nanoparticles co-encapsulated of methotrexate (MTX)
and Superparamagnetic iron oxide nanoparticles (SPIONS) in RA therapy and imaging applications. The
NPs were functionalized with anti-CD64 antibody to specifically target rheumatoid arthritis associated
macrophages, to decrease damage to the tissues. The effect of each component was compared (MTX,
SPIONS, and antibody). /n vifro studies allowed concluding on the cytotoxic profile of NPs. MTX
indicated high toxicity, while MTX-free NPs were only toxic when administrated at the highest
concentration holding PLGA"s biocompatibility [70]. Kim et a/. [71] investigated the self-assembled
dextran sulphate nanoparticles for targeting rheumatoid arthritis. /7 vivo results showed that these
nanoparticles selectively accumulated into inflamed synovia of CIA mice, due to binding to the
macrophage scavenger receptors that were overexpressed in the synovia of CIA mice thus showing the
potential of dextran sulfate nanoparticles as a drug carrier for arthritis therapy. A study made by Heo et
al. [72] investigated hyaluronam nanoparticles (HA-NPs) bearing a y-secretase inhibitor (DAPT) for
rheumatoid arthritis therapy. Results demonstrated that DNPs (DAPT-loaded HA-NPs) attenuated the
severity of RA compared to DAPT alone that was evaluated from tissue damage, clinical score, and
neutrophil infiltration. Furthermore, DNPs reduced the production of pro-inflammatory cytokines and
collagen-specific auto-antibodies in the serum of the CIA mice. In AblA mice, a single injection ended

with the inflammatory response after one week (Figure 1I-3).
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INFLAMED JOINT

Figure II-3 - Scheme of DNPs for inflamed joint-targeted drug delivery. Reproduced and adapted with permission from [72].
Copyright Elsevier, 2016.
Lee et al. [73] design a nanocomplex of polymerized siRNA (poly-siRNA) targeting TNF-o¢ with thiolated
gycol chitosan (TGC) polymers for the treatment of RA. Poly-siRNA was prepared through self-
polymerization that resulted in psi-TGC-NPs (nanocomplex of polymerized siRNA with thiolated gycol
chitosan). These nanoparticles showed /7 vifro TNF-a gene silencing efficacy and high accumulation at
the arthritic joint sites in CIA mice (Figure 1l-4). Other study investigated folic acid-etoricoxib-bovine
serum albumin nanoparticles (F-ETX-NPs) for rheumatoid arthritis treatment [74]. The etoricoxib
concentration revealed targeting potential to the activated macrophage cells. The results suggested that
F-ETX-NPs have the potential for activated macrophage cells targeting rheumatoid arthritis. This process

could be used for early stage diagnosis of rheumatoid arthritis [74].
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Figure II-4 - Scheme of psitGC-NPs into macrophage cells leading to TNF-a gene knockdown. Reproduced and adapted
with permission from [73]. Copyright Nature Publishing Group, 2016.

II-3.3. Dendrimers

Dendrimers consist of three-dimensional nano-sized and branched structure, with an overall
spherical geometry. The word “dendrimer” comes from the Greek word “Dendron”, which means tree,

as it presents a similar branching in his tree like structure [75].

The structure of the dendrimer is divided into three parts: the core, the interior, and the shell. The
core affects the 3D shape of the dendrimer, the interior affects the host-guest properties of the
dendrimer, namely for drug loading capacity and hydrophobic/hydrophilic interactions [76]. Finally, the
dendrimer’s surface can be further engineering, polymerized or modified with functional groups,

allowing for a great variety of applications, from theranostic to targeting applications [76].

Regarding its synthesis, dendrimers are conventionally synthesized by two major routes: the
divergent method, introduced by Tomalia ef a/. [77], and the convergent method, developed by Hawker
and Fréchet [/8], developed to overcome the limitation of the divergent synthesis [79]. In the first
method (divergent), the final molecule grows radially from a core by the sequential addition of layers of
monomers, each layer constituting a new generation (G). The number of surface groups multiplies
according to the functionalities in each monomer ramification. Dendrimers benefit from straightforward,
iterative syntheses that produce highly monodisperse, globular macromolecules. Their high degree of
branching results in an exponential increase in end groups with each generation size [80]. In the

convergent methods, the dendrimer is produced stepwise, starting from the end groups and growing

29



Chapter II- Engineering nanoparticles for targeting rheumatoid arthritis: Past. Present and Future Trends

inside. When dendrons, (growing branched polymeric arms) are large enough, they are attached to a
multifunctional core molecule. The convergent growth method has several advantages. They are quite
easy to purify and the appearance of defects in the structure is minimal. Furthermore, it is possible to
add subtle engineering into the dendritic structure through the accurate placement of functional groups
at the surface of the macromolecule. However, the convergent method does not allow the formation of
high generations due to steric problems that happen between reactions of the dendrons and the core

molecule [81].

Dendrimers are recognized as nanosized, nonlinear, hyperbranched polymers. Whose overall 3D
shape is key for their biological activity. The number and type of surface charges on each dendrimer
can be controlled since different generations of dendrimers can be prepared and the termini can be

modified to bear any desirable synthetic group [80].

The cytotoxicity of dendrimers depends strongly on the number and nature of functional surface
groups. Anionic and neutral dendrimers present slight or no toxic effects while cationic dendrimers
frequently show high toxicity. Poly(propylene imine) (PPI) and poly(amido amine) (PAMAM) dendrimers
obtaining terminal primary amines are defined by concentration- and generation-dependent toxicity [82],
[83], whereas grafted carbosilane - poly (ethylene oxide) (CSi — PEQO) dendrimers and other dendrimers
terminated with anionic or neutral groups demonstrate to be much less toxic [84]. Furthermore,
modification of the surface of the cationic dendrimer with negatively charged or neutral molecules
declines its cytotoxicity. Surface functionalization with pyrrolidone, polyethylene glycol (PEG), or another
biocompatible compound can decrease cytotoxicity to levels better than those of currently available

products [85].

Dendrimers have received great attention in biological application due to their adjustable surface
functionalization, well-defined structure, high water solubility, compact globular shape, and
monodispersed size. These features make them versatile carriers for drug delivery applications.
Dendrimers are being considered as an additive in various routes of administration such, oral,
transdermal, ocular, and intravenous administration [86],[87]. Dendrimers for drug delivery are
employed using two different approaches. Drugs, enzymes, antibodies, and other bioactive agents can
be physically encapsulated in a dendrimer using non-covalent interactions [88],[89] or be bounded on
the surface of the dendrimers via hydrogen bonding, electrostatic interaction, van der Walls force or
covalently attached [90],[91]. Small drugs are frequently encapsulated into the dendrimers while larger

(bio)molecules preferably bind to the surface [92]. Drugs encapsulation depends on the structure of
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both the dendrimer and the drug. It is crucial to understand the chemistry behind dendrimer structure.
Selecting a suitable dendrimer is the principal step for drug encapsulation [93]. The internal structure of
a dendrimer is normally hydrophobic due to hydrophobic interactions and hydrogen bond formations
and it is appropriate for encapsulating hydrophobic drugs/bio-actives [94]. The drug molecules
sterically encapsulated in the interior are protected from the external environment. Furthermore, this
characteristic offers promising advantages of extending the residence time of the drug in the blood
circulation and enhancing the stability of active and tissue targeting [95]. The physical interaction
between specific groups within dendrimer and the drug is a simple process, just mixing dendrimers and
drugs in either agueous solutions or a mixture of solvents [96]. The chemical structure of the drugs to
be loaded remains unchanged after the connection with dendrimer, which assures the therapeutic
efficacy of the drug [97]. The effectiveness of encapsulation is highly dependent on surface functional
groups of dendrimers, chemical structure, and molecular weight. It is often complicated to control the
encapsulation capacity and the rate of drug release from the dendrimer because the entrapment of the

drug is based on physical interactions [98].

Despite several drugs are encapsulated in dendrimers, it is usually difficult to control the retention
a consequent release of drug in the dendrimer so sometimes it is necessary different conditions [99].
The reason is that the stability of drug-encapsulated dendrimers are powerfully affected by the strength
of their interaction and the water solubility of the drug [100]. Therefore, attaching the drugs to surface
functionalities is an attractive approach. This is a great approach for precise drug delivery because a
single dendrimer molecule can stably transport many drug molecules using many functional groups
(amine and carboxyl groups) on the surface and release drug molecules precisely on the target
[99],[95]. The drug molecules can be linked to the dendrimer through electrostatic interaction, non-
covalently or covalently. When the molecular groups present on the surface of the dendrimer are
charged, the surface can electrostatically attract oppositely charged. It is possible to attach a variety of
ionizable drugs or molecules electrostatically to dendrimers duo to numerous ionizable groups present
on the dendrimer surface allowing this complex show adequate solubility in water [101],[102]. The
covalent conjugation of the drug onto the dendrimer surface offers different advantages due to
hydrolysable or biodegradable bound between dendrimer and drug allow better control over drug
release when compare to drug-encapsulated dendrimer [98]. Dendrimer/drug conjugation is frequently
stable /n vivo due to the covalently bond between dendrimer and drug and release kinetics is controlled

by the type of the linker systems. Each linkage system has its mechanism of cleavage modality that
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splits the drug molecule from dendrimer. To improve the effectiveness of drug delivery, it is crucial to
control the drug release from the dendrimer transporter in the target site with minimal contact with

normal tissues [98].

There are some studies of dendrimers for rheumatoid arthritis treatment (Table 1I-S4 in the
Supplementary Information). The first study used folate targeted poly(ethylene glycol) (PEG) conjugates
of G 3.5 PAMAM dendrimer as targeted drug delivery systems to inflammation and to investigate its
distribution standard in arthritis rats. Folate-PEG-PAMAM was loaded with indomethacin. Folate-PEG
conjugation has 10-20-fold increases in drug loading efficiency, and it was found release profile
controlled delivery of indomethacin to the joints. The drug targeting efficiency was highest for folate-
PEG conjugate when compare to dendrimer without PEG [103]. Another study investigated the
poly(amidoamine) dendrimer (generation 5) nanoparticle conjugated with folic acid (FA) and
Methotrexate (MTX) (G5-FA-MTX) into macrophages as therapeutic for the inflammatory disease of
arthritis. /n vitro and in vivo studies were performed in a rat model with CIA in order to evaluate the
therapeutic potential G5-FA-MTX. G5-FA-MTX operated as a strong anti-inflammatory agent and reduced
arthritis-induced parameters of inflammation as paw volume, cartilage damage, bone resorption [104]

(Figure 11-5).
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Figure 1I-5 - Schematic structure of G5-FA-MTX nanoparticle. Reproduced with permission from [104]. Copyright John Wiley
and Sons, 2016.

Hayder et a/ [105] explored the therapeutic potential of azabisphosphonate (ABP) dendrimer as
target monocytes in the treatment of rheumatoid arthritis. In two animal models, IL-1ra(-/-)mice and
mice undergoing K/BxN serum, intravenous injections of dendrimer ABP prevented the development of
inflammatory arthritis. That study demonstrated that intravenous injection of dendrimer diminished
levels of inflammatory cytokines, normal synovial membrane, and the default of cartilage destruction

and bone erosion [106] (Figure II-6).
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Figure 1I-6 - Structure of dendrimer azabisphosphonate (ABP). Reproduced with permission from [105]. Copyright. The
American Association for the Advancement of Science, 2016.

[I-3.4. Metallic Nanoparticles

Metallic nanoparticles are a class of materials with very useful properties. These nanoparticles can
be synthesized and modified with several functional groups that allow them to be conjugated with
antibodies, ligands, magnetic separation, target drug delivery, vehicles for gene and drug delivery, and
diagnostic imaging [107],[108].

There are some studies about the use of metallic nanoparticles such as gold nanoparticles, iron
oxide nanoparticles, and silver nanoparticles for treatment of the rheumatoid arthritis (RA) (Table 1-S5
in the Supplementary Information). Tsai ef a/ [109] investigated the effect of intra-articular delivery of
nanogold to target VEGF (vascular endothelial growth factor) CIA in rats. Angiogenesis has an important
role in RA and nanogold inhibits the activity of an angiogenic factor, VEGF. It was evaluated the
microvessel density, extent infiltration of macrophages, levels of TNF-a and interleukin-1f3 (IL-1 {3) in the
ankle joint. Nanogold was administered intra-articularly to rat with CIA before the onset of arthritis.
Nanogold bound to VEGF in RA resulted in inhibition of RA synovial fluid, cell proliferation, and
migration. There was a diminution in ankle circumference, articular index score, and radiographic
scores were observed in the nanogold rats treated with CIA when compared with the nanogold
untreated animals. Histologic analyses of cartilage erosion, leukocyte infiltration, synovial hyperplasia,

macrophage infiltration, and levels of TNF-a and IL-1[3 were very low in the ankle joints of treated rats
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with nanogold, which resulted in arthritis attenuation. A study made by Chamberland et a/ [110]
investigated the potential of photoacoustic tomography in noninvasive monitoring of anti-TNF-at drug
delivery helped by Etanercept-conjugated gold nanoparticles that were intra-articularly injected in the
model rat. Results showed the viability of conjugation TNF antagonist pharmaceutical preparations with
gold nanoparticles preserve of the mechanism of action of TNF-at antagonist with an evaluation of PAT
(photoacoustic tomography) technology with anti-rheumatic drugs. Another study analyzed hyaluronic
acid (HA) onto the surface of gold nanoparticles (AuNPs) in animal models of RA. In these animals of
RA, local arthritis inflammation was clearly identified upon the systematic injection of gold
nanoparticles. Results suggest that these nanoparticles can be used as /7 vivo optical imaging agents
for the detection of local HA degrading diseases such as RA [111]. Huang et a/ [112] investigated
Galectin-1- nanogold (Au-GAL1) nanoparticles injected intra-articularly into rats with CIA. This conjugated
promoted apoptosis of CD4+ T cells and decrease pro-inflammatory cytokine levels in the ankle joints
and ameliorated clinical symptoms of arthritis. A study made by Lee et a/ [113] developed RGD-
attached gold (Au) half-shell nanoparticles containing methotrexate (MTX) to target chemo-photothermal
for the treatment of RA. The RGD-attached gold (Au) half-shell nanoparticles containing methotrexate
(MTX) combined with NIR radiation showed a higher increase therapeutic effect, than that of treatment

only with MTX in CIA mice (Figure lI-7).
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Figure II-7 - Schematic representation of the production process of RGD-MTX-PLGA Au nanoparticles. Reproduced with
permission from [113]. Copyright American Chemical Society, 2016.

Lastly, Lee et a/ [114] studied the effect of hyaluronate-gold nanoparticle/Tocilizumab (HA-AuNP/TCZ)
complex for the therapeutic of RA in CIA mice model. AuNP has antiangiogenic effect and TCZ is an
antibody against the interleukin-6 (IL-6) receptor and utilized as an immunosuppressive drug by

interfering 1L-6 in the pathogenesis of RA. HA has cartilage-protective and lubricant effect. Results /n
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vitro showed the bind HA-AuNP/TCZ to VEGF and IL-6R and therapeutic potential of HA-AUNP/TCZ
(Figure 11-8).
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Figure 1I-8 - Schematic representation of HA-AuNP/TCZ complex for the treatment of RA. Reproduced with permission from
[114]. Copyright American Chemical Society, 2016.

Another group, Schulze et a/, [115] investigated superparamagnetic iron oxide nanoparticles, coated
with polyvinyl alcohol (PVA-SPIONS) that was intra-articularly applied in sheep model and evaluated their
uptake by synovial membrane. The uptake was completed in 48 hrs. The nanoparticles remained within
the synovial for at least five days indicating that they could extend the action of intra-articularly applied
medication for treating acute or chronic joint diseases. Another study investigated SPIONS using
magnetic resonance imaging (MRI) to track murine mesenchymal stem cells (MSCs) /n vivo, labeled as
ScreenMag (SiMAG), within murine model RA. After RA introduction the conjugate was implanted via-
articular injection and joint swelling monitored as an indication of RA over days. A significant decrease
in joint swelling was verified in groups containing SiMAG-labelled and unlabeled mMSCs, in presence of
SPIONS does not affect the properties of the immunomodulating cells. This approach proved to be able
to monitor the migration of stem cells population within the rheumatic joint in a non-invasive way [3].

Kim et al. [116] investigated multimodal nanoparticles (MNP), containing Ru(bpy)3CI2 core surrounded
by a paramagnetic coating of gadolinium chelates, as a contrast agent of inflamed synovium in a CIA
model. After intravenous administration of MNP, optical and magnetic resonance (MR) images were
obtained, and clinical disease was marked. MNP labeled cells monocytes/macrophages within the
inflamed joints. MR demonstrated a reduction in actively inflamed joints which was evident earlier than

during the course of the disease. MNP proved to be a potential modality contrast agent in inflammatory
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arthritis and localize to monocytes/macrophages within inflamed synovium. A study made by Sekar
[117] studied on the azathioprine-loaded silver nanoparticles for RA treatment, using a green approach.
In vitro toxicity of this conjugate was studied by means of using a 3T3 NIH fibroblast cell line. It was
found that these conjugated targets the disease site to release the drug in a controlled form and

produced a combined effect to the inflammatory sites.

II-3.5. Other nanoparticle systems for treatment of RA

There are other studies made with NPs for the treatment of RA, which includes solid lipid NPs and

polymeric micelles (Table 1I-S6 in the Supplementary Information).

Ye et al. [118] investigated the intravenous injection formulation of solid lipid nanoparticle (SLNs)
loaded with actarit for improved therapeutic efficacy and reduced side-effects associated with the oral
formulation of actarit in RA pathology. The actarit-loaded SLNs exhibited a longer mean retention time /in
vivo compared with the actarit in 50% propylene glycol solution after intravenous injection in rabbits and
the targeting efficiency was enhanced in the spleen while the renal distribution of actarit was reduced as
compared with the actarit solution after intravenous injection in mice. Therefore, this approach can
promote passive targeting of therapeutic agents for RA. Other investigation explored the anti-
inflammatory effects and hepatotoxicity of Tripterygium-loaded with solid lipid nanoparticles (TWHF-SLN)
in AIA rats and the effect of SLN delivery system on decreasing the hepatotoxicity induced by TWHF.
After Freund's complete adjuvant agent (FCA) injection, TWHF-SLN group and TWHF group were
administered by oral gavage. The paws were evaluated for some days of FCA post-injection. Results
showed that TWHF-SLN can greatly reduce rat paw volume. Histopathology data found that free TWHF
caused more damage to the liver than TWHF-SLN and this last can increase the anti-inflammatory
[119]. A study made by Nagai et a/. [120] examined the effect of solid nanoparticles of indomethacin
(IMC) on treatment for rheumatoid arthritis in AlA rats. These after induction of paw edema received the
low doses of solid nanoparticles of indomethacin that were similar to the administration of a therapeutic
dose conventional IMC. There were fewer gastrointestinal lesions in AIA rats when administered with
IMC nanoparticles than with conventional IMC. These results showed that IMC nanoparticles may
increase the effect of rheumatoid arthritis treatment without causing IMC-induced gastrointestinal
lesions, because the bioavailability is bigger than of conventional IMC. a. 3: —target fumagillin

nanoparticles to target angiogenesis to suppress inflammatory arthritis in mice was studied by Zhou ef
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al. [121]. Arthritis was induced using K/BxN mouse model of inflammatory arthritis. After arthritis
establishment, the mice received some doses of av 3 -target fumagillin nanoparticles. Treated mice
showed a lower disease activity and change in ankle thickness compared to the group that received av
B3-target fumagillin nanoparticles without drugs. There was a decrease in inflammation and
angiogenesis in synovial tissues from animals treated with av 3 —target fumagillin nanoparticles. Koo
et al., investigated sterically stabilized micelles (SSM) as nanocarriers for camptothecin CPT (CPT-SSM).
CPT was used due /n wviro studies show that CPT inhibits synoviocyte proliferation, matrix
metalloproteinases expression in chondrocytes, and angiogenesis. The surface of CPT-SSM was
modified with vasoactive intestinal peptide (VIP) for active targeting. CPT was, for the first time, reported
as effective against CIA, i.e. a single subcutaneous injection of CPT-SSM-VIP administered to CIA mice
alleviated joint inflammation for at least one month without systemic toxicity. However, CPT alone
required a much higher dose in order to obtain the same effect.

(Table 1I-S7 in the Supplementary Information) shows a summary of the main characteristics of the
referred drugs and bioactive agents used for the treatment of rheumatoid arthritis [122],[123]. These

data were mostly obtained from online databases of drugs [122] and proteins [123], on May 2016.

-4, CLINICAL TRIALS

Clinical trials are used to evaluate the safety and effectiveness of new treatments.
ClinicalTrials.gov. is a website, maintained by the U.S. National Library of Medicine (NLM) at the
National Institutes of Health (NIH), which provides access to a database with information on clinical
studies, on a wide range of diseases and conditions. Information is provided and updated by the
sponsor or principal investigator of the clinical study. A search on this database, using relevant
keywords (such as “rheumatoid arthritis”, “nanoparticles”, “liposomes”, “polymeric nanoparticles” or
“dendrimers”) returned a single registered clinical trial related to the application of nanoparticles in RA
management. The trial evaluated the safety of a single intravenous administration of long-circulating
liposomal prednisolone disodium phosphate and compare with pulse intramuscular methylprednisolone
in patients with RA. The last method is used in the clinics as bridging therapy to assess the effect of this
intervention at the synovial level. The objective is liposomal corticosteroids increase efficacy/safety ratio

as compared to administration of corticosteroids. The study has been completed, however, no results

were published on the database where the study was found [124].

37



Chapter II- Engineering nanoparticles for targeting rheumatoid arthritis: Past. Present and Future Trends

II-5. CONCLUDING REMARKS

Several treatment alternatives that can be potentially used for the treatment of rheumatoid arthritis
rather than traditional drugs are being reported. In the same way, nanotechnology making use of
nanoparticles has been developed for the treatment of rheumatoid arthritis. Most of the reported
approaches exhibit a great specificity in the delivery of the drug loaded-NPs to the site of action. These
therapeutic strategies showed an important potential to improve the efficacy and safety, becoming less
toxic and decreasing the undesired side effects in rheumatoid arthritis therapeutic as compared to the
ones using the traditional drugs (such as DMARDs, NSAIDs, and corticosteroids). The NPs small size
and large surface area can lead to an aggregation, which results in tough physical manipulation, limited
drug loading, and burst release. Nevertheless, these limitations could be addressed by, for instance,
careful development of the drug delivery systems, surface modification, drug loading strategies, and

release control.

Most of the studied delivery systems in RA therapy are throughout liposomes. This type of NPs
represents the most advanced carrier administration as evidenced in the animals and small clinical
studies. Nevertheless, more research is needed to get better retention time and to adapt the release

rate of the encapsulated drug.

The polymeric NPs also represent a large part of the studies made on the treatment of rheumatoid
arthritis. Those studies showed a great positive effect when compared to free drugs. However,
polymeric NPs are not as studied in comparison with the liposomes for the treatment of RA. Therefore,
further studies are needed to explore the potential of these nanoparticles. Moreover, the recent studies
making use of dendrimers show their great potential for the treatment of rheumatoid arthritis. Thus,
further studies with these types of spherical NP's are needed in order to explore further their promising

characteristics.

Metallic nanoparticles are also showing great potential, but still few studies have been exploring the

accurate potential of these nanoparticles.

Other studies reporting the application of nanoparticles for the treatment of rheumatoid arthritis
showed positive results. Although much research is needed to better understand the underlying
mechanisms of these therapeutic approaches. The results of recent studies allow confirming that the

use of nanoparticles, in general, is very promising; due to their physicochemical and biological
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properties (such as biocompatibility, low toxicity, controlled release, and selective drug delivery to

inflamed tissues) in animal models with RA.

Despite most studies are encouraging, it is needed some adjustments in these approaches namely
in respect to efficacy and safety of the developed nanosystems, before being applied in humans. Yet, it
is possible to state that advanced nanomaterials, in the future, will certainly play a crucial role when
envisioning the development of nanopharmaceutics, and in particular in patient-specific approaches for

the treatment of human diseases such as RA.
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8. SUPPLEMENTARY TABLE

Supplementary Table II-1 - Liposomes for the delivery of Drugs/Bioactive Agent used in treatment of RA.

Drugs/Agents Main Results Reference(s)
Methotrexate Increase in drug retention in the joint, compared to injection of free MTX. [20], [27]
There weren "t differences between joint diameter and swelling in sheep with or without conjugate [30]
There were low levels of TNF-a, lining cell hyperplasia and macrophages in the synovium of the
Clodronate liposomal clodronate treatment group. (331
Liposomal clodronate eliminated synovial macrophages, reduced inflammation and ameliorates joint
destruction. (441
SUVe inhibited local production of IL-1, IL-6, TNF-oc and MMP-9, and the pathogenesis [45]
Higher synovium /blood boron ratios, reduced boron uptake in synovial tissue and more rapid blood
Boron [28]
clearance.

Verteporfin Distribution of BDP-MA in the inflamed synovium and clearance from the synovium was rapid. [29]

NFkB was detected in the cytoplasm and an inhibitory effect on the translocation of NFkB in the nucleus
NFxB was observed. [42]

presuming that NP-F delivered the NFkB catch into the cytoplasm.

Small-sized liposomes are more effective than large-sized liposomes and can be used for the targeting of

SOD to arthritis sites. (31
Superoxide SOD incorporate into Tfs and applied into a skin area not necessarily close to

dismutase the inflamed tissue is able to promote non-invasive treatment of induced arthritis. 46l

Ac-SOD enzymosomes are able to exert therapeutic effect before liposomes disruption and they can act
[47]

as a sustained release of the enzymes.

Long-circulating liposomes have shown higher targeting efficiency in arthritis paw tissue than
Indomethacin 132]
conventional liposomes.

Positives liposomes were more effective in prolonging the residence time of hLf in the inflamed joint as

compared with other liposomes. (34]
Lactoferrin
Cytokine levels produced by LN T cells showed decreased pro-inflammatory cytokines (TNF-ot)
35
followed by increase anti-inflammatory cytokines (IL-10) in encapsulated when compared with free hLf. 35
Dexamethasone-anti-E-selectin was internalized to a larger extent than the anti-E-selectin
[36]

immunoliposomes.

Intravenous injection of DEXP encapsulated in RGD-PEG-L resulted in a strong and lasting anti-arthritic
Dexamethasone [41]
effect in rat AIA.

Liposomal DXM suppressed both chronic inflammation and joint destruction, while free DXM-P failed to

prevent joint destruction. [43]

Prednisolone Liposomal PLP proved to be highly effective in the rat AIA model with complete reduction of the [38]
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phosphate inflammatory response
Liposome PLP resulted in a strong and lasting resolution of joint inflammation compared with free PLP. [39]
The symbiosis of the PSLP-containing liposomes with HFLS cells was 40 times bigger than that of PSLP-
containing liposomes without TRX20. (401
siRNA against
TNFa There was inhibition of systemic TNF-a secretion and decrease in the levels of interleukin-6. [48]

Supplementary Table II-2 - Polymeric nanoparticles for the delivery of Drugs/Bioactive Agent used in treatment of RA.

Delivery vehicle Drugs/Agents Main Results Reference(s)
Higher level of TGF (transforming growth factor ) mRNA and
PLGA NPs Il collagen (ClI) lower level of TNF-a mRNA expression compared with the other [49]
groups of mice.
FA-PLGA nanospheres should be more adequate for delivery to
PLGA NPs Fluoresceinamine inflamed synovial tissue due to their ability to pass through the [50]
synovium and can provide local-therapy action in joint disease.
MTX-HSA is superior to MTX in inhibition of the development of
HSA NPs Methotrexate CIA and reduction the joint count as well as the number of [52]
affected paws.
PLGA NPs Betamethasone sodium Histological exa_mlnatlon showed g S|gn|f.|c§nt decrease of the [54]
phosphate inflammatory cells in the joints.
o Significantly inhibited the adjuvant arthritis and more anti-
PLANPs Triptolide inflammatory effect with the long-time administration. (5]
FA-nanoparticles decreased cytotoxicity and there was a good
) [57]
DNA condensation.
Chitosan NPs Folic acid
Intravenous injected showed that folate-chitosan-DNA [64]
nanoparticle could decrease inflammation in arthritis rats.
More bone and cartilage preservation was observed with the
HPMA NPs Dexamethasone dexamethasone-HPMA treatment compared with free Dex [58]
treatment.
Peptide-functionalized nanoparticles targeted articular cartilage is
NPs WYRGRL much higher than nanoparticles presenting a scrambled peptide [59]
sequence following intra-articular injection in the mouse.
A significant decrease in score arthritis was observed in rats
CDP NPs Methylprednisolone treated with CDP-MP after 28 days and histological evaluation [8]
showed decrease in synouvitis.
Chitosan/ siRNA chitosan/siRNA nanoparticle-mediated TNF-a knockdown reduce
TNF-a o ) [2]
NPs local and systemic inflammation.
PLGA/PLA NPs Betamethasone disodium 21- There was a 35% dgcreasle in paw !nflammatlon with a single (4]
phosphate injection of conjugate.
PEG-Dex conjugate improve of ankle joint inflammation.
PEG NPs Dexamethasone Histological and bone mineral density showed that there was
superior anti-inflammatory and disease modifying effects with [61]

PEG-Dex conjugate.
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Supplementary Table II-3 - Polymeric nanoparticles for the delivery of Drugs/ Bioactive Agent used in treatment of RA

(continuation).
PEG/HA NPs TRAIL Substantial reduction of serum inflammatory cytokines and collagen-specific antibodies. [62]
Chitosan/HA NPs | Photosensitizers Inflamed joints resulted in a reduction ?f |r1ﬂammat|on when compared with to a [63]
standard corticoid treatment.
Folate/Chitosan DNA This approach can help transfect more efficiently folate-chitosan-DNA nanoparticle and [64]
NPs can decrease inflammation in arthritis rats.
RGD-PLGA NPs STAT1 SiRNA Rheumatoid arthritis regressed in animals treated with STAT1 §iRNA and STAT1 mRNA (65]
levels were decreased in paws of treated animals.
Polymeric matrix MMP-3 A higher NIRF signal was recovered from arthritis joints compared with normal joint. [66]
Histological evaluation confirmed that the mechanism of selective accumulation of HGC-
HGC/Cy5.5 NPs Macrophages Cy5.5 within synovitis tissues included increased phagocytosis as well as increase [67]
permeability through leaky vessels.
Reduction in disease activity, no significant decrease joint effusions.
SiRNA against
PLGA NPs TNF-ot as compared to treatment with PLGA nanoparticles loaded with non-specific control [68]
SiRNA.
FRB- i h howed an i d binding for FA-HSA d
FA-HSA NPs Macrophages [B-expressing macrophages s owel an increased binding for compare [69]
without FA.
MTX indicated the high toxicity while MTX -free NPs were only toxic when administrated
PLGA NP Methotrexat 70
s ethotrexate at the highest concentration it was found PLGA " s biocompatibility. (701
D Iph
extra:lis phate Macrophages Nanoparticles selectively accumulated into inflamed synovia of CIA mice, [71]
HA NPs y-secretase Reduced the production of pro-inflammatory cytokines and collagen-specific auto- 72]
inhibitor (DAPT) antibodies in the serum of the CIA mice.
pSHGC-NPs TNF-a Nanoparticles showed /n vitro TNfo gelne S?Iencling efﬁc?cy and high accumulation at 73]
the arthritic joint sites in CIA mice.
F-ETX-NP! ial to th i h | ing of rh i
F-ETX-NPs Etoricoxib s are a potential to the activated n.mjacrop ages cells targeting of rheumatoid 7]
arthritis.
Supplementary Table II-4 - Dendrimers for the delivery of Drugs/Bioactive Agent used in treatment of RA.
Delivery vehicle Drugs/Agents Main Results Reference(s)
FA- PEG- PAMAM Indomethacin The drug targeting efficiency was hlghest fqr folate- PEG conjugate when compare (103]
dendrimer to dendrimer without PEG.
FA-PAMAM Methotrexate GbH-FA-MTX operated Aas a strong antl—mflammatory aggnt and reduced arthritis- (104]
dendrimer induced parameters of inflammation.
Intravenous injection of dendrimer diminished levels of inflammatory cytokines,
Dendrimer ABP Monocytes normal synovial membrane, and the default of cartilage destruction and bone [105]
erosion.
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Supplementary Table 1I-5 - Metallic nanoparticles for the delivery of Drugs/Bioactive Agent used in treatment of RA.

Delivery
Drugs/Agents Main Results Reference(s)
vehicle
There was a diminution in ankle circumference, articular index score and
radiographic scores.
Nanogold VEGF Histologic analyses of cartilage erosion, leukocyte infiltration, synovial [109]
hyperplasia, macrophage infiltration and levels of TNF-at and IL-1(3 were
very low in the ankle joints of treated rats with nanogold that resulted in
attenuation of arthritis.
Viability of conjugation TNF-a antagonist pharmaceutical preparations with
Nanogold Etanercept gold nanoparticles preserve of the mechanism of action of TNF-ct [110]
antagonist with evaluation of PAT technology with anti-rheumatic drugs.
Nanogold Hyaluronic Acid Local arthritis inflammation was clearly identified upon systematic injection [111]
of gold nanoparticles.
] Conjugated promoted apoptosis of CD4+ T cells and decrease pro-
Nanogold Galectin-1 inflammatory cytokine levels in the ankle joints and ameliorated clinical [112]
symptoms of arthritis.
RGD Nanogold Methotrexate Increased therapeutics effect than that of a treatment only with MTX in [113]
collagen-induced arthritis mice.
HA Nanogold Tocilizumab In vitro and in vivo showed therapeutic potential of HA-AuNP/TCZ. [114]
The nanoparticles remained within the synovial for at least five days
SPION PVA indicating that it could prolong the action of intra-articularly applied [119]
medication for treating.
Murine mesenchymal stem A significant decrease in joint swelling was verified in groups containing
SPIONS SiMAG-labelled and unlabeled mMSCs in presence of SPIONS does not (3]
cells ) ) A
affect the immunomodulating properties of the cells.
Gadolinium ) - ) L ) )
Monocytes/Macrophages After intravenous administration of MNP reduction in actively inflamed [116]
MNP joints was evident earlier than during the course of the disease.
Silver NPs Azathioprine The conjugated to target the disease site to release the drug in a controlled [117]
form and produced combined effect to the inflammatory sites.

Supplementary Table II-6 - Others nanoparticle systems for the delivery of Drugs/Bioactive Agent used in treatment of RA.

Delivery vehicle Drugs/Agents Main Results Reference(s)
The actarit-loaded SLNs exhibited a longer mean retention time /7 vivo compared with
the Actarit in 50%
Solid lipid . propylene glycol solution after intravenous injection in rabbits and the targeting
) Actarit - [118]
nanoparticle efficiency was enhanced
in spleen while the renal distribution of actarit was reduced as compared with the
actarit solution after intravenous injection in mice.

Solid lipid ——_— TWHF-SLN can greatly reduce rat paw volume. 15

nanoparticle ripterygium Histopathology date found that free TWHF caused severe damage to the liver than (119]
TWHF-SLN and this last can increase the anti-inflammatory.

Solid lipid IMC nanoparticles may increase the effect of rheumatoid arthritis treatment.

nanoparticle Indomethacin without causing IMC-induced gastrointestinal lesions, because the bioavailability is (120]
bigger than of conventional IMC.
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Lower disease activity, change in ankle thickness.

fumagiliin NPs av B3 Decrease in inflammation, angiogenesis in synovial tissues from animals treated with [121]
av 33 —target fumagillin nanoparticles.
i injecti -SSM- ini ice alleviated
Silver NPs Camptothecin A single subcutaneous injection of CPT-SSM-VIP administered to CIA mice alleviate: [126]

joint inflammation at least one month without systemic toxicity.

Supplementary Table 1I-7 - Characteristics of Drugs/Bioactive Agent used in treatment of RA [122], [123].

Drugs/ Agents

Molecular
weight/kDa

Type of molecules

Charge

Mechanism of action

Methotrexate

0.45

DMARDs

2

It possesses an anti-tumor activity that result of the
inhibition of folic acid reductase, leading to inhibition of
DNA synthesis and inhibition of cellular replication.

Clodronate

0.24

Diphosphonate

It can bind strongly to hydroxyapatite; it does not inhibit
protein isoprenylation but can be metabolized
intracellularly to a 3-y-methylene (AppCp-type) analog of
ATP (AppCCI2p), which is cytotoxic to macrophages in
vitro, Inhibition of the ADP/ATP translocase by the
metabolite AppCCI2p is a likely route by which clodronate
causes osteoclast apoptosis and inhibits bone resorption;
binds protein-tyrosine-phosphatase.

Verteporfin

0.72

benzoporphyrin derivative

It accumulates in abnormal blood vessels; it produces
highly reactive short-lived singlet oxygen and other
reactive oxygen radicals, resulting in local damage to the
endothelium and blockage of the vessels.

NFxB

50

Protein

Protein complex that controls transcription of DNA,
cytokine production and cell survival and it has a key role
in regulating the immune response to infection.

Superoxide dismutase

Enzyme

It possesses anti-inflammatory activity; it can decrease
reactive oxygen species generation and oxidative stress
and, so, inhibits endothelial activation and indicate that
modulation of factors that govern adhesion molecule
expression and leukocyte-endothelial interactions.

Indomethacin

0.36

non-steroidal anti-
inflammatory agent

It is a prostaglandin G/H synthase inhibitor that acts on
both prostaglandin G/H synthase 1 and 2 (COX-1 and -2).

Lactoferrin

80

Protein

It has antimicrobial activity and is part of the innate
defense; it can interact with DNA, RNA, polysaccharides,
heparin and shows some of its biological functions in
complexes with these ligands.

Dexamethasone

0.39

Corticosteroids

It can modify the transcription, protein synthesis, in order
to achieve inhibition of leukocyte infiltration at the site of
inflammation, interfere in the function of mediators of
inflammatory response, suppress of humoral immune
responses, and it can reduce edema or scar tissue
formation.

Prednisolone
phosphate

0.36

Corticosteroids

It can inhibit leukocyte infiltration at the site of
inflammation, interfere with mediators of inflammatory
response and suppress humoral immune responses.

Il collagen (ClI)

15

protein

N.A

It can allow cartilage to entrap the proteoglycan aggregate
and provide tensile strength to the tissue
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Chapter Il

Hydrogels in the treatment of Rheumatoid Arthritis:
Drug delivery systems and artificial matrices for dynamic /in vitro

models:

ABSTRACT

Rheumatoid Arthritis (RA) is an autoimmune and chronic inflammatory disorder, that mostly affects
the synovial joints and can promote both cartilage and bone tissue destruction. Several conservative
treatments are available to relieve pain and control the inflammation. However, traditional drugs
administration are not fully effective and present severe undesired side effects. Hydrogels are a very
attractive platform as a drug delivery system to guarantee these handicaps are reduced, and the
therapeutic effect from the drugs is maximized. Furthermore, hydrogels can mimic the physiological
microenvironment and have the mechanical behavior needed for use as cartilage in vitro model. The
testing of these advanced delivery systems are still bound to animal disease models, that have shown
low predictability. Alternatively, hydrogel-based human dynamic in vitro systems can be used to model
diseases, bypassing some of the animal testing problems. RA dynamic disease models are still in an
embryonary stage since advances regarding healthy and inflamed cartilage models, are currently giving
the first steps regarding increasing complexity. Herein, recent studies using hydrogels in the treatment
of RA, featuring different hydrogel formulations are discussed. Besides, their use as artificial
extracellular matrices in dynamic in vitro articular cartilage and RA disease models are reviewed in

depth.

Keywords: Hydrogels, Controlled Drug release, Bioreactors, Microfluidics, Rheumatoid Arthritis

3This chapter is based on the following publication:

Oliveira .M., Fernandes D.C., Cengiz I.F, Reis R.L., Oliveira J.M., Hydrogels in the treatment of Rheumatoid Arthritis: Drug delivery

systems and artificial matrices for dynamic in vitro models” (Submitted)
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llI-1.  GRAPHICAL ABSTRACT
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lll-2.  INTRODUCTION

Hydrogels are three-dimensional networks of hydrophilic polymers able to absorb vast amounts of
biological fluids or water [1, 2]. Hydrogels are formed by physical and chemical crosslinking. Physically
crosslinked hydrogels are produced through molecular entanglements, ionic, hydrogen bonding, or
hydrophobic forces. These hydrogels are structurally weak, and their gelation is reversible. Chemical
hydrogels are covalently crosslinked by redox reactions, photo-polymerization, Michael reactions,
enzymatic reactions, or disulfide-forming reactions, which are strong and irreversible bonds [3, 4].
Hydrogels, according to the source, can be classified into the natural and the synthetic group [5].
Natural hydrogels include matrigel, hyaluronic acid, collagen, silk fibroin, chitosan, among others.
Natural-based polymers are non-toxic materials, very similar to native tissues therefore, they can easily
communicate with biological systems and improve cellular behavior such as adhesion, migration,
proliferation, and differentiation. However, natural hydrogels have properties challenging to control
consistently between experiences. They present low mechanical strength and batch-to-batch variation
[6, 7]. Synthetic hydrogels include polyurethane, polyanhydrides, polyesters, polyphosphazenes, and

poly (glycerol sebacate). This group of hydrogels has more tunable mechanic properties, higher
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degradation rates, and easier processability. However, they do not mimic the extracellular matrix (ECM)
composition, presenting low cell-scaffold interaction, and toxic solvents are used for their preparation.
Natural and synthetic polymers present advantages and disadvantages, to increase the physicochemical

and biological properties, several materials can be used together [8].

Experiments with 2D cell cultures are the usual practice in cell-based assays for various biomedical
research purposes, presenting, however several limitations. This cell culture system is incapable of
reproducing the anatomical and biochemical properties of tissues and organs [9]. Therefore, the
development of model systems that better mimic the physiological microenvironment of the tissue and
disease, such as stiffness, topography, and biochemistry, with the capacity to execute prolonged culture
tests while maintaining tissue function is required [10]. /7 vivo, cells are embedded by ECM that plays
an important role in several cellular processes such as regulating growth and cell-cell communication
and assembling cells into various tissues and organs. So, developing an /in vifro cell culture environment
that mimics the native ECM is required [11]. Hydrogels are one of the leading biomaterials used and
appropriate options due to their unique properties, high water content, porosity, and flexibility. they can
mimic the native ECM. Additionally, hydrogels do not affect the metabolic processes of living organisms,
and metabolites can pass easily through the hydrogels [12]. So, such an engineered native-like ECM is
most likely to offer cells with rational indications for diagnostic and therapeutic investigations. Due to
these appealing features, an extensive range of 3D hydrogel platforms have been developed to mimic
better the natural tissue environment /i vitro [13]. Traditional approaches include cellular encapsulation
into hydrogels, cell seeding on porous and fibrous hydrogels. However, advanced hydrogel platforms
have emerged to use hydrogels in functional tissue models, including hydrogel microspheres, hydrogel
sandwich systems, hydrogel-based microwells, and 3D bioprinted tissue—hydrogel. Furthermore,
hydrogels are usually incorporated within culture platforms such as transwell microfluidic devices
(Figure [1I-1) [14]. Hydrogels have been used to develop a wide range of tissue and disease models.
These three-dimensional networks of hydrophilic polymers can undergo physiological swelling and have

the mechanical behavior desired for use as an articular /n vifro model [15].
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Figure llI-1 - Schematic illustration of the 3D hydrogel models, including hydrogels (encapsulation), porous hydrogels, fibrous
hydrogel scaffolds, hydrogel sandwich systems, microwells, hydrogel microparticles, microfluidics, and
bioprinted scaffolds. Reprinted from publication [14], Copyright (2019) with permission from Jonh Wiley and
Sons Inc.

The process of therapeutic approval is long from /n7 vitro tests to widespread medical practice. With
the increased costs of drug development, the paradigm of using animal experimentation as a predictor
of results in humans has been questioned. After revising several systematic reviews and meta-analyses
evaluating results, from animal experimentation, during the last two decades, several publications have

emphasized the shortcomings of animal testing. [16-20]

A group of academia and industry experts recently presented an alternative for the near future to
animal models: human-based microphysiological models, developed with the tissue engineering
principles [21]. These systems have the advantage of having human cells, annulling the issue of
between species results translation. However, it carries several engineering challenges, mostly bound to

organs’ complexity and systemic dynamics.

Articulations are areas of particular fluid and mechanical dynamics, considering the fact of being a

flexible, load-bearing tissue requiring, for this reason, a highly lubricated environment, where synovial
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fluid plays a central role. Thus, to produce a fully biomimetic model of a joint’s cartilage, it is necessary

to ensure that these dynamics are transposed from /n vivo to in vitro [22].

The need for mechanical load and dynamic fluid circulation makes this cartilage a promising
candidate for innovative, multi stimuli dynamic culture systems particularly, bioreactors. Since 1993
that exist dynamic culture systems for three-dimensional culture of cartilage models that show the

production of cartilage-specific extracellular matrix by cultured chondrocytes [23],[24].

In summary, a biomimetic dynamic articular cartilage model must include a biocompatible
hydrogel, with physiological values of physical and biochemical cues for chondrogenesis; multi-axial
mechanical stimulation, mimicking the articulated limbs; and physiological synovial fluid shear stress,
transporting nutrients and regulating the soluble oxygen levels. To improve the outcome of drug
development, existing such models, with throughput and scale-up capacity in a near-future, it is

necessary that innovative therapeutics systems are developed meanwhile.

The unique physical properties of hydrogels (e.g high porosity, controlled drug release,
biocompatibility, biodegradation, and flexibility) make this system an appealing platform for drug
delivery applications [25]. The porosity of hydrogels allows the encapsulation of drugs into the gel and
consequent drug release at a rate dependent on the diffusion coefficient of the molecule by the hydrogel
network [26]. The advantages of hydrogels for drug delivery of the gel formulation. The hydrogels can
be produced in a way in which drugs are released slowly, keeping a high local concentration of the drug
in the place where they are administrated for a long time [27, 28]. Hydrogels are also biocompatible
due to their high content and structural and mechanical similarity of hydrogels to the ECM. The
biodegradation pattern is an essential parameter for a drug delivery system. The controlled drug release
and degradation profile may be design into hydrogels via the hydrolytic, environment (pH, temperature)

or enzymatic pathways (Figure 11I-2) [29-33].
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Figure l1I-2 - Drug delivery hydrogel in response to several physical and chemical stimuli.

The administration of hydrogels is also versatile, for example, through oral administration,
implantation, or it can be injected with minimal invasive administration [34]. Injectable hydrogels
demonstrate promising properties as carriers for targeted drug delivery. They are attracting more
attention because they are more comfortable, less painful, have a faster recovery period, lower costs,
and present fewer complications and side effects [35]. This promising approach is fundamentally a kind
of in sififorming hydrogels, that is, they can spontaneously gel in physiological conditions after injection.
For this, the hydrogel should be made by processing, mostly by transporting the solution or pre-gel to a
targeting site for gelation through an injection device [36]. /n sifusforming hydrogels can be produced by
physical or chemical crosslinking. The crosslinking procedure can change the properties of the material,
including the molecular mass, mechanical strength, and resistance [37]. Either chemical or physical
crosslinking produces the three-dimensional structure of hydrogels, allows the encapsulation and
release of drugs or biomolecules [38]. Physically crosslinking hydrogels frequently have weak
mechanical properties and faster degradability which maybe not satisfy the requirements depending on
the application. However, a disadvantage of /n situ producing chemical hydrogels is the likely dissolution
of hydrogel and complete drug release instantly after injection due to slow gelation time [39]. Therefore,
the combination approach of the mechanical force of a chemical hydrogel with the fast gel formability of

physical hydrogels has gained special attention [40].

Although conventional hydrogels have several appealing features, one of the handicaps of
hydrogels is low mechanical strength, particularly when the application request high mechanical

strength with good compliance of compression and adequate elasticity at the same time, for example,

57



Chapter llI- Hydrogels in the treatment of Rheumatoid Arthritis: Drug delivery systems and artificial matrices for dynamic in
vitro models

cartilage tissues [41]. Several strategies have been explored to improve the performance of hydrogels,
among which is the incorporation of nanoparticles (NPs) in the hydrogels matrix to fabricate
nanocomposite hydrogels (NC gels). NC hydrogels, inorganic-organic hybrid biomaterials, attract
significant attention as artificial 3D materials for biomedical applications such as drug delivery [42, 43].
This approach can combine the various advantages characteristics of NPs (e.g., size, shape, electric,
optical and mechanical properties) with those of soft 3D hydrogel networks (e.g., elasticity,
hydrophilicity, porosity, high water absorption) [44, 45]. The incorporation of NPs within the polymer gel
network produces hydrophilic polymers chain binding strongly onto the large surface area provided by
the NPs. Furthermore, the large surface area improves the protein and cell-adhesiveness of NC
hydrogels. Therefore, NC hydrogels show better mechanical force, cell adhesion, proliferation, migration,
and differentiation than conventional hydrogels without NPs [46, 47]. Thus, the innovative combination
of NPs and hydrogels represent a promising approach for medicine regenerative and tissue engineering

application [48].

Rheumatoid Arthritis (RA) is an autoimmune and chronic inflammatory condition, that mainly
affects the synovial joints and subsequent cartilage and bone tissue destruction. The cause of RA
remains poorly known but can involve genetic and environmental factors [49, 50]. The clinical
manifestations comprise redness, swelling, and limitation a range of motion. Several treatments,
including analgesics, NSAIDs, GCs, DMARDs, and biological agents, are available to relieve pain and
control inflammation with the final goal to achieve disease remission [51]. However, traditional drug
administration often involves high dosages or frequent administration to promote a therapeutic effect,
which can decrease overall efficacy and result in severe side effects (e.g. heart problems, kidney
damage, diabetes, lung infections, among others) [52]. Drug delivery systems are emerging to address
existent failures in traditional methods. The advantages of these new approaches are delivering a drug
more selectively to a specific site allowing more accurate and less frequent dosing. Furthermore,
decrease in variability in systemic drug concentration, the absorption is more consistent with the site
and action mechanism, and it reduces the side effects of therapeutics. Hydrogels are a desirable as a
drug delivery system to guarantee these handicaps are reduced, and the therapeutic effect from the

drugs is maximized [28, b3].
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llI-3.  HYDROGELS FOR THE TREATMENT OF RA

Current strategies for the treatment of RA can decrease inflammation in the joints, alleviate pain,
and slow down joint damage however, the treatments are associated with poor pharmacokinetic
distribution to the specific site of disease, short half-life, and several side effects [54]. The hydrogels
offer suitable drug delivery vehicles to guarantee that the handicaps of traditional drugs are reduced,

and the therapeutic effects from the medications are maximized.

Several studies report the potential application of hydrogels in the treatment of RA. In this section,
some of the studies developed in the last years with hydrogels in the treatment of RA are summarized

(Table 11I-1).

Qi et al. [55] developed chitosan thermosensitive hydrogels with diclofenac sodium-loaded alginate
microspheres to assess the potential of hydrogels as drug delivery systems for promoting the anti-
inflammatory effect. The results showed that the anti-inflammatory efficacy of hydrogels in rabbits with
RA was higher than that of diclofenac solution and chitosan hydrogels alone. The results confirmed that
thermosensitive hydrogels with diclofenac sodium-loaded alginate microspheres showed promising

characteristics as a drug delivery system for enhancing the therapeutic effect of diclofenac.

A study made by Dong et a/. [56] produced transplantable platform-based cationic hydrogels to
deliver antisense oligodeoxynucleotides (ASOs) targeting the mRNA of TNF-a. Different kinds of animal
models were used to assesses the therapeutic benefits of ASO-Gel, including collagen-induced Arthritis
(CIA), carrageen/lipopolysaccharide (LPS)-induced Arthritis (CLA), adjuvant-induced Arthritis (AA), and
models. The effects of ASO-c-agarose in decreasing inflammation and tissue destruction were
demonstrated in most tested animals, with reduction of main inflammatory cytokines and decrease of
joint swelling and tissue destruction. The results suggested that this approach could become a useful

therapeutic against rheumatoid arthritis and other disorders.

Liu ef al [57] transplanted fibrin gel- and poly(--actide-co-glycolide)-poly(ethylene glycol)-poly(l-
lactide-co-glycolide) (PLGA-PEG-PLGA) hydrogel-assisted (bone marrow mesenchymal stem cells)
BMMSCs referred to FGB and HGB groups, respectively, into subchondral defects of Ovalbumin-Induced
Arthritis (OVA) in rabbits for the treatment of antigen-induced arthritis. The administration of BMMSCs
reduced inflammatory cytokine levels and improved joint swelling in both groups. Furthermore, the

preservation of adjacent cartilage and enhanced cartilage repair were detected. The HGB group
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presented a better therapeutic benefit than the FGB group. Therefore, transplantation of BMMSCs in

subchondral defects shows a promising approach in RA remission.

Another study reported the production of an injectable self-assembled nanofibrous hydrogel, which
can encapsulate and release agents in response to matrix metalloproteinases (MMP-2 and MMP-9) that
are upregulated in RA. The results showed that nanofibrous gels could persist stably after injection into
healthy joints of mice, and /n vitro studies showed that release loaded agents in response to synovial
fluid from arthritic patients. This strategy represents a next-generation therapeutic approach for the

targeted treatment of proteolytic diseases [58].

Goindi et a/. [59] developed microemulsion-based topical hydrogels of Tenoxicam (TNX) to treat
Arthritis. /n vivo anti- inflammatory and anti-arthritic activity of the TNX formulations was assessed using
several inflammatory models. Microemulsion formulations demonstrated to be better in controlling
inflammation than traditional topical forms and presented efficacy similar to an oral formulation. Results
suggested that the microemulsion formulations can be used for topical delivery of TNX to treat several

inflammatory diseases, including RA.

A study made by Garg et al [60] investigated the use of nanostructured lipid carriers (NLCs)
produced through lipid mixture and chemical permeation increaser-based hydrogel for an effective
transdermal delivery of methotrexate (MTX) to induce apoptosis of RA. The immunocytochemistry to
detect IL-6 expression and immunofluorescence assay showed that promoted apoptosis occurred in an
in vitro arthritis model treated with NLCs-MTX. It was verified decreased inflammation and activated
apoptosis promoted by MTX encapsulated NLCs in rheumatoid arthritic cells. Furthermore,
histopathological analysis of skin suggested the safety potential of NLCs. Posteriorly the same group
[61] evaluated the effect of MTX encapsulated nanostructured lipid carriers and chemical enhancer co-
incorporated hydrogel (gel-(MTX-NLCs+CE)) for competent transdermal delivery of MTX in a Complete
Freund's adjuvants (CFA)-induced arthritis in rats. Results showed that the transcutaneous ability of
MTX loaded NLCs and CE co-incorporated hydrogel significantly reduced the inflammation in the RA
animal model. So, the presented approach has the potential to be a novel therapeutic modality for RA

patients with minimum adverse effects (Figure IlI- 3 a).

Sallam et a/. [62] developed a lecithin organogels (LO) transdermal delivery system for diflunisal
and studied human skin penetration capability compared to optimized microemulsion-based hydrogel.

The lipogels delivered a significant amount of drug through the skin than the hydrogel. The constitution
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of lecithin showed to affect the skin permeability increasing the capability of the lipogel. The lecithin
organogels are promising carriers that produce an excellent opportunity for transdermal delivery of

diflunisal reducing the side effects relating to its oral administration.

Joshi and coworkers [63] reported the production of a triglycerol monostearate (TG-18) hydrogel
encapsulated with triamcinolone acetonide (TA) releases after being in contact with enzymes or synovial
fluid from patients with RA. In arthritic mice, hydrogel encapsulated with a fluorescent dye showed flare-
dependent disassembly assessed as a loss of fluorescence. Furthermore, a unique dose of TA-
encapsulated hydrogel decreased arthritis manifestation in the injected paw. The results propose flare-

responsive hydrogel as a potential next-generation drug delivery strategy for the RA treatment.

Another study developed methotrexate aspasomes encapsulated into a hydrogel and tested in
adjuvantiinduced arthritis (AIA) model in Wistar rats [64]. Transdermal application of methotrexate-
loaded aspasome hydrogel in model disease demonstrated a more significant decrease of rat paw
diameter, tumor necrosis factor-alpha (TNF-a), interleukin (IL-1) (3, cartilage damage, inflammation,
pannus formation, and bone resorption when compared to arthritic control rats. Furthermore, the group
treated with free methotrexate exhibited intermediate effects however, the group treated with free
aspasome did not show to have an effect. The results demonstrated that drug-loaded therapeutically
active carrier system presented a non-invasive controlled release transdermal formulation with good
drug encapsulation, drug permeation rate, and showed a more effective therapeutic effect in treatment
of RA than the drug alone. Therefore, this approach provides a more attractive therapeutic strategy for

RA [64].

A study performed by Cokelaere ef al. [65] evaluated the administration intra-articular sustained of
two formulations of celecoxib (40 mg/g and 120 mg/g) in a poly(e-caprolactone-colactide) PCLA-PEG-
PCLA triblock copolymer in an equine repeated LPS synovitis model. Only one intra-articular injection of
the low dose (LCLB)-gel or high dose (HCLB)-gel demonstrated a sustained and controlled intra-articular
release in healthy and inflamed joints. The celecoxib formulations presented a soft effect on
inflammatory and synovial fluid biomarkers, but these returned to the threshold one week after
administration. High levels of celecoxib were detected in the joint after one month, but no overall anti-
inflammatory effects was observed, maybe due to the moderate synovitis. Furthermore, there were no
side effects during the study period. Therefore, this approach should be assessed for its impact on

longer-term relief of inflammatory joint pain.
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Yeo et al. [66] evaluated the capability of the nitric oxide (NO)-scavenging nanogel (NO-Scv gel) to
treat RA. The NO-Scv gel decreased inflammation levels and showed good biocompatibility. Moreover,
the therapeutic effect of the NO-Scv gel in diminishing the onset of RA is observed in a mouse RA model
when compared to the effects of dexamethasone alone. Consequently, the results showed the potential

of the NO-Scv gel for biomedical applications (Figure 1lI-3 b).

Wang and coworkers [67] produced a sustained release formulation-intra-articular injectable
dexamethasone-encapsulated thermosensitive hydrogel (DLTH) chitosan-glycerin-borax as the carrier for
the suppression of inflammation and pain in collagen-induced arthritis rats. The data showed that paw
swelling, arthritis scores, and joint inflammation destruction were reduced in the group treated with
DLTH. DLTH demonstrated down-regulated serum IL-17A and mRNA levels of inflammatory factors.
Furthermore, DLTH-treated rats elucidated the pain-reducing effects of DLTH. So, these results
suggested that DLTH joint injection prevents synovial inflammation and can help in the regulation of RA

pain.

A study made by Kucukturkmen et a/ [68] analyzed the effect of /n situ gelling hydrogel
formulations (Poloxamer 407 and chitosan) containing diclofenac sodium (DS) loaded Poly(lactic-co-
glycolic acid) (PLGA) and poly(e-caprolactone) (PCL) nanoparticles for lengthy local delivery. After one-
month prolonged /n vifro release of DS was reached by using polymeric nanoparticles with /7 situ
hydrogels. In conclusion, the local administration of DS loaded PLGA and PCL can be a promising
approach to reduce side effects associated with a decreased amount of drug in dosage form as

compared to the traditional oral dose.

Another study investigated the effect of nanoiguratimod-loaded Hyaluronic Acid-Acrylate (HA-AC)
hydrogel (NanolGUR-loaded hydrogel) composites in collagen-induced arthritis (CIA) rats to improve the
bioavailability of drug and to alleviate side effects through the sustained release of therapeutics [69].
The results demonstrated superior bioavailability and longer half-life time with NanolGUR-loaded
hydrogel than traditional iguratimod. Animal experiments for 21 days showed that subcutaneous
injection of NanolGUR-loaded hydrogel (10 mg/kg every 3 days) and traditional iguratimod (10 mg/kg
daily) exhibited identical efficacy in diminishing arthritis index score, pathological score, and expression
of inflammatory cytokines. Therefore, NanolGUR-loaded hydrogel can be a potential drug-delivery

strategy in the treatment of RA [69].
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a) b)

Figure 1ll-3 - a) Evaluation of the severity of inflammation in right paw of CFA induced experimental rat. a. treatment with

gel-(MTX-NLCs); b. treatment with gel-(MTX-NLCs + CE); c. treatment with gel-MTX ; d. CFA control (without
treatment). The severity of inflammation was significantly decreased after the treatment of gel-(MTX-NLCs +
CE) compared to gel{MTX-NLCs) and gel-MTX. Reprinted from publication [61], Copyright (2019) with
permission from Elsevier. b) Schematic lllustration of intra-articular injection of NO-Scv Gel in suppressing o
RA in a mouse model. Reprinted with permission from [66]. Copyright (2019) American Chemical Society.

Table IlI-1 - Hydrogels for the delivery of Drugs/Bioactive Agents used in the treatment of RA.

Delivery vehicle | Drugs/Agents Conditions Main Results Reference
Chitosan In vivo study
hydrogels New Zealand rabbits The anti-inflammation efficacy of the combined hydrogels in
combined with Diclofenac (3 weeks post: rabbits with RA was higher than that of drug solution and pure [55]
alginate chitosan hydrogels.
) treatment)
microspheres
In vivo study Alleviating inflammation and tissue destruction were
Cationic agarose ASO AA demonstrated in more than 90% of the testing animals [56]
hydrogels CLA Reduction of central inflammatory cytokines and decrease of
CIA joint swelling and tissue damage.
Fibrin gel (FGB) In vivo study The administration of BMMSCs reduced inflammatory cytokine
and PLGA-PEG- BMMSCs OVA rabbits levels and improved joint swelling in both groups [57]
PLGA hydrogel (12 weeks post- The preservation of adjacent cartilage and enhanced cartilage
(HGB) treatment) repair were detected.
In vivo study The results showed that nanofibrous gels could persist stably
Nanofibrous MMP-2 and Balb/C mice after injection into healthy joints of mice [58]
hydrogel MMP-9 (8 weeks post- in vitro studies showed that release loaded agents in response
treatment) to synovial fluid from arthritic patients.
) ) Exvivo sFudy Microemulsion formulations demonstrated be superior in
microemulsion- Laca Mice Lo . " .
based topical TNX Sprague-Dawley controlling inflammation as Compared toltradltlonal topical [59]
hydrogels (48 hours post- dosage forms and presented efficacy equivalent to the oral
formulation.
treatment)
The immunocytochemistry to detect IL-6 expression and
immunofluorescence assay showed that promoted apoptosis
In vivo study occurred in an in vitro arthritis model treated with NLCs-MTX.
NLCs MTX Wistar rat It was verified decreased inflammation and activated apoptosis [60]
(24 hours post- promoted by MTX encapsulated NLCs in rheumatoid arthritic
treatment) cells.
Histopathological analysis of skin suggested the safety
potential of NLCs.
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In vivo study
MTX-NLCs+CE CFA njlsjuced MTX-NLCs+CE  hydrogel  significantly — decreases  the [61]
MTX arthritis rat . L )
hydrogel inflammation in RA animal model.
(17 weeks post-
treatment)
) Exvivo StUd}_/ The lipogels delivered a significant amount of drug through the
Lipogel and Human abdominal )
P ) skin than the hydrogel. [62]
hydrogel Diflunisal skin - s .
) ) The constitution of lecithin showed to affect the skin
microemulsion (24 hours post: ermeability increasing the capability of the lipogel
treatment) P s P pogel.
) In arthritic mice, hydrogel encapsulated with a fluorescent dye
In vivo study )
showed flare-dependent disassembly assessed as a loss of
K/BxN serum- [63]
TG-18 hydrogel TA fluorescence.
transfer model of IA ) -
A unique dose of TA-encapsulated hydrogel decreased arthritis
(14 days post- ) RS -
manifestation in the injected paw.
treatment)
Transdermal application of methotrexate-loaded aspasome
hydrogel in model disease demonstrated a more significant
In vivo stud decrease of rat paw diameter, tumor necrosis factor-alpha
AIA in Wistar ryats (TNF-at), interleukin (IL-1) B, cartilage damage, inflammation,
aspasome pannus formation, and bone resorption when compared to [64]
MTX (21 days post- "
hydrogel treatment) arthritic control rats.
The group treated with free methotrexate exhibited
intermediate effects however, the group treated with free
aspasome did not show to have an effect.
One intra-articular injection of LCLB-gel or HCLB-gel
demonstrated a sustained and controlled intra-articular release
) in healthy and inflamed joints.
In vivo study . )
) The celecoxib formulations presented a soft effect on
propyl-capped Celecoxib Dutch Warmblood | . ) o
inflammatory and synovial fluid biomarkers, but these returned [65]
PCLA-PEG-PCLA | (40 mg/g and horses L ' A
ol 120 mg/g) (5 weeks post: to threshold one week after administration High levels of
8 g/8 P celecoxib were detected in the joint after one month, but no
treatment) -
overall anti-inflammatory effects was observed, maybe due to
the moderate synovitis
There were no adverse effects during the study period.
In vivo study
collagen-induced | The NO-Scv gel decreased inflammation.n levels and showed
arthritis mouse good biocompatibility.
Scv gel NO model Therapeutic effect of the NO-Scv gel in decreasing the onset of [66]
(35 days post- RA is observed in a mouse RA model when compared to the
treatment) effects of dexamethasone alone.
) Paw swelling, arthritis scores, and joint inflammation
In vivo study ) ) .
. . destruction were reduced in the group treated with DLTH
DLTH with Collagen-induced
) ) o DLTH demonstrated down-regulated serum IL-17A and mRNA [67]
chitosan-glycerin- | Dexamethasone | arthritis wistar rats )
borax (3 weeks post: levels of inflammatory factors.
P DLTH-treated rats elucidated the pain-reducing effects of
treatment)
DLTH.
Hydrogel
formulations
(Poloxamer 407 ) After one-month prolonged in vitro release of DS was reached [68]
and chitosan) DS In vitro study by using polymeric nanoparticles with /n situ hydrogels
loaded PLGA and y Using poy P YCrogess.
PCL
nanoparticles
The results demonstrated superior bioavailability and longer
half-life time with NanolGUR-loaded hydrogel than traditional
In vivo study iguratimod.
) ClA rats Animal experiments for 21 days showed that subcutaneous [69]
HA-AC Hydrogels lguratimod (21 days post- injection of NanolGUR-oaded hydrogel (10 mg/kg every 3
treatment) days) and traditional iguratimod (10mg/kg daily) exhibited

identical efficacy in diminishing arthritis index score,
pathological score, and expression of inflammatory cytokines.
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The list of U.S. Food and Drugs Administration (FDA) approved drugs for RA is still limited [54, 70], and
RA is still an incurable disease with a high impact on the patient’s lifestyle. The drug development
process has systemic problems, several of them related to the use of animal (non-human) models. This
problem, alongside its alternatives, is discussed in the following section, reviewing the most recent

articular cartilage healthy and RA diseased models with drug testing platform potential.

ll-4.  DYNAMIC SYSTEMS FOR RA: FROM HEALTHY TO DISEASED MODELS OF ARTICULAR CARTILAGES

The near-physiological dynamic systems most commonly used are bioreactors, the systems with a
working volume that can range from few milliliters to several liters, and microfluidic devices, with
working volume that range from nanoliters to microliters. Bioreactors, mainly in continuous operation
mode, have better mixing capacity since they often allow turbulent flow, while microfluidic devices can

only achieve laminar flow due to the micrometric sized features.

Recently, bioreactor-based tissue engineering for articular cartilage has explored deeper its tissue-
specific particularities [64-66]. These systems allow both the increase the knowledge about the role of
the tissue specificities and cell biology and as a proof-of-concept of biomimetic capacity. One
particularity of cartilage is it is an avascular tissue, i.e. it is absent of vascularity, providing cells an
environment with a hypoxic environment [71] when compared to the one from surrounding muscles
and bones, which are highly vascularized tissues. Considering that this oxygen-deprived environment
plays a central role in chondrocytes' survival [72] and is a particularity of tissue, it is an important
feature to mimic in representative /n vitro models. Using a 3% oxygen concentration, a bioreactor-based
system produced cartilage samples with volumes ranging from 60 to 400 cm:, showing increased

chondrogenesis and matrix proteins when compared to 20% [73].

However, according to recent modeling efforts, the physiological oxygen concentration, or physoxia,
of articular cartilage is, in fact, a gradient, with a decreasing oxygen concentration from the contact with
the subchondral bone with an oxygen concentration of 5%, to the synovium, where the concentration
should be slightly above 1% [71]. Thus, it is essential to uncover the impact of this gradient on cartilage
properties and inner physiology. To do so, a bioreactor with feedback control of oxygen concentration
allowed the assessment of the effect of 1%, 2.5%, and 5% of oxygen concentration on chondrocyte’s

matrix transcriptomic and metabolomic alterations. This work revealed that oxygen at 2.5% leads to a
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maximum of tissue-specific collagen production, surface markers, and activation of metabolic pathways
in a tumor growth factor-B (TGF-B) dependent way [74]. This work shows that the articular cartilage is a
complex, spatially heterogeneous tissue where the spatial control of the oxygen control is a requirement

for any model’s representativity of the native tissue.

Although the importance of oxygen concentration or metabolic cues to the homeostasis of any
joint’s cartilage, its most relevant macroscopic characteristic is the capacity to withstand and facilitate
the multiaxial movement between two rigid surfaces while bearing a load. Not only this is its most
relevant characteristic, but these mechanical stimuli play a central role in cartilage health [75]. For two
decades that bioreactors have been designed to impose mechanical stimuli that emulate in some form
or way, the compression and stress experienced by the native articulation [76]. In recent years, the
complexity of the movements robotized has increased and has been combined with medical imaging-
mediated biofabrication and computational simulations to increase the mimetics of this strategy. An
example of this multidisciplinary approach is a recent work where a cell-laden 3D printed knee joint,
designed according to a computed tomography scan, is stimulated using a two-axis bioreactor. The
pressure points and the stress distribution of flexing and extending the articulation were modeled and
evaluated using a computer simulation, taking into account the shape of the sample analyzed by
medical imaging. This setup allows mechanical stimulation, controlled nutrient and oxygen supply, and
prediction of mechanical properties, making the example of the state-of-the-art bioreactor systems for

articular cartilage [77].

Bioreactors, despite allowing real-size models, using multi-stimuli setups, have a lesser throughput
than miniaturized models, namely microphysiological systems that decrease the wvolume of
consumables, decrease sample size, and increase monitoring capacity. Organ-on-a-chip technology has
been more common in recent years and has been applied to in vitro development of cartilage models in
the most recent years [78],[79]. These models show that this technology already allows /7 vifro model
production and maintenance [78],[80], and explant culture [79]. However, from these models, only
Paggi et al/ [81] developed an articular-specific cartilage model, showing a still found shortage of

research in the field of microphysiological joint models.

The room for improvement of these healthy dynamic models lies on the extension of the
biomimetic approach: the creation of the oxygen gradient, practically linear from the subchondral bone

to the synovium instead of the gradient from the synovial cavity inward to the cartilage core that exists
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in the bioreactors; development of a biomimetic matrix emulating native tissue cell adhesion, with
spatial distribution and alignment that ensure the natural anisotropy of the native matrix [82] and the
use of stem cells that allow the development of spatially differentiated tissue, accounting for the
different systems that intervene in the cartilage microenvironment, namely the lymphatic and immune
systems [83]. The latter point is particularly crucial for /n wiro models and the less important one
regarding a regenerative medicine approach since these different systems surrounding cartilage is

tightly linked to articular pathologies.

The incorporation of other cell types, mimicking the microenvironment of the cartilage is done
already in disease models, which are often dependent on exacerbated and overextended reactions of
the immune system causing a pathological inflammation. The most impactful consequence of
pathological inflammation effecting the joints is the formation of arthritis, as discussed in previous
sections. Thus, in dynamic /n vifro models of arthritis, the presence of immune cells or metabolites is
essential to portray the pathology. Dynamic models of arthritis have also been developed using

bioreactors [84] and microfluidics [85],[86].

Ossendorff ef a/. used a bioreactor with mechanical stimuli to promote ex vivo culture of an explant
to investigate the mechanisms behind the 20% failure rate [87] of autologous chondrocyte
transplantation due to posterior arthritic-like symptoms. To do so, the authors used fibrin-polyurethane
scaffolds where bovine chondrocytes were seeded and cultured for 2 weeks, with permanent 10 to 20%
compression and +25° of strain as a biomimetic multiaxial load. To promote an arthritis-like phenotype,
tumor necrosis factor oo (TNF-a) was added to the medium at a concentration of 20 ng/ml since it is a
cytokine known to play a role in osteoarthritis [88]. Moreover, to assess the effect of the pharmaceutical
sequestration of this cytokine and as a proof-of-concept of the use of this platform for drug testing, the
monoclonal antibody anti-TNF-a adalimumab was also supplemented to the medium at a concentration
of 10 pg/L. It was concluded that inflammation emulating cytokine leads to a chondrocytes’
dedifferentiation observed particularly by the reduction in the cell-specific production of collagen type-ll
and production of MMP-3. Despite inducing chondrogenesis, mechanical stimulation was insufficient to
stop the inflammation-induced cartilage degradation. At the concentration used, the antibody
antagonized TNF-oo completely, impairing the degradation of the chondrocyte deposited matrix. These

results assist in the comprehension of the effects of soluble cytokines in the degradation of cartilage,
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hint towards a possible attenuation but not definitive treatment of physical therapy, and point out a

possibly effective treatment [84].

Nevertheless, even though it presented extremely promising results in several points, the
bioreactor-based approach rarely can be seen as a future cost-effective alternative to animal models.
Thus, for that purpose, dynamic arthritic microphysiological models have surfaced in recent years,

mostly in the form of microfluidic disease-on-a-chip, corroborating the results achieved in bioreactors.

An example of this corroboration is a microphysiological articular cartilage model with an in-built
mechanical stimulation process developed by Barbero ef a/. [86] to better understand how joint overuse
is related to the development of arthritis. The platform consisted of a two-chamber microfluidic device
separated by a poly(dimethylsulfoxide) (PDMS) membrane where, in an upper chamber, encapsulated
human chondrocytes were cultured, and in a lower chamber, air pressure variation is used to compress
the upper one. Upon hyperphysiological values of compression, estimated by numerical simulations,
and supplementation of Tumor Growth Factor B (TGF-), 3D cultured chondrocytes expressed arthritis
hallmarks. Chondrocytes expressed decreased mRNA levels of collagen type-ll when compared to levels
of collagen type-l mMRNA and increased cytokine mRNA levels upon mechanical stimulation [86]. This
model shows that biomimetics can be maintained with a size reduction like the one implied in the

bioreactor-to-microfluidics transition.

Other two arthritic microphysiological models were developed recently, mostly with the objective of
creating models that could allow further characterization of the /n viro development of disease
hallmarks upon different stimuli. Rosser et a/,, [89] using equine chondrocytes, developed a 3D arthritic
model within a microfluidic platform that allows the study of the effects of nutrient gradients across the
articular cartilage. Arthritis was induced by TNF-at addition to the medium, with the gene expression of
arthritis hallmarks being observed 24 hours after induction. This platform has the potential to promote
the physiological oxygen gradient previously mentioned as a key feature of articular cartilage,

unmodelled until now [89].

Rothbauer et a/. [85] developed a real-time monitored synovium model in which hyperplasia upon
inflammation induction with soluble TNF-a could be observed and measured. This monitoring was
performed using light scattering measurements since, upon 3D hyperplasia, rheumatoid arthritis
patients-derived synoviocytes promote further light scattering than when cultured without stimulation.

The remodeling of the synovium during the progression of the disease is observed /n vitro, which is
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demonstrative of the biomimetics of the approach [85]. Although there are other monitoring techniques
that were already applied to bioreactor grown articular cartilage such as, live imaging [90] and
ultrasounds-mediated imaging [91], none of these represent a clear advantage regarding microfluidic
devices. Due to their minimal size, microfluidic devices are often transparent, meaning that visual
observation already allows tissue integrity assessment. Thus, none of these techniques would represent
an advantage for microphysiological disease models, unlike light scattering measurements that add
quantification capacity. The use of quantitative parameters can assist in the unbiased evaluation of

therapeutics tested using this /n vifro platform.

All of the mentioned models are 3D cultured using biomaterials to support the growth and
physiologic biomechanics of tissue cells. For this purpose, these biomaterials are processed into
biocompatible hydrogels or scaffolds. Biocompatibility implies biofunctionality, meaning that these
biomaterials not only must promote cell viability and growth but also promote tissue-specific phenotype
and physiology. Thus, the selection of the biomaterials used is crucial for the development of a

representative model.

In the dynamic models here reviewed, there is a wide diversity of biomaterials used as engineered

ECM (Table 111-2).

Table 1lI-2 - Characterization and application of different biomaterials used in chondrocytes’ and synociocytes’ dynamic
culture systems. PU - Polyurethane.

) . Biochemical . -
Biomaterials Recognition Motifs Type of Dynamic System Application References

Hydrogels for chondrocyte encapsulation [90], [73],

Alginate Bioreactor inside perfusion systems. 4

3D-printed scaffold for healthy knee

cartilage modeling. Ensured chondrocyte [77]

growth in a mechanically stimulated
perfusion bioreactor.

Poly(caprolactone) Bioreactor
Absent

Hydrogel-based cell encapsulation for

pressure-driven mechanical [81]

compression in a healthy cartilage
model.

Agarose Microfluidics

3D-printed articular carltilage-like [92]

Poly(lactate) Bioreactor scaffold for chondrocyte culture.

Cylindrical PU scaffolds for chondrocyte
Fribrin-PU Bioreactor growth in an inflammated cartilage
Human fibrin model.

(84]

Microfluidically constrained hydrogel for [89]

Fibri Microfluidi ) !
Ibrin icrofluidics equine chondrocytes’ encapsulation.

Hydrogels for chondrocyte encapsulation
in microfluidic channels for
Microfluidics hyperphysiological pressure-driven
mechanical compression in a
inflammated cartilage model.

Factor XIII
glutamine acceptor
and Factor XIII
lysine donor

Peptide-PEG (86]
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Hydrogels for synociocytes’ culture in
Microfludics healthy and inflammated perfused
microphysiological cartilage model.

Collagen type-IV
and laminin

Matrigel® (3]

In order to form articular cartilage, chondrocytes were cultured using alginate [73],[90],[74]
poly(caprolactone) [77], agarose [81], poly(lactate) [91] in the healthy models and fibrin-polyurethane
[84], peptide-functionalized poly(ethyleneglycol) [86] and fibrin [89] for diseased models. Synoviocytes
derived from RA patients were also cultured using Matrigel [85], ECM-derived from mouse sarcoma.
From these materials, poly(caprolactone) and fibrin-polyurethane were processed as scaffolds whilst the
remaining biomaterials were used as hydrogels, with the expected performance thus, showing a
versatility of approaches towards successful modeling.

Most of these biomaterials share features that can look contradictory to some principles of cell
culture. Something most of them have in common the absence of collagen, the main component of the
cartilage's ECM, they have performed as expected, showing a capacity to promote chondrogenesis.
Moreover, several of these materials do not possess any binding domains for cell-ECM adhesion
proteins. In fact, the only material that has proteins with mammalian adhesion motifs is Matrigel. None
of the works reviewed herein, discussed the possible mechanisms of action of these biomaterials nor
measured the biomechanical properties of the resulting gels [93].

This discussion is largely important since the support biomaterial’s composition can induce a
determined behavior or phenotype on cartilage [94]. Jeong et al. developed the only dynamic model
with concerns regarding the mechanical properties of the artificial ECM. This work follows an approach
that follows the most recent thinking line in cartilage tissue engineering, extracting information from
imaging techniques to develop the scaffold or hydrogel [95]. Nevertheless, the viscoelastic properties of
the produced tissue are scarcely discussed and deserve closer attention considering its relevance in
tissue’'s homeostasis [96].

According to Damerau and Gaber [97], the in vitro modeling of RA is a multidisciplinary and
multifactorial effort that heavily relies on mechanical stimulation and characterization, mimicry of the
immune system’s response, and robust biological characterization. Thus, RA specific dynamic models
are still missing. Rothbauer et al. [85] developed the microphysiologic platform that more closely
resembles a dynamic RA model, to which should be added articular cartilage and pro-inflammation

stimulated macrophages. Despite having an innovative real-time characterization system (Figure llI- 4
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a), his platform also needs near-physiological mechanical stimuli, such as the one developed by Paggi
et al. [81] (Figure Ill- 4 b).
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Figure lll-4 - a) Characterization and mechanical stimulation methods in-built in microphysiologic healthy and diseased
articular models. (a) Microfabricated system for /in vifro development and monitoring of RA-specific synovial
hyperplasia. (b) Device for mechanical compression gradient of a microfluidic hydrogel for articular cartilage
mimicking. Figures adapted from (a) Rothbauer et a/. [85] and from (b) Paggi ef a/. [81].

According to the trend of recent years, these models shall be developed in the near future, allowing

to test innovative therapeutics that may improve the prognosis of this life-changing, chronic disease.

llI-5.  CONCLUSION AND FUTURE PERSPECTIVES

Rheumatoid arthritis is a highly debilitating chronic autoimmune disease that typically causes pain,

swelling, and stiffness in the joints. Although there are several treatments that allow an improvement in
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the physical condition of patients, most of them are not completely effective and have several serious
side effects. Several therapeutic approaches have been developed over the past few years to improve
efficacy and decrease side effects caused by drugs. Hydrogels have a unique combination of
characteristics, high porosity, biocompatibility, biodegradation, and flexibility make them useful in drug
delivery applications. Through the literature review where hydrogels were used to treat rheumatoid
arthritis, it was possible to verify that this drug delivery platform was able to potentiate the effect of
drugs when compared with traditional drugs, both in vitro and in vivo studies. Recent studies are
increasingly focused on the use not only of hydrogels alone but in the combined approach of hydrogels
with nanoparticles. This combinatorial approach has been shown to improve the characteristics of
hydrogels as a drug delivery system in the treatment of rheumatoid arthritis. Furthermore, there has
been an added concern with the method of administering hydrogels, that is, being minimally invasive.
So, injectable hydrogels are emerging as a promising drug delivery platform, including for the treatment
of rheumatoid arthritis. Despite the advances reached in the treatment of RA, it is important to fill some

gaps namely mimic the dynamic system existing in the human body.

The drug development industry is facing a severe halt, forcing a paradigm change. One of the most
blatant reasons for this hampering has been the use of animal experimentation for drug testing. Experts
from academia to the industry recognize today that dynamic in vitro human models are the alternative
with better prospects since it bypasses several of the problems of animal models. Only recently were
developed the first articular cartilage diseased models, resulting in the absence of disease-specific
dynamic in vitro models, namely for RA. The early age of articular cartilage modeling leads to the
existence of several healthy cartilage models that focus on modeling one specific feature of the human
joint’s cartilage, like movement, mechanical load, or decreased oxygen concentration. This results in
often immature models, where the remaining features often are disregarded, with particular emphasis
on the nature and mechanical properties of the engineered ECM. The most complete model of articular
cartilage of recent years was a bioreactor-based model, with biomimetic scaffold design, mechanical
loading, and synovial fluid circulation developed by Jeong ef al. [77] . However, is a highly sophisticated
technique, where a robotized system is inserted in an incubator with coupled sensors and pumping
system, reducing significantly the throughput and the potential for drug screening applications.
Regarding this purpose, the systems with higher potential are microphysiological platforms that
increase significantly the throughput and monitoring capacity while reduce sample volume, minimizing

operation costs. Moreover, these systems were the ones showing more developed in vitro diseased
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models of arthritic cartilage, showing disease hallmarks such as ECM degradation and hyperplasia of

the synovial membrane.

Considering the current models, diseased articular cartilage models will evolve in the following
years for a combination of intensive characterization of the biomaterials, cells, and fluid mechanics
employed and biomimetic cellular diversity. Regarding specifically RA, the presence of macrophages
undergone pro-inflammatory differentiation and chondrocytes, artificial synovial fluid flow, and hallmarks
characterization will be paramount for the achievement of representative models for drug testing

purposes.
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Chapter IV

Materials and Methods

Overview

This chapter provides a detailed overview of the different materials and methodologies that were
used for the works presented in the following sections of this thesis. A description of the main polymers
used can be found in the first part of this section, followed the methods used for nanoparticles and
hydrogels production and physicochemical characterization. Moreover, biological characterization, static
and dynamic conditions using bioreactors and microchips will be described to better understand the

proposed methodologies.
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IV-1.  MATERIAL AND METHODS

The several biomaterials used in this thesis are demonstrated in the following sub-sections,

detailing its main properties and methods of production used.

IV-1.1.Polyamidoamine (PAMAM) dendrimers

Dendrimers are a class of polymeric compounds that have a globular and hyperbranched
structure, precise molecular weight, high surface functionality, and degree of versatility. These
characteristics differentiate them as optimum and unique nanocarriers in medical applications such as

tumor therapy, drug delivery, diagnostics, and gene transfection [1].

Polyamidoamine (PAMAM) dendrimer was the first dendrimer that was synthetized and
commercialized, and it is the most well-studied and characterized class of dendrimers [2]. The PAMAM
dendrimer core can be composed of linear chain molecules containing primary amines (Figure IV-1).
The most common compounds are ethylenediamine (EDA, four core multiplicity), ammonia (three core
multiplicity), or cystamine (four core multiplicity). There are two methods for dendrimer synthesis, such
as, divergent and convergent [3]. PAMAM dendrimer is generally synthesized by the divergent
approach. In the divergent method, the construction of the dendrimer occurs in a stepwise manner
starting from the core and building up the molecule toward the periphery via the coupling of the
monomer and de-protection or transformation of the monomer end-group to produce a new reactive
surface functionality [4]. The high density of functional groups (-NH.-COOH, OH) in PAMAM dendrimer
can have potential applications in increasing the solubility of low aqueous solubility drugs and delivery
systems for bioactive materials [5]. Drugs or other molecules can be encapsulated in the
macromolecule interior or be attached to PAMAM end groups make them suitable for drug delivery
systems [6]. Furthermore, there are studies that show the anti-inflammatory properties of dendrimers

[7,8 ,9] what are beneficial characteristics for the purpose of the study.

Due to previously mentioned advantages, the PAMAM dendrimer was used as a drug delivery

system, in Chapter V, VIII, and IX.
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Figure IV-1 - Structure of Polyamidoamine (PAMAM) dendrimers. Reprinted with permission from [10].

IV-1.2. Chondroitin sulfate (CS)

Chondroitin sulfate is a type of sulfated glycosaminoglycan (GAG) that is a linear polysaccharide
composed of repeating units of D-glucuronic (GlcA) and N-acetylgalactosamine (GalNAc) linked together
through alternating B -1-3 and S -1-4 glycosidic bond. The resulting [(-4GlcA B 1-3GalNAc B 1-)]
disaccharide repeating unit can be sulfated through the activity of a variety of sulfotransferases resulting
in chains decorated with O-sulfo groups at various positions [11],[12]. Chondroitin sulfates are
classified as CS-0,A,B,C,D,E,F,K (CS-A, chondroitin sulfate A,[GIcA 8 1-3GalNAc(4 S)]; CS-C, chondroitin
sulfate C, [GIcA B 1-3GalNAc(6 S)]; CS-D, chondroitin sulfate D,[GIcA(2 S) B 1-3GalNAc(6 S)]; CS-E,
chondroitin sulfate E, ,[GIcA B 1-3GalNAc(4 S,6 S)]; CS-F, fucosylated chondroitin sulphate, [GICA( v 1-
3Fuc) B 1-3GalNAc(4S)]; CS-0, chondroitin,[GIcA B 1-3GalNAc]) according to their sulfation pattern, and
CSs extracted from animal sources (human, pig, shark, squid) are often a combination of the different
types (Figure IV-2) [13]. The CS repeating disaccharide unit [(-4GIcA 3 1-3GalNAc 3 1-).] is frequently
sulfated at the C-4 and/or C-6 positions of GalNAc in CS from mammals’ sources. The terms CS-A and
CS-C have been used to describe CS rich in GlcA-GalNAc (4S) (A-unit) and in GlcA-GalNAc (6S) (C-unit),
respectively, where 4S and 6S stand for 4- O-sulfate and 6-O-sulfate. Additionally, nonsulfated GlcA-
GalNAc (O-unit) and theraredisulfated D-unit [GIcA(2S)-GalNAc(6S)] (2S stands for 2-O-sulfate) and E-

unit [GlcA-GalNAc (4S, 6S)] also are often found in small proportions in mammals. Structural studies of
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CS from terrestrial animals have shown great heterogeneity however this diversity is more diverse in
marine species. Trisulfated (T-unit) and disulfated disaccharide units, such as D, E, and K, are found in
oversulfated CS chains such as CS-D, CS-E, and CS-K, which are derived from cartilage of squid, king
crab and shark fin, squid [14], [15].

Natural chondroitin sulfate has a molecular weight of 50-100kDa. It is a main component of the
extracellular matrix (ECM) and cell surfaces of many connective tissues, including skin, ligaments,
tendons, cartilage and bone, [16]. CS chains are covalently bound to a core protein to form CS
proteoglycans (CSPGs), where at least one CS side chain is covalently attached to the panel of core
proteins (xylose, galactose, GIcA). The assembly of the CS chain occurs in the endoplasmic reticulum/
Golgi compartment [17]. CSPGs present a wide range of functional events as interactions with several
bioactive protein components including cell adhesion molecules, growth factors, morphogens, and
cytokines [18],[19]. Furthermore, CSPGs have been implicated in diverse pathological processes such
as skeletal disorders, glial scar formation after brain injury, and infections with viruses and bacteria. CS
is responsible for many of the important biomechanical properties of cartilage, such as resistance and
elasticity. Its high content in the aggrecan plays the main role in consenting cartilage to resist pressure

stresses during several loading conditions [16],[20].

Changes in the levels or molecular nature of CS have been found in synovial fluid and cartilage of
RA patients. Several /n vitro and in vivo studies have shown that chondroprotective properties of CS
result from an increase in the biosynthesis of connective tissue components (collagen, proteoglycans,
and hyaluronan) and possess anti-inflammatory activity. Furthermore, GAG structure and sulfation
pattern can influence interactions between the surface of cells and adhering microbes or other
pathogenic agents, with interesting implications for the development of therapeutics [21], [22].
Therefore, in this thesis, Chondroitin sulfate A sodium salt from bovine trachea was chosen as the
material to surface modify the PAMAM dendrimers, in Chapter V, due to the previously highlighted

advantages.
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Figure 1V-2 - Chemical structure and distribution of sulfation pattern of chondroitin sulfate (CS). Reprinted with permission
from [17].

IV-1.3. Gellan Gum (GG)

Gellan gum is a water-soluble extracellular polysaccharide produced by the aerobic fermentation
process of Sphingomonas elodea. It is an anionic linear polymer composed of repeating units of a
tetrasaccharide [D-glucose(31—4) D-glucuronic acid(p1—4)D-glucose(B1—4)-L-rhamnose(al—3)].
[23],[24]. Two acyl substituents, L-glyceryl, and acetyl are present at the O-3- linked glucose at the 0-2
and 0-6 positions, respectively [25]. According to the degree of acyl substitution, GG can be categorized
as acetylated form, high acyl (HA) GG and deacetylated form, low acyl (LA) GG (Figure IV-3), being the
low acyl form the most common and commercially available one [26]. Both forms of GG present heat
reversible transition from a state of single random macromolecules to a more ordered state with
excellent stability and high gel strength [27]. Acyl substituents in GG affect the aggregation process and
the GG characteristics mostly depend on the degree of acylation and the presence of counter-ions. The
HA GG form produces transparent, soft, elastic, and flexible gels that are resistant to heat and acid,
while the LA GG form produces firm, non-elastic brittle gels in the presence of cations [28]. This leads
to producing gels with a variety of textures, water content, and mechanical properties, and to be tuned

according to the desired application [29].
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B Low acyl gellan

Figure IV-3 - Chemical structure of Gellan Gum (A) high acyl Gellan Gum (B) low acyl Gellan Gum. Reprinted with permission
from [30].

The versatile properties of GG help in different Tissue Engineering and regenerative medicine
applications. The GG is used in the pharmaceutical and biomedical fields, including for cell adhesion,
gene therapy, wound healing, bone regeneration, biological signaling, as protein carriers, and delivery
agents [31],[32]. The main attractive properties of GG that make it a suitable material for TE include its
biocompatibility, biodegradability, structural similarities with native glycosaminoglycans, tunable

mechanical properties, and ease to functionalize [33].

The GG hydrogels can be used as a sustained and controlled drug release system [34]. These
hydrogels are formed by physical crosslinking methods induced by temperature variation, pH, and ionic
conditions. However, in physiological conditions, GG hydrogels can become weak. The properties of GG
can be improved by chemical crosslinking allowing that the hydrogels have greater mechanical
strength, integrity, and swelling properties tuned by the degree of chemical crosslinking [35]. Due to
previously mentioned advantages, in Chapter VI, VII, VIII, and IX the Gellan Gum was studied to be used

as injectable hydrogel to drug delivery.

IV-1.4. Tyramine (Ty)

Tyramine (2-(4-Hydroxyphenyl)ethylamine, 4-(2-Aminoethyl)phenol, or 4-Hydroxyphenethylamine) is

a primary amino compound, with molecular weight 137.18 g/mol obtained by formal decarboxylation of
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the amino acid tyrosine by the action of the ubiquitous enzyme aromatic amino acid decarboxylase
(Figure IV-4) [36]. Tyramine is a substance widely found in the body and in several foodstuffs, most
particularly aged and fermented foods and beverages. Cheeses, fruits, fish, dried, and fermented meat,
and wine are known to contain tyramine [37]. It is an amino acid that helps regulate blood pressure.
Because of its high sensitivity to oxidation by monoamine oxidase inhibitors, tyramine's endogenous
levels are very low, and tyramine is one of a group of biogenic amines which are referred to as “trace
amines” [38]. Tyramine is widely used in the preparation of a variety of hydrogels for biomedical
applications. In the last years, in situ gelling systems, also gelled via physical interactions or chemical
reactions, have been designed [39]. Enzymatic crosslinking of polymer—phenol conjugates in the
presence of horseradish peroxidase (HRP) and hydrogen peroxide (H:0.) has emerged as an important
method to produce in situ-forming, injectable hydrogels [40]. Several groups described the /n situ
formation of hydrogels through the functionalization of polymers with tyramine [41],[42],[43]. The
hydrogels are chemically crosslinked and therefore show superior characteristics in terms of stability
and mechanical resistance when compared to physically crosslinked. Furthermore, this approach allows
for independent tuning of gelation rate and the mechanical strength of the resulting gels, been widely
used in tissue engineering, cell immobilization, and drug delivery[44]. Because of the previously
mentioned advantages, tyramine was used to functionalize the Gelan Gum, in Chapter VI, and thus

become able to undergo enzymatic crosslinking.

NH>

HO

Figure IV-4 - Chemical structure of tyramine (Ty).

IV-1.5. Silk fibroin (SF)

Silk fibroin (SF) is a highly insoluble fibrous protein that can be obtained from the glands of
different animals such as spiders, silkworms, scorpions, mites, and flies [45]. Bombyx mori (B. mori)

domestic silkworms are the main producer of silk worldwide [46]. The SF protein obtained from
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silkworm silk is a well-characterized protein employed in numerous biomedical applications due to
superior biocompatibility, controllable biodegradation, suitable mechanical properties, and versatile

functionalization. So, Bombyx mori silkworm cocoons were used in this thesis as a source of SF [47].

The natural silkworm is comprised of two structural proteins, fibroin (72-81%) and sericin (19-28%).
Fibroin is in the inner core and provides mechanical strength, while sericin is a water-soluble glue-like
protein that acts as an adhesive binder to preserve the structural integrity of the fibers [48]. Silk fibroin
contains polypeptide chains with a molecular weight in the range of 200-350 kDa and its primary
structure comprises of hydrophilic light chains (L-chain, M. = 27.7 kDa) with terminal C and N groups
and repetitive blocks of hydrophobic heavy chains (H-chain, Mw = 391.6 kDa) both linked by disulfate
bonds [49]. The H-chain consists of 5242 amino acids while the L-chain consists of 246 amino acids.
The L-chain domain comprises amino acid sequences, Alanine (Ala), Serine (Ser), Glycine (Gly), and
acetylated N-terminal Ser residues. The H-chain contains Gly, Ala, Ser, Tyrosine (Tyr), and Valine (Val).
The amino acid sequence of H-fibroin can be defined as (-Gly-Ser-Gly-Ala-Gly-Ala-). (Figure IV-5).
Hydrophobic H-fibroin chains contain repetitive hydrophobic domains interspersed between non-

repetitive hydrophilic domains [50].

H

Figure IV-5 - Chemical structure of Silk fibroin (SF). Reprinted with permission from [51].

The secondary structure of silk can be classified into three crystalline forms: Silk I, Silk Il, and Silk
I1l. Silk | is the liquid, metastable form of SF and has been designated as a partial and order structure
that could contain o-helix and random coil structures. Silk Il is the solid SF that features [-sheet
crystalline structure and silk Il is a solid form of SF that presents mostly trifold helical chain
conformation that is found at the air/water interface [52]. The repetitive hydrophobic amino acid
domains of H-chain through hydrogen bonds, Van der Walls forces, and hydrophobic interactions allow
the transition from the random coil and alpha-helix conformations to stable anti-parallel B-sheet

crystallites. This conformation confers excellent mechanical strength to the silk network [50].
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Silk fibroin fiber can be obtained from degummed silk, which refers to the partial or complete
removal of the sericin. The removal of sericin is an important step to prevent the thrombogenic and
inflammatory response of SF. The SF can be dissolved with neutral salt solutions such as lithium
bromide and the mixture is dialyzed to get pure fibroin solution [53]. Through various external stimuli
such as temperature, pH, ionic strength, etc., the SF can be used to prepare silk fibroin membranes,
fiber, hydrogel, scaffolds, and other types of materials [54]. The processing step used to prepare the SF
material can affect the chemical and molecular structure of the SF protein itself and thus modify the
material’s mechanical properties, biocompatibility, degradability, and reproducibility, affecting its

performance as a biomaterial [55].

The SF has several unique properties which makes it a desirable biomaterial for tissue engineering
and regenerative medicine [56]. Silk fibroin (SF) has been extensively used to produce injectable
hydrogels as drug delivery systems due to its biocompatibility, controllable degradability, and tunable
drug release properties. SF-based drug delivery systems can load and stabilize several small molecule
drugs enhance their half- lives and control the release to increase their circulation time in the blood and
thus the duration of action [57]. Silk fibroin hydrogels are formed in a sol-gel transition through physical
or chemical procedures [58]. The enzymatically crosslinking of SF using the enzyme horseradish
peroxidase to produce injectable hydrogels can offer distinctive advantages, including significantly
shorter gelation time and enhanced mechanical properties of hydrogels [59]. Natural biomaterials can
offer superior biocompatibility compared with synthetic degradable materials. However, natural
biomaterials frequently lack the necessary control of properties and material properties needed for long-

term sustained release applications [60].

So, in this thesis, SF was combined to Ty-GG, to increase the mechanical stability, biocompatibility

and enhance the effect as a drug delivery system.

Silk fibroin was obtained from Bombyx mori silk cocoons that were purified and posteriorly
dissolved in a lithium bromide solution to produce SF-based hydrogels. The cocoons were supplied by
Rural Development Administration, Jeonju, Korea, and the Portuguese Association of Parents and
Friends of Mentally Disabled Citizens, Castelo Branco, Portugal. SF was used in Chapters VIl and VIII of
the thesis.
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IV-1.6. Matrigel®

Matrigel® is a soluble extract of basement membrane proteins derived from the Engelbreth-Holm-
Swarm mouse (EHS) tumor (Figure IV-6) [61], crosslinkable into a 3D gel at 37 °C, cable to help cell
morphogenesis and differentiation [62]. The basement membrane is structurally a thin layer of ECM
sheets which contact with basal layer of epithelial cells, endothelial cells, and fat and smooth muscle
cells [63]. Matrigel® comprises mainly of collagen type IV, perlecan (heparan sulfate proteoglycan),
entactin, and laminin. It also contains other components of the basement membrane, such as growth
factors and proteases. This laminin-rich mixture of Matrigel® is similar to the complex extracellular
environment of the basement membrane and is used for cell-culturing model systems, mostly for

evaluating cellular differentiation and angiogenesis [64].

Matrigel 3D tissue culturing systems are gaining increase approval because of their capability to
offer a more physiologically relevant cell environment [65]. Approaches for culturing mammalian cells
ex vivo are extremely needed to study cell and tissue physiology and to grow replacement tissue for
regenerative medicine. Two-dimensional culture has been the standard for /n vifro cell culture,
nevertheless, it has been shown that cells behave more natively when cultured in three-dimensional
environments [66]. The /n vivo and /n vifro extracellular matrix (ECM) plays a key role in many
outcomes that direct cell fate and behavior. The key function of the ECM is to sustenance the
maintenance and growth of a diversity of cells. In this sense, Matrigel® acts as a physical support or
substrate for cultured cells helping to create more in vivo-like extracellular matrices that promote cell

differentiation [67].

Due to previously mentioned advantages, in Chapter IX, Matrigel® was used to encapsulate
human monocytic cell line (THP-1) and primary human chondrocyte cells in 3D culture on a microfluid

chip in order to mimic an inflammatory environment /n vivo.
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Figure IV-6 - Matrigel®.

IV-2.  REAGENTS

Unless addressed otherwise, all the reagents used in this thesis were purchased from Sigma-

Aldrich, USA.

IV-3.  METHODOLOGIES FOR PROCESSING OF BIOMATERIALS

Biomaterials processing plays a vital role in Tissue Engineering (TE) strategies. The different
approaches are planned to influence the physical, chemical, and biological environment surrounding
the target tissue. The processing method is the crucial factor that generally contributes to influence all

the criterion that will control its behavior /n vitro and in vivo [68], [69].
In this sub-section the preparation methods of different biomaterials to produce freeze-dried

nanoparticles and hydrogels will be described in greater detail.

IV-3.1. Chondroitin Sulfate poly(amidoamine) dendrimer (CS/PAMAM) nanoparticles production

In this thesis, PAMAM dendrimers were functionalized with CS to increase receptor-ligand
interaction since this glycosaminoglycan is an important component of the ECM and cell surface of the
cartilage. Furthermore, CS has anti-inflammatory activity, which is beneficial for the goal of the

approach.
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For the synthesis of the CS/PAMAM dendrimer nanoparticles, Starburst® poly(amidoamine)-
carboxylic terminated dendrimers, PAMAM-CT (G1.5, 20% (w/v) in methanol) with an ethylenediamine
core (2934.56 g/mol) and Chondroitin sulphate A sodium salt from bovine trachea (463.363 g/mol)
were purchased from Sigma-Aldrich (USA). CS/PAMAM dendrimer NPs were prepared as referred by
Shaunak et al.,, 2004 [70], with some maodifications. The PAMAM dendrimer G1.5 that has 16
carboxylic acid end groups was conjugated with CS, according to the following steps: First 20 g mol* of
MES (Sigma-Aldrich, USA) was added to 50 g L' of PAMAM (diluted in MES (2-(N-
morpholino)ethanesulfonic acid), then N-(3-Dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride
(EDC) (Sigma-Aldrich, USA) (4 equivalents) and sulfo-NHS (N-Hydroxysulfosuccinimide sodium salt
298% (HPLC)) (Sigma-Aldrich, USA) (2 equivalents), in MES were mixed, stirred for 15 minutes, with the
first solution of PAMAM in MES. Since the PAMAM dendrimer G1.5 has 16 end groups on the surface,
an excess of chondroitin sulfate equivalent was used. That is, then, chondroitin sulfate (20 equivalents)
was added with EDC (4 equivalents). Afterwards, the reactions were mixed and stirred for 15 minutes.
In the end, PAMAM mixture was added to CS mixture and stirred for 24 hours. The reaction was
performed to link the carboxyl group of PAMAM to the chondroitin sulfate amine group (Figure IV-7).
The solution was dialyzed against distilled water using a Dialysis Tubing membrane, benzoylated
(Laborspirit, Loures), for 48 hours. CS/PAMAM dendrimer NPs were obtained by freezing the solution
at -80°C and freeze-drying (Telstar- LyoAlfa 10/15) for approximately 7 days.

The synthesis of CS/PAMAM dendrimer was crucial in this thesis. In Chapters V, VII, and IX the

effect of CS/PAMAM dendrimer on cartilage and immune system cells was analyzed.

PAMAM
dendrimer

Figure IV-7 - Schematic representation of PAMAM dendrimer nanoparticles functionalized with Chondroitin
Sulfate via carbodiimide chemistry.
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IV-3.1.1. Labelling of CS/PAMAM dendrimer NPs with fluorescein isothiocyanate (FITC)

Labeling the dendrimer NPs with a fluorescent molecule is of vital importance as a tracking tool to
evaluate their internalization by cells in real time. For this, fluorescein isothiocyanate (FITC) was
chosen.

Conjugates of FITC-CS/PAMAM dendrimer NPs were prepared by covalently bonding the thiol
group of CS/PAMAM dendrimer NPs and the isothyocianate group of FITC, thiourea bond (Sigma-
Aldrich, USA). Firstly, 10 mg mL* of CS/PAMAM solution was prepared in a carbonate-bicarbonate
coupled buffer (pH 9.2). Then 50 pL of the FITC (10 mg mL?) / DMSO (anhydrous dimethyl sulfoxide)
solution was added per each mL of CS/PAMAM dendrimer NPs solution under agitation and kept in the
dark at 4°C for 8 hours. Lastly, the FITC-labelled CS/PAMAM dendrimer NPs were dialyzed in ultrapure
water for 48 hours. The product was achieved after dialysis and freeze-drying.

This process was applied in Chapter V.

IV-3.1.2. TNF o Abs linked to CS/PAMAM Dendrimer Nanoparticles

The anti-TNF o was attached to the dendrimer CS/PAMAM to provide anti-inflammatory properties.
The CS/PAMAM dendrimer NPs linked to a rabbit polyclonal anti-TNF a antibody (ab7742, Abcam,
United Kingdom)/mouse monoclonal anti-TNF a antibody [2C8] (ab8348, Abcam, United Kingdom)
was obtained through a crosslinking reaction. A 0.2 g L*solution of CS/PAMAM in 5 mL MES was
mixed with EDC (4 equivalents) and NHS (2 equivalents) for 15 minutes. Next, 20 equivalents of anti-
TNF o Abs were added with EDC (4 equivalents) and were stirred for 15 minutes. Then, CS/PAMAM
dendrimer NPs mixture was added to anti-TNF a Abs mixture and stirred for 24 hours. The solution was
dialyzed against distilled water for 48 hours. Anti-TNF o Abs-CS/ PAMAM dendrimer NPs were obtained
through dialysis and freeze-drying.

The linked of CS/PAMAM dendrimer NPs with rabbit polyclonal anti-TNF a antibody was used in

Chapter V and in Chapter VIl and IX was used mouse monoclonal anti-TNF o antibody.
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IV-3.2. Hydrogels preparation

Hydrogels are three-dimensional polymeric networks that are water-insoluble and absorb
substantial amounts of aqueous solutions. Due to their high content, the hydrogels are more identical to
natural living tissue than any other type of synthetic biomaterial [71]. The unique physical properties of
hydrogels make them appealing for their use in TE applications. The tunable physical properties,
controllable degradability, and capability to protect drugs from degradation allow being used as drug
delivery platform. The drugs can be slowly released, maintaining a high local concentration of drug in
the surrounding tissues over an prolonged period [72].

The gelation of hydrogels is possible by physical or chemical crosslinking methods [73]. The
physical crosslinking is generally produced by intermolecular reversible interactions, such as hydrogen
bonds, ionic/electrostatic interaction, hydrophilic/hydrophobic interaction, polymerized entanglements
etc. However, these interactions are weak while chemical crosslinking creates strong bonds between
polymer chains give them higher stability and longer gel duration [74]. |deal gelation time should be
within a few minutes, mainly for drug delivery applications. To reach a faster gelation time, the
enzymatic crosslinking methods in TE has been used. The polymers containing phenol groups,
aminophenol, tyramine or tyrosine can be crosslinked by the horseradish peroxidase (HRP) and
hydrogen peroxide (H-O:) [75].

In this sense, it was proposed to modify the GG with Tyramine to be enabled to produce hydrogels
via enzymatic crosslinking with HRP, on Chapter VI, VIl and IX. Another purpose was to produce
hydrogels with modified GG an SF, which has 5% tyrosine group, to be also crosslinked via HRP and
H:0., on Chapter VIl and VIII.

IV-3.2.1. Synthesis of Tyramine-Gellan Gum (Ty-GG)

In this thesis, Gellan Gum was modified with Tyramine to be enabled to produce Ty-GG hydrogels via
enzymatic crosslinking with HRP enzyme. As previously mentioned, this process can allow to have a
material with adjustable mechanical properties and with short gelation time. These are essential

characteristics for the final application of the hydrogel as a drug delivery system in the treatment of RA.
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The functionalization of Gellan gum with Tyramine was carried out following the method reported by
Prodanovi¢ ef a/. [76], with several optimizations. Gellan gum from Gelzan™ CM (Sigma-Aldrich, USA)
was dissolved in water at 90°C to a final concentration of 1% (w/v). Sodium (meta)periodate (Sigma-
Aldrich, USA) was added to a final concentration of 1 mM in GG at 1% (w/v). The reaction was kept in
the dark for 24 hours at 4°C. The reaction was then stopped by adding glycerol (500 mM) and
incubated for 30 minutes in the dark at 4°C. The Oxidized GG was precipitated from the reaction
mixture by adding NaCl at 1% (w/v) and 2 volumes of 99% (v/v) ethanol. This precipitation step was
repeated two times, using the same procedure after dissolving oxidized GG at 1% (w/v) concentration in
water. In the end, the precipitate was separated, dried, and dissolved in 0.1 M sodium-phosphate buffer
pH 6. When dissolved at 1% (w/v) concentration, tyramine hydrochloride (Sigma-Aldrich, USA) was
added by molecular equivalents (number of mol equivalents of GG to number of mol equivalents of
Tyramine) and the solution was stirred for half and hour. Then, solid cyanoborohydride was added at
0.5% (w/v) final concentration, and the reaction mixture was left in the dark for 24 hours at 4°C.
Modified Gellan Gum was precipitated by adding NaCl to 1 M final concentration and two volumes of
96% (v/v) ethanol. Precipitation was repeated two times using the same procedure after dissolving
modified GG at 1% concentration in water. Ty-GG powder (Figure IV-8) was obtained by lyophilization, at
0.08 mbar and -77.7°C, during approximately 4 days.

The production of Ty-GG was performed on Chapter VI, VII, VIl and IX.

Figure IV-8 - Ty-GG.

IV-3.2.2. Preparation of Silk fibroin solution (SF)

To prepare Silk fibroin (SF), Silkworm cocoons (Rural Development Administration, Jeonju, Korea
and Portuguese Association of Parents and Friends of Mentally Disabled Citizens (APPACDM, Castelo

Branco, Portugal) were cut into fragments and boiled in 0.02 M Sodium carbonate (Na.COs) solution
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(Showa Chemical, Tokyo, Japan) for 30 min to remove sericin. Boiled silkworm cocoons were washed
with distilled water three times and dried inside an oven at 70 °C. The dry silkworm cocoons are then
dissolved in the oven with 9.3 M LiBr (lithium bromide) (Kanto Chemical, Tokyo, Japan) at 70 °C for 4
hours. The dissolved solution was dialyzed using a SnakeSkin Dialysis Tubing 3500 MWCO
(ThermoScientific, Waltham, MA, USA), throughout 48 hours against distilled water, to remove LiBr
(Figure IV-9). Silk fibroin was kept at 4 °C until use. The production of SF solution was performed on

Chapter VIl and VIII.

Silkworm Degummed Silk fibroin
Coccons Silk solution

Figure IV-9- Degumming process of Silk fibroin.

IV-3.2.3. Production of Ty-GG hydrogels and Ty-GG/SF hydrogels

Horseradish peroxidase (HRP) solution (0.84 mg mL+) (Sigma-Aldrich, USA) and hydrogen peroxide
solution (H:0.) (0.36% (v/v)) (VWR, USA) were both prepared in water. Tyramine-Gellan Gum solution of
1% (w/v) was used for the hydrogel preparation. Tyramine-Gellan gum hydrogels were prepared by
mixing of Ty-GG solution with different amounts of HRP and H.0: solutions (Table IV-1). Ty-GG hydrogels
discs were prepared by adding 200 uL of the mixture solutions in a polypropylene mold at 37°C. This

process was used on Chapter VI, VIIl and IX.

Table IV-1 - Ty-GG conditions (C1, C2 and C3) with different amounts of HRP and H-O. solutions.

Ty-GG HRP H:0.
Cl 167 pL 16.6 pL 10.83 pL
C2 167 pL 18.3 pL 15 pL
C3 167 pL 20 pL 13.3 L
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Tyramine-Gellan Gum/SF hydrogels (Figure IV-10 b) were prepared by mixing 1% (w/v) of Ty-GG
and 2% (w/v) SF (1:1) solution with same amounts of HRP and H:0. solutions previously mentioned

(Table IV-2). This method was performed on Chapters VIl and VIII.

Table IV-2 - Ty-GG/SF conditions (C1, C2 and C3) with different amounts of HRP and H0:solutions.

Ty-GG SF HRP H.0
cl 83.5 L 83.5 1L 16.6 pL 10.83 L
C2 83.5 L 83.5 1L 18.3 pL 15 pL
c3 83.5 L 83.5 1L 20 uL 13.3 L

IV-3.2.4. Production of anti-TNF o Ab-CS/PAMAM dendrimer NPs loaded Ty-GG and Ty-GG/SF
hydrogels

In Chapter VIII, to prepare the hydrogels, first a solution of horseradish peroxidase (HRP) (0.84 mg
mL?) (Sigma-Aldrich, USA) in PBS, and a solution of hydrogen peroxide (H.0.) (0.36% (v/v)) (VWR, USA)
in distilled water were prepared. Then, 1% Ty-GG solution (w/v) was prepared in distilled water and used
for the preparation of Ty-GG hydrogels and Ty-GG/SF hydrogels. To obtain the Ty-GG/SF hydrogels, 1%
(w/v) of Ty-GG solution was mixed with 2% (w/v) SF (1:1) solution. At this point, anti-TNF a Ab-
CS/PAMAM dendrimer NPs were mixed in the Ty-GG and Ty-GG/SF solutions at a final concentration of
0.5 mg mL. Then, two different crosslinking levels were tested by adding different amounts of HRP and
H:0. solutions to Ty-GG and Ty-GG/SF solutions, hereafter denominated C1, C2, C3, and C4, as
described in Table IV-3. Each condition without anti-TNF oo Ab-CS/PAMAM dendrimer NPs were used as
control (hereafter designated C1 CTRL, C2 CTRL, C3 CTRL, and C4 CTRL). Then, the mixtures were

transferred into polypropylene molds and incubate at 37°C until complete gelation.

Table IV-3 - Anti-TNF a Ab-CS/PAMAM loaded-Ty-GG and Ty-GG/SF hydrogels with different crosslinking levels.

Designation Ty-GG SF Dendrimer NPs HRP H.0.
(1% w/v) (2% w/v) (1 mg mLy) (0.84 mg mL) (0.36% v/v)
Cl 167 uL - 97 uL 16.6 yL 10.83 pL
Cc2 167 pL - 100 pL 18.3 uL 15 L
C3 83.5 L 83.5 L 97 pL 16.6 pL 10.83 pL

97



Chapter IV — Materials and Methods

c4 83.5 L 83.5 L 100 pL 20 L 133 L

In Chapter IX, anti-TNF a mAb-CS/PAMAM dendrimer NPs loaded-Ty-GG hydrogel was produced.
The hydrogel was prepared by mixing 1% (w/v) of Ty-GG solution with anti-TNF o mAb-CS/PAMAM
dendrimer NPs at a final concentration of 0.5 mg mLt. Then, the enzymatic crosslinking was made by
adding horseradish peroxidase (HRP) solution (0.84 mg mL?) (Sigma-Aldrich, USA) and hydrogen
peroxide solution (H:0.) (0.36% (v/v)) (VWR, USA) prepared in PBS and water, respectively. mAb-
CS/PAMAM dendrimer NPs loaded-Ty-GG hydrogel was used in the subsequent assays.

IV-3.2.5. Distribution of FITC-CS/PAMAM dendrimer NPs throughout Ty-GG and Ty-GG/SF hydrogels

To assess the distribution profile of CS/PAMAM dendrimer NPs within Ty-GG and Ty-GG/SF
hydrogels, the nanoparticles were labelled with Fluorescein isothiocyanate (FITC) (Sigma-Aldrich, USA).
Initially, 10 mg mL* of CS/PAMAM dendrimer NPs solution was prepared in a carbonate-bicarbonate
coupled buffer (pH 9.2). Then 50 pL of 10 mg mL* of FITC in anhydrous dimethyl sulfoxide (DMSO)
(VWR, USA) solution was added per each mL of CS/PAMAM dendrimer NPs solution under agitation
and kept in the dark at 4°C for 8 hours. In the end, the FITC-labelled CS/PAMAM dendrimer NPs were
dialyzed in ultrapure water for 48 hours and freeze-dried. Then, FITC-CS/PAMAM dendrimer NPs at a
final concentration of 0.1 mg mL* were mixed with Ty-GG and Ty-GG/SF solutions, and HRP and H.O.
solutions as described in (Table IV-3). After crosslinking, the hydrogels were immersed in PBS and kept
in a water bath at 37°C for 24 hours to remove free FITC. The hydrogels were observed under a

confocal microscope (Leica TCS SP8).

IV-3.2.6. Incorporation and release profile of the Betamethasone-oaded Ty-GG and Ty-GG/SF hydrogels

To assess the drug release system, Betamethasone, was incorporated in Ty-GG and Ty-GG/SF
hydrogels. These hydrogels loaded with Betamethasone (Sigma-Aldrich, USA) were prepared by mixing
Ty-GG or Ty-GG/SF solution, with 5 mg mL* of Betamethasone in PBS and the enzymatic crosslinking
was made by adding of HRP and H.O.. Betamethasone release profile in Ty-GG and Ty-GG/SF hydrogels
was evaluated immersing each hydrogel in PBS at 37°C. After each time point (3 hours, 6 hours, 24

hours, 72 hours, 168 hours, 336 hours and 504 hours), the supernatant was removed and kept at -
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80°C until the end of the experiment. Three samples per condition were used at each time point. To
formulate the calibration curve, Betamethasone dilutions were prepared (from 0 mg mL* to 5 mg mL).
The UV absorbance at 245 nm was read in a microplate reader (EMax; Molecular Devices, Sunnyvale,

CA, USA) to measure the Betamethasone release.

This procedure was applied to the Ty-GG hydrogels on Chapter VI and with Ty-GG/SF on Chapter
VII.

IV-3.2.7. Release profile of anti-TNF a Ab-CS/PAMAM dendrimer NPs from Ty-GG and Ty-GG/SF
hydrogels

To evaluate the release profile of anti-TNF « Ab-CS/PAMAM dendrimer NPs, each release system
developed, C1, C2, C3, and C4 (more details in Table IV-3) were immersed in PBS at 37°C. After 3
hours, 24 hours, 72 hours, 168 hours, 336 hours, and 504 hours, the supernatant was removed and
kept at -80° C until further analysis. To formulate the calibration curve, anti-TNF a Ab-CS/PAMAM
dendrimer NPs dilutions were prepared ranging from 0 mg mL* to 0.5 mg mL:. The UV absorbance of
dendrimers NPs was read at 280 nm in a microplate reader to quantify the anti-TNF « Ab-CS/PAMAM
dendrimer release (EMax; Molecular Devices, Sunnyvale, CA, USA). Three samples per condition were
evaluated at each time point. The absorbance values were converted into concentrations using the

calibration curve. This method was performed on Chapter VII.

IV-4.  PHYSICOCHEMICAL CHARACTERIZATION TECHNIQUES

IV-4.1. Morphological/morphometric evaluation

IV-4.1.1. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a cost-effective technique that is used for the
identification of organic, inorganic, and polymeric materials using infrared light for scanning the
samples [77]. The FTIR is useful to identify the chemical composition of polymers and analyze polymer
chemical modifications. Fourier transformation algorithm allied to IR spectroscopy gives a spectrum of

IR absorption per frequency/wavelength. Similar chemical groups absorb in the IR at similar
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frequencies, allowing to identify the chemical structure of a compounds, and to recognize chemical
modifications [78]. FTIR was performed to verify the presence of covalently liked chondroitin sulfate in
dendrimer NP in Chapter V, as well as the chemical modification of Gellan Gum with Tyramine in
Chapter VI and secondary structure of the Silk fibroin in the Ty-GG/SF hydrogels in Chapter VII. In
Chapter V and VI, the samples were mixed with potassium bromide and, using a manual press, a
transparent pellet was obtained. The transmittance spectra were obtained on an IR Prestige-21 FTIR
spectrometer (Shimadzu) by performing 32 scans in each spectrum over a range of 400-4400 cm* and
with a resolution of 4 cm-. In Chapter VII, the secondary structure of the Silk fibroin was evaluated by
an Attenuated Total Reflectance (ATR) model (IRPrestige-21, Shimadzu, Japan) in a FTIR equipment
(Perkin-Elmer 1600 series equipment, CA, USA) equipped with a Germanium crystal as can be seen in
Figure IV-10. The spectra were obtained between 400-4400 cm, at a 4 cm resolution and 32 scans.

e

-~

oo N

Figure IV-10 - The Fourier transform infrared (FTIR) spectrometer is used as a standard chemical characterization technique.
The samples can be analyzed as films, KBr discs, powder or liquids. The available methodologies comprise
transmittance, specular reflectance, diffuse reflectance and lattenuated total reflectance (ATR). Scale bar:
10 cm.

IV-4.1.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear Magnetic Resonance Spectroscopy (NMR) is a powerful and mature analytical tool with
applications in several areas of synthetic chemistry and polymer science. This is a useful method that
provides precise qualitative and quantitative information about the chemical structure of a polymeric
material and provides complete information on determined aspects of chain structure which is not
possible by any other method [79]. NMR is a procedure that occurs when the nuclei of determined

atoms are immersed in static magnetic field and exposed to a second oscillating magnetic field. H-NMR
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is the application of nuclear magnetic resonance in NMR spectroscopy with respect to hydrogen nuclei
within the molecules of a substance. This is a non-destructive technique that allows defining the
structure of compounds. NMR spectra are obtained in solution, and solvent protons must not be
allowed to affect [80]. In this thesis, HINMR analysis was performed twice, first to assess the structure
and the successful modification of PAMAM dendrimers with CS in Chapter V, and then to evaluate the
covalent link of Tyramine to Gellan Gum and degree of substitution in Chapter VI. For this purpose,
samples were solubilized in deuterium water (D.O) at room temperature and the samples were
transferred to NMR tube. The NMR spectra were obtained on a Bruker AVANCE 400 spectrometer, at
50 °C using a resonance frequency of 400 MHz. To process and analyze the obtained spectra,
MestReNova 9.0 Software was used.

The degree of substitution was determined by the relative integration of the tyramine peaks (4,) of
the modified groups to methyl protons of the internal standard (), according to Equation IV-1. The 7m,
», and s correspond to the number of tyramine protons and the methyl protons of GG monomer,

respectively. "o corresponds to the number of reactive -OH sites in the GG structure.

Equation IV-1- Degree of substitution.

DS = —s/nm_| X 100

IV-4.1.3. Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for identifying and
quantifying elemental composition in a sample. In an appropriately equipped scanning electron
microscopy (SEM), the atoms on the surface are excited by the electron beam, emitting back specific
wavelengths of X-rays that are characteristics of the atomic structure of the elements. The X-ray

emissions can be evaluated using an energy dispersive detector, which is a solid-state device that
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identifies among X-ray energies (Figure IV-11). Adequate elements are assigned, producing the

composition of the atoms on the specimen surface [81].

In Chapter V, CS/PAMAM dendrimer NPs were analyzed to assess the effectiveness of modifying
the PAMAM dendrimer with the CS. The CS/PAMAM dendrimer NPs samples were coated with carbon
(Fisons Instruments, Polaron SC 508, UK). The electric current was set at 18 mA with a coating time of
120 seconds. The sulphur, calcium, sodium, carbon and oxygen elemental analysis were achieved
through an X-ray detector (Pentafet model 5526, UK) attached to the S-360 microscope, and a voltage
of 10 kV was used.

Figure IV-11 - The SEM with EDS analyzer. The SEM (JSM-6010 LV, JEOL, Japan) instrument is equipped with an energy
dispersive spectroscope (EDS). Scale bar: 10 cm.

IV-4.1.4. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a surface analysis technique used to characterize
micro/nanostructure coatings. This technique offers qualitative and quantitative information on many
properties including morphology, size, surface texture, and roughness [82]. Comparing to the electron
or optical microscopes, AFM does not form an image by focusing electron or light onto a surface. The
equipment analyses the samples surface with a sharp probe or cantilever and build a map covering the

height or topography of the surface of the samples [83].

In Chapter V the morphology of the CS/PAMAM dendrimer NPs was investigated using AFM
(Figure IV-12). The CS/PAMAM dendrimer NPs were dissolved in ultrapure water to achieve a final
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concentration of 1 mg mL* and transferred to the surface of a 9.9 mm mica disc (Agar Scientific,
England). The samples were evaluated using the Tapping model TM with a MultiMode AFM connected
to a NanoScope Il controller (Veeco, USA) with noncontact silicon nanoprobes (ca. 300 kHz) from
Nanosensors, Switzerland. Images were plane-fitted using the third-degree-flatten procedure included in
NanoScope software version 1.5. The particle morphology and size were both analysed with NanoScope

1.5 software.

Figure IV-12 - The AFM allows acquiring images of flat surfaces that can encode the surface topography,
mechanical response, among other properties. Scale bar: 10 cm.

IV-4.1.5. Scanning Transmission Electron Microscope (STEM)

The Scanning Transmission Electron Microscope (STEM) is a extremely versatile instrument able of
atomic-resolution imaging and nanoscale analysis. The principle of STEM is quite straightforward. A
beam of electrons is focused on electron optics to produce a small illuminating probe that is raster-
scanned across a sample. The sample is thinned so that most electrons are transmitted, and the
dispersed electrons detected using some geometry of the detector. The intensity depending on the

position of the probe produces an image [84].

In Chapter V, STEM (AURIGA COMPACT, ZEISS, Germany) (Figure IV-13) was used to measure the

size and morphology of CS/PAMAM dendrimer NPs. The nanoparticles were diluted in ultrapure water
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to a final concentration of 0.1 mg mL*and then 2 uL were placed on copper grids at 37°C overnight for

observation.

Figure IV-13 - The AURIGA compact is a FIB-SEM instrument combining the powerful imaging and analytical
performance of field emission scanning electron microscope (FE-SEM) with the superior
processing ability of Focused lon Beam (FIB). Scale bar: 10 cm.

IV-4.1.6. Dynamic light scattering (DLS) and electrophoretic light scattering (ELS)

Determination of particle size and surface charge of NPs are indispensable for the suitable
characterization of NPs. The particle size can be obtained by measuring the random changes in the
intensity of light scattered from a suspension or solution. This technique, commonly known as Dynamic
Light Scattering (DLS), is the main common measurement technique for particle size analysis in the
nanometer range. Electrophoretic Light Scattering (ELS) is a method used to measure the
electrophoretic mobility of molecules in solution, or particles in the dispersion. The mobility is generally
transformed to Zeta potential to allow comparison under different experimental conditions. The essential
physical principle is that of electrophoresis. A dispersion is introduced into a cell including two
electrodes. An electrical field is applied to the electrodes, and molecules and particles will migrate
towards the oppositely charged electrode with a velocity, that is associated to their zeta potential

[85],[86].

Particle size and zeta potential of CS/PAMAM dendrimer NPs were measured in a particle analyzer

(Zetasizer Nano ZS, Malvern Instruments, UK) (Figure IV-14), in Chapter V. Particle size analysis was
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made by DLS technique, in an ultrapure water solution with 1 mg mLtof CS/PAMAM dendrimer NPs.
Zeta potential of nanoparticles was evaluated by ELS, using the universal ‘dip’ cell and at pH 7.4

phosphate buffer saline (PBS) solution.

Figure IV-14 - Zetasizer Nano ZS, Malvern Instruments. Scale bar: 10cm.

IV-4.1.7. Fluorescence spectroscopy

Fluorescence spectroscopy is used for studying structural changes in conjugated system due to
alterations in temperature, pH, ionic strength, solvent, and ligands. A single fluorophore can produce
thousands of detectable photons that can be recurrently excited and detected, making fluorescence

spectroscopy is an extremely sensitive technique [87].

The immobilization of the Abs by CS/PAMAM dendrimer NPs was evaluated by fluorescence
spectrometer FP-8500 (Jasco) (Figure IV-15). The rabbit polyclonal anti-TNF o / mouse monoclonal
anti-TNF a antibody-CS/PAMAM dendrimer NPs and CS/PAMAM dendrimer NPs were mixed with a
secondary antibody anti-rabbit/anti-mouse IgG-labelled with Alexa Fluor 488 dye (Molecular probes,
USA), in PBS solution (1:1000) for 1 hour to detect the conjugation of anti-TNF a Abs to CS/PAMAM
dendrimer NPs. The solutions were centrifuged, and the supernatants were visualized in the

spectrometer.

This method was used in Chapter V using rabbit polyclonal anti-TNF a antibody and in Chapter VIII

using mouse monoclonal anti-TNF a antibody.
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Figure IV-15 - Fluorescence spectrometer, FP-8500, Jasco. Scale bar: 10cm.

IV-4.1.8. ELISA assay

The enzyme-linked immunosorbent assay (ELISA) is used to measure target analytes such as
hormones, antibodies, and protein biomarkers. In this case, ELISA analytes are antigens, the targets of
antibodies. Antigens are naturally attached to a plate and specifically recognized by an antibody that
has an enzyme-linked to it for detection purposes. There are many variants of ELISA, but the required
principles are the same. In sandwich ELISA the antigen is bound or captured by the plated antibody and
then “sandwiched” between the capture and detection antibody which is accomplished by measuring
the activity of the reporter enzyme via incubation with the appropriate substrate to produce a
measurable product. The main advantage of sandwich ELISA is the ability to specifically measure

antigen from impure samples [88].

In Chapter V and Chapter VIII, to determinate the amount of TNF o captured by polyclonal and
monoclonal anti-TNF o Abs-CS/PAMAM dendrimer NPs, theses were incubated with 1000 pg mL! of
TNF a (Peprotech, United Kingdom) for 6 hours at room temperature. After centrifugation, the
supernatant was put at -80°C for further analysis. Then, the free TNF-a concentration in the samples
after incubation was measured using a Human TNF-alpha DuoSET ELISA kit (R&D systems, USA) and a
DuoSet Ancillary Reagent Kit 2 (R&D systems, USA). Briefly, the capture antibody was plated and
incubated overnight at room temperature. Then, the standard and samples were added and incubated
for 2 hours and the detection antibody was added for 2 hours at room temperature. The next step was
to add Streptavidin-HRP for 20 minutes at room temperature, avoiding place in direct light., then was

added substrate solution for more 20 minutes and at the end the stop solution was put. The samples
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were measured in the microplate reader (Synergy HT, BIO-TEK) with an optical density of 450 nm. The
calibration curve was prepared using TNF-a standard solutions, with concentrations from 0 to 1000 pg

mL*, which were also included in the ELISA plate.

IV-4.1.9. Rheometer

Rheology is a science which study the deformation and flow of materials under an applied force.
The rheological characterization of materials allows to know the viscoelastic flow behavior of the system.
This method is important to every material because the rheological properties are closely associated to
the final structures of the system [89]. Polymeric and disperse systems, show mechanical properties
intermediate between those liquids and solids because they are composed of viscous and elastic
components. The rheology analysis provide the viscosity, elasticity, and plastic behavior of materials

under changes of frequency, time, or temperature [90].

In Chapter V, rheological analyses were performed to CS/PAMAM dendrimer NPs using Kinexus
pro+rheometer with the acquisition software rSpace (Malvern) (Figure IV-16). The rotational experiments
were performed using a cone-plate measuring system composed by an upper stainless-steel cone of 40
mm of diameter and a cone angle of 4°. Shear viscosity was obtained as a function of the shear rate,
from 0.001 to 0.1 st at 37°C. The oscillatory experiments were made to obtain frequency sweep
curves, after Linear Viscoelastic Region (LVER) determination. In Chapter VI and VI, the mechanical
properties of Ty-GG and Ty-GG/SF hydrogels were assessed through an oscillatory mode in a rheometer
(Kinexus pro+rheometer, software rSpace, from Malvern). The oscillatory experiments were performed
using a plate-plate measuring system compound by an upper stainless-steel plate of 8 mm of diameter,
with a rough finish, so that the samples do not slip. The mechanical spectra (frequency sweep curves)
were obtained from 0.1 Hz to 10 Hz of frequency, at a shear strain of 0.1 and 0.3%, respectively, for 5
minutes. The shear strain used was within the LVER of the material, previously obtained through strain
sweep curves. By using a value from LVER it is ensured that the applied stress does not cause
microstructure breakdowns (called yielding), and the hydrogel properties can be accurately determined.

All experiments were repeated 3 times at 37°C.
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Figure IV-16 - Rheometer apparatus, Malvern Instruments. Scale bar: 10 cm.

IV-4.1.10. Injectability test

Injectability is an important parameter of any parenteral dosage form. This test refers to the
capability of an injectable therapeutic to pass easily through a needle on transfer from a vial prior to

injection. Injectability includes factors as pressure or force required for injection [91].

In Chapter VI and Chapter VI, the injectability tests were performed to Ty-GG and Ty-GG/SF
hydrogels by means of injectability measurement equipment (PARALAB) (Figure IV-17). The injectability
measurements were performed using a syringe with a 27 G needle. The material was placed in the
syringe that was placed in the equipment and then it applied a force that extruded the sample from the
syringe at a rate of 1 mL min. The force needed for each hydrogel condition was recorded. Triplicates

of each sample were performed, and water was used as a control.
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Figure IV-17 - Injectability measurement equipment, PARALAB instruments. Scale bar: 10 cm.

IV-4.1.11. Gelation time

The gelation time is amount of time it takes for the liquid form to transform into a gel. The gel form
is a highly viscous material that can no longer flow into a thin coating. The sol-gel transition in a
sample can be qualitatively verified by a simple assay without the need to use a rheometer. The tube
inversion test includes only a visual observation. The hydrogel is prepared in a tube and its physical
state is detected by tube inversion and then it is observed whether the sample flows [92], [93]. The is
an important parameter for the formation of hydrogels in situ because a quick gelation time is beneficial

to obtain high loading efficiency of drugs in hydrogels.

In Chapter VI and VI, the vial inversion test (Figure IV-18) was made to determine an approximate
gelation time. Thus, after mix Ty-GG and Ty-GG/SF with HRP and H:O., the vials were placed in the

water bath at 37°C and then inverted to see how long it takes to turn to gel.
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Figure IV-18 - Vial inversion test with Ty-GG and Ty-GG/Silk. Scale Bar: 10 cm.

IV-4.1.12. Water uptake

The water uptake behavior of the hydrogels can give a better understanding in terms of the
performance of a biomaterial in contact with medium. This can predict the hydrogels interactions with

the surrounding tissues where will be applied.

In Chapter VI and VII, the water uptake ratio of the Ty-GG and Ty-GG/SF hydrogels was performed
in PBS solution at 37°C. The initial weight (w) of each sample was measured, and then the hydrogels
were immersed in PBS solution. At the end of each time point (24 hours, 72 hours, 168 hours, 336
hours, and 504 hours), the samples were collected and placed in filter paper to remove excess liquid,
and the wet weight (w.) was measured. The percentage of water uptake was determined using Equation

IV-2.

Equation IV-2- Water uptake.

W, W;
=100
W

Water uptake (%)=

110



Chapter IV — Materials and Methods

IV-4.1.13. Degradation profile

The degradation rate of tissue engineering scaffolds and drug carriers should mirror the rate of
new tissue formation or be adequate for the controlled release of bioactive molecules. The degradation

rate of drug carriers should be adequate for the controlled release of bioactive molecules [94].

In Chapter VI, weight loss was assessed in parallel with water uptake, following the same protocol.
The weight loss was quantified after the samples were dried under at 70°C and until they reached

constant weight (wf), using the Equation 1V-3.

In Chapter VI, the degradation of Ty-GG/SF hydrogels was evaluated by enzymatic degradation
test. The enzyme, Protease from Streptomyces griseus Type XIV (Sigma-Aldrich, USA) was prepared at
1 U mL* and 3.3 U mL* by dissolution in PBS. The initial weight of each sample was measured, and
then the hydrogels were immersed in a protease solution. The dry weight (wf) was evaluated after
samples dried at 70°C and until they reached a constant weight. The study was made at 37°C at
different time points, 3 replicates per time points, for 21 days. The weight loss was calculated using the

Equation IV-3.
Equation IV-3- Weight loss.

. Wi
Weight loss (%)= =100

IV-5. /¥ WTROBIOLOGICAL TESTING

IV-5.1. Cell sources

The work performed in this thesis was carried out using
different cell lines and a primary cell line. Cell lines are immortalized cells that show the capability to
proliferate indeterminately either due to a programmed modification or a random mutation. These cells
are useful models for doing research because they offer reliability in experimental results due to the
possibility to acquire large amounts of cells for prolonged use [95]. Primary cells are directly isolated

from organs or tissues of interest by enzymatic dissociation. These cell models are well established,
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quite easy and cheap to operate, and offer several vital advantages. The main advantage of primary
cells is that these they possess purposes and phenotypes close to those of /n vivo tissues and organs.

The effect of drug systems can be studied on isolated primary cells at the cellular level [96].

Furthermore, since this thesis was developed in the context of rheumatoid arthritis research,

chondrogenic cells and inflammatory system cells were abundantly used.

IV-5.1.1. ATDC 5 cell line

Chondrogenic ATDC 5 cell line was purchased from the European Collection of Authenticated Cell
Culture, England. ATDC 5 cell line was expanded in DMEM-12 medium (Dulbecco's Modified Eagle
Medium: Nutrient Mixture F-12, Alfagene, Portugal), supplemented with 10% Heat Inactivated Fetal
Bovine Serum (FBS) (Alfagene, Portugal), sodium bicarbonate (Sigma-Aldrich, USA) and 1%
antibiotic/antimycotic (Alfagene, Portugal), under standard culture conditions (at 37°C in a 5% CO.
incubator). Cells were regularly trypsinized (0.25% trypsin— Ethylenediaminetetraacetic acid (EDTA)
solution; Life Technologies, Carlsbad, CA, USA) for 5 minutes at 37°C, centrifuged at 300 G for 5
minutes, and re-suspended at a density of 1x10¢ cells in T150 cell culture flasks. This cell line was used

in Chapter V.

IV-5.1.2. Jurkat cell line

Jurkat cell line was expanded in RPMI medium (RPMI 1640 Medium, GlutaMAX™ Supplement,
HEPES, Gibco, Life Technologies, Grand Island, NY), supplemented with 10% Heat Inactivated Fetal
Bovine Serum, 2 mM glutamine and 100 U mL* of penicillin/streptomycin (PAA; Pasching, Austria),
under standard culture conditions (37° C in a humidified atmosphere, containing 5% CQ.). This cell line

was used in Chapter V.

IV-5.1.3. Human monocytic cell line

Human monocytic cell line (THP-1) (SIGMA, USA) was expanded in RPMI 1640 Medium,
GlutaMAX™ Supplement, HEPES (Thermo Fisher Scientific, USA), supplemented with 10% fetal bovine
serum and 1% (v/v) of penicillin and streptomycin, under standard culture conditions (37°C in a

humidified atmosphere containing 5 % CQ.). This cell line was used in Chapter V, VI, VII, VIl and IX.

112



Chapter IV — Materials and Methods

IV-5.1.4. Rabbit chondrogenic primary cells

Chondrogenic primary cells were isolated from female New Zealand White rabbits (Damul Sci.,
Korea) with 1 kg and 6 weeks. Dulbecco’s modified eagle medium (DMEM/ F12) (Gibco, USA) was
used in chondrogenic cells. This culture medium was supplemented with 10% (v/v) fetal bovine serum
(Gibco, USA) and 1% (v/v) antibiotic-antimycotic (Gibko /Thermo Fisher Scientific, South Korea) under
standard conditions (37°C in a humidified atmosphere containing 5% CQ.). The knees were initially
removed from the rabbit, and the samples were washed 3 times with PBS (1X) solution. The cartilage
was scraped carefully with the blade, and small fragments were placed inside a conical tube with 1.5%
(v/v) antibiotic-antimycotic. The sample was centrifuged at 300 G, 3 minutes and 4°C. The supernatant
was discarded and refilled with an enzymatic cocktail (DMEM/F12 medium + collagenase A (Roche,
USA). The solution was previously filter-sterilized through a 0.2 um filter. The sample was placed in the
CO: incubator at 37°C for 24 hours. The next day, cells were centrifuged at 300 G, for 3 minutes and at
4°C. The supernatant was removed, and the cells were plated on a cell culture dish, with a complete
medium and kept in the CO. incubator at 37°C until they reach the desired confluence. Chondrogenic

primary cells were used in Chapter VI and VII.

IV-5.1.5. Human chondrogenic primary cells

The human chondrogenic primary cells (hCH) (passage=3) previously isolated and characterized
were used for these assays. Briefly, they were obtained from human cartilage during arthroscopic
surgeries on male and female donors with ages between 19 and 56 years (Centro Hospitalar Povoa do
Varzim). The articular cartilage was removed from the bone and cut into small pieces. The samples
were washed several times with 1% PBS/antibiotic-antimycotic (v/v) solution, digested with 0.08%
collagenase type Il (Sigma-Aldrich, USA)/DMEM-F12 medium 1:1 (v/v) and incubated at 37°C in a
water bath overnight with gentle agitation. The digested tissue was filtered, and cell suspension
centrifuged at 500 G for 5 minutes. hCH cells were expanded in DMEM/F12 medium (Dulbecco's
Modified Eagle Medium: Nutrient Mixture F-12, Alfagene, Portugal), supplemented with 10% of Heat
Inactivated Fetal Bovine Serum (FBS) (Alfagene, Portugal), sodium bicarbonate (Sigma-Aldrich, USA)
and 1% (v/v) antibiotic-antimycotic (Alfagene, Portugal), under standard culture conditions (at 37°C in a

5% CO:incubator). Human chondrogenic primary cells were used in Chapter IX.
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IV-5.2. Cryopreservation

The cryopreservation of the cells used in this thesis was achieved using a Statebourne Biosystem
24 cryogenic tank (Statebourne Cryogenics Ltd., UK). The cell suspensions of 1x10s cells/mL were
prepared in 10% (v/v) DMSO (N182, VWR, Radnor, PA, USA) in FBS, and transferred into 1.5 mL
cryovials (479-6841, VWR, Radnor, PA, USA). Then, cell suspensions were put at -20°C for at least 2
hours and posteriorly kept to -80°C freezer for period of 12 hours. The cryovials were subsequently

stored at -176°C in the cryogenic tank.

IV-56.3. Cell seeding techniques

IV-5.3.1. Cell culture in a Dual<chamber bioreactor

In Chapter VIII, THP-1 cells were seeded at a density of 5x10scells/well mL* in TCP coverslips in
24-well plates. For induction of THP-1 cell differentiation, cells were cultured under RPMI medium with
100 nM phorbol 12-myristate-13-acetate (PMA) (Sigma-Aldrich, USA). After 24 hours, the medium was
replaced with RPMI medium without PMA and incubated for another 48 hours. Then cells were
incubated with 100 ng mL® Lipopolysaccharide (LPS) (Sigma-Aldrich, USA) in RPMI medium and
incubated for 5 hours to induce an inflammatory response. After LPS stimulation, the coverslips were
transferred to the lower chamber of a dual-chamber bioreactor with RPMI medium contained LPS and

the anti-inflammatory effect of developed release systems was evaluated.

IV-56.3.2. Seeding on microfluidic chip

In Chapter IX, to perform cell seeding, the microfluidic platform 3D Cell Culture Chips DAX-1
(Tebu-bio, Portugal) was used. The device consists of three compartments: two lateral channels, where
THP-1 (left side) and hCH cells (right side) encapsulated in Matrigel mimic the cartilage inflammation
microenvironment, and one central channel where the produced anti-TNF o mAb-CS/PAMAM
dendrimer NPs loaded-Ty-GG hydrogel (NPs-hydrogel) was injected to treat the inflammatory
environment. The appropriate culture medium was placed in the lateral channels with a volume

differential (90 uL at inlet and 70 L at the outlet) to allow fluid diffusion between the channels.
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IV-56.3.3. Encapsulation of Gelatin in central channel of chip

Gelatin from porcine skin (Sigma-Aldrich, USA) at 2% (w/v) was dissolved in water at 50°C and
added to the central channel of the microfluidic device. This polymer was used as sacrificial hydrogel,
preventing the Matrigel® with encapsulated cells to leak into the central chamber. The device was

placed at 4°C for 20 minutes for jellification.

IV-56.3.4. Encapsulation of hCH and THP-1 in lateral channels of chip

In Chapter IX, the hCH and THP-1 cells were centrifuged at 300 G for 5 minutes and diluted in a
new cell suspension with appropriate media. Then, the THP-1 and hCH cells were encapsulated in
Matrigel® at a density of 2x10¢cells mLt. THP-1 cells suspended in Matrigel® were injected in the left
channel and hCH in the right channel of the microfluidic device, followed by incubation for 20 minutes
at 37°C for crosslinking. After this, RPMI medium with 100 nM PMA was added to the channel with
THP-1 cells and DMEM-F12 was added to the channel with hCH cells to prevent drying. A differential of
cell culture medium was added to the inlet (90 pL) and outlet (70 pL) of the microchannel to allow
perfusion and nutrition of the cells. The microfluidic devices were incubated for 24 hours, after which
the medium was replaced with RPMI medium without PMA in the THP-1 channel and DMEM-F12 in

hCH channel, followed by another 24 hours of incubation.

To enable an inflammatory response, THP-1 cells were incubated for 5 hours with 100 ng mL- of
lipopolysaccharide (LPS) (SigmaAldrich, USA) in RPMI medium. After incubation time, gelatin was
flushed from the central channel with PBS at 50°C, letting the channel free to add our formulation of
NPs-Hydrogel, for 3 and 7 days. In parallel, a positive control chip comprising THP-1 stimulated with
LPS in left channel, and hCH in the right channel without NPs-Hydrogel was used (hereafter designated
CTRL). Additionally, a negative control chip with THP-1 differentiated with PMA in the left channel, and
hCH cells in the right channel without NPs-hydrogel was used (hereafter designated CTRL).
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IV-5.4. Metabolic activity and cell viability examination

IV-5.4.1. MTS assay

The MTS assay is a colorimetric assay frequently used for determining the number of viable cells in
cytotoxicity tests. This method is intended to evaluate the short-term cytotoxicity of polymeric
biomaterials. The MTS assay is based on bio-reduction of a tetrazolium compound, 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfofenyl)-2H-tetrazolium (MTS), into a brown
formazan product that is soluble in tissue culture medium. This conversion is accomplished by NADPH
or NADH formed by dehydrogenase enzymes in metabolically active cells. The quantity of formazan
product, as measured by the amount of 490 nm absorbance, is proportional to the number of living

cells in culture [97].

In Chapter V, the ATDC 5 cells were seeded at a density of 1x10+cells per well and incubated with
different concentrations of CS/PAMAM dendrimer NPs, for 72 hours. Cells cultured with regular
medium (without CS/PAMAM dendrimer NPs) were used as a control. At each time point, cell culture
medium (DMEM-F12) was replaced by culture medium without phenol red, containing MTS at a 5:1
ratio, and was incubated for 3 hours. Then, 100 uL from each well were passed into a 96-well plate and
the absorbance was read at 490 nm. The Jurkat and (differentiated) THP-1 cell lines were seeded in a
96-well plate with a density of 3x10+ and 1x10¢ cells per well, respectively. The CS/PAMAM dendrimer
NPs were administrated in serial dilutions 1:2 starting with the concentrations of 0.5 mg mL*. The cells
were incubated with the CS/PAMAM dendrimer NPs for 48 hours, in standard cell culture conditions.
The remaining procedure was performed as previously mentioned for the ATDC 5 cell line.
Furthermore, THP-1 cells were seeded at a density of 5x10:cells per well and incubated for 1 day, 3
days and 7 days with the anti-TNF o Abs-CS/PAMAM dendrimer NPs (0.5 mg mL?), to assess the effect

of this conjugation on cells " viability and proliferation.

IV-5.4.2. MEM Extract test

The MEM Extract test is a cytotoxicity test which is intended to establish the rate of cytotoxicity of
leachables from medical devices/materials. The cells are exposed to an extract, containing the potential

leachables, after which the effect on the cells is measured. The principle of this method is based on a
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monolayer of cells that is put in contact with an extract the of a medical device/material. As a function
of time, the reaction of these cells on the presence of the extract is assessed. If the extract contains
toxic leachables, originating from the material, cells can react with cell growth inhibition, decrease/
increase metabolism, intracellular granulation, cell death, or a change in cell morphology. To evaluate

the cytotoxicity index, MTS and MTT assay were performed.

In Chapter VI and VIl after following the MEM extract test was performed MTT assay.

IV-5.4.3. MTT assay

The MTT assay is used to measure cellular metabolic activity. This method is based on the
reduction of a yellow tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
to purple formazan crystals by metabolically active cells. The viable cells contain NAD(P)H-dependent
oxidoreductase enzymes which reduce the MTT to formazan. The insoluble formazan crystals are
dissolved using a solubilization solution and the resulting colored solution is quantified by measuring
absorbance at 500-600 nanometers using a multi-well spectrophotometer. The darker the solution, the

greater the number of viable, metabolically active cells [98], [99].

In Chapter VI and VII, chondrogenic primary cells at a density of 10000 cells cm2 were cultured
with extraction fluid of Ty-GG and Ty-GG/SF hydrogels and evaluated by MTT (Sigma, South Korea) at
24, 48 and 72 hours. At each time point, the DMEM/ F12 medium was replaced by culture medium
containing MTT assay in a 9:1 ratio and incubated for 3 hours. When violet crystals were formed, they
were melted using dimethyl sulfoxide solution (DMSQ). Then, 100 uL of solution from each well was
transferred to 96-well plates, and a microplate reader (EMax; Molecular Devices, Sunnyvale, CA, USA)

was used at 570 nm optical density.

IV-5.4.4. Alamar Blue assay

Alamar blue assay is used to assess the metabolic activity of cells. The Alamar Blue is a cell
viability reagent that works by using the reducing power of living cells to quantitatively measure their
metabolic activity. When cells are metabolically active, they keep a reducing environment within the
cytosol. Resazurin, is the active ingredient of AlamarBlue® reagent, blue in color, non-toxic and cell

permeable. Within the cells, resazurin is reduced to resorufin, a compound that is red in color and
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extremely fluorescent. Viable cells convert resazurin to resorufin, enhancing the overall fluorescence

and color of the media around the cells [98].

In Chapter VI, cells’ metabolic activity was evaluated on days 1, 3, and 7 of culture with Alamar
Blue at each time point. For that, RPMI culture medium containing 10% (v/v) of AlamarBlue® (BioRad,

Oxford, UK) was added to the different conditions.

In Chapter IX, Alamar blue was performed to assess the effect of NPs-Hydrogel in terms of
metabolic activity in THP-1 and hCH cells for 3 and 7 days. For the Alamar blue metabolic activity assay
in 3D, cells encapsulated in Matrigel® were retrieved using Corning Cell Recovery Solution (Laborspirit,
Portugal) for 40 minutes at 4°C. After complete Matrigel® release, cells were collected to an Eppendorf
tube and centrifuged to a pellet (300 G for 5 minutes). The supernatant was removed and a culture

medium containing 10% (v/v) of AlamarBlue® (BioRad, Oxford, UK) was added.

The culture plates were kept in the dark, at 37°C in the CO: incubator for 4 hours. Afterward, 100
WL of each well were transferred in triplicate to 96-well plates. The fluorescence was read at an
excitation wavelength of 530/25 nm and an emission wavelength of 590/535 nm, using a microplate

reader (Synergy HT, BioTek, Instruments, USA).

IV-5.4.5. Live/Dead staining assay

To visualize cell viability and death, Calcein-acetoxymethyl (Calcein-AM)/ ethidium homodimer
(EthD-1) staining was performed. In this assay, cells are incubated with Calcein-AM, which is a non-
fluorescent and cell-permeant derivative of calcein that becomes green fluorescent by intracellular
esterase activity in live cells. However, it stays non-fluorescent when the acetoxymethyl ester is intact
because of the non-active esterases of dead cells. The identification of dead cells can be performed by
incubation with fluorescent EthD-1, which shows increased fluorescence when binding with high affinity
to DNA. EthD-1 is membrane impermeant and consequently does not enter viable cells with intact
membranes. When the cellular membrane is disrupted, EthD-1 binds to nucleic acids and the

fluorescence increases intensely and is therefore used to identify dead cells [99],[100].

In Chapter IX, cell viability of THP-1 and hCH cells cultured in the microfluidic chip’s lateral
channels was assessed in the presence of NPs-Hydrogel for 3 and 7 days, using the live/dead assay.
Initially, the NPs-Hydrogel was flushed with PBS at 50°C in the central channel to add the solution of
Calcein-AM (1 mM; live cells in green) (Alfagene, Portugal) and ethidium homodimer (EthD-1 6 mM;
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dead cells in red) (Laborspirit, Portugal). The chips were incubated for 40 minutes in the dark, at 37°C
in the CO: incubator, to reach the cells in the lateral channels. After this, the central channel was
washed with PBS three times. The chips were observed under fluorescence microscopy (EthD-1 ex/em
528/617 nm Calcein-AM; ex/em 495/515 nm) in the Fluorescence Inverted Microscope. Images were
acquired using the Zen microscope processing software, connected to the digital camera Axio Observer.

A Z-stack function was used to combine images at different depths into one final image.

IV-5.4.6. DNA quantification

DNA content was evaluated by the total double-stranded DNA (dsDNA) using the Pico- Green®
dsDNA quantification assay. This colorimetric assay employs fluorescence to evaluate cell proliferation
through the measurement of the dsDNA of samples. When the PicoGreen® fluorescent marker is
added to the solution, it exactly links to the dsDNA emitting fluorescence, read at 480 nm (excitation)

and 520 nm (emission) [101].

In Chapter V, the proliferation of the ATDC5 and THP-1 cells was evaluated. ATDC 5 cells were
seeded at a density of 1x10¢ cells per well and incubated with different concentrations of CS/PAMAM
dendrimer NPs for 24 hours, 48 hours and 72 hours and THP-1 cells were seeded at a density of 1 x
10 scells mL* and incubated with anti-TNF oo Abs-CS/PAMAM dendrimer NPs (0.5 mg mL+) for 1 day, 3
days and 7 days.

In Chapter VI and VII, extraction solution of Ty-GG and Ty-GG/SF hydrogels (C1, C2, and C3) was
incubated with chondrogenic cells at a density of 10000 cells cm? for 24 hours, 48 hours and 72 hours.
In Chapter VIII, the proliferation of the THP-1 cells at days 1, 3, and 7 of culture was analyzed by
dsDNA quantification. In Chapter IX, the proliferation of THP-1 and hCH cells in contact with NPs-
Hydrogel for 3 and 7 days were analyzed by means of DNA quantification. For DNA quantification, cells

encapsulated in Matrigel® were retrieved using Corning Cell Recovery Solution for 40 minutes at 4°C.

At each time-point, ultrapure water was added for cell lysis. The cells’ lysate solution was stored at
-80°C until further analysis. Quanti-IT PicoGreen dsDNA Assay Kit (Alfagene, Portugal) was used to
quantify dsDNA, according to manufacturers’ instructions. Then, the plate was incubated in the dark for

10 minutes and the fluorescence was read using excitation of 480/20 nm and emission of 528/20 nm,
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in a microplate reader (SYNERGY HT, BIO-TEK). DNA concentration was determined using a standard

curve in the range of 2 to O yL mL~.

IV-5.4.7. Flow cytometry analysis

Flow cytometry is a method that allow measure physical characteristics of a single cell such as size
and granularity simultaneously, as the cell flows in suspension through a measuring device. This
method depends on the light scattering features of the cells under study, which may be derived from
monoclonal antibodies or dyes or targeting either extracellular molecules located on the surface or
intracellular molecules inside the cells. The flow cytometry is an effective method for complete analysis

of complex populations in a short period of time [104].

In Chapter V, for flow cytometry analysis the ATDC 5 cells were seeded at a density 4x10¢ cells per
well (in a 24-well plate) and cultured with different concentrations of FITC-labelled CS/PAMAM NPs
(0.01, 0.1 and 0.5 mg mLy), for 72 hours. ATDC5 cells cultured in DMEM-F12 without CS/PAMAM
dendrimer NPs were used as control. The samples were measured using a FACSCalibur flow cytometer
(BD Biosciences Immunocytometry Systems, CA, USA) and the results were analyzed by the Flowing
Software 2. THP-1 cells were incubated for 3, 6 and 24 hours with 0.5 mg mL® of CS/PAMAM
dendrimer NPs at a cell density of 1x105 cells per well, in a 24-well plate. THP-1 cells cultured with only
RPMI medium were used as control. The samples were measured in a BD Accuri C6 flow cytometer

(BD Biosciences, USA) and the analysis was performed in the cytometer software.

IV-5.4.8. Fluorescence microscopy

Fluorescence microscopy is a technique where samples stained with fluorescent dyes are observed
with a fluorescent microscope. In fluorescence imaging, the fluorophores located near the site of
interest are excited by an external source of light and then reemitted at another wavelength that can be
detected. Therefore, the optical signal in fluorescence microscopy strongly depends on the fluorophore
properties. The fluorescence microscopy, it is a main method with which to monitor cell physiology

[102].

In Chapter V, the ATDC5 cells were seeded at a density of 1x10+cells per well in a 24-well plate,
with different concentrations of FITC- labelled CS/PAMAM dendrimer NPs for 72 hours. Then, cells
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were fixed with 10% formalin (Sigma-Aldrich, USA) and stained with 4,6-diamidino-2-phenylindole,
dilactate (DAPI blue, VWR International, USA) for nuclei and Texas Red-X phalloidin (Sigma- Aldrich,
USA) for actin filaments of the cytoskeleton. The cells were observed under the fluorescence
microscope (Axiolmager, Z1, Zeis Inc., Oberkochen, Germany). The differentiated THP-1 cells were
seeded at a density of 4x10¢ cells per well in a 24-well plate and incubated for 3 and 6 hours with FITC-
labelled CS/PAMAM dendrimer NPs. At each time point the cells were stained with Hoechst 33342
(1:1000) (Immnochemistry Technologies) and observed under a Nikon Eclipse Ti2 microscope (Nikon

Instruments, Inc.).

In Chapter VI and VI, the chondrogenic primary cells were seeded at a density of 10000 cells per
cmz and incubated with extraction solution of Ty-GG and Ty-GG/SF hydrogels for periods of 24, 48 and
72 hours. Then, cells were fixed with 10% formalin (Sigma-Aldrich, USA) and stained with Texas Red-X
phalloidin (Sigma-Aldrich, USA) for actin filaments of the cytoskeleton and 4,6-diamidino-2-phenylindole,
dilactate (DAPI blue, VWR International, USA) for nuclei. At the end, cells were analyzed under the

fluorescence microscope (Axiolmager, Z1, Zeis Inc., Oberkochen, Germany).

IV-5.4.9. Hemolytic properties

Hemolytic property is one of the most common tests in studies of nanoparticle interaction with
blood components. Hemolysis /7 vivo can lead to anemia and other pathological conditions; therefore,
the hemolytic potential of all intravenously administered pharmaceuticals must be analyzed. The studies
of particle-induced hemolysis evaluate the percent hemolysis by spectrophotometrically detecting
plasma free hemoglobin derivatives after incubating the particles with blood and then separating

undamaged cells by centrifugation [103].

In Chapter V, Erythrocytes from whole mouse blood were used to test the hemolytic properties of
CS/PAMAM dendrimer NPs. The blood was extracted into a tube with EDTA and an aliquot of 5 mL was
diluted with PBS (1:10) in a pre-weighted tube. After centrifugation and washing steps, the pellet was
weighed and diluted with PBS to a final concentration of 3% (w/v). The CS/PAMAM dendrimer NPs
were diluted in PBS and administrated in serial dilutions 1:2 starting with the concentrations of 0.5 mg
mL+. PBS and Triton x-100 were used as negative control and positive control, respectively. The plates

were incubated for 4 hours, centrifuged and the supernatant was collected. The samples were read at
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588 nm absorbance using a microplate reader (Greiner Bio-one). The percentage of hemolysis in the

samples was calculated according to the following Equation 1V-4.

Equation IV-4- Hemolysis

Abs (sample) — Abs (PBS)
Abs (Triton) — Abs (PBS) x

Hemolysis (34) = 100

Abs: Absorbance at 558 nm

IV-5.4.10. Assessment of binding to Plasma Protein by Fluorescence spectroscopy

Plasma protein binding is an important method for a drug therapy safety that needs to be
investigated during each drug-development system. Human serum albumin (HSA) and fibrinogen are
the most extensively examined proteins in plasma. HAS and fibrinogen have a high ligand binding
capacity, providing a repository for a wide range of ligands that can exist in quantities beyond their

plasma solubility [104], [105].

In Chapter V, Suspensions of HSA and fibrinogen (Sigma-Aldrich, USA) at 400 ug mLtand 40 ug
mL+, respectively, were prepared in PBS. Different volumes of a CS/PAMAM dendrimer NPs solution at
0.5 mg mLt, or PBS as the control, were sequentially added to the cuvette (1, 5, 10 and 20 uL). The
fluorescence spectra of the plasma proteins were recorded after each addition using the microplate
reader. Fibrinogen was excited at 280 nm and HSA at 290 nm and the emission spectra were both

collected from 300 nm to 450 nm. The spectra were obtained using the FluorEssenceTM software.

IV-5.4.11. Immunofluorescence

Immunofluorescence is a technique that uses fluorophores to visualize several cellular antigens.
The principle of this technique consists in the incubation of biological samples of interest with an
antibody specific linked to a fluorophore (direct fluorescence) or by a secondary antibody bonded to a

fluorophore (indirect fluorescence) [106].
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In Chapter IX, to evaluate the amount of Collagen Type Il (Coll type Il) present in hCH primary
cells, immunofluorescence staining was performed. On the 7th day, the NPs-Hydrogel was flushed from
the central channel of the chip with PBS at 50°C. For cell fixation, 10% formaldehyde was added and
left to incubate for 15 minutes at RT. Then, the channel was washed twice with PBS. For
permeabilization 0.1% Triton X-100 was added and incubated for 10 minutes at RT. Then, the channel
was washed twice with PBS. For blocking, the PBS was removed and replaced with blocking buffer (2%
BSA in PBS) and left to incubate for 2 hours at RT. The blocking buffer was removed from the central
channel and mouse anti-human COL Il monoclonal antibody (Laborspirit, Portugal) in PBS solution
(1:250) was added and incubated overnight at 4°C. Then, the central channel was washed 3 times with
PBS and the secondary antibody Alexa Fluor® 594 donkey anti-mouse (1:500) (Invitrogen, USA) with
DAPI (1:1000) (VWR International, USA), in PBS solution and was left to incubate 1.5 hours. The
samples were immediately analyzed by confocal microscopy (Leica, SP8, Germany) (Alexa Fluor 594:

ex/em 590/617 nm; DAPI: ex/em 358/461 nm).

IV-56.5. Anti-inflammatory activity assay

IV-6.5.1. Assessment of TNF « decrease using different drug delivery systems in static conditions

In Chapter V, VI, VIl and VIl the therapeutic efficacy of the anti-TNF a Abs-CS/PAMAM dendrimer
NP s, Betamethasone-loaded Ty-GG, Betamethasone-loaded Ty-GG/SF hydrogels and Ty-GG and Ty-
GG/SF encapsulated with anti-TNF o mAb-CS/PAMAM dendrimer NPs was evaluated in a cell
inflammation model to verify the ability that these systems have to decrease TNF o in the medium.
Macrophage-differentiated THP-1 cells were stimulated with Lipopolysaccharide (LPS) (Sigma-Aldrich,
USA) and used as /n vitro model for cell inflammation. Firstly, THP-1 cells were seeded at a density of
1x10¢ cells mL* in RPMI with 100 nM phorbol 12-myristate-13-acetate (PMA) (Sigma-Aldrich, USA). After
24 hours of incubation time, the medium in the wells was replaced with RPMI medium without PMA
and incubated for another 48 hours. To induce an inflammatory response, 100 ng mL+ of LPS in RPMI
medium was added to the macrophage-differentiated THP-1 cells, and the plate was incubated for 5
hours. After LPS stimulation, 0.5 mg mL* anti-TNF o Abs-CS/PAMAM dendrimer NPs, different
concentrations of Betamethasone-loaded Ty-GG and Betamethasone-loaded Ty-GG/SF hydrogels were

added to the cells. Culture medium with only PMA was used as control. At each time point ((1 day, 3
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days, 7 days) and 14 days in Chapter VIlIl), the culture medium was removed from the wells,

centrifugated and the supernatants were stored at -80°C for further analysis.

To determine the degree of TNF o captured/decreased by the anti-TNF o Abs-CS/PAMAM
dendrimer NPs, Betamethasone-loaded Ty-GG and Betamethasone-loaded Ty-GG/SF hydrogels and Ty-
GG and Ty-GG/SF encapsulated with anti-TNF o mAb-CS/PAMAM dendrimer NPs, the TNF-a
concentration in the samples was measured using the Human TNF-alpha DuoSet ELISA kit and the
DuoSet Ancillary Reagent Kit 2. The ELISA assay followed the same protocol as described previously.
The calibration curve was performed using TNF-o standard solutions, with concentrations ranging from
1000 to 0 pg mLt, which were also included in the ELISA plate. The samples were analyzed using a

microplate reader, with an optical density of 450 nm.

IV-56.5.2. Anti-inflammatory effect in dynamic conditions: Dual-chamber bioreactor and microfluidic

platform

In Chapter VIII, to evaluate the anti-inflammatory activity of the developed approaches under
dynamic conditions, one condition of each delivery system was selected and added to the cells cultured
on the lower chamber of the bioreactor. Then, the entire piping system was assembled, the syringes
were filled with medium and connected to the syringe pump. The dual-chamber bioreactor was kept at
37°C in a humidified 5% CO. atmosphere and the compartment containing the cells and anti-TNF o
mAb-CS/PAMAM dendrimer NPs into Ty-GG hydrogel and Ty-GG/SF hydrogels was perfused at a rate of
12.5 uL h . After 1, 3,7, and 14 days of perfusion, the culture medium contained in the collection
tubes was removed and stored at -80°C. Delivery systems cultured in THP-1 cell-based inflammation in

vitro models under standard static conditions were used as control.

In Chapter [X, to assesses the therapeutic efficacy of NPs-Hydrogel, at each time point (3 and 7

days), the culture medium was collected and stored at -80°C until further analysis.

Human TNF-alpha DuoSET ELISA (R&D Systems, USA) kit and DuoSet Ancillary Reagent Kit 2
(R&D Systems, USA), for the optimum performance of the ELISA kit were used to evaluate the anti-
inflammatory activity. TNFa standard solutions with concentrations from 1000 to 0 pg mL were also
assessed in the ELISA plate to perform the calibration curve. The optical density at 450 nm was read in

a microplate reader (Synergy HT, BIO-TEK, Winooski, VT, USA).
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IV-6.  STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8 version. All quantitative data are
presented as mean + standard deviation (SD). Statistical significances (xp < 0.05, **p < 0.01 and
*xx*xp < 0.001) were determined using specific statistical tests described in the subsection of materials

and methods in the different chapters.

In Chapter V, statistical analysis was performed using GraphPad Prism 8 version. Statistical
significances were determined as *p < 0.05, ** p<0.01 and *** p<0.001. All assays were performed in

triplicated and results were presented as mean + standard deviation.

In Chapter VI, GraphPad Prism 8 version was used to conduct the statistical analysis, where a
Shapiro-Wilk normality test was formerly performed to evaluate the data normality. Nonparametric
Kruskal-Wallis test was applied in all assays, except for weight loss and MTT assay where One Way-
ANOVA was used; since there was an absence of normality. Dunn’s multiple comparison test was used
to compare the mean rank of each condition with the mean rank of every other condition in
nonparametric Krustal-Wallis. Turkey’'s multiple comparisons test was used to compare the mean of
each condition with the mean of every other condition in One Way-ANOVA. Statistical significances were
determined as * p<0.05, ** p<0.01 and *** p<0.001. All tests were performed in triplicated, and

results were presented with mean + standard deviation.

In Chapter VI, statistical analysis was done with GraphPad Prism 8 version, where a Shapiro-Wilk
normality test was formerly performed to evaluate the data normality. Statistical significance was
obtained as * p < 0.05, ** p < 0.01 or *** p < 0.001. Results are presented as means + standard

deviations, and all assays were performed in triplicate.

In Chapter VIII, statistical analysis was performed by GraphPad Prism 8 version, where a Shapiro-
Wilk normality test was previously made to evaluate the data normality. Statistical significances were
obtained as *p < 0.05. All assays were performed in triplicated and the results were presented with

mean + standard deviation.

In Chapter IX, statistical analysis was performed with GraphPad Prism 8 version, where a Shapiro-
Wilk normality test was done to assess the data normality. Non-parametric Kruskal-Wallis test was
applied to all assays. Statistical significance was obtained as * p<0.05. All results are presented as

means + standard deviations, and all assays were performed in triplicate.
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PAMAM Dendrimers Functionalized with an Anti-TNF a
Antibody and Chondroitin Sulfate for Treatment of Rheumatoid
Arthritis*

ABSTRACT

Rheumatoid arthritis is a chronic autoimmune disease characterized by joint synovial inflammation,
along with cartilage and bone tissue destruction. Dendrimers can offer new opportunities as drug
delivery systems of molecules of interest. Herein we aimed to develop poly(amidoamine) dendrimers
(PAMAM), functionalized with chondroitin sulfate (CS), lined with anti-TNF a antibodies (Abs) to provide
anti-inflammatory properties. Physicochemical characterization demonstrated that anti-TNFa Abs-
CS/PAMAM dendrimer NPs were successfully produced. The in vitro studies revealed that CS/PAMAM
dendrimer NPs did not affect the ATDC5 and THP-1 cell lines’ metabolic activity and proliferation,
presenting good cytocompatibility and hemocompatibility. Moreover, anti-TNFa Abs-CS/PAMAM
dendrimer NPs showed suitable TNF o capture capacity, making them appealing for new

immunotherapies in RA patients.

Keywords: Rheumatoid arthritis, inflamed joint, PAMAM dendrimer, Chondroitin sulfate, Anti-TNF «,

Polyclonal antibody
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V-1. GRAPHICAL ABSTRACT

PAMAM
dendrimer

-
- e
- o
Chondroitin
Sulfate
SO
TS Synovial joint
Anti-TNF a inflammation

V-2. INTRODUCTION

Modern lifestyle has been accompanied by an increased incidence of age-related and autoimmune
diseases. Autoimmune disorders have several etiologies, from genetic susceptibility or immune

dysregulation to environmental factors [1, 2].

Rheumatoid arthritis (RA) is a systemic autoimmune disorder with undisclosed cause,
characterized by polyarthritis and joint synovial inflammation, as well as cartilage and bone tissue

destruction [3].

Currently, RA treatment strategies include disease-modifying anti-rtheumatic drugs (DMARDs),
typically supported by non-steroidal anti-inflammatory drugs (NSAIDs) and/or corticosteroids to reduce
the pain and inflammation [4]. However, many side effects are associated with these treatments,
limiting their therapeutic efficacy. Therefore, it is essential to develop and validate new drug delivery
strategies for RA treatment that specifically target inflamed joints and attenuate the damage to healthy

tissues [5].

High levels of the pro-inflammatory Tumor Necrosis Factor alfa (TNF a) are observed in the
synovial fluid and the synovium of patients with RA, making this cytokine an appealing target for
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treatment [6]. Targeting TNF o with anti-TNF o agents, such as antibodies (Abs) and fusion proteins,
has shown to induce longterm improvements in RA manifestations and signs.[7] For this reason,
several smart nanocarriers for delivering drugs have been developed and tested for RA treatment [8],

[9].

Dendrimers offer new opportunities as drug delivery systems with improved effectiveness and
specificity. These dendrimers NPs allow a time-controlled delivery, of single or multiple compounds,
reducing the uptake of toxic agents and side effects of certain drugs, while improving and prolonging its
bioavailability [10],[11]. In particular poly(amidoamine) (PAMAM) dendrimers, polymeric structures
sphere-shaped with branches, have been studied as nanocarriers for targeted drug delivery. The
functional groups on the surface allow their modification to conjugate small molecules and Abs [12].
The potential of PAMAM dendrimers in the treatment of RA has been increasingly explored, and
literature demonstrated that these nanoparticles allow a controlled release of molecules of interest and
have anti-inflammatory properties [13],[14]. Moreover, the combination of dendrimers with synthetic
and natural biodegradable polymers could benefit a closer interaction with living cells, enhancing its
biological performance [15]. Chondroitin sulfate (CS) is one of the main components of the extracellular
matrix (ECM) and is abundant in several living tissues, such as cartilage. This sulfated
glycosaminoglycan shows numerous appealing characteristics like antioxidant, antiatherosclerotic,
antithrombosis, anticoagulant and non-immunogenic properties, and as a natural polymer, it is also
biocompatible and biodegradable [16],[17],[18]. Moreover, considering this delivery system is intended
to be administrated in the intra-articular space, and CS is one of the main components of the cartilage
tissue, the functionalization of the PAMAM dendrimers with this natural polymer may increase its affinity

with the tissue of interest (cartilage).

Herein it was hypothesized that PAMAM dendrimers functionalized with CS and linked to specific
Abs could have advantageous properties for the treatment of RA. Thus, this work consists of the
development and evaluation of an innovative approach for RA treatment, based on targeted delivery,
using an anti-TNF o Abs linked to PAMAM dendrimers. The PAMAM were functionalized with CS and
synthesized as nanocarriers, to help receptor-ligand interaction and low toxicity, while the covalently

linked anti-TNF o Abs provides anti-inflammatory properties.

The successful functionalization of PAMAM dendrimer NPs was confirmed through their

physicochemical characterization, using energy-dispersive X-ray spectroscopy, proton nuclear magnetic
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resonance spectroscopy, Fourier transform infrared spectroscopy, Scanning Transmission Electron
Microscope, Dynamic light scattering, electrophoretic light scattering, and Rheometer methodologies. In
vitro studies were performed to analyze the effect of the PAMAM dendrimer NPs on the viability and
proliferation of human chondrogenic, lymphocytic, and monocytic cells. The dendrimers’ internalization,
NPs-induced hemolysis, interaction with plasma proteins, and anti-inflammatory activity were also

evaluated.

V-3. MATERIAL AND METHODS

V-3.1. Synthesis of the CS/PAMAM dendrimer NPs

Chondroitin sulfate A sodium salt from bovine trachea (463.363 g/mol) and PAMAM carboxylic-
terminated dendrimers (generation 1.5, 20% methanolic solution), with an ethylenediamine core, were
purchased from Sigma-Aldrich (USA). CS/PAMAM dendrimer NPs were prepared as referred by
Shaunak et al., 2004, with some modifications. Briefly, 20 g mol* of ( 2-N-Morpholino)ethanesulfonic
acid hydrate (MES) (Sigma-Aldrich) was added to 50 g L* of PAMAM (diluted in MES), then N-(3-
Dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC) (Sigma-Aldrich, USA) (4 equivalents)
and sulfo-NHS N-Hydroxysulfosuccinimide sodium salt 298% (HPLC) (Sigma-Aldrich, USA) (2
equivalents), also in MES, were mixed and stirred for 15 minutes, with the first solution of PAMAM.
Then, chondroitin sulfate (20 equivalents) was added with EDC (4 equivalents) and the reactions were
mixed and stirred for 15 minutes. The PAMAM mixture was added to the CS mixture and stirred for 24
hours. The solution was dialyzed against distilled water using a Dialysis Tubing membrane, benzoylated
(Laborspirit, Loures), for 48 hours. CS/PAMAM dendrimer NPs were obtained by freezing the solution
at -80°C and freeze-drying (Telstar- LyoAlfa 10/15) for approximately 7 days.

V-3.2. Labelling of CS/PAMAM dendrimer NPs with fluorescein isothiocyanate (FITC)

The CS/PAMAM dendrimer NPs were linked to Fluorescein isothiocyanate (FITC) (Sigma-Aldrich,
USA). Firstly, 10 mg mL* of CS/PAMAM solution was prepared in a carbonate-bicarbonate coupled
buffer (pH 9.2). Then 50 pL of the FITC (10 mg mL?) / DMSO (anhydrous dimethyl sulfoxide) solution
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was added per each mL of CS/PAMAM dendrimer NPs solution under agitation and kept in the dark at
4°C for 8 hours. Lastly, the FITC-labelled CS/PAMAM dendrimer NPs were dialyzed in ultrapure water

for 48 hours. The product was achieved after dialysis and freeze-drying.

V-3.3. Physicochemical characterization

V-3.3.1.Proton nuclear magnetic resonance spectroscopy (:H-NMR)

CS/PAMAM dendrimer NPs was solubilized in deuterium water oxide (1 mg mL?) at room
temperature and the sample was transferred to NMR tube. The NMR spectra were obtained on a Bruker
AVANCE 400 spectrometer, at 50 °C using a resonance frequency of 400 MHz. To process and analyze

the obtained spectra, MestReNova 9.0 Software was used.

V-3.3.2. Fourier transform infrared spectroscopy (FTIR)

The CS/PAMAM dendrimer NPs were mixed with potassium bromide and molded into a
transparent pellet using a press. Transmission spectra were acquired on an IR Prestige-21
spectrometer (Shimadzu, Japan), using wavenumber range between 4400 and 400 cm+, 32 scans and

a resolution of 4 cm.

V-3.3.3. Energy-dispersive X-ray spectroscopy (EDS)

CS/PAMAM dendrimer NPs samples were coated with carbon (Fisons Instruments, Polaron SC
508, UK). The electric current was set at 18 mA with a coating time of 120 seconds. The sulfur,
calcium, sodium, carbon, and oxygen elemental analysis were achieved through an X-ray detector

(Pentafet model 5526, UK) attached to the S-360 microscope, and a voltage of 10 kV was used.

V-3.3.4.Dynamic light scattering (DLS) and electrophoretic light scattering (ELS)

Particle size and zeta potential of CS/PAMAM dendrimer NPs were measured in a particle analyzer

(Zetasizer Nano ZS, Malvern Instruments, UK). Particle size analysis was made by DLS technique, in an
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ultrapure water solution with 1 mg mL* of CS/PAMAM dendrimer NPs. Zeta potential of nanoparticles

was evaluated by ELS, at pH 7.4 phosphate buffer saline (PBS) solution.

V-3.3.5. Atomic force microscopy (AFM)

The morphology of the nanoparticles was evaluated through AFM. The CS/PAMAM dendrimer NPs
were dissolved in ultrapure water to achieve a final concentration of 1 mg mlL* and transferred to the
surface of a 9.9 mm mica disc (Agar Scientific, England). The samples were evaluated using the
Tapping model TM with a MultiMode AFM connected to a NanoScope Il controller (Veeco, USA) with
noncontact silicon nanoprobes (ca. 300 kHz) from Nanosensors, Switzerland. Images were plane-fitted
using the third-degree-flatten procedure included in NanoScope software version 1.5. The particle

morphology and size were both analyzed with NanoScope 1.5 software.

V-3.3.6.Scanning Transmission Electron Microscope (STEM)

The size and morphology of CS/PAMAM dendrimer NPs were also obtained by STEM. The
nanoparticles were diluted in ultrapure water to a final concentration of 0.1 mg mL* and then 2 pL were

placed on copper grids at 37° C overnight for observation.

V-3.3.7.Rheometer methodologies

Rheological analyses were performed using Kinexus pro+rheometer with the acquisition software
rSpace (Malvern). The rotational experiments were performed using a cone-plate measuring system
composed by an upper stainless-steel cone of 40 mm of diameter and a cone angle of 4°. Shear
viscosity was obtained as a function of the shear rate, from 0.001 to 0.1 st at 37°C. The oscillatory

experiments were made to obtain frequency sweep curves, after LVER determination.
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V-3.4. TNF-« Abs linked to CS/PAMAM Dendrimer Nanoparticles

V-3.4.1.Functionalization

The CS/PAMAM dendrimer NPs linked to a rabbit polyclonal anti-TNF-ot antibody (ab7742, Abcam,
United Kingdom) was obtained through a crosslinking reaction. A 0.2 g Lt solution of CS/PAMAM in 5
mL MES was mixed with EDC (4 equivalents) and NHS (2 equivalents) for 15 minutes. Next, 20
equivalents of anti-TNF o Abs were added with EDC (4 equivalents) and were stirred for 15 minutes.
Then, CS/PAMAM dendrimer NPs mixture was added to anti-TNF o Abs mixture and stirred for 24
hours. The solution was dialyzed against distilled water for 48 hours. Anti-TNF o Abs-CS/ PAMAM

dendrimer NPs were obtained through dialysis and freeze-drying.

V-3.4.2.Physicochemical characterization

The immobilization of the Abs by CS/PAMAM was evaluated by fluorescence spectrometer FP-
8500 (Jasco). Briefly, anti-TNF a Abs-CS/PAMAM dendrimer NPs and CS/PAMAM dendrimer NPs were
mixed with a secondary antibody anti-rabbit IgG-labelled with Alexa Fluor 488 dye (Molecular probes,
USA), in PBS solution (1:1000) for 1 hour to detect the conjugation of anti-TNF a Abs to CS/PAMAM
dendrimer NPs. The solutions were centrifuged, and the supernatants were visualized in the
spectrometer.

The determination of the degree of TNF a captured by anti-TNF o Abs-CS/PAMAM dendrimer NPs
was analyzed by the incubation of the dendrimers with 1000 pg mL* of TNF o (Peprotech, United
Kingdom) for 6 hours at room temperature. After centrifugation, the supernatants were kept at -80 °C
for further analysis. Then, the free TNF-a concentration in the samples after incubation was measured
using a Human TNF-alpha DuoSET ELISA kit (R&D systems, USA) and a DuoSet Ancillary Reagent Kit 2
(R&D systems, USA). The calibration curve was prepared using TNF-a standard solutions, with
concentrations from 0 to 1000 pg mL?, which were also included in the ELISA plate. The samples were

measured in the microplate reader (Synergy HT, BIO-TEK) with an optical density of 450 nm.
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V-3.5. /n vifro studies

V-3.5.1.Cell cultures

Chondrogenic ATDC 5 cell line (European Collection of Authenticated Cell Culture, England),
human monocytic cell line (THP-1) and differentiated human T lymphocyte cell line (Jurkat) were used

to analyses the effects of CS/PAMAM dendrimer NPs in cartilage and immune system cells.

ATDC 5 cell line was expanded in DMEM medium (Dulbecco's Modified Eagle Medium: Nutrient
Mixture F-12, Alfagene, Portugal). THP-1 and Jurkat cell lines were expanded in RPMI medium (RPMI
1640 Medium, GlutaMAX™ Supplement, HEPES, Gibco, Life Technologies, Grand Island, NY),
supplemented with 10% Heat Inactivated Fetal Bovine Serum, 2 mM glutamine and 100 U mL* of
penicillin/streptomycin  (PAA; Pasching, Austria), under standard culture conditions (37 <C in a

humidified atmosphere, containing 5 v/v CO).

The experiments with the THP-1 and Jurkat cells were carried out in the Immunology laboratory at
the University of Vigo and for that reason, some experimental conditions differ from the ATDC 5 cell

line. When the conditions or the equipment used were different, it was specifically mentioned.

V-3.5.2.MTS assay

Cell viability was evaluated by MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-
sulfophenyl)-2H-tetrazolium] (VWR International, USA). The ATDC 5 cells were seeded at a density of
1x10¢ cells per well and incubated with different concentrations of CS/PAMAM dendrimer NPs, for 72
hours. Cells cultured with regular medium (without CS/PAMAM dendrimer NPs) were used as a control.
At each time point, cell culture medium (DMEM-F12) was replaced by culture medium without phenol
red, containing MTS at a 5:1 ratio, and was incubated for 3 hours. Then, 100 uL from each well were

passed into a 96-well plate and the absorbance was read at 490 nm.

The Jurkat and (differentiated) THP-1 cell lines were seeded in a 96-well plate with a density of
3x10¢ and 1x10¢ cells per well, respectively. The CS/PAMAM dendrimer NPs were administrated in

serial dilutions 1:2 starting with the concentrations of 0.5 mg mL:. The cells were incubated with the
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CS/PAMAM dendrimer NPs for 48 hours, in standard cell culture conditions. The remaining procedure

was performed as previously mentioned for the ATDC 5 cell line.

V-3.5.3. DNA quantification

The proliferation of the ATDC5 cells upon CS/PAMAM dendrimer NPs administration was analyzed
by DNA quantification, using the Quanti-IT PicoGreen dsDNA Assay Kit (Alfagene, Portugal).

ATDC5 cells were seeded at a density of 1x10¢ cells per well and incubated with different
concentrations of CS/PAMAM dendrimer NPs for 72 hours. Cells cultured with DMEM-F12 medium
were used as control. After the incubation period, the cells were lysed in ultrapure water and stored at -
80°C for further analysis. The calibration curve was performed using DNA standards, prepared with
concentrations ranging from 2 to O L mL*. Both the calibration curve and the cells’ samples were
quantified following the manufacturer's instructions. The fluorescence was acquired at 480/20 nm of
excitation and emission of 528/20 nm, in a microplate reader. The DNA concentration on the cells

samples was determined using the standard curve.

V-3.5.4.Flow cytometry

For flow cytometry analysis the ATDC 5 cells were seeded at a density 4x10¢cells per well (in a 24-
well plate) and cultured with different concentrations of FITC-labelled CS/PAMAM NPs (0.01, 0.1 and
0.5 mg mL»), for 72 hours. ATDC5 cells cultured in DMEM-F12 without CS/PAMAM dendrimer NPs
were used as control. The samples were measured using a FACSCalibur flow cytometer (BD
Biosciences Immunocytometry Systems, CA, USA) and the results were analyzed by the Flowing
Software 2. THP-1 cells were incubated for 3, 6 and 24 hours with 0.5 mg mL® of CS/PAMAM
dendrimer NPs at a cell density of 1x10¢ cells per well, in a 24-well plate. THP-1 cells cultured with only
RPMI medium were used as control. The samples were measured in a BD Accuri C6 flow cytometer

(BD Biosciences, USA) and the analysis was performed in the cytometer software.
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V-3.5.5. Fluorescence microscopy

For this assay the ATDC5 cells were seeded at a density of 1x10+ cells per well in a 24-well plate,
with different concentrations of FITC-labelled CS/PAMAM dendrimer NPs, using the previously tested
time points. Then, cells were fixed with 10% formalin (Sigma-Aldrich, USA) and stained with 4,6-
diamidino-2-phenylindole, dilactate (DAPI blue, VWR International, USA) for nuclei and Texas Red-X
phalloidin (Sigma- Aldrich, USA) for actin filaments of the cytoskeleton. The cells were observed under

the fluorescence microscope (Axiolmager, Z1, Zeis Inc., Oberkochen, Germany).

The differentiated THP-1 cells were seeded at a density of 4x10¢* cells per well in a 24-well plate
and incubated for 3 and 6 hours with FITC-labelled CS/PAMAM dendrimer NPs. At each time point the
cells were stained with Hoechst 33342 (1:1000) (Immnochemistry Technologies) and observed under a

Nikon Eclipse Ti2 microscope (Nikon Instruments, Inc.).

V-3.5.6.Hemolytic properties of CS/PAMAM dendrimer NPs

Erythrocytes from whole mouse blood were used to test the hemolytic properties of CS/PAMAM
dendrimer NPs. The blood was extracted into a tube with EDTA and an aliquot of 5 mL was diluted with
PBS (1:10) in a pre-weighted tube. After centrifugation and washing steps, the pellet was weighed and

diluted with PBS to a final concentration of 3% w/v.

The CS/PAMAM dendrimer NPs were diluted in PBS and administrated in serial dilutions 1:2
starting with the concentrations of 0.5 mg mLt. PBS and Triton x-100 were used as negative control
and positive control, respectively. The plates were incubated for 4 hours, centrifuged and the
supernatant was collected. The samples were read at 588 nm absorbance using a microplate reader
(Greiner Bio-one). The percentage of hemolysis in the samples was calculated according to the following

Equation:

Abs (sample) — Abs (PBS)

100
Abs (Triton) — Abs (PBS) *

Hemolysis (%) =

Abs: Absorbance at 558 nm
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V-3.5.7. Assessment of binding to Plasma Protein by Fluorescence spectroscopy

Suspensions of human albumin (HSA) and fibrinogen (Sigma-Aldrich, USA) at 400 ug mL* and 40
ug mL?, respectively, were prepared in PBS. Different volumes of a CS/PAMAM dendrimer NPs solution
at 0.5 mg mL+, or PBS as the control, were sequentially added to the cuvette (1, 5, 10 and 20 pL). The
fluorescence spectra of the plasma proteins were recorded after each addition using the microplate
reader. Fibrinogen was excited at 280 nm and HSA at 290 nm and the emission spectra were both

collected from 300 nm to 450 nm. The spectra were obtained using the FluorEssenceTM software.

V-3.5.8. Assessment of TNF o capture by anti-TNF o Abs-CS/PAMAM dendrimer NPs

The therapeutic efficacy of the NPs was evaluated in a cell inflammation model, by assessing the
anti-TNF a Abs-CS/PAMAM dendrimer NP s ability to capture TNF « in the medium. Macrophage-
differentiated THP-1 cells were stimulated with Lipopolysaccharide (LPS) (Sigma-Aldrich, USA) and used
as in vitro model for cell inflammation. Firstly, THP1 cells were seeded at a density of 1x10¢ cells/mL in
RPMI with 100 nM phorbol 12-myristate-13-acetate (PMA) (Sigma-Aldrich, USA). After 24 hours of
incubation time, the medium in the wells was replaced with RPMI medium without PMA and incubated
for another 48 hours. In order to induce an inflammatory response, 100 ng mL* of LPS in RPMI
medium were added to the macrophage-differentiated THP-1 cells, and the plate was incubated for 5
hours. After LPS stimulation, 0.5 mg mL * of anti-TNF o Abs-CS/PAMAM dendrimer NPs were added to
the cells, using a medium with only PMA were used as control. At each time point (1 day, 3 days, and 7
days), the culture medium was removed from the wells, centrifugated and the supernatants were stored
at -80 °C for further analysis.

To determine the degree of TNF o captured by the anti-TNF o Abs-CS/PAMAM dendrimer NPs, the
TNF-a concentration in the samples was measured using the Human TNF-alpha DuoSET ELISA kit
(R&D systems, USA) and the DuoSet Ancillary Reagent Kit 2 (R&D systems, USA). The calibration curve
was performed using TNF-a standard solutions, with concentrations ranging from 1000 to O pg mL-,
which were also included in the ELISA plate. The samples were analysed using a microplate reader,

with an optical density of 450 nm (Synergy HT, BIO-TEK).
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V-3.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 version. Statistical significances were
determined as *p < 0.05, ** p<0.01 and *** p<0.001. All assays were performed in triplicated and

results were presented as mean + standard deviation.

V-4, RESULTS AND DISCUSSION

V-4.1. Physicochemical characterization

V-4.1.1. Chemical analysis of CS/PAMAM dendrimer NPs

This study focused on the functionalization of PAMAM with CS, conjugated to an anti-TNF a Abs. It
was hypothesized that this strategy can be used for RA treatment, by helping receptor-ligand interaction,
reducing toxicity, and providing anti-inflammatory properties. The first steps consisted of the
functionalization of PAMAM dendrimer NPs with CS and, later on, with anti-TNF o Abs. Then, it was
followed by the physicochemical characterization and further evaluation of their biological effect.

Firstly, the successful functionalization of the PAMAM with CS was confirmed through chemical

analysis. Figure V-1 shows EDS analysis, *H-NMR and FTIR spectra of the CS/PAMAM dendrimer NPs.
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Figure V-1 - EDS analysis (a) of CS/PAMAM dendrimer and 'H-NMR in DO at 50°C (b) and FTIR (c), of PAMAM dendrimer
(G=1.5) (i), CS (i) and the CS/PAMAM dendrimer NPs (iii).

146



Chapter V- PAMAM Dendrimers Functionalized with an Anti-TNF « Antibody and Chondroitin Sulfate for Treatment of
Rheumatoid Arthritis

The EDS analysis showed the presence of C, O, and Na atoms at a percentage of 58.3%, 34.5%
and 0.3%, respectively (Figure 1a). The analysis of functionalized PAMAM also detected a sulfur group
(6.9%) that does not exist on the PAMAM structure but is a characteristic chemical element of
chondroitin sulfate, suggesting the PAMAM dendrimer’s modification with CS was accomplished

[19],[20].

The PAMAM dendrimer is a branched polymer with an abundance of protons, making the
identification of full structure on the 'H-NMR and FTIR spectrum a challenge. Nevertheless, some
characteristic chemical shifts can be identified, such as the well-defined signals visible on the *H-NMR
spectra (Figure 1 b). Typical shifts of PAMAM dendrimer were observed at 2.4, 2.6, 2.7, 2.8 and 3.5
ppm [21],[22] but also chemical shifts of chondroitin sulfate (CS-A sodium salt from bovine trachea)
were found. The signal at 2.04 ppm corresponds to the CH3 and at 4.75 ppm to the H signal of the 4-
sulfated site of the galactosamine unit of chondroitin sulfate, following the literature [23],[24].
Therefore, in the functionalized NPs it was observed the presence of characteristics peaks from both
the PAMAM and CS, indicating the modification was successful. Some EDC residues were also
observed specifically the chemical shifts of 1.1 ppm and 1.9 ppm. The modification was further
confirmed by the FTIR analysis of the chondroitin sulfate, PAMAM dendrimer, and CS/PAMAM
dendrimer NPs (Figure 1 c). In the spectra of CS/ PAMAM dendrimer NPs it was visible the strong and
broad peak of absorption at around 3400 cm?*, assigned to the stretching vibration of the structural N-H
overlapping the O-H stretching [25]. Other characteristic absorption bands are noticeable, for instance:
1650 cm for amide bands, 1240 cm* for S=0 stretching vibration, 1415 cm+ and 1379 cm- for the
coupling of the C-0 stretching vibration and O-H variable-angle vibration of ~-COOH, as described in
the literature [26]. The absorption band assigned to the a-(1,4) glycoside bond was observed at 925
cm [25]. Regarding the PAMAM G1.5 spectra, it was also detectable the leading characteristic bands
such as a characteristic -C = O stretching vibrations around 1645 cm- due to the presence of a free
ester (C = O) group. At the end, expected on half the generation material, [27] and a peak at 1560 cm
assigned to an O-H or N-H stretching vibration. Moreover, peaks at 2970 cm- and 2840 cm-assigned
to —-CH3 and -CH2- stretching vibrations as well as the broad peak around 3430 cm-attributed to an
O-H stretching vibration were also observed.[25],[28] The CS/PAMAM dendrimer NPs spectrum

showed a very similar spectrum to the CS, which is expected from a successful modification, due to the
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surface coverage allowed by such a large molecule. However, CS is a large molecule able to cover the

PAMAM surface, being possible that it hides some of the PAMAM characteristic peaks.

V-4.1.2.Morphology, size and zeta potential of CS/PAMAM NPs

The morphology of the CS/PAMAM dendrimer NPs was evaluated in dry conditions, using AFM
and STEM techniques, and in wet conditions by DLS and ELS, Figure V-2.

b) c)
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Figure V-2 - (a) AFM analysis (i) 2D, (ii) 3D (b) STEM analysis of the CS/PAMAM dendrimer NPs and (c) DLS analysis.
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The characterization clearly showed that CS/PAMAM dendrimer NPs had a globular shape, were
monodisperse and presented a polymer coating around PAMAM dendrimer NPs, which is in accordance

with the data found in literature, with/using modified PAMAM dendrimer NPs [24],[29].

DLS and ELS were also used to analyze the CS/PAMAM dendrimer NPs. The data obtained by DLS
(Figure 2 c) showed the presence of two peaks, one small peak with an intensity of approximately 48
nm corresponding to the modified dendrimer (i) and a second peak with an intensity of approximately
300 nm that corresponds to aggregated NPs (ii). The aggregation NPs can be caused by the
interactions between noncovalent free sulfur groups/carboxyl groups of Chondroitin sulfate and/or not
functionalized PAMAM dendrimer NPs (carboxyl-terminal dendrimer) and amino groups of Chondroitin
sulfate [30]. Moreover, zeta potential data indicated that CS/PAMAM dendrimer NPs in PBS, at neutral
pH, presented negative charge of approximately -15 mV. The data showed that the negatively charged
sulfur groups in CS/PAMAM dendrimer NPS were mostly distributed at the surface of the nanoparticles,
as observed in other studies, [31] which once again reveals the effectiveness of the functionalization of

PAMAM dendrimer NPs with CS.

V-4.1.3.Rheological properties of CS/PAMAM dendrimer NPs

Drug delivery requires minimally invasive deployment strategies, therefore, the biomaterial used
needs to have a suitable flow rate (even at the maximum pressure applicable), and be easily injected
without being affected or deformed [32]. The rheological examination was performed using the
rotational and oscillatory modes, resulting in flow behavior and mechanical analysis of the produced
NPs. Flow behavior is described by the fitting of the experimental data with the power-law model:
t=k-yn, where T is the shear stress (Pa), y is the shear rate (s?), k is the consistency coefficient (Pa.sn)
and n is the flow behavior index, being n = 1 for Newtonian liquid, n < 1 for shear-thinning fluid (non-
Newtonian) and n > 1 for swelling plastic fluid [33]. Figure V-3 shows the rheological analysis of the

CS/PAMAM at 0.1 mg mL* and 0.5 mg mL+, from rotational and oscillatory experiments.
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Figure V-3 - Rheological rotational (a) and oscillatory (b) assays performed at concentrations 0.1 mg mL- (i) and 0.5 mg mL:
(ii) of CS/PAMAM dendrimers.

The shear-thinning behavior of both solutions was clearly shown by the plot of the viscosity in the
function of shear rate curves. Moreover, from the flow curves it was obtained the flow behavior index for
each solution, which is approximately 0.70 and 0.92 for 0.1 mg mL*and 0.5 mg mL* CS/PAMAM
solutions, respectively. These values categorize the samples as shear-thinning fluid, having the highest
concentration a more stable behavior when higher stress was applied. Usually, shear-thinning fluids are
characterized by high viscosity in static conditions and in dynamic conditions with a viscosity close to
water (n=1), thus decreasing the pressure during injection and facilitating their administration [34]. The
obtained results are in accordance with the previous experiments because CS/PAMAM dendrimer NPs
have a viscosity close to the water, mainly at the highest concentration (0.5 mg mL?). Thus,

nanoparticles have a good flow behavior to be injected.
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V-4.1.4. Anti-TNF-a binding determination

The CS/PAMAM dendrimer NPs were conjugated to a polyclonal rabbit anti-TNF- o« Abs, and to

evaluate their effectiveness, fluorescence spectroscopy was performed using CS/PAMAM dendrimer

NPs with and without linked Abs, in the presence of secondary antibodies labelled with Alexa Fluor 488

dye, Figure V-4.
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Figure V-4 - a) Fluorescence spectroscopy of CS/PAMAM dendrimer NPs and anti-TNF « Abs-CS/ PAMAM dendrimer NPs.
b) Percentage of TNF o captured by anti-TNF o Abs-CS/ PAMAM dendrimer NPs.

The emission spectra of Alexa 488 (between 500 and 600 nm) for the CS/PAMAM dendrimer NPs
without anti-TNF a Abs showed a low fluorescence intensity (=~400), indicative of some unspecific
secondary Abs binding. However, the fluorescence of the anti-TNF a Ab-CS/PAMAM dendrimer NPs
was significantly higher (=1100), thus suggesting the conjugation with the anti-TNF o Abs was

accomplished.

The anti-TNF o Abs-CS/PAMAM dendrimer NP " s capacity to capture TNF a was evaluated by the
difference between the initial and the final amount of free TNF a in solution, after adding the dendrimer
NPs. The results demonstrated that after 6 hours of reaction, between TNF a and anti-TNF o Abs-
CS/PAMAM dendrimer NPs, the degree of capture was 65.27%, Figure 4 b. By maintaining this capture
rate, the maximum can be reached in less than 24 hours. The size of the CS/PAMAM dendrimers NPs
after antibody binding was 58 + 2.3 nm and the zeta potential -8.3 + 5.7 mV, indicating the NPs
increased in size and became less negative after binding with antibody. Literature reports that positively
charged particles are typically internalized by cells more extensively than negatively charged
nanoparticles [35],[36]. On the other hand, positive nanoparticles are more toxic [37]. For that reason,
the negatively charged surface of the NPs would favor the cytocompatibility, and in turn, the NPs could

be specifically internalized or bound to TNF o expressing cells, avoiding unspecific cell entry.

V-4.2. In vitro studies

V-4.2.1.Influence of CS/PAMAM dendrimer NPs of ATDC 5, THP1 and Jurkat on cell viability and

proliferation

The influence of CS/PAMAM dendrimer NPs on cell viability and proliferation was evaluated by
MTS and DNA quantification assays (Figures V-5 (a) (i) and (ii), respectively), using three different
concentrations of NPs (0.01, 0.1 and 0.5 mg mL*) on the ATDC5 cell line for 3 days.
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Figure V-5 - MTS assay (a, i) and DNA quantification (a, ii) of the ATDC 5 cells. THP1 cells (b, i) and Jurkat cells’ (b, ii) MTS
assay. In image a) the cells were incubated with media (CTRL) and different CS/PAMAM dendrimer NPs
concentrations C1, C2 and C3 (0.01, 0.1 and 0.5 mg mL») at different time points (24, 48 and 72 hours). In
b) the cells were incubated with the CS/PAMAM dendrimer NPs at 0.5 mg mL- for 48 hours. Significant
differences * p<0.001 and *p< 0.05, by non-parametric Kruskal-Wallis test (a,i), (a,ii) and (b,ii); Ordinary
one-way ANOVA (b,i). THP1 and Jurkat cells have not significant differences.

The MTS and DNA quantification results demonstrated that although there were some significant
differences between the tested NPs concentrations, the cell viability and proliferation increased over
time in a similar trend than control cells. The cytotoxicity of PAMAM dendrimer depends actively on
their generation and nature of functional surface groups, where high generations and cationic terminal
groups often exhibit high toxicity, whereas anionic and neutral dendrimers show small or no toxic
effects. Furthermore, modification of the dendrimer’s surface with negatively charged or neutral
moieties decreases its cytotoxicity [38]. The obtained results are in the accordance with data reported

in the literature, as the produced negatively charged CS/PAMAM dendrimer NPs demonstrated no

harmful effects on both cell viability and proliferation in the ATDC 5 cell line.
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Besides evaluating the metabolic activity and cell proliferation of NPs in ATDC 5 cells, it is vital to
study their effect on the immune system. When immune cells are exposed to the stimulation they can
activate several signaling pathways that promote different responses, such as proliferation,
differentiation, migration, and inflammatory and immune response [39]. Macrophages are relevant cells
of the innate immune system, implicated in the recognition of foreign pathogens, such as nanoparticles,
via interaction of their surface structures with different types of Pattern Recognition Receptors (PRRs).
These cells are also responsible for the production of pro-inflammatory and anti-inflammatory cytokines
and pathogen clearance by phagocytosis [40]. In fact, TNF-a is released by immune cells such as
macrophages or lymphocytes [41]. Having this in mind, the effect of CS/PAMAM dendrimer NPs on
THP-1 and Jurkat cell line was assessed (Figure 5b). The results obtained in the MTS assay indicated
that CS/PAMAM dendrimer NPs were cytocompatible at all the tested concentrations, in both cell lines.
Moreover, there were no significant differences in the cells® metabolic activity after dendrimer

administration, when compared with the control cells.

V-4.2.2.Internalization of the CS/PAMAM NPs by ATDC 5 and THP-1 cell lines

The quantitative and qualitative analysis of the internalization of FITC-abelled dendrimer NPs by
cells was performed by flow cytometry assay and fluorescence microscopy, using ATDC 5 and THP-1

cell lines, Figure V-6.
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Figure V-6 - Flow cytometry histograms (a) (i) and Fluorescence microscopy images (a) (i) of the ATDC 5 cell line cultured in
presence of different concentrations (C1 (0.01mg mL?), C2 (0.1 mg mL?) and C3 (0.5 mg mL)) of FITC
labelled CS/PAMAM dendrimer NPs for 72 hours. Flow cytometry (b) (i) and Fluorescence microscopy (b) (ii)
of differentiated THP-1 cells with CS/PAMAM dendrimer NPs incubation at different time points (3 and 6
hours). Cell nuclei are stained in blue (Hoechst) and CS/PAMAM dendrimer NPs in green (FITC). Scale bar:
100 pm (b).
ATDC 5 cells were cultured with different concentrations of fluorescently labelled dendrimer NPs
and flow cytometry analysis showed that all concentrations obtained a high percentage of internalization
at 72 hours (Figure 6 (a) (i)). NPs at 0.5 mg mL* reached the highest and constant rate of

internalization over time (Table V-1).
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Table V-1 - Percentage of internalization of FITC labelled CS/PAMAM dendrimer NPs by ATDC5 cells at different
concentrations of dendrimer and time points.

INTERNALIZATION (%)
CONDITIONS/ TIME
24 h 48 h 72 h
(H)
C1:0.01 mg/ml 45.98% 56.08% 74.19%
C2: 0.1 mg/ml 66.90% 91% 95.32%
C3: 0.5 mg/ml 98.99% 99.36% 99.88%

Qualitative images obtained with a fluorescence microscope showed typical morphology of the cells
(marked by DAPI and phalloidin), suggesting survival and healthy proliferation in all the tested
concentrations (Figure 6 (a) (ii)). The results showed that C3 (0.5 mg mL*) obtained almost the
maximum internalization rate at 24 hours. For that reason, henceforth the experiments were performed

with only the concentration of 0.5 mg mL* of CS/PAMAM dendrimer NPs.

The macrophage-differentiated THP-1 cell line was also analyzed as they are phagocytic cells and
can internalize dendrimers on a large scale. The FITC-labelled CS/PAMAM dendrimer NPs at 0.5 mg
mL* were incubated with THP-1 cells at different time points. The flow cytometry analysis showed that
the internalization rate was high after 3 hours of incubation, in comparison with the control, and
increased throughout the incubation time (Figure 6 (b) (i)). The internalization of the CS/PAMAM
dendrimer NPs by the macrophage cells was further confirmed by fluorescence microscopy, as

depicted in Figure 6 (b) {ii).

Fluorescence microscopy confirmed the internalization of the CS/PAMAM dendrimer NPs,
detected also by flow cytometry. The microscopy images showed that after 3 hours and 6 hours of
incubation the cells internalized the dendrimers in a high rate and that the CS/PAMAM dendrimer NPs
were present in both the nucleus and cytoplasm of the cells. Despite the high internalization rate of the
dendrimers in ATDC 5 and macrophage-differentiated THP-1 cells, there was not a reduction on the cell
viability, as seen in Figure 5. Hence, the use of the CS/PAMAM dendrimer NPs for the targeted delivery

of anti-TNF a Abs antibody could be a promising strategy to reduce the inflammation, based on the high
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internalization rate and the absence of negative effects on the macrophage viability. Moreover,
CS/PAMAM dendrimer NPs could be used to explore other therapies targeting inflammatory

macrophages.

V-4.2.3.Hemolytic properties and interaction of the CS/PAMAM dendrimer NPs with plasma proteins

Nanoparticles for medical applications must be subjected to biocompatibility assessments before
their approval for administration in patients. The in vitro evaluation of the hemocompatibility is an
essential part of preclinical development for NPs that will be injected through the intravenous route, or
any other route in which they can be in contact with blood [42]. According to the American Society for
Testing and Materials (ASTM), medical devices that have direct or indirect blood contact must not be
hemolytic [43]. Following the ASTM guidelines, a biomaterial that induces the lysis of about 0% to 2% of
the red blood cells is not considered hemolytic. When the burst of blood cells is about 2% to 5%, the

material is partially hemolytic. For values superior to 5%, it indicates an apparent hemolytic effect [44].

The physicochemical properties of nanoparticles can also drastically influence plasm protein”s
functions and might originate adverse effects, such as conformational changes, which can affect their
stability and loss of protein functionality, alter the interaction with other elements or induce an

inflammatory or autoimmune response [45],[46].

Human plasma is constituted of many proteins such as albumin (HSA) and fibrinogen, two of the
most representative plasma proteins that are attached to the surface of several nanoparticles after
entering the blood circulation [47]. For this reason, it is essential to analyses the effect of the
dendrimers on those proteins, to ensure there will be no deleterious or unexpected effects upon

interaction.

The hemolysis properties and interaction of the CS/PAMAM dendrimer NPs with plasma proteins

are represented in Figures V-7 (a) and (b), respectively.
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Figure V-7 - Percentage of Hemolysis induced by the CS/PAMAM dendrimer NPs at different dilutions in contact with blood
cells (a) and tryptophan emission spectra of an HSA (b) and fibrinogen (c) protein suspension in PBS, before

and after incubation with CS/PAMAM dendrimer NPs at 20 ug mL:.
The analysis of the CS/PAMAM dendrimer NPs showed the absence of hemolysis at any of the
concentrations tested (Figure 7 (a)). The absorbance in the supernatant of the samples was similar to

the absorbance of the negative control (only PBS). Hence, the CS/PAMAM dendrimer NPs are

biocompatible with red blood cells.
Then it was evaluated the NPs interactions with plasm protein (Figures 7 (b) and (c)).

The comparison of the protein spectra, after incubation with the NPs, with the spectra of the
proteins alone showed the absence of relevant spectral shifts, even at the highest concentration tested,
namely 20 uL of the sample. Only a minor change was observed for HSA, probably associated with an
interaction between the NPs and the protein. Hence, the NPs are safe regarding protein structure,
although alterations in other plasma proteins cannot be ruled out from this experiment. However, the
lack of cytotoxicity, hemolytic effect, or major protein structural changes showed the excellent

hemocompatibility of the NPs and their suitability for an in vivo administration.

V-4.2.4.Assessment of metabolic activity, cell proliferation and TNF o capture by anti-TNF o Abs-
CS/PAMAM dendrimer NPs in THP-1 cell line

The influence of anti-TNF o Abs conjugation to PAMAM dendrimer NPs on metabolic activity and
cell proliferation was evaluated using the THP-1 cell line. The previous experiments were performed with
CS/ PAMAM dendrimer NPs without anti-TNF o and the results did not show significant toxicity, in the
different concentrations tested. In this assay, the THP-1 cells were incubated for 7 days with the anti-
TNF a Abs-CS/PAMAM dendrimer NPs (0.5 mg mL+), to assess the effect of this conjugation on cells’

viability and proliferation.

The anti-TNF o Abs-CS/PAMAM dendrimer NPs’ capacity to decrease the levels of TNF o present
in the medium was evaluated using differentiated THP-1 cells, which were stimulated with LPS to
induce an inflammatory scenario. Upon establishment of the inflammation, 4 conditions were tested: 1)
cells without treatment, 2) cells with anti-TNF a Abs-CS/ PAMAM dendrimer NPs, 3) cells with
CS/PAMAM dendrimer NPs without Abs and 4) cells with anti-TNF o Abs alone. Cells differentiated with

PMA but without LPS stimulation were used as control. Figure V-8 shows the metabolic activity and cell
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proliferation of THP-1 cells upon NPs administration and the quantity of free TNF a (uncaptured) over

time of incubation with the NPs.
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Figure V-8 - Metabolic activity (a), Cell proliferation (b) and amount of uncaptured TNF a (c) under different conditions: cells
differentiated with PMA but without LPS stimulation (C); cells stimulated with LPS ,without treatment (1),
anti-TNF a Abs-CS/ PAMAM (2), CS/PAMAM, without Abs conjugated (3) and anti-TNF a Abs (4).
Significant differences *** p<0.001 and *p< 0.05. Mann-Whitney test (a), Unpaired t test (b) nonparametric
Kruskal-Wallis test (c).

The cells® metabolic activity (Figure V-8 a) and cell proliferation (Figure 8b) were not affected by

the presence of anti-TNF a Abs-CS/PAMAM dendrimer NPs when compared to control cells.

The TNF o capture by anti-TNF o Abs-CS/PAMAM dendrimer NPs and the capacity of the CS-
modified dendrimer NPs to inhibit the release of TNF a were also evaluated. The results obtained
showed that untreated LPS-stimulated cells presented high levels of free TNF a in the medium,
compared to the remaining conditions, as expected. The levels of TNF a dropped significantly in the

cells treated with anti-TNF o Abs CS/PAMAM dendrimer NPs, being even lower than the CS/PAMAM
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dendrimer NPs or the anti-TNF o Abs alone. Moreover, this trend was maintained throughout the time

tested, as the TNF « levels continued decreasing up to 7 days (Figure 8c).

The CS/PAMAM dendrimer NPs without anti-TNF o Abs also showed the ability to reduce TNF o
levels significantly. These results are consistent with the literature that indicates that CS administration
has an inhibitory effect on the release of TNF-a release, due to the anti-sinflammatory activity of this
sulfated glycosaminoglycan [48],[49],[50]. The combination of both effects, namely the anti-
inflammatory effect of the CS and the presence of the anti-TNF o Abs, has probably increased the
therapeutic efficacy of anti-TNF a Abs-CS/PAMAM dendrimer NPs by reducing the production and
enhancing the capture of the pro-inflammatory cytokine. Although no statistically significant differences
were observed, a trend was visible as the free TNF a decreases over time, with a more pronounced

effect on the dendrimers with Abs, indicating a combined effect of the CS with the Abs.

Rheumatoid arthritis is characterized by an imbalance between a pro-inflammatory and anti-
inflammatory cytokines, that is, upregulation of pro-inflammatory cytokines and downregulation of anti-
inflammatory cytokines [51],[52]. Since the pro-inflammatory phenotype is more evident in the synovial
joints of patients with RA [53],[53] only the pro-inflammatory cytokines were evaluated and more

specifically TNF-a.

In fact, the model used in this study is a model of inflammation however, the inflammatory
environment is a usual condition in rheumatoid arthritis. Through this model, it is possible to verify the
anti-inflammatory effect of the anti-TNF oo Abs-CS/PAMAM dendrimer NPs that can potentially be used

in the treatment of several inflammatory pathologies including rheumatoid arthritis.

V-5. CONCLUSION

In this work, an innovative therapeutic approach comprising anti-TNF a Abs-CS/PAMAM dendrimer
NPs was developed, to provide a more targeted and effective anti-inflammatory effect for the
management of several inflammatory including RA disease. The main goal of this approach was to
develop a therapeutic and efficient strategy, through the maximum capture of TNF a by anti-TNF o Abs-
CS/PAMAM dendrimer NPs and the synergistic inhibition of the inflammation by the CS. The proposed

formulation showed appropriate mechanical and rheological properties and exhibited higher TNF o
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capture capacity than the anti-TNF a Abs alone, showing that this system could be useful for controlled
and sustained drug delivery. The in vitro studies demonstrated that CS/PAMAM dendrimer NPs
presence did not produce a deleterious effect on the tested cells” metabolic activity and proliferation,
thus presenting a suitable cytocompatibility and hemocompatibility. The anti-TNF o Abs-CS/PAMAM
dendrimer NPs properties owe them the potential to complement or improve current strategies in the

treatment of rheumatoid arthritis.

V-6. FUTURE PERSPECTIVE

Recent studies using dendrimers show their great specificity in the delivery of the drugs to the site
of interest. Having this in mind, it was hypothesized that PAMAM dendrimer functionalized with CS and
linked to specific antibodies (anti-TNF o) could help in the treatment of RA. The combinatory approach
presented here showed a synergistic effect of capture ability of the target agent over time and reduction
of this production, showing great potential to be used as a specific and sustained treatment in RA
patients. Despite the encouraging results showed in this work, further studies are required to clarify the
underlying mechanisms. Therefore, future work will comprise the proof of concept of this system in
vivo, through an animal model of RA. In the future, dendrimers will undoubtedly have an important role

in the world of nanopharmaceuticals, and in particular, in patient-specific approaches for RA treatment.
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Chapter VI

Enzymatically crosslinked Tyramine-Gellan Gum
Hydrogels as Drug Delivery System for Rheumatoid Arthritis

Treatments

ABSTRACT

Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by joint synovial
inflammation, as well as cartilage and bone tissue destruction. Current strategies for the treatment of
RA can reduce joint inflammation, but the treatment options still represent stability concerns since they
are not sufficient and present a fast clearing. Thus, several drug delivery systems (DDS) have been
advanced to tackle this limitation. Injectable Gellan Gum (GG) hydrogels, reduced by physical
crosslinking methods, also being proposed as DDS, but this kind of crosslinking can produce hydrogels
that become weaker in physiological conditions. Nevertheless, enzymatic crosslinking emerged as an
alternative to increase mechanical strength, which can be adjusted by the degree of enzymatic
crosslinking. In this study, tyramine-modified Gellan Gum (Ty-GG) hydrogels were developed via
horseradish peroxidase (HRP) crosslinking; and Betamethasone was encapsulated within, to increase
the specificity and safety in the treatment of patients with RA. Physicochemical results showed that it
was possible to modify GG with Tyramine, with a degree of substitution of approximately 30%. They
showed high mechanical strength and resistance, presenting a controlled Betamethasone release
profile over time. Ty-GG hydrogels also exhibited no cytotoxic effects, do not negatively affected the
metabolic activity and proliferation of chondrogenic primary cells. Furthermore, the main goal was
achieved since Betamethasone-loaded Ty-GG hydrogels demonstrated to have a more effective

therapeutic effect when compared to the administration of Betamethasone alone. Therefore, the

° This chapter is based on the following publication:
Oliveira I. M., Gongalves C., Shin, M. E., Lee S. , Reis R. L., Khang, G., Oliveira J. M. "Enzymatically crosslinked tyramine-gellan gum
hydrogels as drug delivery system for rheumatoid arthritis treatment". Drug Delivery and Translational Research 2020. doi:

10.1007/s13346-020-00855-9.
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developed Ty-GG hydrogels represent a promising DDS and a reliable alternative to traditional

treatments in patients with RA.

Keywords: Rheumatoid arthritis, hyperplasic synovium, Ty-GG hydrogels, horseradish peroxidase, drug

delivery.

VI-1.  GRAPHICAL ABSTRACT
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VI-2.  INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease, with a complex pathology that affects
about 1% of the worldwide population [1],[2]. It is characterized by progressive chronic inflammation of
joints, the proliferation of the synovium leading to pannus formation, bones, and cartilage destruction. It
is associated with persistent arthritic pain, swelling, stiffness, and work disability. RA is also responsible

for the decreased expectancy and quality of life, being more prevalent in women than men [3],[4].

Despite the recent advances in medical therapeutics, currently, it is only possible to slow down the
progression of the disease and attempt to increase the quality of life, being not possible to cure RA. The
most commonly used therapeutic agents for RA include disease-modifying anti-rtheumatic drugs,

glucocorticoids, non-steroidal anti-inflammatory drugs, and biological agents. However, such therapies
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have several drawbacks due to quite a few side effects, such as headaches, dizziness, and insomnia,
damage to the skin and hair, cytopenia, transaminase elevation among others; mainly caused by the
lack of selectivity of the drugs and also frequent and longterm dosing, that lead to patient non-

compliance [5],[6].

A possible solution to avoid the undesired side effects, is the drug delivery directly to the affected

site, via intra-articular injection.

Compared to traditional methods currently used for the administration of drugs, the use of
biomaterials as drug delivery systems present many advantages. Those advantages are related, for
instance, with the improvement of the insoluble drug delivery, maximizing the bioavailability, and the
treatment efficacy. Furthermore, the use of biomaterials can help to reduce secondary effects and
enhance the plasma half-life of peptide drugs by protecting them from degradation caused by the

environment [7],[8].

Hydrogels are three-dimensional, crosslinked networks of water-soluble polymers that have
physiochemical similarities to the extracellular matrix, namely mechanical and composition properties.
The particular physical properties of hydrogels have encouraged the interest in their use in drug delivery
applications. The porosity of the hydrogels also enables the charging of drugs into the gel matrix and

posterior controlled drug release [9],[10].

An injectable hydrogel is a class of hydrogel, which can convert from solution to gel in situ upon
physical or chemical stimuli. Therefore, these hydrogels can be introduced into a defined position of the

body through a minimally invasive method [11],[12].

Gellan Gum (GG) is a bacterial polysaccharide obtained from Sphyngomonas elodea, and its
glycosidic backbone is a repeating tetrasaccharide unit with one L-glycerate per repeating unit and one
acetate, occurring every two sequences as esterified substituents [13]. GG is biodegradable,
biocompatible and nontoxic. In tissue engineering, the versatility of this polysaccharide has been
studied to develop drug delivery systems such as the development of injectable hydrogels [14]. Physical
crosslinking methods can produce GG hydrogels that become weaker in physiological conditions since a
switch of divalent cations by monovalent ones and physically crosslinked hydrogels occur, leading to the
loss of in vivo stability after implantation [15],[16]. Enzymatically crosslinked hydrogels, including

covalent bonds between the polymer chains, are produced via radical polymerization and non-enzymatic
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or enzymatic crosslinking of complementary groups [17],[18]. Enzyme-mediated hydrogel formation is a
suitable method of crosslinking materials in the agueous medium due to the reaction condition
desirable near physiological pH and room temperature. Furthermore, enzymatic hydrogelation prevent
the production of undesirable by-products or cytotoxic composite because enzymes only work with

distinct substrates [19],[20].

Enzymatic crosslinking of polymer—phenol conjugates in the presence of horseradish peroxidase
(HRP) and H:0: has emerged as a valuable method to synthesize in situ-forming (injectable hydrogels)
due to fast gelation and controllable crosslinking density [21],[22]. Furthermore, HRP has moderate
substrate specificity and can easily be a tuned hydrogel network by adjusting the concentration of
enzyme and subtract [23],[19]. Several research groups reported the /n situ formation of hydrogels
through the functionalization of polymers with Tyramine. The hydrogels are chemically crosslinked and
consequently possess superior characteristics in terms of stability and mechanical resistance when

compare to physically crosslinked, been widely used in drug delivery [24].

In this work, it was developed tyramine-modified gellan gum (Ty-GG) hydrogels (crosslinked by both
physical and chemical mechanisms) in the presence of horseradish peroxidase (HRP) and hydrogen
peroxide (H:0.). The Ty-GG hydrogels were loaded with Betamethasone in order to provide its sustain
release and improve the treatment safety in patients with RA. Physicochemical characterization was
performed to evaluate the successful functionalization of Ty-GG using nuclear magnetic resonance ('H-
NMR) and Fourier transform infrared (FTIR) spectroscopic techniques. Furthermore, the
Betamethasone-loaded Ty-GG hydrogels water uptake, weight loss, gelation time, injectability, and
rheological properties were assessed. The Betamethasone release profile from the Ty-GG hydrogels was
also evaluated /n vitro. In vitro studies for cell viability such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide and DNA proliferation on chondrogenic primary cells and anti-inflammatory

activity by enzyme-linked immunosorbent in THP-1 cell line were performed.
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VI-3.  MATERIALS AND METHODS

VI-3.1. Synthesis of Tyramine-Gellan Gum (Ty-GG)

The functionalization of gellan gum with Tyramine was carried out following the method reported
by Prodanovi¢ et al. [25], with minor changes. Briefly, gellan gum from Gelzan™ CM (Sigma-Aldrich,
USA) was dissolved in water at 90°C to a final concentration of 1% (w/v). Sodium (meta)periodate
(Sigma-Aldrich, USA) was added to a final concentration of 1 mM in GG at 1% (w/v). The reaction was
kept in the dark for 24 hours at 4°C. The reaction was then stopped by adding glycerol (500 mM) and
incubated for 30 minutes in the dark at 4°C. The Oxidized GG was precipitated from the reaction
mixture by adding NaCl at 1% (w/v) and 2 volumes of 99% (v/v) ethanol. This precipitation step was
repeated two times, using the same procedure after dissolving oxidized GG at 1% (w/v) concentration in
water. In the end, the precipitate was separated, dried, and dissolved in 0.1 M sodium-phosphate buffer
pH 6. When dissolved at 1% (w/v) concentration, tyramine hydrochloride (Sigma-Aldrich, USA) was
added by molecular equivalents (number of mol equivalents of GG to number of mol equivalents of
Tyramine) and the solution was stirred for 30 minutes. Subsequently, solid cyanoborohydride was
added at 0.5% (w/v) final concentration, and the reaction mixture was left in the dark for 24 hours at
4°C. Modified Gellan Gum was precipitated by adding NaCl to 1 M final concentration and two volumes
of 96% (v/v) ethanol. Precipitation was repeated two times using the same procedure after dissolving
modified GG at 1% (w/v) concentration in water. Ty-GG powder was obtained by lyophilization, at 0.08
mbar and -77.7°C, during approximately 4 days.

VI-3.2. Physicochemical characterization

VI-3.2.1. Fouriertransform infrared (FTIR) spectroscopy

Powder samples of Ty-GG, GG, and Tyramine were mixed with potassium bromide and, using a
manual press, a transparent pellet was obtained. The transmission spectra of the samples were
obtained on an IR Prestige-21 spectrometer (Shimadzu, Japan), using 32 scans, a resolution of 4 cm-

and a wavenumber range between 4400 and 400 cm-.
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VI-3.2.2. Assessment of the degree of substitution of Tyramine in Gellan Gum

The chemical modification of GG with Ty was evaluated and quantified by proton nuclear magnetic
resonance spectroscopy (*H-NMR). Ty-GG was solubilized in deuterium water oxide (D:0) (2 mg mL?) at
room temperature. Then, 1 mL of the sample was transferred to an NMR tube. The NMR spectra were
obtained on a Bruker AVANCE 400 spectrometer, at 50 °C using a resonance frequency of 400 MHz.
To process and analyze the obtained spectra, MestReNova 9.0 Software was used. The degree of
substitution (DS, the fraction of modified hydroxyl groups per repeating unit) was determined by the
relative integration of the tyramine peaks (/) of the modified groups to methyl protons of the internal
standard (), according to (Equation 1), adapted from another DS calculation as reported in several
studies [26], [27]. The ", =, and 7ies correspond to the number of tyramine protons and the methyl
protons of GG monomer, respectively. o corresponds to the number of reactive -OH sites in the GG

structure.

[T] T,
IC Hs

Ds = Mgy | % 100 (Equation 1)

n
H T,

Moy,

VI-3.2.3. Horseradish peroxidase to induce Tyramine-Gellan Gum hydrogels formation

Horseradish peroxidase (HRP) solution (0.84 mg mL+) (Sigma-Aldrich, USA) and hydrogen peroxide
solution (H:0:) (0.36% (v/v)) (VWR, USA) were both prepared in water. Tyramine-Gellan Gum solution of
1% (w/v) was used for the hydrogel preparation. Tyramine-Gellan gum hydrogels were prepared by
mixing of Ty-GG solution with different amounts of HRP and H.0: solutions (Table VI-1). Ty-GG hydrogels
discs were prepared by adding 200 uL of the mixture solutions in a polypropylene mold at 37°C.

Table VI-1- Ty-GG conditions (C1, C2 and C3) with different amounts of HRP and H-O. solutions.

Ty-GG HRP H.0
c1 167 pL 16.6 plL 10.83 pL
C2 167 pL 18.3 L 15 plL
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c3 167 L 20 uL 133 L

VI-3.2.4. Water uptake and weight loss of the Tyramine-Gellan Gum hydrogels

Weight loss and water uptake of Ty-GG hydrogels were performed. Hydrogels were soaked into a
PBS solution at 37°C, for up to 21 days, in triplicate. Then, specimens were removed after the different
time points of immersion. The initial weight (w) of each sample was measured, and then Ty-GG
hydrogels were immersed in PBS solution. At each time point, the samples were removed and put in
filter paper to remove the excess of the solution, and the wet weight (w.) was measured. The water

uptake was determined as shown by (Equation 2).

W, — W, .
Water uptake (%) = ———x 100 (Equation 2)
W,

The weight loss was quantified after the samples were dried under at 70°C and until they reached

constant weight (wy), using the (Equation 3).

: W, W;
Weight loss (%) =
W

X 100 (Equation 3)

VI-3.2.5. Investigation of gelation time, injectability tests and rheological properties

The vial inversion test was routinely used to determine an approximate gelation time. Thereby,
after mix Ty-GG with HRP and H.0., the vials were placed in the water bath at 37°C and then inverted to

see how long it takes to turn to gel.

The injectability tests were also investigated by means of injectability measurement equipment

(PARALAB). The injectability measurements were performed using a syringe with a 27 G needle. The
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material was placed in the syringe that was placed in the equipment and then it applied a force that
extruded the sample from the syringe at a rate of 1 ml mint. The force needed for each hydrogel

condition was recorded. Triplicates of each sample were performed, and water was used as a control.

The mechanical properties of Ty-GG hydrogels were evaluated by using a rheometer (Kinexus
pro+rheometer, software rSpace, from Malvern). The oscillatory experiments were performed using a
stainless-steel plate-plate measuring system. This system is composed of an upper stainless-steel plate
of 8 mm of diameter, with a rough finish to prevent the sample from slipping. Frequency sweep curves,
also known as mechanical spectra, were obtained from 0.01 Hz to 1 Hz of frequency, at a shear strain
of 0.1% (from LVER determination) for 5 minutes at 37°C. These curves were obtained in three

independent tests, with different samples of the same condition.

VI-3.3. Drug release profile of the Betamethasone-loaded Tyramine-Gellan Gum hydrogels

To assess the drug release system, one corticosteroid, Betamethasone, was incorporated in Ty-GG
hydrogels. Ty-GG hydrogels loaded with Betamethasone (Sigma-Aldrich, USA) were prepared by mixing
Ty-GG solution, with 5 mg mL* of Betamethasone in PBS and the enzymatic crosslinking was made by
adding of HRP and H.0.. Betamethasone release profile in Ty-GG 1% hydrogels was evaluated
immersing each hydrogel in PBS at 37°C. After each time point (3 hours, 6 hours, 24 hours, 72 hours,
168 hours, 336 hours and 504 hours), the supernatant was removed and kept at -80°C until the end of
the experiment. Three samples per condition were used at each time point. To formulate the calibration
curve, Betamethasone dilutions were prepared (from 0 mg mL* to 5 mg mL). The UV absorbance at
245 nm was read in a microplate reader (EMax; Molecular Devices, Sunnyvale, CA, USA) to measure

the Betamethasone release.

VI-3.4. [n vifro studies

VI-3.4.1. Cell cultures

Chondrogenic primary cells isolated from female New Zealand White rabbits (Damul Sci., Korea)

with 1 kg and 6 weeks, were used. Dulbecco’s modified eagle medium (DMEM/ F12) (Gibco, USA) was
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used in chondrogenic cells. This culture medium was supplemented with 10% (v/v) fetal bovine serum
(Gibco, USA) and 1% (v/v) antibiotic-antimycotic (Gibko /Thermo Fisher Scientific, South Korea) under
standard conditions (37°C in a humidified atmosphere containing 5% CO.). Human monocytic cell line
(THP-1) (SIGMA, USA) was expanded in RPMI 1640 Medium, GlutaMAX™ Supplement, HEPES (Thermo
Fisher Scientific, USA), supplemented with 10% fetal bovine serum and 1% (v/v) of penicillin and
streptomycin, under standard culture conditions (37°C in a humidified atmosphere containing 5 vol%

CO.).

VI-3.4.2. Chondrogenic cells isolation

Chondrogenic primary cells were isolated from rabbit cartilage. The knees were initially removed
from the rabbit, and the samples were washed 3 times with PBS (1X) solution. The cartilage was
scraped carefully with the blade, and small fragments were placed inside a conical tube with 1.5% (v/v)
antibiotic-antimycotic. The sample was centrifuged at 300 G, 3 minutes and 4°C. The supernatant was
discarded and refilled with an enzymatic cocktail (DMEM/F12 medium + collagenase A (Roche, USA).
The solution was previously filter-sterilized through a 0.2 um filter. The sample was placed in the CO2
incubator at 37°C for 24 hours. The next day, cells were centrifuged at 300 G, for 3 minutes and at
4°C. The supernatant was removed, and the cells were plated on a cell culture dish, with a complete

medium and kept in the CO. incubator at 37°C until they reach the desired confluence.

VI-3.4.3. Metabolic activity

The metabolic activity of chondrogenic primary cells was assessed by MTT assay following the
MEM extract test. The MEM extract test protocol followed was established according to European and

international standards.

The Ty-GG hydrogels (C1, C2 and C3 (previously described)) were prepared with a thickness
ranging from 0.5 mm to 1 mm a minimum area of 60 cmz2. The samples were placed in a sterile tube
with 10/20 mL of cell culture medium, and they were kept in the water bath at 37°C and 60 rpm for
24 hours. Parallel 200 pL cell suspension was transferred into 96 well plates to obtain a cell density of

10000 cells per cmz. After 24h of incubation, the extraction fluid was passed through a 0.45 pm
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membrane filter and the medium of cells was removed and replaced with the extraction fluid. Cells with

DMEM-F12 medium were used as Control.

The cell cultures were evaluated by 3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide
(MTT, Sigma, South Korea) at 24, 48 and 72 hours. At each time point, the DMEM/ F12 medium was
replaced by culture medium containing MTT assay in a 9:1 ratio and incubated for 3 hours. When violet
crystals were formed, they were melted using dimethyl sulfoxide solution (DMSO). Then, 100 L of
solution from each well was transferred to 96-well plates, and a microplate reader (EMax; Molecular

Devices, Sunnyvale, CA, USA) was used at 570 nm optical density.

VI-3.4.4. DNA quantification

The total amount of DNA was assessed using DNA quantification kit (Quant-iT™ PicoGreen®
dsDNA Assay Kit, Invitrogen, USA), to evaluate the effect of Ty-GG hydrogels in chondrogenic primary
cells. The cells were seeded at a density of 10000 cells per cm?2 and incubated with extraction solution
of Ty-GG hydrogels (C1, C2 and C3) for periods of 24, 48 and 72 hours. After the incubation period of
the cells, they were washed with PBS solution and were lysed with ultrapure water. The cell solution
was placed into microtubes, incubated for 1 hour in a water bath at 37°C, and then they were stored at
-80°C for further analysis. Cells cultured with DMEM-F12 medium were used as a positive control.
Several solutions were prepared, with concentrations ranging from 2 to O uL mL*® to plot a DNA
calibration curve. In each well (of the 96 well opaque plate), 28.7 uL of each sample or standard, was
mixed with 71.3 pL of PicoGreen solution and 100 uL 1X TE. Then, the plate was incubated in the dark
for 10 minutes, the fluorescence was read using excitation of 480/20 nm and emission of 528/20 nm,

in a microplate reader and DNA concentration was determined from the standard curve.

VI-3.4.5. Fluorescence microscopy

Chondrogenic primary cells were seeded using the same protocol and conditions described above.
Then, cells were fixed with 10% formalin (Sigma-Aldrich, USA) and stained with Texas Red-X phalloidin
(Sigma-Aldrich, USA) for actin filaments of the cytoskeleton and 4,6-diamidino-2-phenylindole, dilactate
(DAPI blue, VWR International, USA) for nuclei. At the end, cells were analyzed under the fluorescence
microscope (Axiolmager, Z1, Zeis Inc., Oberkochen, Germany).
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VI-3.4.6. Anti-inflammatory activity of Betamethasone-loaded Ty-GG hydrogels

The anti-inflammatory activity of Betamethasone-loaded Ty-GG hydrogels was investigated with a
THP-1 cell line. For this assay, the two concentrations that obtained the best results in metabolic activity
and cell proliferation were evaluated. First, THP-1 cell line was seeded (1x10¢ cells per mL) and
differentiated into macrophage phenotype with 100 nM phorbol 12-myristate-13-acetate (PMA) (Sigma-
Aldrich, USA) for 1 day. The next day, the non-adhered cells were removed, the medium replaced and
new RPMI medium without PMA was added, for 2 days. THP-1 cells were incubated for 5 hours with
100 ng mL® of Lipopolysaccharide (LPS) (Sigma-Aldrich, USA) in RPMI medium to enable the
inflammatory response. After incubation time, cells were cultured with two concentrations of
Betamethasone-loaded Ty-GG hydrogels (C1 and C2) for 7 days. Cells without treatment and
differentiated with PMA and without LPS stimulation were used as Control. At each time point (1 day, 3
days and 7 days), the solution was collected and kept at -80°C for further analysis. Human TNF-alpha
DuoSET ELISA (R&D Systems, USA) kit and DuoSet Ancillary Reagent Kit 2 (R&D Systems, USA), for the
optimum performance of the ELISA kit, were used to assess the anti-inflammatory activity. The assay
was performed to evaluate the system effectiveness through cytokine TNF a. The TNF o standards
were prepared with concentrations ranging from 1000 to 0 pg mL* to make a TNF a calibration curve.
A microplate reader set (Synergy HT, BIO-TEK) at 450 nm was used to determine the optical density of

each well.

VI-3.4.7. Statistical analysis

GraphPad Prism 8 version was used to conduct the statistical analysis, where a Shapiro-Wilk
normality test was formerly performed to evaluate the data normality. Nonparametric Kruskal-Wallis test
was applied in all assays, except for weight loss and MTT assay where One Way-ANOVA was used; since
there was an absence of normality. Dunn’s multiple comparison test was used to compare the mean
rank of each condition with the mean rank of every other condition in nonparametric Krustal-Wallis.
Turkey's multiple comparisons test was used to compare the mean of each condition with the mean of
every other condition in One Way-ANOVA. Statistical significances were determined as * p<0.05, **
p<0.01 and *** p<0.001. All tests were performed in triplicated, and results were presented with mean

+ standard deviation.
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VI-4.  RESULTS AND DISCUSSION

VI-4.1. Physicochemical properties

Ty-GG hydrogels were obtained via enzymatic crosslinking with HRP and H:0. and encapsulated
with Betamethasone to increase the specificity and safety in the treatment of chronic inflammation of
synovial joints in the patients suffering of RA. Ty-GG was synthesized by amide bond formation between
the amine group of Tyramine and the carboxyl group of GG. After the modification of GG with Ty, its
efficacy was evaluated by NMR and FTIR analysis. Figure VI-1 shows a representative NMR spectrum (a)

and FTIR spectra (b) of Gellan Gum, Tyramine and Ty-GG.
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Figure VI-1 - *H-NMR spectra (a) of: GG (i), tyramine (i), and the obtained Ty-GG (iii), in DO at 50°C. FTIR spectra (b) of: GG
(i), tyramine (ii), and Ty-GG (iii).

From Figure 1a, it is possible to see that Ty-modified gellan gum (Ty-GG) (iii) showed additional
peaks not appearing in the unsubstituted GG (i). The tyramine spectrum (ii) showed the distinctive
signals for both pairs of aromatic ring protons ( pair and A pair between 7.4 and 7.1 ppm) and
aliphatic side chain protons between 3.4 and 3.1 ppm (a pair). These peaks are seen in Ty-GG

spectrum and confirm the presence of Tyramine on Ty-GG [28],[29].

The degree of substitution of GG with Tyramine was calculated using Equation 1. The obtained
degree of substitution for Ty-GG is (30.2 + 1.3) %. This value of the degree of substitution is higher

when compared with other molecules modified with tyramine [30],[31].
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From Figure 1b, the GG and Ty-GG spectra within the region 1800-1200 cm also indicated the
efficient modification of tyramine-gellan gum. From the spectra analysis, it was possible to confirm the
presence of the aromatic rings, due to the appearance of a peak of C-C (in-ring) stretching vibrations at
1517 cm* and 1417 cm-, only in the spectra of modified Gellan Gum, which is accordance with the

spectra found in the literature [25],[32].

It is known that ionic crosslinked hydrogels present weak mechanical proprieties [33]. This
limitation can be overcome by modification of GG with Tyramine, by enzymatic crosslinking. Therefore,
enzymatic- but also physical- and chemical-crosslinking were combined to produce Ty-GG hydrogels with

tunable mechanical proprieties.

Ty-GG hydrogels were produced via enzymatic crosslinking, with the enzyme HRP. Different
conditions of Ty-GG hydrogels were produced and assessed (C1, C2, and C3) regarding water
absorption capacity and weight loss. Figure VI-2 shows the water uptake and weight loss of C1, C2 and

C3 of Ty-GG hydrogels after soaking up to 504 hours.
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Figure VI-2 - Water uptake (a) and Weight loss (b) of: Ty-GG hydrogels after 24 hours, 72 hours, 168 hours, 336 hours, and
504 hours of soaking. Significant differences ***p<0.001, **p<0.01 and *p<0.05. Water uptake, significant
differences between (C2 vs C3) *p< 0.05 at time point 1 day and 3 days, nonparametric Kruskal-Wallis test.
Weight loss, significant differences between (C1 vs C2) **p<0.01 at time point 3 days, one way-ANOVA.

It was possible to verify that all conditions of Ty-GG hydrogels showed negative values of water
uptake. The swelling ratios of gels ranged from (-42.89 + 6.25) %, (-47.25 + 1.47) %, (-39.21 + 1.53) %
in the C1, C2 and C3, respectively. Some studies [11],[26] demonstrated that the crosslinking degree,
the formation of ionic bonds and hydrophilicity of network of hydrogels influence the swelling. In the
swelling kinetics assays, the hydrogel behavior is powerfully influenced by the presence of cations in the
immersion solution [11]. These cations form ionic bonds that increase the crosslinking degree and
lower the water uptake ratio. Interactions between the carboxylic group on GG and calcium ions can
reduce the hydrogen binding donors and receptors free for interaction with water, thereby decreasing

the quantity of water-related with the hydrogel network [34].
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The results are in agreement with the previously mentioned studies [26],[34],[35] the Ty-GG
hydrogels produced by enzymatic crosslinking, after immersion in PBS (ionic crosslinking) did not
present water absorption capability. Thus, it is possible to consider this test as an indirect method to
assume a high crosslinking degree in the produced gels, thus showing that the properties of GG

improved after modification.

The degradation profile of hydrogels in this study was obtained by exposing the Ty-GG hydrogels in
PBS at different points (Figure 2b). The weight loss results show that all concentrations had
approximately the same degradation profile over time. The weight loss ratio was (40.8 + 4.1) %, (36.2 +
0.7) % and (41.9 + 1.6) %, for C1, C2 and C3, respectively. Ty-GG hydrogels are relatively stable in PBS
due to the ionic crosslinking, being possible to observe a similar weight loss rate over time. The osmotic
forces influence this process, such as the external ionic agueous solution and the elastic force executed
by the crosslinked polymeric structure [36]. When the external solution is ionically more concentrated
than the hydrogels, promote ions to penetrate the hydrogels, stabilizing and increasing the hydrogel
crosslinking degree, as well, stimulates water molecule expulsion and consequently the decrease of
weight loss. Furthermore, the ionic crosslink, when combined with chemical crosslink mechanisms

extend the rate of degradation, as reported by several studies [26],[35].

The gelation time is a crucial parameter for the formation of hydrogels in situ and is widely
connected with the crosslinking rate of the HRP- catalyzed reaction [23]. The gelation time was
determined by the vial inversion test. After adding Ty-GG with HRP and H:O., the vials were placed at
37°C in the water bath and then inverted. It was possible to verify that all concentrations (C1, C2, and

C3) had a gelation time about 30 seconds.

Several studies reported that HRP catalysis the crosslinking reaction of polymer-phenol conjugates
in the presence of H.0:, resulting in hydrogels with tunable gelation rate [20]. The HRP and H:O.
concentrations are essential parameters to control the crosslinking rate of phenol-rich polymers. The
association between these parameters and gelation time has been well-known. It has been described
that the gelation time reduces with rising HRP concentration [37],[38]. In order to use injectable
hydrogels for bio-applications, a suitable gelation time is desired. A short gelation time (ten seconds to a
few minutes) is essential for efficient local delivery of drugs [31],[39]. While a quick gelling time is
beneficial to obtain high loading efficiency of drugs in hydrogels, in a real clinical setting, rapid

administration can be more challenging. The use of appropriate syringes, with more than one channel,
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in which the mixture is made while the injection is given, would be the most appropriate form of
administration. Through the results obtained, it was possible to confirm that the produced gels fulfill the

necessary characteristics.

The injectability (formulation performance during injection, including pre-filled syringes) is a very
important parameter to determine the force required to extrude the material through a device [40]. The
injectability analysis was performed for the three conditions of hydrogels (C1, C2 and C3) and water
was used as Control. The syringe was loaded with the Ty-GG solution, HRP and H202 to form the
hydrogels and the injection was performed using a rate of 1 mL min-1. The force needed for each

injection was measured, together with the Control (water), and is presented in (Figure VI-3).

6 -
- — —Water

55 | C1
el Cc2

; -
= : ......... 03

_____________________

[4,]

Force (N)
-
[3,]

~

T

Al
.,

1

1

1

1

)

1

|

]

\

)

1

)

1

\

|

i
[3)]
T

1 6 11 16 21 26 31 36 41 46 51 56 61
Time (s)

Figure VI-3 - Injectability test of Ty-GG hydrogels, C1, C2, and C3 and water (Control). Significant differences *** p<0.001
(water vs C1) and (water vs C2), nonparametric Kruskal-Wallis test.

In Figure 3, it was visible that the force needed to inject the condition 1 (5.2 + 0.3 N) and
condition 2 (4.9 £ 0.2 N) is greater than the force required to inject water (3.9 + 0.1 N). However, the
force required to inject condition 3 (4 + 0.1 N) is comparable to the force required to inject water.
Initially, in condition 1, there was a lower value in the injectability force, with that force increasing
around 23 seconds, possibly due to the beginning of the crosslinking in the reaction, and then the value
remained constant until the end of the analysis. In condition 2, the same profile of injectability as in
condition 1 was observed, although the values of the injectable force were lower, and the increase of
force occurred around 31 seconds. This result may be due to condition 1 has a slightly higher degree of

crosslinking when compared to condition 2; therefore, this slight difference in behavior. In condition 3
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there was an injectability force value similar to the value obtained with water. However, in condition 3
there was also an increase in the injectable force around 31 seconds. Which, like the other conditions,
maybe due to the beginning of the crosslinking of the reaction. Taking this into account, condition 3 has
presented an injectable force more similar to that found in water, meaning that it can become easier
and less painful to inject into the patient. However, conditions 2 and 3, despite having higher injectable

force values, may have other advantages as was verified in other characterization tests.

The mechanical properties of Ty-GG hydrogels were assessed after enzymatic crosslinking via HRP
and stabilized at different time points in PBS. The hydrogels were evaluated through oscillatory rheology
experiment at 37°C. The oscillatory shear flow has been extensively used to measure viscoelastic
properties of materials. The storage modulus, elastic solid-like behavior, (G") provide a small amplitude
of oscillatory shear and loss modulus, the viscous response, (G™ ) assess stress amplitude and the
time lag between the stress and strain. The phase angle (5, 0<6<90°) is a representative physical
property that estimates the viscoelasticity of a material. G*, G** and & are determined by a single
function of the frequency (f). These materials are often called linear viscoelastic properties. A general
form of the shear stress subjected to oscillatory shear (A=AOsinwt) [41]. Figure VI-4 shows the

mechanical spectra of Ty-GG hydrogels (C1, C2 and C3), after different time points.
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Figure VI-4 —Mechanical spectra of Ty-GG hydrogels: C1 (a), C2 (b) and C3 (c) at different timepoints (24 hours, 72 hours,
168 hours, 336 hours, and 504 hours). Significant differences *** p<0.001, **p<0.01 and *p<0.05,
nonparametric Kruskal-Wallis test.

The spectrum of mechanical proprieties of Ty-GG hydrogels showed that at 24 hours and 72 hours,
all conditions of Ty-GG hydrogels demonstrated a G* "> G, and consequently presented a high phase
angle, that is, a viscous component higher than the solid. In the following time points, 168 hours, 336
hours and 504 hours, it was possible to observe that the phase angle decreased, G'>G" °, so the
elastic component is higher than the viscous component, showing that the material has a viscoelastic
behavior, with superior elastic character [41],[42]. The Ty-GG hydrogels are intended to be injected in
the synovial cavity filled with synovial fluid. This fluid has highly viscous (G* "> G") properties, and the
hydrogels obtained showed viscoelastic behavior with high viscosity after formation, similar to the
synovial liquid. Thus, Ty-GG hydrogels achieved the desired mechanical properties [43],[44].
Viscoelastic materials, such as the proposed Ty-GG hydrogels, can be injected directly into the knee
joint of patients with RA and, in addition to function as a drug carrier, surrounding the deficient cartilage

joints and acting as a lubricant and shock absorber [45], as well as reducing pain and slowing down the

disease progress.
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Controlled drug delivery is revealing great importance over conventional drug delivery methods. In
traditional drug administration, drug concentration in the blood rises instantly after the drug is taken
and then decreases over time. Plasma drug concentration is a vital parameter for any drug since there
is an optimum concentration above which it is toxic and below which it is not effective. The conventional
drugs are also very limited concerning their short halflives and their stability only under physiological
conditions. Therefore, drug delivery at a constant rate is generally better compared to the traditional

methods of drug administration [46], [47], [48].

Betamethasone suspensions were approved for intraarticular injection to provide adjuvant therapy
in Rheumatoid Arthritis. Normal intraarticular doses of Betamethasone suspensions differ with the size
of the joint, from 1.5 mg to 12 mg [49]. In this work, it was used 5 mg mL* of Betamethasone because
it was the average value found in the literature to have a therapeutic effect. The Betamethasone has a
short half-life about 36-54 hours [50], which means that the drug must be injected more frequently to
have the desired therapeutic effect. It was possible to verify that the Ty-GG hydrogels, allowed a
controlled release profile of Betamethasone over 21 days, not reaching the maximum of release in any
of the concentrations, C1 released (64 + 1.5) % of the drug, C2 released (51 + 0.8)% and C3 released
approximately (82 + 0.05)%, (Figure VI- 5). Intraarticular corticosteroid therapy has been used for the
treatment of RA. Corticosteroid therapy is effective at temporarily alleviating joint symptoms associated
with inflammatory disorders. However, long term adverse effects of corticosteroids on chondrocyte of
the articular cartilage are a concern. Thus, the number of injections is usually restricted [51], [52]. The
use of Ty-GG hydrogels loaded with Betamethasone allow the drug to be administered less frequently,
providing lower and continuous dosages of the drug, thus decreasing the levels of toxicity. In addition,
constant injections can become painful and uncomfortable for patients. Thus, the use of Ty-GG
hydrogels to Betamethasone release can improve the failures of the traditional models, allowing a better

quality of patient’s life during the treatment period.
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Figure VI-5 - Drug release profile of Ty-GG hydrogels (C1, C2, and C3) with encapsulated Betamethasone for 3 hours, 6
hours, 24 hours, 72 hours, 168 hours, 336 hours, and 504 hours. Significant differences *** p<0.001,
**p<0.01 and *p<0.05, by nonparametric Kruskal-Wallis test. At time point lday, significant differences
between (C2 vs C3) * p<0.05, at time point 3 days, (C2 vs C3) * p<0.05, at time point 14 days, (C1 vs C2) *
p<0.05.

VI-4.2. [n vifro studies

Cell viability and proliferation of Ty-GG hydrogels were assessed in chondrogenic primary cells, and

therapeutic efficacy was evaluated using the THP-1 cell line.

MTT assay was made to investigate the influence of Ty-GG hydrogels. Thus, the metabolic activity
of cells up to 72 hours of culturing (Figure VI-6a) was evaluated. DNA quantification was also performed

to assess cell proliferation (Figure 6b).
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Figure VI-6 - MTT assay (a) and DNA quantification (b) of chondrogenic primary cells with Control (cells with DMEM-12
medium) and different conditions (C1, C2, and C3) of Ty-GG hydrogels, after 24 hours, 48 hours, and 72
hours of culturing. Significant differences *** p<0.001, **p<0.01 and *p<0.05. Ordinary One-Way ANOVA
(MTT assay) and nonparametric Kruskal-Wallis test (DNA quantification).

From day 1 to day 3, all cells with different conditions of Ty-GG hydrogels shown an increase of
metabolic activity, not presenting significant differences between them. However, on day 2, cells with

C3 demonstrated significant differences as compared with Control (*p<0.05).

In parallel, DNA quantification was performed to assess cell proliferation for 72 hours. It was
observed that there was a decrease in the first time point in C2 and C3 samples, although there were
no significant differences. At the following time points, there was an increase in cell proliferation in all

conditions, and no significant differences were found between conditions.
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These results are in line with those found in the literature, i.e., modified GG is not cytotoxic over

different cell types [53], [54], [55].

Qualitative analysis of the morphology of chondrogenic primary cells in contact with Ty-GG hydrogel

extracts was obtained by fluorescence microscopy (Figure VI-7).

CRTL c1

24 hours

48 hours

72 hours

Figure VI-7 - Fluorescence microscopy images of chondrogenic primary cells cultured in the presence of CRTL (RMPI
medium) and C1, C2, and C3 of Ty-GG hydrogels for 72 hours. Scale bar: 200 um.

Chondrogenic primary cells were cultured with different conditions of extraction fluid of Ty-GG

hydrogels. It was possible to verify that none of the conditions produced affected the typical morphology

of the chondrogenic cells (marked by DAPI and phalloidin), suggesting healthy proliferation and survival.

Then, the rates of the pro-inflammatory Tumor Necrosis Factor alfa (TNF «), present in the
medium after being in contact with Ty-GG hydrogels, were assessed. This cytokine is found in large
quantities in patients with RA and has been studied with a therapeutic target. THP-1 cell line was
differentiated with PMA and stimulated with LPS to assess the capacity of Ty-GG hydrogels
encapsulated with Betamethasone to decrease the levels of TNF o present in the medium. Only C1 and
C2 were analyzed regarding the neutralizing capacity since these were the best conditions in previous
metabolic activity and cell proliferation. After the inflammation is manifested, 7 conditions were

established to test, cells stimulated with LPS, without treatment, Betamethasone alone, Ty-GG hydrogels
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(C1 and C2) without Betamethasone encapsulated and Ty-GG hydrogels (C1 and C2) encapsulated with

Betamethasone. Cells differentiated with PMA but without LPS stimulation were used as Control.

Figure VI-8 shows the graphs of C1 (a) and C2 (b) separately, regarding the amount of TNF «

present in RPMI medium for 1 day, 3 days, and 7 days of culturing.
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Figure VI-8 — Amount of TNF « present in the medium, in contact with different conditions, cells stimulated with LPS,
Betamethasone (C1); Ty-GG hydrogels (C1) and Ty-GG hydrogels (C1) encapsulated with Betamethasone (a).
Cells stimulated with LPS, Betamethasone (C2), Ty-GG hydrogels (C2) and Ty-GG hydrogels (C2)
encapsulated with Betamethasone (b). Significant differences *** p<0.001, **p<0.01 and *p<0.05,
nonparametric Kruskal-Wallis test.

The results showed that cells stimulated with LPS but without treatment demonstrated high levels

of free TNF o in the RPMI medium, compared to the other conditions. Furthermore, it was possible to

verify a higher neutralization of TNF a in THP-1 cells treated with Ty-GG hydrogels encapsulated with

Betamethasone (C1 and C2) than with Ty-GG (C1 and C2) and Betamethasone alone (C1 and C2).
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Significant differences were found between cells stimulated with LPS without treatment and cells that
were treated Ty-GG hydrogels encapsulated with Betamethasone (*p<0.05). This significant difference

was more evident in C1 than C2, at the first timepoint.

The higher ability to neutralize the TNF a becomes more noticeable on the seventh day, which

may be because hydrogels are degrading, so a higher amount of drug is released.

Ty-GG hydrogels loaded with Betamethasone can bring more advantages in the treatment of the
inflammatory environment than the drug alone. This approach may allow a prolonged action, due to the
controlled rate of drug release over time, and treat inflammation more effectively in patients with RA.
Furthermore, as mentioned earlier, it can reduce frequent administration of the drug to patients,

decreasing the level of toxicity caused by recurrent administrations.

The data is in agreement with the previously reported literature, where it was shown that the great

potential of GG for finding application as a controlled drug release system [56], [57], [58].

VI-5.  CONCLUSION

This study developed tyramine-substituted Gellan gum hydrogels via enzymatic and physical
crosslinking, with Betamethasone encapsulated can increase the specificity and safety in the treatment
of patients with RA. The Gellan gum was effectively modified with Tyramine, presenting a substitution
degree of about 30%. Tyramine-substituted Gellan gum hydrogels showed rapid gelation time and
demonstrated a good strength and resistance, ideal to be applied in the intra-articular cavity. The
tyramine-substituted Gellan gum hydrogels presented low water absorption capacity, a constant weight
loss profile, and a controlled Betamethasone release profile over time. Thus, it can be considered that
the properties of Gellan gum were improved after modification. Furthermore, the tyramine-substituted
Gellan gum hydrogels did not show to cause toxic effects on metabolic activity, morphology, and cell
proliferation and tyramine-substituted Gellan gum hydrogels with Betamethasone encapsulated
demonstrated more effective therapeutic efficacy over time than Betamethasone alone. Therefore,
tyramine-substituted Gellan gum hydrogel has excellent potential to be used as a drug delivery system

for the treatment of rheumatoid arthritis.
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Chapter VI

Anti-Inflammatory Properties of Injectable
Betamethasone - Loaded Tyramine-Modified Gellan Gum/Silk

Fibroin Hydrogelss

ABSTRACT

Rheumatoid arthritis is a rheumatic disease for which a healing treatment does not presently exist. Silk
fibroin has been extensively studied for use in drug delivery systems due to its uniqueness, versatility
and strong clinical track record in medicine. However, in general, natural polymeric materials are not
mechanically stable enough, and have high rates of biodegradation. Thus, natural materials such as
gellan gum can be used to produce composite structures with biological signals to promote tissue-
specific interactions while providing the desired mechanical properties. In this work, we aimed to
produce hydrogels of tyramine-modified gellan gum with silk fibroin (Ty-GG/SF) via horseradish
peroxidase (HRP), with encapsulated betamethasone, to improve the biocompatibility and mechanical
properties, and further increase therapeutic efficacy to treat rheumatoid arthritis (RA). The Ty-GG/SF
hydrogels presented a [3-sheet secondary structure, with gelation time around 2-5 min, good resistance
to enzymatic degradation, a suitable injectability profile, viscoelastic capacity with a significant solid
component and a betamethasone controlled release profile over time. /n vitro studies showed that Ty-
GG/SF hydrogels did not produce a deleterious effect on cellular metabolic activity, morphology or
proliferation. Furthermore, Ty—-GG/SF hydrogels with encapsulated betamethasone revealed greater
therapeutic efficacy than the drug applied alone. Therefore, this strategy can provide an improvement in
therapeutic efficacy when compared to the traditional use of drugs for the treatment of rheumatoid

arthritis.

6This chapter is based on the following publication:

Oliveira I. M., Gongalves C., Shin, M. E., Lee S. , Reis R. L., Khang, G., Oliveira J. M. “Anti-inflammatory Properties of Injectable
Betamethasone-loaded Tyramine-modified Gellan Gum/Silk  Fibroin  Hydrogels” Biomolecules 2020, 10(10), 1456. doi:
10.3390/biom10101456.
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VII-1.  GRAPHICAL ABSTRACT

SIK fibroin

N
/ Iy-GG/ SIHK fibroin

hydrogels

Betamethasone

VII-2.  INTRODUCTION

Among the several types of chronic inflammatory disorders, rheumatoid arthritis (RA) is a
debilitating condition with severe physical, emotional and socioeconomic burdens. This disease affects
1% of the adult population worldwide, and there are approximately 5-50 new cases per 100,000 adults
per year. The prevalence increases with age and occurs four times more often in women than men [1].
The disease starts with an inflammatory process that is characterized by inflammation in the synovial
membrane, induced by leucocyte infiltration; joint swelling and pain; and at the same time, systemic
inflammation registered by elevated serum levels of autoantibodies and acute phase protein; and later
on, cartilage and bone tissue destruction [2]. The most common treatments for rheumatoid arthritis
comprise nonsteroidal anti-inflammatory drugs, corticosteroids, disease-modifying antirheumatic drugs
and some biological agents [3]. These drugs have improved quality of life for a significant number of RA
patients. Corticosteroids, such as betamethasone, are inflammation suppressors that have been mainly

used for the treatment of RA [4]. However, there are some concerns regarding the longterm use of
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corticosteroids because of the high doses, and consequently, the side effects. Therefore, it is necessary
to develop and test new approaches to specifically target inflamed joints and attenuate damage to
healthy tissues [5],[6].

Injectable hydrogels have been widely studied, particularly in the tissue engineering and
regenerative medicine field. These promising biomaterials present several advantages, such as
convenient injectability with minimal invasiveness, and the ability to fill irregular and defective areas
entirely and produce three-dimensional, intensely hydrated structures [7]. Furthermore, the injectable
hydrogels can also be suitable for non-invasive applications; they are applied in the local delivery of a
wide range of therapeutic agents, including biomolecules and drugs. Injectable hydrogels derived from
natural polymers, such as silk fibroin, alginate, hyaluronic acid and collagen, have been regularly used
and show great potential for biomedical applications, including the delivery of local therapeutic agents
[8]. The promising advantages of these biomaterials come from their adaptability and versatility due to
their properties and components being similar to those of the physiological extracellular matrix [9].

Natural polymers are often used as hydrogels for controlled drug delivery vehicles. The hydrogels
can be prepared with natural and controlled compositions and morphologies. The properties can be
influenced to enhance biocompatibility, immune compatibility, cellular uptake, stability and solubility
[10]. Silk is a natural fiber produced by silkworm (Bombyx mori) cocoons, and it is composed of two
types of protein (fibroin and sericin). Silk fibroin has been extensively studied as a drug delivery system
for its unique and highly versatile structure and its strong clinical track record. Silk hydrogels have
unlimited applications and have several advantages, such as high biocompatibility, tunable
biodegradation and low immunogenicity [11],[12]. Silk fibroin solution has been used to produce
hydrogels as injectable systems for load-bearing of cartilage tissue [13]. Most silk fibroin hydrogels are
formed in a sol-gel transition, with a conformation transition from the amorphous structure to [3-sheet,
through different physical and chemical procedures. Enzymatically crosslinking methods have been
used to produce in situ hydrogels [14],[15]. Compared to other systems, enzyme-mediated crosslinking
can present several advantages; for instance, gelation time can be easily adjusted to be fast, favoring
drug delivery. The enzymatic crosslinking via horseradish peroxidase (HRP) has shown great potential
once the phenol groups in tyrosine, tyramine and/or aminophenol can be conjugated in the presence of
hydrogen peroxide (H.0.) [16],[17]. Since the silk protein contains tyrosine amino acids, this natural

polymer has great advantages for producing SF hydrogels [18].
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Nevertheless, usually, natural polymeric materials are not mechanically stable enough, and the
rate of biodegradation is high [19]. Thus, to increase mechanical stability, natural or synthetic materials
can be used to produce composite structures with biological cues to promote tissue-specific interactions
[20].

Gellan Gum is a water-soluble extracellular polysaccharide produced by the aerobic fermentation
process of Sphingomonas elodea. According to the degree of acyl substitution, it is available in two
forms, high acyl and low acyl, the low acyl form being the most common and commercially available
one [21]. The GG has properties that provide great versatility, such as biocompatibility, biodegradability,
easy bio-fabrication, tunable mechanical properties, cell adhesion and easy functionalization. These
appealing properties make GG a promising material in different tissue engineering fields, such as drug
delivery [22],[21].

Previously, Gellan Gum was successfully modified with tyramine (Ty-GG), to produce hydrogels
enzymatically crosslinked by HRP [23]. The Ty-GG hydrogels showed good strength and resistance, did
not interfere with metabolic activity and cell proliferation, and presented good therapeutic efficiency;
i.e., Ty-GG hydrogels with a corticosteroid encapsulated showed a great decrease in inflammation as
compared to the administration of the corticosteroid alone. Therefore, the Ty-GG was used to increase
the mechanical stability of silk fibroin and further enhance the therapeutic effect as a drug delivery
system.

In this work, we developed Ty—-GG/SF (silk fibroin) hydrogels with encapsulated betamethasone to
be injected into intra-articular cavities to further increase therapeutic efficacy in the inflamed joints of

patients with RA.

VII-3.  MATERIAL AND METHODS

VII-3.1. Physicochemical characterization

VII-3.1.1. Preparation of Silk Fibroin Solution

The silk fibroin solution was obtained based on a previously reported procedure [24],[25].Silkworm

cocoons (Rural Development Administration, Jeonju, Korea and Portuguese Association of Parents and

200



Chapter VII- Anti-Inflammatory Properties of Injectable Betamethasone- Loaded Tyramine-Modified Gellan Gum/Silk Fibroin
Hydrogels

Friends of Mentally Disabled Citizens (APPACDM, Castelo Branco, Portugal)) were cut into fragments
and boiled in 0.02 M Sodium carbonate (Na.CO:) solution (Showa Chemical, Tokyo, Japan) for 30 min
to remove sericin. Boiled silkworm cocoons were washed with distilled water three times and dried
inside an oven at 70°C. The dry silkworm cocoons were then dissolved in the oven with 9.3 M LiBr
(lithium bromide; Kanto Chemical, Tokyo, Japan) at 70°C for 4 h. The dissolved solution was dialyzed
using a SnakeSkin Dialysis Tubing 3500 MWCO (ThermoScientific, Waltham, MA, USA), over 48 h,

against distilled water, to remove LiBr. Silk fibroin was kept at 4°C until use.

VII-3.1.2. Horseradish Peroxidase to Induce Ty—GG/SF Hydrogel Formation

Ty-GG previously produced by the authors was used to obtain Ty—-GG/SF hydrogels [23]. Briefly,
Gellan Gum from Gelzan™ CM (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in water to a final
concentration of 1% (w/v) and sodium (meta)periodate (Sigma-Aldrich, St. Louis, MO, USA) was added
to a final concentration of 1 mM in GG at 1% (w/v). The reaction was stopped by adding glycerol (500
mM) and oxidized GG was precipitated from the reaction mixture by adding NaCl at 1% (w/v) and 2
volumes of 99% (v/v) ethanol. The precipitate was separated, dried and dissolved in 0.1 M sodium
phosphate buffer, pH 6, and tyramine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was added
through molecular equivalents (number of mol equivalents of GG to number of mol equivalents of
tyramine). The solid cyanoborohydride was added at 0.5% (w/v) final concentration and modified Gellan
Gum was precipitated by adding NaCl to 1 M final concentration and two volumes of 96% (v/v) ethanol.
Ty-GG was obtained after dialysis for 7 days and lyophilized for approximately 4 days.

Horseradish peroxidase (HRP) solution (0.84 mg mL-) (Sigma-Aldrich, St. Louis, MO, USA) and
hydrogen peroxide solution (H.0., 0.36% (v/v)) (VWR, Radnor, PA, USA) were both prepared in water.
Tyramine-Gellan Gum/SF hydrogels were prepared by mixing the 1% (w/v) Ty-GG and 2% (w/v) SF
(1:1) solutions with different amounts of HRP and HO. solutions (Table VII-1). Ty—-GG/SF hydrogels
were prepared by adding 200 L of the mixture solutions in a polypropylene mold at 37 °C.

Table VII-1- Ty-GG and SF conditions (C1, C2 and C3) with different amounts of HRP and H0.solutions.

Cl 83.5 uL 83.5 uL 16.6 pL 10.83 uL
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C2 83.5 L 83.5 L 183 L 15 pL

c3 83.5 L 83.5 L 20 L 13.3 L

VII-3.1.3. Analysis of the Secondary Protein Structure of Silk Fibroin

The secondary structure of the SF in the Ty—-GG/SF hydrogels was recorded by Fourier transform
infrared (FTIR) spectroscopy (IRPrestige 21, Shimadzu, Japan). Measurements were made with
attenuated total reflection (ATR) over a Germanium crystal. Transmission spectra were acquired on an
IR Prestige-21 spectrometer (Shimadzu, Japan), using 32 scans, a resolution of 4 cm and a
wavenumber range between 4400 and 400 cm-. The SF absorbance spectra were calculated using

Equation 1.

Abs(absorbance) = 2-logw T(transmittance/%) (Equation 1)

To quantify secondary structure composition, Origin Pro 2018 Software was used. The
deconvolution of the amine | region (1750-1600 cm-) was performed using a Gaussian Peak shape
and the bands were identified by the area integral (Area IntgP) analysis with the points of interest.
Baseline treatment was performed on the deconvolution spectrum. A maximum entropy Gaussian curve
fitting algorithm was executed on the deconvolution spectrum using the peak positions identified in the
Area IntgP, maximum peak and variable peak height. Peak positions were attained using wavenumber
ranges described by Litvinov et al. [26]. The structural composition was measured by relative areas of

the fit curve in the amine | region.

VII-3.1.4. Water uptake and Enzymatic Degradation of Ty-GG/SF Hydrogels

The water uptake ratio of the Ty-GG/SF hydrogels was measured in PBS solution at 37°C. The
initial weight (wi) of each sample was measured, and then the hydrogels were immersed in PBS

solutions. At the end of each time point (24, 72, 168, 336 and 504 hours), the samples were collected
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and placed in filter paper to remove excess liquid, and the wet weight (ww) was measured. The

percentage of water uptake was determined using Equation 2.

Water uptake (%) = (ww — wi)/(wi) x 100 (Equation 2)

The durability of Ty-GG/SF hydrogels was evaluated by enzymatic degradation test. The enzyme,
protease from Streptomyces griseus type XIV (Sigma-Aldrich, St. Louis, MOI, USA) was prepared at 1
and 3.3 U mL by dissolution in PBS. The initial weight of each sample was measured, and then the
hydrogels were immersed in a protease solution. The dry weight (wf) was evaluated after samples were
dried at 70°C and until they reached a constant weight. The study was done at 37°C at different time

points, 3 replicates per time points, for 21 days. The weight loss was calculated using Equation 3.

Weight Loss (%) = (wi — wf)/(wi) x 100 (Equation 3)

VII-3.1.5. Gelation Time, Injectability and Rheological Properties of the Ty-GG/SF Hydrogels

The gelation time was assessed after mixing Ty—-GG/SF (1:1) with HRP and H.0: in a vial at 37 °C
in a water bath, which then was inverted to better analyze the hydrogel fixed in the bottom and measure

how long hydrogel formation takes.

The injectability measurements were made utilizing a syringe with a 27 G needle in injectability
equipment (PARALAB, Porto, Portugal). The syringe was filled with Ty—-GG/SF that was then injected at
a rate of 1 mL min- through the needle by applying the force exerted by the injectability machine. The

injection force needed for each hydrogel condition was assessed, and water was used as control.

The mechanical properties of Ty-GG/SF hydrogels were assessed through an oscillatory mode in a
rheometer (Kinexus pro+rheometer, software rSpace, from Malvern, Worcestershire, UK)). The
oscillatory experiments were performed using a plate—plate measuring system compound via an upper
stainless-steel plate 8 mm in diameter, with a rough finish, so that the samples did not slip. The
mechanical spectra (frequency sweep curves) were obtained from 0.1 to 10 Hz of frequency, at a shear
strain of 0.3% for 5 minutes. All experiments were repeated 3 times at 37°C. The shear strain used was

within the linear viscoelastic region (LVER) of the material, previously obtained through strain sweep
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curves. By using a value from LVER it is ensured that the applied stress did not cause microstructural

breakdowns (called yielding), and the hydrogel properties could be accurately determined.

VII-3.1.6. Betamethasone Release Studies of the Ty-GG/SF Hydrogels

To evaluate anti-inflammatory drug release systems, betamethasone was loaded in Ty-GG/SF
hydrogels. The Ty—-GG/SF hydrogels with encapsulated betamethasone (Sigma-Aldrich, St. Louis, MO,
USA) were prepared by mixing Ty—-GG/SF solution with 5 mg mL* of betamethasone in PBS, and the
enzymatic crosslinking was obtained using the enzyme HRP and substrate H.0.. Each hydrogel was
immersed in 1 mL of PBS to evaluate the betamethasone release profile. The samples were put in an
incubator at 37°C and removed after 3, 6, 24, 72, 168, 336 and 504 hours. The supernatant was
removed and kept at —80°C until further analysis. The same hydrogels were used throughout the
experiment.

A sequence of betamethasone dilutions was prepared (from 0 to 5 mg mL* in PBS) to obtain a
calibration curve and assesses the amount of betamethasone released. The UV absorbance at 245 nm
[27] was read in a microplate reader to measure the betamethasone release (EMax; Molecular Devices,

Sunnyvale, CA, USA). Three samples per condition were evaluated at each time point.

VII-3.2. /n vitro studies

VII-3.2.1. Chondrogenic Cell Isolation

Firstly, after quarantine time for the New Zealand white rabbits, they were injected subcutaneously
with a mixture of ketamine (15 mg/kg) and metedomidine (0.25 mg/kg) for anesthesia. The animals
were euthanized by intravenous injection of an overdose of pentobarbital sodium (200 mg/kg). The
knees from rabbits were removed, and the samples were washed 3 times with a PBS (1X) solution. The
cartilage was cut into small pieces and placed inside a conical tube with 1.5% (/1) antibiotic—
antimycotic. The sample was centrifugated at 300 G for 3 min at 4°C, and the supernatant was
discarded and replaced with a solution with DMEM/F12 medium and collagenase A (0.2% in PBS)
(Roche, USA), previously sterilized. The sample was kept in the CO. incubator at 37°C for 24 hours.

After incubation time, cells were centrifuged at 300 G for 3 min at 4 °C. The supernatant was removed,
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and cells were seeded on a flask with medium and kept in the CO. incubator at 37°C until they are
ready to be used [28],[29]. The institutional and national guidelines and certification for animal

experimentation were followed.

VII-3.2.2. Cell Culture

In this work were used chondrogenic cells, isolated from female New Zealand white rabbits (Damul
Sci., Jeonju, Korea) with 6 weeks old. The cells were cultured with Dulbecco’ s modified eagle medium
(DMEM/F12) (Gibco, Waltham, MA, USA) and supplemented with 10% (1/ 1) fetal bovine serum (Gibco,
Waltham, MA, USA) and 1% (/1) antibiotic-antimycotic (Gibco, Seoul, South Korea) under standard

conditions (37°C in a humidified atmosphere containing 5% COs.).

The therapeutic effect was assessed in a human monocytic cell line (THP-1) (Sigma -Aldrich, St.
Louis, MO, USA) (Sigma -Aldrich, St. Louis, MO, USA). RPMI 1640 Medium, GlutaMAX™ Supplement,
HEPES (Thermo Fisher Scientific, Waltham, MA , USA) was used and supplemented with 10% (/1) fetal
bovine serum and 1% (/1) of penicillin and streptomycin, under standard culture conditions (37°C in a

humidified atmosphere containing 5 vol% CO.).

VII-3.2.3. Metabolic Activity

The MTT assay was made to evaluate the metabolic activity of chondrogenic primary cells following

MEM extract test.

The Ty-GG/SF hydrogels (C1, C2 and C3) were produced with a width ranging from 0.5 to 1 mm,
with a minimum area of 60 cmz. The hydrogels were placed in a sterile tube with 10 mL of cell culture
medium (DMEM-F12) for 24 hours, in the water bath at 37°C and 60 rpm. Simultaneously, 200 L cell
suspensions of chondrogenic primary cells were seeded into 96 well plates to achieve a cell density of
10,000 cells per cmz After incubation time, the medium that was in contact with the Ty-GG/SF
hydrogels (extraction fluid) was passed through a 0.45 um membrane filter and added to chondrogenic
primary cells. Cells with DMEM-F12 medium were used as controls. Test samples were incubated in
triplicate. The cell culture medium was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT, Sigma-Aldrich, Seoul, South Korea) at 24, 48 and 72 hours. At each time point, the cell
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culture was refilled with a new culture medium, an MTT assay was done in a 9:1 ratio and the cell
culture was incubated for 3 hours. After violet crystals were produced, they were melted using dimethyl
sulfoxide solution (DMSO), and 100 pL of solution from each well was transferred to 96-well plates. The
optical density was read at 570 nm via microplate reader (EMax; Molecular Devices, Sunnyvale, CA,

USA).

The MEM extract test was applied laid down in European and international standards (ISO10993-
5).

VII-3.2.4. DNA Quantification

The total amount of DNA was assessed using a DNA quantification kit (Quant-iT™ PicoGreen®
dsDNA Assay Kit, Invitrogen, Waltham, MA, USA), to evaluate the effects of Ty—GG/SF hydrogels on
chondrogenic primary cells. The protocol used for the seeding of cells and the handling of the Ty-
GG/SF hydrogels was the same as that described in the previous section (MEM extract test). Briefly,
extraction solution of Ty—-GG/SF hydrogels (C1, C2 and C3) was incubated with chondrogenic cells at a
density of 10,000 cells cm? for 24, 48 and 72 hours. Cells cultured with DMEM-F12 medium were
used as a positive control. After incubation time, the cells were washed with PBS solution and lysed
with pure water. The cell solution was incubated for 1 hour in a water bath at 37°C and kept at =80 °C
until further analysis. Several concentrations between 2 and O uL ml- were prepared to make the DNA
calibration curve. The fluorescence was read using excitation of 480/20 nm and emission of 528/20

nm in a microplate reader, and DNA concentration was obtained from the standard curve.

VII-3.2.5. Fluorescence Microscopy

Chondrogenic primary cells were seeded using the same protocol and conditions described above.
After that, cells were fixed with 10% (v/v) formalin (Sigma-Aldrich, St. Louis, MOI, USA) and stained with
4,6-diamidino-2-phenylindole, dilactate (DAPI blue, VWR International, USA) for nuclei and Texas Red-X
phalloidin (Sigma-Aldrich, St. Louis, MOI, USA) for actin filaments of the cytoskeleton. Cells were

observed through the fluorescence microscope (Axiolmager, Z1, Zeis Inc., Oberkochen, Germany).
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VII-3.2.6. The Therapeutic Efficacy of Ty-GG/SF with Betamethasone Encapsulated

To assess anti-inflammatory activity, a THP-1 cell line stimulated with lipopolysaccharide (LPS)
(Sigma-Aldrich, St. Louis, MOI, USA) was used as an /7 vifro model. From the 3 conditions tested, the
two that had the best results in metabolic activity and cell proliferation were evaluated (C1 and C3).
THP-1 cells were seeded at a density of 1 x 10¢ cells/mL in RPMI medium with 100 nM phorbol 12-
myristate-13 acetate (PMA) (Sigma-Aldrich, St. Louis, MOI, USA) for 24 hours. After incubation time, the
medium in the wells was refilled with RPMI medium without PMA and incubated for another 48 hours.
Cells were incubated with 100 ng mL of LPS in RPMI medium and incubated for 5 hours, to induce
the inflammatory response. After this period, cells were cultured with the conditions previously
mentioned (C1 and C3) for 7 days. At each time point, 1, 3 and 7 days, the culture medium was

removed and stored at —80 °C for further analysis.

This test was done to evaluate the concentration of the cytokine TNFa in the medium after being in
contact with the hydrogels. Human TNF-alpha DuoSET ELISA (R&D Systems, Minneapolis, MN, USA) kit
and DuoSet Ancillary Reagent Kit 2 (R&D Systems, Minneapolis, MN, USA) were used. TNF-a standard
solutions with concentrations from 1000 to O pg mL* were also evaluated in the ELISA plate to
formulate the calibration curve. The optical density at 450 nm was read in a microplate reader (Synergy

HT, BIO-TEK, Winooski, VT, USA).

VII-3.2.7. Statistical Analysis

Statistical analysis was done with GraphPad Prism 8 version, where a Shapiro-Wilk normality test
was formerly performed to evaluate the data normality. Statistical significance was obtained as * p <
0.05, ** p < 0.01 or *** p < 0.001. Results are presented as means + standard deviations, and all

assays were performed in triplicate.
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VII-4.  RESULTS AND DISCUSSION

VII-4.1. Physicochemical Characterization

This study focused on the production of Ty—-GG/SF hydrogels via enzymatic crosslinking with HRP
and H.0. with encapsulated betamethasone to increase therapeutic efficacy in the treatment of

inflammation in patients with rheumatoid arthritis.

Initially, a 1% (w/ 1) Ty—=GG solution was mixed with a 2% (w/ 1) of SF solution to produce Ty-GG/SF
hydrogels, followed by physicochemical characterization by FTIR. FTIR methodology was followed to
predict the secondary structure of SF in hydrogels. The deconvolution method was made to
quantitatively estimate the conformational ratio in the amide | region. The IR spectral region of amine |
(1700-1600 cm) absorption had already been frequently used for the analysis of different secondary
structures of SF. The intensity ratios of the B-sheet structure over the a-helix and random coils were
calculated to study the relationship between the crystalline and amorphous phases in the SF [30]. The
conformational transitions and crystalline content of SF highly influence its physiochemical properties,
affecting its biological properties and applications. The secondary structure (Silk 1) has an important
role in its physicochemical properties and supports its mechanical stabilities [31]. Figure VII-1 shows
the secondary structure of SF 2% (/1) alone and after mixing with Ty-GG solution, HRP and H.0: (C1,
C2 and C3).
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Figure VII-1 - FTIR spectra of secondary structure of the 2% SF solution alone (a) and after producing Ty-GG/SF hydrogels
via HRP and H:0., C1 (b), C2 (c) and C3 (d).

The spectrum of 2% (w/1) SF protein (Figure 1a) revealed an absorption band at 1651 cm -
(7.3%), which is a characteristic peak for an o-helix, and another absorption peak located at 1645 cm-
(19.5%) for a random coil structure (corresponding to Silk | structure). The absorption bands at 1615,
1626, 1634 and 1699 cm(51.2%) are features of the 3-sheet structure (corresponding to Silk Il crystal
structure). Quantitative analysis showed—after Ty-GG/SF hydrogels were produced—that the [-sheet
structure was the dominant conformation in all conditions (C1 (71%), C2 (74.3%) and C3 (64.9%)),
demonstrating that the tested conditions produce more crystalline phases than amorphous; see Figure
1b-d. That is, SF acquired a more stable structure after the formation of Ty-GG/SF hydrogels. The
results obtained indicate that the presence of Ty—-GG to do enzymatic crosslinking via HRP may have

increased the number of B-sheets in the structure of SF.

These results are in line with other studies that showed that modified SF and enzymatic crosslinks
were marked by increases of the [-sheet content, that is, improved mechanical properties when
compared with SF alone [31],[32]. The other studies hypothesized that once SF acquires its mobility
within the structure, it is natural to return toward the more stable secondary structure, which is the 3-

sheet the in the case of SF [33].
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After analyzing the secondary structure of SF, Ty-GG/SF hydrogels (C1, C2, and C3) were

evaluated regarding water uptake capacity and enzymatic degradation; see Figure VII-2.
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Figure VII-2 - Water uptake (a) and enzymatic degradation profiles of C1 (b), C2 (c) and C3 (d) with Protease XIV at 3.3 U mL
(1) and 1 U mL- (2) and after 24, 72, 168, 336 and 504 hours.

The swelling kinetics of Ty—-GG/SF hydrogels (Figure 2a) were evaluated after they were immersed
in PBS solutions (physical crosslinking) for 21 days to maximize crosslinking of the polymeric networks
and reach the equilibrium. The water absorption graph showed that all conditions present a negative
absorption rate over time, C1 (-57.37% + 1.12%), C2 (-68.82% + 5.19%) and C3 (-67.41% + 0.62%).
Regarding the water uptake statistical analysis, there were only significant differences between C1 and
C2 (p<0.05) at timepoints 24 and 72 hours, by nonparametric Kruskal-Wallis test. The mass swelling
ratio has an important role in the mechanical performance, and the combination of chemical and
physical leads to the production of hydrogels with high versatility of mechanical properties [34]. The
swelling properties are significantly influenced by crosslinking density and ionic osmotic pressure [35].
The chemical crosslink network is highly flexible, allowing the extension of the polymeric network
without breaking it. In contrast, the exposure to the physical crosslinking allows the diffusion of
monovalent cations within the inner polymeric network and the formation of strong ionic bonds between
the chains. These bonds are less flexible, so the capability of the polymer to retain the solvent is
decreased by the physical crosslinking. The combination of both crosslinking mechanisms leads to
obtaining hydrogels that significantly decrease their mass swelling ratio in PBS [36],[37]. The results
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are in agreement with the studies previously mentioned, which showed that if an external solution is
ionically more concentrated than structure, it will promote the entry of ions into the hydrogels, and
water molecule expulsion. This allows stabilization and increases the crosslinking of the polymeric
chains. [38],[39]. Hence, the Ty-GG/SF hydrogels showed a high degree of crosslinking and
consequently a good mechanical property. The enzymatic degradation profile was obtained by
immersion of Ty-GG/SF hydrogels in PBS solution with sodium azide and diluting the enzyme protease
from Strepfomyces griseus Type XIV, 23.5 U mg * at 1 and 3.3 U mL?; see Figure 2b—d. The results of
the enzymatic degradation showed that condition 1 had a more significant difference in the degree of
degradation using the enzyme concentrations 1 U mL+ (57.37% + 1.2%) and 3 U mL - (83.41% + 0.6%).
The same degradation pattern was also found in C2 (66.23% + 2.12% at 1 U mL - and 84.97% + 0.86%
at 3.3 UmL ) and C3 (66.23% + 8.82% at 1 U mL * and 79.89% + 2.18% at 3.3 U mL ). C1, C2 and
C3 have similar degradation profiles, but although the differences were not significant, C1 and C3
showed lower degradation profiles over time; that is, those conditions may be slightly more resistant to
degradation. Regarding the enzymatic degradation statistical analysis , there were only significant
differences between C1, 1 vs. 3.3 U mL * (p< 0.01) at time point 504 h, C2, 1 vs. 3.3 U mL* (p<
0.05) at time point 24 hours, and p< 0.01 at timepoint 504 h, by unpaired #test. These results may be
due to the ratio between the HRP enzyme and H:0., which can influence the degree of reticulation of
the sample consequently, the degradation profile. Even so, no conditions exposed to the concentration
of protease at 1 and 3 U mL+ showed a total degradation profile after 21 days of study. Considering the
hydrogels’ degradation profiles, during the time of study, in approximately 1 month the hydrogels could

be completely degraded.

Bearing in mind the degradation profiles of Ty—GG/SF hydrogels, it was possible to verify that they
are highly resistant to enzymatic degradation when compared to the degradation profiles from other

studies, carried out with the same enzyme at different concentrations [13],[40].

The gelation time was measured by the inverted tube method. Each condition of Ty-GG/SF
hydrogels was produced at room temperature in a tube and monitored by repeat inversion. The gelation
time was noted when the solution was no longer flowing upon inversion by the force of gravity,
demonstrating the production of a stable gel network. It was possible to observe that all concentrations
(C1, C2 and C3) had gelation times around 3-5 minutes. Gelation time is an essential component for

developing the in situ-forming hydrogels, and it is associated with the crosslinking rate of the HRP-
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catalyzed reaction. HRP and H:0: concentrations are crucial criteria to control the crosslinking rate. The
gelation time decrease with increasing HRP concentration and vice versa have been studied [41],[42]. A
slow gelation rate may provoke the heterogeneous distribution of encapsulated entities, so controlled
gelation is necessary for efficient local delivery of drugs [43]. Considering the obtained results, it was
possible to verify that Ty—GG/SF hydrogels presented a rapid gelation time which may be due to a high

degree of enzymatic crosslinking promoted by the HRP enzyme and its H.O: substrate.

Since the hydrogels are intended to be injected into intra-articular cavities, it is crucial to evaluate
the injectability profiles of the gels. The injectability, the force required for injection, is a key-product
performance parameter to evaluate the performance of the formulation during the injection. The
injectability was performed in all conditions, C1, C2 and C3, and as a control water was used. The
syringe was filled with the Ty-GG/SF solution, HRP and H.O. to produce the hydrogels, and the
injection was performed using a rate of 1 mL min—. The obtained injection force profile per condition

and that for water (control) are presented in Figure VII-3.
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Figure VII-3 - Injectability profiles of Ty-GG/SF hydrogels, C1, C2 and C3 and water (control). There are not significant
differences.

It was possible to verify that the forces needed to inject all conditions were similar—C1 (3.9 N +

0.13N), C2 (3.9 N £ 0.07 N) and C3 (3.9 N + 0.2 N)—as was the control with the water (3.8 N = 0.01
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N). Firstly, all conditions presented low values of injectability, and at around 30 s, there was an increase
in force. This change in values may have been due to the beginning of the crosslinking between
molecules, leading to the need for the higher force to inject. However, the value of the force required for
each condition remained similar to that of water. This indicated that all conditions have an adequate

injectability profile to be used as injectable hydrogels.

To evaluate the mechanical properties of Ty—GG/SF hydrogels, they were produced, via enzymatic
crosslinking, and immersed in PBS, physical crosslinking, for 21 days. At each time point (24, 72, 168,
336, and 504 h), they were removed and evaluated through the oscillatory rheology experiment at
37 °C. The oscillatory shear flow was used extensively to characterize the viscoelastic capacities of
materials and to relate them to the polymer structures. The small-amplitude oscillatory shear
determines storage modulus (G’) and loss modulus (G") in terms of stress amplitude and lag between
the stress and strain. The phase and amplitude of the relevant portion of the resulting spectra of the
stress and strain are used to calculate the storage modulus (G'), loss modulus (G”) and phase angle (6)
for the hydrogel. The phase angle (0 < & < 90°) is a representative physical property that measures the
material viscoelasticity and G', G” and § are determined by equation (&(t) = €0 sin wt), €o (amplitudes
of the sinusoidal strain curves) [44],[45]. A phase angle of 0° is characteristic of elastic solids; on the
other hand, 90° is characteristic of viscous liquids, and between 0° and 90° represents the
viscoelastic materials [46]. The mechanical properties of the Ty-GG/SF hydrogels are shown in Figure

Vii-4.
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Figure VII-4 — Mechanical spectra of Ty-GG/SF hydrogels C1 (a), C2 (b) and C3 (c) and phase angle values (d) at different
timepoints (24, 72, 168, 336 and 504 hours). G’ (elastic moduli) and G” (viscous moduli). Significant
differences ***p<0.001, **p<0.01 and *p<0.05, by nonparametric Kruskal-Wallis test. There are not
significant differences.

The mechanical proprieties resulting from conditions 1 and 2 of Ty-GG/SF hydrogels showed that

at time points 24 and 72 hours the G” > G', and consequently there was a high phase angle, that is, a

viscous component higher than the solid. The same pattern was verified in condition 3 at time point 24

h, however, from the third day to last time point G’ > G”, meaning that the solid component was higher

than the viscous. The same profile can also be seen in conditions 1 and 2, where there was a higher

solid than viscous component from the third day; see (Figure 4d). Regarding these results, it was
possible to verify that Ty-GG/SF hydrogels had a viscoelastic behavior with a higher elastic component.

The cartilage presents viscoelastic mechanical behavior and Ty-GG/SF hydrogels had a mechanical

profile similar to the tissue where they will be injected (intra-articular injection); consequently, this

material demonstrated a good mechanical capacity for the proposed objective [47]. This equipment

could also be used to measure the exact time of gelation by finding the gel point, where the G’ and G”

curves cross. However, the reaction is swift, and the samples quickly acquire the gel character.

Traditional drug delivery approaches present some side effects, such as systemic toxicity and
repeating doses. Betamethasone suspensions can be used for intraarticular injection in the inflamed

joint. Normal intraarticular doses of betamethasone suspensions vary with the size of the joint, from 1.5
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to 12 mg [48]. In the present work, we used 5 mg mL of betamethasone since it was the average
value found in the literature to have anti-inflammatory activity [23]. Betamethasone has a short half-life
of about 36-54 hours [49], which means that the drug must be injected more frequently to treat
inflammation in the patient. However, hydrogels are suitable drug delivery vehicles to minimize these
effects and optimize therapeutic benefits from the drug. The hydrogels have tunable physical properties
that confer great controlled drug release and drug protection from degradation. Thus, hydrogels

emerged as a very efficient drug delivery system [50, 51].

Drug release results showed that after 21 days, C1 presented a betamethasone release profile of
75% + 0.3% (approximately 3.75 mg mL), C3 a rate of 80% + 0.5% (approximately 4 mg mL+) and C2
a rate of betamethasone release of 38% + 3.3% (approximately 1.9 mg mL) (Figure VII-5); that is, no
concentration reached the maximum release after 21 days. Significant differences were found at time
points 1h and 3 h between C1 and C2 p < 0.05, at time point 72 hours between C1 and C2 p < 0.05,
at time point 168 between C2 and C3 p < 0.05 and at time point 336 hours between C1 and C2 * p<
0.05, by nonparametric Kruskal-Wallis test. Considering these results, it was possible to state that all
conditions had a controlled release profile of betamethasone, which allows prolonged treatment and
less frequent drug administration to the patient. Furthermore, this approach can help reduce the toxic
effects of drugs. Thus, Ty-GG/SF hydrogels presented the great potential to be used as a

betamethasone delivery system.

215



Chapter VII- Anti-Inflammatory Properties of Injectable Betamethasone- Loaded Tyramine-Modified Gellan Gum/Silk Fibroin
Hydrogels

Betamethasone release (%)

0 S50 100 150 200 250 300 350 400 450 500 550
Time ( hours)

Figure VII-5 - Percentage of betamethasone release from Ty-GG/SF hydrogels (C1, C2 and C3) for 1, 3, 24, 72, 168, 336
and 504 hours.

VII-4.2. /n vitro studies
The MTT assay and DNA quantification were performed in order to assess the metabolic activity

and cell proliferation of chondrogenic primary cells with different conditions of Ty—-GG/SF hydrogels (C1,
C2 and C3) for 72 hours; see Figure VII-6.
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Figure VI6 — MTT assay (a) and DNA quantification (b) of chondrogenic primary cells with control (cells with DMEM-12
medium) and different Ty-GG hydrogels conditions (C1, C2 and C3) for 24, 48 and 72 hours. Significant
differences ***p< 0.001, **p<0.01 and *p<0.05. Nonparametric Kruskal-Wallis test (MTT assay) and
Ordinary one-way ANOVA (DNA quantification).

At time points 24 and 48 hours, chondrogenic primary cells showed an increase of metabolic
activity and we did not observe significant differences between any conditions (p > 0.05). At 72 hours,
there continued to occur an increase in metabolic activity, but we found significant differences between

control and C1 (* p< 0.05), control and C3 (* p< 0.05), C1 and C2 (* p< 0.05) and C2 and C3 (* p<
0.05)—Figure 6a.

DNA proliferation was quantified using the cell content based on dsDNA quantification; see Figure
6b. An increase in the cell number was observed in the control and C1 for 48 hours, and C2 showed
approximately the same values in cell proliferation between 24 and 48 hours. However, in C3, there
was a decrease in cell proliferation between 24 and 48 hours, increasing again at 72 hours. At the last

time point, all conditions demonstrated an increase in cell proliferation and significant differences were
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not observed. However, the most evident difference was between the (control, C1 and C3) and C2;

despite the increase in the number of cells from 48 to 72 hours, cell proliferation was lower.

These results are in agreement with the studies found in the literature where the hydrogels of GG

and SF do not produce cytotoxic effects on cells [52, 53].

The morphology of chondrogenic primary cells, in contact with Ty-GG hydrogel extract, was

analyzed by fluorescence microscopy, (Figure VII-7).

CRTL C1

24 hours

48 hours

72 hours

Figure VII-7 - Fluorescence microscopy images of chondrogenic primary cells cultured in the presence of CRTL (RPMI
medium) and Ty-GG/SF hydrogels made in different conditions (C1, C2 and C3) for 72 hours.

Chondrogenic primary cells were incubated with C1, C2 and C3 of Ty-GG/SF hydrogels. It was
possible to see that all conditions presented the typical morphology of chondrogenic primary cells, blue

(nuclei) and red (cytoskeleton), suggesting healthy proliferation and survival when compared with

control.

To assess the therapeutic efficacy of Ty—-GG/SF hydrogels, the levels of tumor necrosis factor

alpha (TNFa) were quantified. In patients with RA, high levels of this cytokine were observed in the

synovial fluid, making TNFa an exciting target for RA treatment [5].

Firstly, THP-1 cells were differentiated with PMA and stimulated with LPS to evaluate the capacity
of Ty-GG/SF with encapsulated betamethasone to decrease the levels of TNFa present in the RPMI
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medium. The ability of each of C1 and C3 to decrease TNFa was evaluated because they were the best

conditions in metabolic activity and cell proliferation.

After the inflammation was activated, several conditions were evaluated: betamethasone alone (5
mg mL), and Ty-GG/SF hydrogels (C1 and C3) with and without betamethasone encapsulated (5 mg
mL). Cells differentiated with PMA were used as the negative control and cells stimulated with LPS as

the positive control.

Figure VII-8 shows the amount of TNFa present in RPMI medium in contact with C1 and C3 of Ty-
GG/SF hydrogels for 7 days.
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Figure VII-8 - Amount of uncaptured TNF « under different conditions; cells with PMA without LPS stimulation (Ctrl), cells
stimulated with LPS, betamethasone (C1), Ty - GG/SF hydrogels (C1) and Ty- GG/SF hydrogels with
encapsulated betamethasone (C1) (a). Cells with PMA without LPS stimulation (Ctrl), cells stimulated with

LPS, betamethasone (C3), Ty-GG/SF hydrogels (C3) and Ty-GG/SF hydrogels with encapsulated
betamethasone (C3) (b). Significant differences *** p < 0.001, ** p < 0.01 and * p < 0.05, nonparametric
Kruskal-Wallis test.

The results obtained showed that untreated LPS-stimulated cells showed increasing amounts of
TNF over the study period, thereby demonstrating that the stimulation of cells with LPS was achieved.
Furthermore, it was possible to verify that the Ty-GG/SF hydrogels (C1 and C3) without encapsulated
betamethasone had no effect on decreasing the amount of TNFa. On the other hand, it was observed
that the decrease of the TNFa concentration was higher in cells treated with Ty—GG/SF hydrogels, in
both conditions (C1 and C3), when compared with betamethasone alone (C1 and C2). This trend
continued throughout the study period, and the difference between the therapeutic efficacy of Ty-
GG/SF hydrogels with betamethasone encapsulated and the drug alone became more evident at the
last point of time, 7 days. This more evident difference may be due to the fact that the hydrogels were
being degraded, so there was a higher release of betamethasone at 7 days than at the initial time

points, 1 and 3 days.

These results are in agreement with the studies found in the literature where they describe that GG
and SF have several unique properties that become favorable for the incorporation and delivery of a

range of the therapeutic agents [54],[55].

VII-5.  CONCLUSION

In this study, drug-loaded, injectable Ty-GG/SF hydrogels were produced to increase therapeutic
efficacy in an inflammatory environment. The results obtained are promising enough to envisage a
possible application of this product in the inflamed joints of patients with RA. The Ty-GG/SF hydrogels
presented a dominant conformation of -sheet structure (crystalline phase), thereby indicating that the
use of Ty-GG increased the number of [-sheets, that is, a more stable structure when compared with
SF alone. The Ty-GG/SF hydrogels showed low water absorption capacity due to the high degree of
enzymatic and physical crosslinking. The enzymatic degradation demonstrated that Ty-GG/SF

hydrogels exposed to the concentrations of protease of 1 and 3 U mL* demonstrated good resistance to
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degradation—not reaching its maximum after 21 days of study. Furthermore, the hydrogels showed
rapid gelation time, good strength and a controlled betamethasone release profile over time, which are
appropriate physicochemical characteristics for the final application. The /n vifro studies demonstrated
that Ty-GG/SF hydrogels did not produce any deleterious effect on cellular metabolic activity,
morphology or proliferation. Furthermore, the Ty-GG/SF hydrogels with betamethasone encapsulated
revealed greater therapeutic efficacy than the drug alone, and although the difference was not
significant, showed that if the study time is increased, the therapeutic effect of hydrogels with
betamethasone encapsulated can be even more visible. Therefore, Ty—-GG/SF hydrogels can provide an
improvement in therapeutic efficacy through controlled drug delivery, thereby overcoming the

disadvantages of current strategies for treating rheumatoid arthritis.
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Chapter VIII

Hydrogels in the treatment of Rheumatoid Arthritis:
Drug delivery systems and artificial matrices for dynamic /n vitro

models’

ABSTRACT

Most of the current treatments addressing inflammatory-related diseases such as Rheumatoid Arthritis
(RA) may decrease the pain and improve outcomes of joint damage and disability but do still present
some shortcomings. RA begins with an inflammatory condition that leads to cartilage and bone tissue
destruction so, it is vital to develop therapies that immediately target the inflammation. The
encapsulation of nanoparticles into hydrogels represents an attractive approach for controlled release
that presents higher effectiveness and fewer drawbacks. In this reasoning, the present study describes
the development of monoclonal anti-TNF o antibody (anti-TNF o Ab) linked to chondroitin sulfate (CS)
modified poly(amidoamine) (CS/PAMAM) dendrimer nanoparticles (NPs) and loaded into Tyramine-
Gellan Gum (Ty-GG) hydrogels and Tyramine-Gellan Gum/Silk Fibroin (Ty-GG/SF) hydrogels. The
therapeutic efficacy was evaluated using a THP-1 cells-based inflammation /7 wifro model under
standard static conditions and dynamic conditions using a bioreactor. The results showed that anti-TNF
o Ab was effectively linked to CS/PAMAM dendrimer NPs, which enabled a high immobilization degree
of TNF o Furthermore, anti-TNF oo Ab-CS/PAMAM dendrimer NPs encapsulated within Ty-GG and Ty-
GG/SF hydrogels presented a controlled drug release profile over time. The /n wifro studies
demonstrated that the proposed approach did not present any toxic effect on the THP-1 cells’ metabolic
activity and proliferation. Moreover, the anti-TNF o Ab-CS/PAMAM dendrimer NPs encapsulated within
Ty-GG and Ty-GG/SF hydrogels presented a good anti-inflammatory activity over time, enabling to retain

a high percentage of TNF o present within the inflammatory /n vifro model, in a sustainable way along

"This chapter is based on the following publication:

Oliveira M., Fernandes, D.C., Maia, F. R., Canadas, R.F., Reis, R.L., and Oliveira, J.M. “Bioengineered nanoparticles loaded-hydrogels to
target TNF alpha in inflammatory diseases” (Submitted)
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the 14 days of culture. Overall, the anti-TNF o Ab-CS/PAMAM dendrimer NPs encapsulated within Ty-
GG and Ty-GG/SF hydrogels present an excellent potential to be used as a powerful therapeutic tool

against inflammatory arthritis.

Keywords: Nanocomposite hydrogels, Anti-inflammatory properties, Static conditions, Dynamic

conditions, Bioreactor.

VIII-1. GRAPHICAL ABSTRACT
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VIII-2.  INTRODUCTION

Inflammatory arthritis is a term used to classify a group of conditions such as Rheumatoid Arthritis
(RA), which affects the immune system, causing pain, stiffness, and joint damage [1, 2]. Different
therapeutic strategies for RA have rapidly advanced over the past years to decrease the pain and

improve outcomes of joint damage and disability.

The TNF a has an important role in the pathogenesis of RA since it is overexpressed in the synovial
joints of patients [3]. Therefore, anti-TNF o monoclonal antibody therapies have been pursued to target
TNF o and treat RA. These therapies have been effective in most treated RA patients, however, there is
a percentage of patients that fail to respond to the therapy or present adverse effects [4]. Traditional

drug administration frequently involves high dosage or repeated administration to have a therapeutic
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effect. However, this can result in a decrease in overall efficacy and patient compliance, causing severe
side effects [5]. Thus, to overcome the existing limitations, new and advanced therapies to tackle

inflammatory arthritis are strongly required [6, 7].

Nanotechnology, as nanoparticle-based delivery systems, provides a unique series of advantages
for the development of delivery systems, including high loading capacity, controlled release, prolonged
circulation, and target delivery [8]. Even so, those systems have been showing an unpredictable drug
release, depending on their polymer structure, production conditions, and particle size [9]. In order to
tune drug release, nanoparticles have been combined with different biomaterials [10-13]. Amongst the
studied biomaterials, hydrogels are the ones presenting the most attractive outcomes. Hydrogels are a
particularly appealing type of delivery system. In fact, they can provide controlled release of
nanoparticles over time, offer controllable degradability, and the capacity to protect loaded drugs from

degradation [14, 15].

Despite being relatively simple and effective, such approaches have been struggling to be
translated into the clinic. One of the reasons may rely on the settings selected for its study. The current
in vitro cellular methods applied in several areas of drug discovery comprise the use of static conditions,
which do not emulate the dynamic natural physiological environment found in the human body, falling
in producing reliable data [16, 17]. For so, new dynamic methods need to be established to more
precisely assess the effectiveness of drugs in an in vivo system. Bioartificial devices, as flow bioreactors,
are highly promising tools for tissue engineering and regenerative medicine applications [18]. They can
be used for cell culture, therapeutic approaches, and for /n vitro organ modeling, offering a more
physiologically appropriate environment compared to traditional static conditions [19, 20]. Current
works have shown that the use of bioreactors to maintain the culture of cell-laden scaffolds enabled a
proper flow of nutrients, and increased the diffusion of oxygen through the 3D structures, thereby

mimicking specific aspects of native tissues [20, 21].

In previous works, Tyramine-Gellan Gum (Ty-GG) hydrogels [22] and Tyramine-Gellan Gum/Silk
Fibroin (Ty-GG/SF) hydrogels [23] showed good resistance to degradation, high mechanical strength,
and a suitable drug controlled release to treat inflammatory conditions such as RA. Monoclonal anti-TNF
o antibody (anti-TNF a Ab) linked to chondroitin sulfate (CS) modified poly(amidoamine) (CS/PAMAM)
dendrimer nanoparticles (NPs) were developed and demonstrated a more targeted and effective anti-

inflammatory effect for the management of RA disease [24]. Herein, with the aforementioned in mind, it

228



Chapter VIlI- Bioengineered nanoparticles loaded-hydrogels to target TNF alpha in inflammatory diseases

was hypothesized that, by combining the two approaches, an improved delivery system would be
achieved with a sustained release that would last for longer periods. For so, a system based on anti-TNF
o Ab-CS/PAMAM dendrimer NPs loaded into Ty-GG and Ty-GG/ SF hydrogels was developed, as a
promising drug delivery vehicle with improved therapeutic efficacy for the treatment of RA. The
evaluation of the developed system was performed in a THP-1 cells-based inflammation /n vitro model

under static and dynamic conditions.

VIII-3. MATERIAL AND METHODS

VIII-3.1. Anti-TNF o Ab-CS/PAMAM dendrimer NPs

VIII-3.1.1.Functionalization

Mouse Monoclonal antibody [2C8] (26000 g mol) (ab8348, Abcam, United Kingdom) was
linked to CS/PAMAM dendrimer NPs previously produced by the authors [24]. The linkage was
obtained through a typical carbodiimide chemistry reaction. Briefly, a 2 g L* solution of CS/PAMAM in
19.52 g L' 2-N-Morpholinoethanesulfonic acid hydrate (MES) (Sigma-Aldrich, USA) was mixed with N-(3-
Dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC) (Sigma-Aldrich, USA) (4 equivalents)
and NHS sulfo-NHS N-Hydroxysulfosuccinimide sodium salt 298% (HPLC) (Sigma-Aldrich, USA) (2
equivalents) for 15 minutes. At the same time, 20 equivalents of anti-TNF o Ab were added with EDC (4
equivalents) and were stirred for 15 minutes. Then, CS/PAMAM dendrimer NPs mixture was added to
the anti-TNF o mAb mixture and stirred for 24 hours. Upon this time, the solution was dialyzed against
distilled water for 48 hours. Anti-TNF a Ab-CS/ PAMAM dendrimer NPs were obtained by freezing the
solution at -80°C and freeze-drying (Telstar- LyoAlfa 10/15) up to 48 hours.

VIII-3.1.2.Evaluation of anti-TNF a Ab conjugation efficacy and retention of biological activity

The efficacy of the modification was assessed by fluorescence spectrometer FP-8500 (Jasco). For
that, anti-TNF a Ab-CS/PAMAM dendrimer NPs and CS/PAMAM dendrimer NPs were allowed to react

with a secondary antibody Alexa Fluor 488 rabbit anti-mouse IgG (H+L) (Molecular Probes, USA), in
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PBS solution (1:1000) for 1 hour. Then, the solutions were centrifuged, and the presence of non-

bonded anti-TNF o Ab in the supernatants was analyzed in the fluorescence spectrometer.

The capacity of anti-TNF a Ab-CS/PAMAM dendrimer NPs to capture TNF a was also evaluated.
For so, modified dendrimers were incubated with 1000 pg mL* of TNF a (Peprotech, United Kingdom)
for 4 hours at room temperature. As controls, non-modified dendrimers were also incubated. After the
time of reaction, the solutions were centrifuged, and the supernatants were kept at -80°C for further
analysis. The concentration of free TNF-a in the supernatant samples was determined using a Human
TNF-alpha DuoSET ELISA kit (R&D Systems, USA) and a DuoSet Ancillary Reagent Kit 2 (R&D Systems,
USA), following manufacturer’s instructions. The samples were measured at an optical density of 450
nm using a microplate reader (Synergy HT, BIO-TEK). Absorbance values were converted into

concentrations using a standard curve of TNF-a in the range of 0 to 1000 pg mL:.

VIII-3.1.3.Production of anti-TNF o Ab-CS/PAMAM dendrimer NPs loaded Ty-GG and Ty-GG/SF
hydrogels

Ty-GG previously produced by the authors [22] was used to obtain the investigated hydrogels.
Considering Ty-GG/SF hydrogels, the silk fibroin [23] was extracted from silkworm cocoons (Portuguese
Association of Parents and Friends of Mentally Disabled Citizens (APPACDM, Castelo Branco, Portugal).
Briefly, the cocoons were cut into fragments and boiled for 30 minutes in 0.02 M Sodium carbonate
solution (Laborspirit, Loures) to remove sericin. Boiled silkworm cocoons were washed with distilled
water and dried at 70°C. The dry silkworm cocoons were then dissolved in the oven with 9.3 M Lithium
bromide (Laborspirit, Loures) for 4 hours at 70°C. The dissolved solution was dialyzed using a dialysis
tubing, benzoylated (Laborspirit, Loures) for 48 hours against distilled water, to remove LiBr. Silk fibroin

was kept at 4°C until further use.

To prepare the hydrogels, first a solution of horseradish peroxidase (HRP) (0.84 mg mL?) (Sigma-
Aldrich, USA) in PBS, and a solution of hydrogen peroxide (H.0:) (0.36% (v/v)) (VWR, USA) in distilled
water were prepared. Then, 1% Ty-GG solution (w/v) was prepared in distilled water and used for the
preparation of Ty-GG hydrogels and Ty-GG/SF hydrogels. To obtain the Ty-GG/SF hydrogels, 1% (w/v) of
Ty-GG solution was mixed with 2% (w/v) SF (1:1) solution. At this point, anti-TNF o Ab-CS/PAMAM
dendrimer NPs were mixed in the Ty-GG and Ty-GG/SF solutions at a final concentration of 0.5 mg mL-.
Then, two different crosslinking levels were tested by adding different amounts of HRP and H.O.
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solutions to Ty-GG and Ty-GG/SF solutions, hereafter denominated C1, C2, C3, and C4, as described in
Table VIII-1. Each condition without anti-TNF o Ab-CS/PAMAM dendrimer NPs were used as control
(hereafter designated C1 CTRL, C2 CTRL, C3 CTRL, and C4 CTRL). Then, the mixtures were transferred

into polypropylene molds and incubate at 37°C until complete gelation.

Table VIII-1- Anti-TNF o Ab-CS/PAMAM loaded-Ty-GG and Ty-GG/SF hydrogels with different crosslinking levels.

Designation Ty-GG SF Dendrimer NPs HRP H.0.
(1% w/v) (2% w/v) (I mg mLy) (0.84 mg mL-1) (0.36% v/v)
C1 167 pL - 97 pL 16.6 pL 10.83 pL
c2 167 pL - 100 pL 18.3uL 15 pL
C3 83.5uL 83.5uL 97 L 16.6 pL 10.83 pL
c4 83.5uL 83.5uL 100 pL 20 pL 13.3 L

VIII-3.1.4.Distribution of FITC-CS/PAMAM dendrimer NPs throughout Ty-GG and Ty-GG/SF hydrogels

To assess the distribution profile of CS/PAMAM dendrimer NPs within Ty-GG and Ty-GG/SF
hydrogels, the nanoparticles were labelled with Fluorescein isothiocyanate (FITC) (Sigma-Aldrich, USA).
Initially, 10 mg mL* of CS/PAMAM dendrimer NPs solution was prepared in a carbonate-bicarbonate
coupled buffer (pH 9.2). Then, 50 uL of 10 mg mL* of FITC in anhydrous dimethyl sulfoxide (DMSQO)
(VWR, USA) solution was added per each mL of CS/PAMAM dendrimer NPs solution under agitation
and kept in the dark at 4°C for 8 hours. In the end, the FITC-labelled CS/PAMAM dendrimer NPs were
dialyzed in ultrapure water for 48 hours and freeze-dried. Then, FITC-CS/PAMAM dendrimer NPs at a
final concentration of 0.1 mg mL* were mixed with Ty-GG and Ty-GG/SF solutions, and HRP and H:O.
solutions as described in Table VIII-1. After crosslinking, the hydrogels were immersed in PBS and kept
in a water bath at 37°C for 24 hours to remove free FITC. The hydrogels were observed under a

confocal microscope (Leica TCS SP8).
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VIII-3.1.5.Release profile of anti-TNF o Ab-CS/PAMAM dendrimer NPs from Ty-GG and Ty-GG/SF

hydrogels

To evaluate the release profile of anti-TNF a Ab-CS/PAMAM dendrimer NPs, each release system
developed, C1, C2, C3, and C4 (more details in Table VIII-1) were immersed in PBS at 37°C. After 3
hours, 24 hours, 72 hours, 168 hours, 336 hours, and 504 hours, the supernatant was removed and
kept at -80° C until further analysis. To formulate the calibration curve, anti-TNF o Ab-CS/PAMAM
dendrimer NPs dilutions were prepared ranging from 0 mg mL* to 0.5 mg mL:. The UV absorbance of
dendrimers NPs was read at 280 nm in a microplate reader to quantify the anti-TNF a Ab-CS/PAMAM
dendrimer release (EMax; Molecular Devices, Sunnyvale, CA, USA). Three samples per condition were
evaluated at each time point. The absorbance values were converted into concentrations using the

calibration curve.

VIII-3.2. THP-1 cells-based inflammation /7 vifro model: Static conditions

VIlI-3.2.1.Cell culture

The Human monocytic cell line (THP-1) (SIGMA, USA) was expanded in RPMI 1640 Medium,
GlutaMAX™ Supplement, HEPES (Thermo Fisher Scientific, USA), supplemented with 10% fetal bovine
serum (PAA; Pasching, Austria) and 1% (v/v) of penicillin and streptomycin (Gibco, Life Technologies,
Grand Island, NY), under standard culture conditions, i.e. at 37°C in a humidified atmosphere
containing 5 vol% CO2. When =80% confluence was reached, cells were trypsinized and seeded in a
well of a 24-well plate at a density of 5x10¢ cells per well. For induction of THP-1 cells’ differentiation
into macrophages, cells were cultured under RPMI with 100 nM phorbol 12-myristate-13-acetate (PMA)
(Sigma-Aldrich, USA), hereafter designated healthy cells. After 24 hours, the medium was replaced with
RPMI medium without PMA and incubated for another 48 hours. At this point, to develop an
inflammation /7 vitro model, cells were incubated with 100 ng mL Lipopolysaccharide (LPS) (Sigma-

Aldrich, USA) in RPMI medium and incubated for 5 hours to induce an inflammatory response.

Cells under LPS stimulation were incubated with each release system developed, C1, C2, C3, and
C4 (more details in Table VIII-1), respective controls (C1 CTRL, C2 CTRL, C3 CTRL, and C4 CTRL) and
0.5 mg mL* anti-TNF o Ab-CS/PAMAM dendrimer NPs. Only cells under LPS stimulation were also
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studied (hereafter designated LPS stimulation). Cells’ metabolic activity and proliferation were

monitored along 7 days of culture. The TNF a neutralization was assessed along 14 days of culture.

VIII-3.2.2.Cells’ metabolic activity

Cells’ metabolic activity was evaluated on days 1, 3, and 7 of culture with Alamar Blue at each
time point. For that, RPMI culture medium containing 10% (v/v) of AlamarBlue® (BioRad, Oxford, UK)

was added to the different conditions.

The culture plates were kept in the dark, at 37°C in the CO: incubator for 4 hours. Afterward, 100
uL of each well were transferred in triplicate to 96-well plates. The fluorescence was read at an
excitation wavelength of 530/25 nm and an emission wavelength of 590/535 nm, using a microplate

reader (Synergy HT, BioTek, Instruments, USA).

VIII-3.2.3.Cells’ proliferation

The proliferation of the THP-1 cells at days 1, 3, and 7 of culture was analyzed by dsDNA
quantification. At each time-point, cells were washed with PBS solution and lysed with ultrapure water.
The cells’ lysate solution was placed into 1.5 mL microtubes, and then they were stored at -80°C for
further analysis. Quanti-IT PicoGreen dsDNA Assay Kit (Alfagene, Portugal) was used to quantify dsDNA,
accordingly with manufacturers’ instructions. Briefly, 28.7 uL of each sample was mixed with 71.3 pL
of PicoGreen solution and 100 pL 1X TE buffer in a well of a 96-well white microplate. Then, the plate
was incubated in the dark for 10 minutes, the fluorescence was read using excitation of 480/20 nm
and emission of 528/20 nm, in a microplate reader. DNA concentration was determined using a

standard curve in the range of 2 to O yL mL-.

VIII-3.2.4.Assessment of TNF o neutralization

The neutralization of TNF « as evaluated at 1, 3, 7, and 14 days of culture. At these time-points,
the medium of each condition was recovered and stored at -80 °C. To determine the levels of TNF o
captured, the TNF-a concentration in the samples was measured using the Human TNF-alpha DuoSET

ELISA kit and the DuoSet Ancillary Reagent Kit 2, following manufacturers’ instruction. The optical
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density was measured at 450 nm using the microplate reader and the values were converted into

concentration using a TNF-a calibration curve ranging from 1000 to O pg mL:.

VIII-3.3. THP-1 cells-based inflammation 7 vifro model: Dynamic conditions

VIII-3.3.1.Cell culture in a Dual-chamber bioreactor

THP-1 cells were seeded at a density of bx10scells/well in TCP coverslips in 24-well plates. As
done under static conditions, for induction of THP-1 cell differentiation, cells were cultured under RPMI
with 100 nM PMA. After 24 hours, the medium was replaced with RPMI medium without PMA and
incubated for another 48 hours. Then cells were incubated with 100 ng mL* of LPS in RPMI medium
and incubated for 5 hours to induce an inflammatory response. After LPS stimulation, the coverslips
were transferred to the lower chamber of a dual-chamber bioreactor [25] with RPMI medium contained

LPS and the anti-inflammatory effect of developed release systems was evaluated.

VIII-3.3.2.Anti-inflammatory effect of developed release systems

To evaluate the anti-inflammatory activity of the developed approaches under dynamic conditions,
one condition of each delivery system was selected and added to the cells cultured on the lower
chamber of the bioreactor. Then, the entire piping system was assembled, the syringes were filled with
medium and connected to the syringe pump. The dual-chamber bioreactor was kept at 37°C in a
humidified 5% CO. atmosphere and the compartment containing the cells and hydrogels was perfused
at a rate of 12.5 yL ht. After 1, 3,7, and 14 days of perfusion, the culture medium contained in the
collection tubes was removed and stored at -80°C to analyze of the amount of TNF a present, through
ELISA assay, as described above. Delivery systems cultured in THP-1 cell-based inflammation /in vitro

models under standard static conditions were used as control.

VIII-3.4. Statistical analysis

Statistical analysis was performed by GraphPad Prism 8 version, where a Shapiro-Wilk normality

test was previously made to evaluate the data normality. Statistical significances were obtained as *p <
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0.05. All assays were performed in triplicated and the results were presented with mean + standard

deviation.

ViII-4. RESULTS AND DISCUSSION

The present work is focused on the development of anti-TNF o Ab-CS/PAMAM dendrimer NPs
loaded into Ty-GG and Ty-GG/ SF hydrogels as a promising delivery system. This way, hydrogels would
increase the controlled and sustained release of anti-TNF oo Ab-CS/PAMAM dendrimer NPs at the target
site, improving their therapeutic efficacy, while requiring less frequent administrations [14]. With this in
mind, the developed NPs loaded-hydrogels were evaluated in a THP-1 cells-based inflammation /n vitro
model (Figure VIII-1 in the Supplementary Information) under static standard conditions and dynamic

conditions using a bioreactor.

VIIl-4.1.1.Evaluation of anti-TNF a Ab conjugation efficacy and retention of biological activity

Firstly, monoclonal anti-TNF a antibody was linked to CS/PAMAM dendrimer NPs and the efficacy
of the conjugation, as well as, the preservation of its biological activity, i.e. its ability to capture TNF «,
was evaluated (Figure VIII-1). To assess the success of conjugation, fluorescence spectroscopy was
performed (Figure Vlll-1a). The CS/PAMAM dendrimer NPs with and without linked Ab was mixed with a
secondary antibody labeled with Alexa Fluor 488 dye. The intensity of the emission spectra of Alexa 488
between 500 and 600 nm for the anti-TNF o Ab-CS/PAMAM dendrimer NPs was significantly higher
(=3500) than CS/PAMAM dendrimer NPs without anti-TNF a Ab (=800). The results indicated that the
conjugation of CS/PAMAM dendrimer NPs with the anti-TNF o Ab was successfully achieved, despite

some unspecific secondary Ab binding was observed, as expected.

Considering the anti-TNF a Ab-CS/PAMAM dendrimer NPs effectiveness to neutralize TNF a, it
was measured by assessing the difference between the initial and the final amount of free TNF o in
solution, after adding the dendrimer NPs (Figure VIIIl- 1 b). The data showed that after 4 hours of
reaction, the degree of capture was 56.8%. One of the main hurdles of using antibody conjugated
therapies is the lack of control of the antibody conjugation site, which can lead to a remarkable

decrease in targeting efficacy [26]. Nevertheless, the immobilization process followed during this study
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did not compromise the biological activity of the anti-TNF a Ab, as demonstrated by the retention of its

capacity to capture TNF a.
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Figure VIII1 - Anti-TNF a antibody conjugation to CS/PAMAM dendrimer NPs. a) Fluorescence spectroscopy of
CS/PAMAM dendrimer NPs and anti-TNF o Ab-CS/PAMAM dendrimer NPs. b) Percentage of TNF
captured by anti-TNF o Ab-CS/PAMAM dendrimer NPs, Data shown as Mean % SD.

VIll-4.1.2.Production of anti-TNF a Ab-CS/PAMAM dendrimer NPs loaded-Ty-GG and Ty-GG/SF

hydrogels: dendrimer NPs distribution and release profile

At this point, anti-TNF a Ab-CS/PAMAM dendrimer NPs were loaded into Ty-GG and Ty-GG/SF
solutions, and disc hydrogels were produced (Figure VIII-2). The gelation of Ty-GG and Ty-GG/SF
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solutions within polypropylene molds produced discs with similar sizes. But it was clear that the
addition of SF resulted in less clear hydrogels (Figure VIII- 2 a). To assess the distribution of dendrimer
NPs throughout the hydrogels, they were labelled with FITC and observed using confocal microscopy
(Figure 2 b). It was possible to observe that CS/PAMAM dendrimers NPs were uniformly dispersed
across the hydrogel network with only a few aggregates, showing that the use of hydrogels to deliver
nanoparticles minimizes their aggregation [27]. Furthermore, a higher dispersion guarantees a larger
exposure of the surface of the nanoparticle and consequently a better performance as a therapeutic

agent [28].

a)

_mﬂ

Ty-GG hydrogels

Ty-GG/SF hydrogels

FITC-CS/PAMAM loaded-Ty-GG and Ty-  Distribution of FITC-CS/PAMAM loaded-
FITC-CS/PAMAM J
GG/SF hydrogels Ty-GG and Ty-GG/SF hydrogels

Figure VIII-2 - Anti-TNF o Ab-CS/PAMAM dendrimer NPs loaded-Ty-GG and Ty-GG/SF hydrogels. a) Representative images of
Ty-GG hydrogels and Ty-GG/SF hydrogels. Scale bar: 10 cm. b) Schematic representation of FITC-
CS/PAMAM dendrimer NPs and FITC-CS/PAMAM dendrimer NPs loaded-Ty-GG and Ty-GG/SF hydrogels.
Scale bar: 5 u m. c) Representative fluorescence image of FITC-CS/PAMAM dendrimer NPs distributed
within Ty-GG and Ty-GG/SF hydrogels, showing the NPs in green.

Then the release of anti-TNF o Ab-CS/PAMAM dendrimer NPs from Ty-GG and Ty-GG/SF hydrogels

produced using different crosslinking levels was assessed (Figure VIII-3). Ty-GG hydrogels, denominated

C1 (more details at Table VIII-1), presented a release rate of 73.65% + 1.85%, while the same hydrogels

but with higher amounts of crosslinking (C2) showed a rate of 67.12% + 4.03%. A similar profile was

observed for Ty-GG/SF hydrogels, C3 condition showed a rate of 88.13% + 2.36%, while the condition

with higher crosslinking levels, C4, showed a lower release rate of 67.28% + 1.47%. When analyzing the

conditions with lower levels of crosslinking (C1 and C3), Ty-GG/SF hydrogels showed a higher release
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profile as compared to Ty-GG hydrogels. But, when comparing the conditions with higher crosslinking
levels, C2 and C4, no statistical differences were observed. On one hand, these observations indicated
that the increase of crosslinking level may contract the hydrogel mesh, slowing the release of the
dendrimer NPs. On the other hand, SF seems to interfere with Ty-GG hydrogels mesh, resulting in a
higher release of dendrimer NPs, but this effect fades away with the increase of crosslinking levels.
Noteworthy, none of the conditions reached a maximum drug release after 21 days of evaluation.
Considering the results obtained, it was possible to verify that hydrogels can be fine-tuned to present a
controlled drug release profile over time. This can allow a prolonged therapeutic effect of anti-TNF a Ab.
In this reasoning, less frequent administration of drugs would be necessary, improving the quality of life

of patients.

100

80

(=2
=
I

Release (%)

=
=]

f
0 3 C3

% C4

0 50 100 150 200 250 300 350 400 450 500
Time (hours)

Figure VIII-3 - Release profile of anti-TNF « Ab-CS/ PAMAM dendrimer NPs. Release profile of anti-TNF « Ab-CS/ PAMAM

dendrimer NPs from Ty-GG (C1 and C2) and Ty-GG/SF hydrogels (C3 and C4) with different crosslinking
levels after 3, 24, 48, 72, 168, 336, and 504 hours. Data shown as Mean + SD. * indicates significant
differences when comparing C3 and C4 at time point 504 hours.

VIII-4.1.3.Evaluation of anti-TNF o Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG and Ty-GG/SF

hydrogels effects on THP-1 cells-based inflammation /7 vifro models: static conditions

In RA, there is a disproportion between pro-inflammatory and anti-inflammatory cytokines, resulting
in a more pronounced pro-inflammatory phenotype, than an anti-inflammatory phenotype [29-32]. For

this reason, most therapies developed to decrease inflammation by inhibiting pro-inflammatory

238



Chapter VIlI- Bioengineered nanoparticles loaded-hydrogels to target TNF alpha in inflammatory diseases

cytokines are evaluated using cell inflammation /n vitro models [6, 33]. As well, the influence of the
different conditions of anti-TNF o Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG (C1 and C2) and Ty-
GG/SF (C3 and C4) hydrogels were evaluated using an inflammation /7 wvifro model created by
induction of THP-1 cells. Ty-GG and Ty-GG/SF hydrogels without dendrimer NPs (C1 CTRL, C2 CTRL,
C3 CTRL, and C4 CTRL) and dendrimer NPs were used as controls. First, the effect of loaded hydrogels
on LPS stimulated THP-1 cells’ metabolic activity and proliferation were quantified for 7 days using
Alamar blue and DNA quantification assays, respectively (Figure 4). From day 1 up to day 7, THP-1
cells under all the different conditions of Ty-GG and Ty-GG/SF hydrogels showed to be metabolic activity
over time. THP-1 cells under dendrimer NPs was the only condition to present higher metabolic activity
at the first time point (24 hours) when compared with LPS stimulated cells. The enhanced metabolic
activity observed can be explained by the increase of energy necessary for the internalization of
dendrimers. In fact, considering the conditions that contained dendrimer NPs, they were released in a
controlled and sustainable away from the hydrogels, while in this condition, dendrimer NPs were easily

accessible, being internalized at higher amounts.

DNA quantification was also analyzed to assess THP-1 cells’ proliferation in contact with the
different conditions. Significant differences were observed in C1, C2, and C3, when compared with LPS
stimulated cells. But differences were also observed between C4 CTRL and LPS stimulated cells,
indicating that they may be related to the interaction of cells with the hydrogels. Moreover, the results
showed that cells submitted to conditions C1 and C2 were less proliferative at day 1, comparing to its
controls, which demonstrated that the effects can be due to the presence of the dendrimer NPs.
However, no differences were observed along the remained time of culture, showing that the initial
adverse effects fade away over time. These results are in agreement with other studies [34, 35]. In fact,
PMA induces cells’ differentiation, and the increase in adhesion properties is correlated with a
progressive reduction in proliferative activity. Moreover, while cells are spending energy to differentiate,
they do not spend energy to proliferate, resulting in the diminishing of cells’ proliferation rates as the

tendency observed on day 7.

Overall, the results of metabolic activity and cell proliferation analysis provided evidence regarding

the safety of these materials for biomedical applications.
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Figure VIII-4 - Evaluation of anti-TNF o« Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG and Ty-GG/SF hydrogels effects on
cells metabolic activity and proliferation. a) THP-1 cells’ metabolic activity upon culture with anti-TNF o
Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG (C1 and C2) and Ty-GG/SF (C3 and C4) hydrogels and
controls along 7 days of culture. (* indicates significant differences when comparing Dendrimer NPs with
LPS stimulation at time point 1 day); and b) THP-1 cells’ proliferation by DNA quantification of THP-1 cells
upon culture with anti-TNF o« Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG (C1 and C2) and Ty-GG/SF (C3

and C4) hydrogels and controls along 7 days of culture. ( n indicates significant differences when comparing
with LPS stimulation. 9 indicates significant differences when comparing with respective CTRL). Data shown
as Mean + SD.
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In order to evaluate the therapeutic efficacy of anti-TNF o Ab-CS/PAMAM dendrimer NPs loaded
within Ty-GG (C1 and C2) and Ty-GG/SF (C3 and C4) hydrogels, the level of free TNF a in the culture
medium along 14 days of culture was quantified (Figure 5). Again, Ty-GG and Ty-GG/SF control
hydrogels without dendrimer NPs (C1 CTRL, C2 CTTRL, C3 CTRL, and C4 CTRL) and dendrimer NPs
were analysed. Although at the beginning of culture only anti-TNF a Ab-CS/PAMAM dendrimer NPs
loaded within Ty-GG hydrogels (C1 and C2) showed significant differences from their respective controls
in the neutralization of free TNF a, after 14 days, all the conditions (C1, C2, C3, and C4) showed to
neutralize significantly amounts. Moreover, the neutralization levels at day 14 were significantly different
from day 1 for all the studied conditions. Considering free dendrimer NPs, they neutralized higher
amounts of TNF a comparing with controls since day 1, as expected, reaching its maximum at day 7.
Comparing with the studied conditions, no differences were observed until day 7, indicating that anti-
TNF a Ab-CS/PAMAM dendrimer NPs were released along the time and successfully neutralized the
free TNF a. On day 14, differences between studied conditions and dendrimer NPs were observed
since the levels of free TNF a abruptly increased for dendrimer NPs, while studied conditions retained
their capacity to neutralize TNF a. Noteworthy, dendrimer NPs at day 14 showed levels of free TNF o
similar to the controls, corroborating dendrimer NPs’ low capacity to neutralize after 14 days. The
results indicated that in an in vivo scenario, it would be necessary repeated administrations of
dendrimer NPs, but less frequent administrations would be necessary in the case of anti-TNF o Ab-
CS/PAMAM dendrimer NPs loaded within Ty-GG (C1 and C2) and Ty-GG/SF (C3 and C4) hydrogels. So,
this approach may allow the reduction of secondary side effects, providing a better quality of life to the

patient, as seen in other studies using Gellan Gum and SF as drug delivery systems [36, 37].
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Figure VIII-5 - Quantification of TNF « free in the culture medium along 14 days of culture. a) Amount of free TNF « in

medium in THP-1 cells culture without LPS stimulation, designated healthy cells, and with LPS stimulation
after 1 day, confirming the successful development of THP-1 cells-based inflammation /7 vifro model. b)
Results were normalized by the TNF o values obtained in cultures stimulated by LPS. Data shown as Mean

=+ SD. *indicates significant differences when comparing with respective CTRL. ¢ indicates significant
differences when comparing with Dendrimer NPs at each time-point. & indicates significant differences

when comparing with day 1.

Vill-4.1.4.Evaluation of anti-TNF o Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG and Ty-GG/SF

hydrogels effects on THP-1 cell-based inflammation /n vifro models: dynamic conditions

To mimic the dynamic physiological environment found in the human body and obtain more

reliable data concerning the anti-inflammatory effects of the developed approach a dual-chamber
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bioreactor was used. In this sense, anti-TNF a Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG and Ty-
GG/SF hydrogels were tested for 14 days using a THP-1 cell-based inflammation /n vitro model under
dynamic conditions (Figure 6). At this point, the condition C3 that presented higher release levels and
higher ability to decrease TNF a in the medium during /7 vitro static evaluation was selected. In
addition, it was also selected a condition with slower release to ensure a prolonged effect in an in vivo
scenario and less frequent administrations. The two conditions presenting slower release profiles were
C2 and C4, presenting very similar profiles. For so, since the first condition selected comprised the
dendrimer NPs loading into Ty-GG/SF hydrogel, it was decided to select C2 to include a condition
comprising dendrimer NPs loading into Ty-GG hydrogel. Additionally, THP-1 cell-based inflammation /n

vitro models under standard static conditions was used as control.
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Figure VIII-6 - Evaluation of anti-TNF o Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG and Ty-GG/SF hydrogels effects under
dynamic conditions. a) Representative images of Dynamic culture of THP-1 cell-based inflammation in vitro
model using a dual-chamber bioreactor showing the 1) Dual-chamber bioreactor connected to a syringe
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pump; ll) Higher amplification of the bioreactor inserted in a 6-well plate showing the piping tubes and
collector tubes; lll) Enlarged image of the dual-chamber bioreactor where it is possible to see the upper and
lower chamber. b) Amount of TNF o present in the medium, in contact with C2 and C3 in static and

dynamic conditions. Data shown as Mean + SD. *indicates significant differences when comparing dynamic
conditions with static conditions, ¢ indicates significant differences when comparing with day 1.

It was possible to verify that the TNF a concentration present in the supernatant medium
significantly decreased along the 14 days of culture under dynamic and control conditions. The
condition C2 under static conditions was the only one presenting no differences, as expected. In fact,
this result is in accordance with the results obtained previously release profile evaluation. When
analyzing the results obtained for static and dynamic conditions, it was observed that the concentration
of TNF o was always lower in dynamic conditions. Furthermore, in dynamic conditions, on day 14, the
levels of free TNF a were really low, indicating that all anti-TNF o Ab-CS/ PAMAM dendrimer NPs were
released from the hydrogels. Under static conditions, a less accentuated decrease of TNF o was
observed indicating a slower release of dendrimer NPs over time. Noteworthy, no significant differences

were observed between the dendrimer NPs-loaded-hydrogels tested.

VIII-5. CONCLUSION

In this study, it was developed an improved system based on anti-TNF a Ab-CS/ PAMAM
dendrimer NPs loaded into Ty-GG and Ty-GG/SF hydrogels to tackle inflammatory diseases such as RA.
The produced anti-TNF o« Ab- CS/PAMAM dendrimer NPs, showed to maintain the Ab biological activity
enabling a high immobilization degree of TNF a. Furthermore, it was possible to fine-tune anti-TNF o
Ab-CS/ PAMAM dendrimer NPs loaded-Ty-GG and Ty-GG/SF hydrogels by altering crosslinking levels,
enabling the control of the dendrimer NPs release profile over time. The /n vifro studies conducted
using the THP-1 cell-based inflammation model under static conditions demonstrated that cells cultured
with the developed dendrimer NPs-loaded hydrogels were metabolic active and proliferative along the
culture time. When their capacity to capture TNF a was evaluated, it was showed that developed
systems retained their capacity to neutralize TNF o even after 14 days. Finally, dynamic studies
performed with the THP-1 cell-based inflammation model showed that the dendrimer NPs-loaded
hydrogels maintained an even high anti-inflammatory activity over time, as compared with static,
demonstrating the importance of using a physiologically mimetic environment. These relevant results

support the successful use of these drug delivery systems in several inflammatory diseases, including
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RA, in in vivo settings. Overall, the developed approaches making use of bioengineered nanoparticles-
loaded hydrogels can fill the current gaps concerning traditional therapies, providing a more targeted
and thus more effective treatment, while enabling less frequent administration and thus reducing the

side effects caused by overdosing of drugs.
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Chapter IX

Modulation of inflammation by anti-TNFa mAb-
dendrimer nanoparticles loaded in tyramine-modified Gellan

gum hydrogels in a cartilage-on-a-chip model

ABSTRACT

Rheumatoid arthritis (RA) is an autoimmune and chronic inflammatory disease characterized by
joint inflammation that can induce cartilage and bone destruction. Since the inflammatory condition
plays an important role in the disease process, it is important to develop and test new therapeutic
approaches that specifically target and treat joint inflammation, allowing overcome the limitations of the
current treatments. In this study, a human 3D inflammatory cartilage-on-a-chip model was established
to test the therapeutic efficacy of anti-TNFa mAb-CS/PAMAM dendrimer NPs loaded-Tyramine-Gellan
Gum in the treatment of inflammation. The results showed that human monocyte cell line (THP-1) and
human chondrogenic primary cells (hCH) cultured with anti-TNFa mAb-CS/PAMAM dendrimer NPs
loaded-Ty-GG hydrogel were metabolically active and proliferative along the study time. Furthermore, the
proposed therapeutic approach applied to the THP-1 and hCH cell-based inflammation system revealed
an anti-inflammatory capacity that increased over 14 days. It was also possible to observe that Coll type
Il was highly expressed by hCH of the cell-based inflammation system cultured with anti-TNF o mAb-
CS/PAMAM dendrimer NPs, indicating that in addition to modulating the inflammatory environment, the
hCH cells were able maintain their biological functions. The developed preclinical model allowed us to
provide more robust data on the potential therapeutic effect of anti-TNF a mAb-CS/PAMAM dendrimer
NPs loaded-Ty-GG hydrogel in a physiologically relevant model.

8This chapter is based on the following publication:

Oliveira I.M., Carvalho, M. R., Fernandes, D.C., Abreu, C.M., Maia, F. R., Pereira H., Caballero, D., Kundu, S.C., Reis, R.L., and Oliveira,

J.M. “Modulation of inflammation by anti-TNF a mAb-dendrimer nanoparticles loaded in tyramine-modified Gellan gum hydrogels in a

cartilage-on-a-chip model “ (Submitted)
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IX-1.  GRAPHICAL ABSTRACT
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IX-2.  INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune and chronic inflammatory disease characterized by
joint inflammation. In the inflammatory scenario, inflammatory cytokines such as Tumor necrosis factor
(TNFa) lead to macrophages activation, which can cause stiffness and swelling of joints, damage to
cartilage and erosion of bone [1],[2]. Several therapies are currently available for RA treatment,
including glucocorticoids, disease-modifying antirheumatic drugs, non-steroidal anti-inflammatory drugs,
and biological agents to relieve pain and control inflammation [3],[4]. Despite the great advances, due
to heterogeneity of RA, many patients do not reach continued clinical remission or become resistant to

drug therapy [5],[6].

/n vivo animal models are considered the gold standard in preclinical studies of pathophysiological
mechanisms of RA [7],[8]. Although animal models present many aspects of human arthritic diseases
and are highly useful for testing new therapeutic approaches, they show some limitations, such as the

development of arthritis only in predisposed strains of rodents [9],[10]. They present limited
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development of arthritis, and pathophysiology in animals does not fully mimic the human pathogenic
disease [11],[12]. Furthermore, an increased amount of evidence suggest that current animal models
are inadequate for wide drug screening due to their low reproducibility in clinical trials due to
interspecies variations [13],[14]. Thus, better models are crucial to help improve our knowledge on the
pathological mechanisms of RA at pre-<clinical level, as well as to develop and test new therapeutic
approaches in order to meet patient and medical needs [15],[16]. Having these considerations in mind,
research has evolved into the next-generation /n vitro screening platform based on the development of
microphysiologically relevant systems, such as tissue- and organs-on-chips [17]. That models are
generally based on primary or patient-derived cells, and can better mimic the disease and its treatment,
therefore promoting the translational process to humans, while decreasing the number of animals
experiments [18],[19]. The purpose of such type of /n vifro technology is to provide an artificial testing
system that fully mimics an tissue, organ, or the human body [20]. The chip platform can allow
regulating indirect and direct cell-cell communication as well as biomechanical signals using several
strategies such as the generation of a gradient flow [21]. The use of microfluidic-based technology thus
can address the handicaps between /n vitro and /n vivo models presenting new promising approaches

to research in medicine [22],[23].

In our previous work, monoclonal anti-TNFa antibody (anti-TNFa Ab) linked to chondroitin sulfate
(CS) modified poly(amidoamine) (CS/PAMAM) dendrimer nanoparticles (NPs) [24] and loaded into
Tyramine-Gellan Gum (Ty-GG) hydrogels were developed as a promising drug delivery vehicle to improve
therapeutic efficacy in the treatment of inflammatory conditions such as RA. The therapeutic efficacy
was evaluated using an inflammation /7 vifro model under standard static conditions and dynamic
conditions using a bioreactor. In static and dynamic conditions, the Ty-GG hydrogel encapsulated with
anti-TNFa mAb-CS/PAMAM dendrimer NPs exhibited good anti-inflammatory activity over time,
motivating us to study the efficacy of this approach in the treatment of inflammation in a more
physiologically relevant /n vifro system, such as a 3D microfluidic platform. In this context, a new /n vifro
human 3D inflammatory cartilage-on-a-chip model was developed aiming to be used as a drug
screening platform. An inflammatory environment was established by means of culturing human
primary chondrocytes exposed to active pro-inflammatory macrophages, and the anti-TNFa mAb-
CS/PAMAM dendrimer NPs loaded-Ty-GG hydrogel was used to test its anti-inflammatory therapeutic

efficacy.
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IX-3.  MATERIAL AND METHODS

IX-3.1. /n vitro studies under a 3D microfluidic platform

To mimic the human cartilage inflammation microenvironment, a complex 3D microfluidic chip-
based /in vifro model was developed. In this sense, human monocyte cell line (THP-1) and human
chondrogenic primary cells (hnCH) were used in this study, by means of encapsulation in Matrigel® and

further perfuse in the microfluidic platform.

IX-3.1.1. Chondrogenic cell isolation

The hCH cells (passage=3) previously isolated and characterized (kindly provided by Raphael
Canadas) were used for these assays [25]. Briefly, they were obtained from human cartilage during
arthroscopic surgeries on male and female donors with ages between 19 and 56 years (Centro
Hospitalar Pévoa do Varzim). The articular cartilage was removed from the bone and cut into small
pieces. The samples were washed several times with 1% PBS/antibiotic-antimycotic (v/v) solution,
digested with 0.08% collagenase type Il (Sigma-Aldrich, USA)/DMEM-F12 medium 1:1 (v/v) and
incubated at 37°C in a water bath overnight with gentle agitation. The digested tissue was filtered, and
cell suspension centrifuged at 500 G for 5 minutes. The isolated cells were then plated in flasks
cultured in DMEM-F12 medium and kept in the CO.incubator at 37°C until they reach the desired

confluence.

IX-3.1.2. Cell culture

hCH cells were expanded in DMEM/F12 medium (Dulbecco's Modified Eagle Medium: Nutrient
Mixture F-12, Alfagene, Portugal), supplemented with 10% of Heat Inactivated Fetal Bovine Serum (FBS)
(Alfagene, Portugal), sodium bicarbonate (Sigma-Aldrich, USA) and 1% (v/v) antibiotic-antimycotic

(Alfagene, Portugal), under standard culture conditions (at 37°C in a 5% CO:. incubator).

THP-1 cells (SIGMA, USA) were expanded in RPMI 1640 Medium, GlutaMAX™ Supplement, HEPES
(Thermo Fisher Scientific, USA), supplemented with 10% of FBS and 1% of antibiotic-antimycotic, under

standard culture conditions (37°C in a humidified atmosphere containing 5% COs).
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IX-3.1.3. Production and encapsulation of anti-TNF a mAb-CS/PAMAM dendrimer NPs into Ty-GG
hydrogel

Ty-GG Anti-TNFoo mAb-CS/PAMAM dendrimer NPs and Ty-GG were produced as previously
described [26],[27].

Herein, these systems were used to obtain anti-TNFa mAb-CS/PAMAM dendrimer NPs loaded-Ty-
GG hydrogel. The hydrogel was prepared by mixing 1% (w/v) of Ty-GG solution with anti-TNFoo mAb-
CS/PAMAM dendrimer NPs at a final concentration of 0.5 mg mL:. Then, the enzymatic crosslinking
was made by adding horseradish peroxidase (HRP) solution (0.84 mg mL+) (Sigma-Aldrich, USA) and
hydrogen peroxide solution (H.0.) (0.36% (v/v)) (VWR, USA) prepared in PBS and water, respectively.
mAb-CS/PAMAM dendrimer NPs loaded-Ty-GG hydrogel (hereafter designated NPs-Hydrogel) was used

in the subsequent assays.

IX-3.1.4. Seeding on microfluidic chip

To perform cell seeding, the microfluidic platform 3D Cell Culture Chips DAX-1(Aim Biotech,
Singapore) was used. The device consists of three compartments: two lateral channels, where THP-1
(left side) and hCH cells (right side) encapsulated in Matrigel mimic the cartilage inflammation
microenvironment, and one central channel where the produced NPs-Hydrogel was injected to treat the
inflammatory environment. The appropriate culture medium was placed in the lateral channels with a

volume differential (90 uL at inlet and 70 L at the outlet) to allow fluid diffusion between the channels.

IX-3.1.5. Encapsulation of Gelatin in central channel

Gelatin from porcine skin (Sigma-Aldrich, USA) at 2% (w/v) was dissolved in water at 50°C and
added to the central channel of the microfluidic device. This polymer was used as sacrificial hydrogel,
preventing the Matrigel® with encapsulated cells to leak into the central chamber. The device was

placed at 4°C for 20 minutes for jellification.
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IX-3.1.6. Validation of the co-culture by fluorescence imaging

Before the seeding in the microfluidic device, THP-1 and hCH cells were made fluorescent by
means of CellTracker CM-Dil Dye (Alfagene, Irland) and CellTracker Green CMFDA Dye, respectively.
hCH confluent cells were detached from the cell culture flasks using trypsin (0.25% (v/v) trypsin—-EDTA
solution), centrifuged at 300 G for 5 minutes, and diluted in a new cell suspension. THP-1 non-adherent
cells were also centrifuged at 300 G for 5 minutes and diluted in 1 mL of PBS. After this, the THP-1 and
hCH cells were used at a density of 2x10¢ cells mL*. THP-1 were incubated with CellTracker CM-Dil Dye
(2 uM) (Alfagene, Irland) and hCH with CellTracker Green CMFDA Dye (1 uM) (Alfagene, Irland), for 30
minutes at 37°C. Cells were then centrifuged, encapsulated in Matrigel® and placed in the lateral
channels of the chip. RPMI medium with 100 nM phorbol 12-myristate-13-acetate (PMA) (Sigma-
Aldrich, USA) was added to the channel with THP-1 cells, to differentiate them into macrophage
phenotype, and DMEM-F12 was added to the channel with hCH cells. The microfluidic device was
incubated for 72 hours and observed under fluorescence microscopy (Dil tracker ex/em 553/570 nm
Green tracker ex/em 492/517 nm) in the Fluorescence Inverted Microscope (Axio Observer, Zeiss).
Images were acquired using the Zen microscope processing software, connected to the digital camera

Axio Observer.

IX-3.1.7. Encapsulation of hCH and THP-1 in lateral channels to stimulate an inflammatory

environment

The hCH and THP-1 cells were centrifuged at 300 G for 5 minutes and diluted in a new cell
suspension with appropriate media. Then, the THP-1 and hCH cells were encapsulated in Matrigel® at
a density of 2x10¢ cells mL. THP-1 cells suspended in Matrigel® were injected in the left channel and
hCH in the right channel of the microfluidic device, followed by incubation for 20 minutes at 37°C for
crosslinking. After this, RPMI medium with 100 nM PMA was added to the channel with THP-1 cells and
DMEM-F12 was added to the channel with hCH cells to prevent drying. A differential of cell culture
medium was added to the inlet (90 uL) and outlet (70 L) of the microchannel to allow perfusion and
nutrition of the cells. The microfluidic devices were incubated for 24 hours, after which the medium was
replaced with RPMI medium without PMA in the THP-1 channel and DMEM-F12 in hCH channel,

followed by another 24 hours of incubation.
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To enable an inflammatory response, THP-1 cells were incubated for 5 hours with 100 ng mL- of
lipopolysaccharide (LPS) (SigmaAldrich, USA) in RPMI medium. After incubation time, gelatin was
flushed from the central channel with PBS at 50°C, letting the channel free to add our formulation of
NPs-Hydrogel, for 3 and 7 days. In parallel, a positive control chip comprising THP-1 stimulated with
LPS in left channel, and hCH in the right channel without NPs-Hydrogel was used (hereafter designated
CTRL). Additionally, a negative control chip with THP-1 differentiated with PMA in the left channel, and
hCH cells in the right channel without NPs-hydrogel was used (hereafter designated CTRL).

IX-3.1.8. Alamar blue assay

Alamar blue was performed to assess the effect of NPs-Hydrogel in terms of metabolic activity in
THP-1 and hCH cells for 3 and 7 days. For the Alamar blue metabolic activity assay in 3D, cells
encapsulated in Matrigel® were retrieved using Corning Cell Recovery Solution (Laborspirit, Portugal)
for 40 minutes at 4°C. After complete Matrigel® release, cells were collected to an Eppendorf tube and
centrifuged to a pellet (300 G for 5 minutes). The supernatant was removed and a culture medium
containing 10% (v/v) of AlamarBlue® (BioRad, Oxford, UK) was added. The tubes were kept in the dark,
at 37°C in the CO:. incubator for 4 hours. Afterwards, 100 uL of each condition were transferred to 96-
well plates. The fluorescence was read at an excitation wavelength of 530/25 nm and at an emission

wavelength of 590/535 nm, using a microplate reader (Synergy HT, BioTek, Instruments, USA).

IX-3.1.9. DNA quantification

The proliferation of THP-1 and hCH cells in contact with NPs-Hydrogel for 3 and 7 days were
analyzed by means of DNA quantification. For DNA quantification, cells encapsulated in Matrigel® were
retrieved using Corning Cell Recovery Solution for 40 minutes at 4°C and the subsequent protocol was
performed as previously described. After centrifugation, the supernatant was removed, and ultrapure
water was added. The cells’ lysate solution was stored at -80°C until further analysis. Quanti-IT
PicoGreen dsDNA Assay Kit (Alfagene, Portugal) was used to quantify dsDNA, according to
manufacturers’ instructions. Then, the plate was incubated in the dark for 10 minutes and the

fluorescence was read using excitation of 480/20 nm and emission of 528/20 nm, in a microplate
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reader (SYNERGY HT, BIO-TEK). DNA concentration was determined using a standard curve in the
range of 2 to O uL mL-.

IX-3.1.10. Live/Dead staining

Cell viability of THP-1 and hCH cells cultured in the microfluidic chip’s lateral channels was
assessed in the presence of NPs-Hydrogel for 3 and 7 days, using the live/dead assay. Initially, the
NPs-Hydrogel was flushed with PBS at 50°C in the central channel to add the solution of Calcein-AM (1
mM; live cells in green) (Alfagene, Portugal) and ethidium homodimer (EthD-1 6 mM; dead cells in red)
(Laborspirit, Portugal). The chips were incubated for 40 minutes in the dark, at 37°C in the CO:
incubator, to reach the cells in the lateral channels. After this, the central channel was washed with PBS
three times. The chips were observed under fluorescence microscopy (EthD-1 ex/em 528/617 nm
Calcein-AM; ex/em 495/515 nm) in the Fluorescence Inverted Microscope. Images were acquired
using the Zen microscope processing software, connected to the digital camera Axio Observer. A Z-stack

function was used to combine images at different depths into one final image.

IX-3.1.11. Anti-inflammatory activity of anti-TNF a mAb-CS/PAMAM dendrimer NPs loaded-Ty-GG
hydrogel

To assesses the therapeutic efficacy of NPs-Hydrogel, at each time point (3 and 7 days), the
culture medium was collected and stored at -80°C until further analysis. Human TNF-alpha DuoSET
ELISA (R&D Systems, USA) kit and DuoSet Ancillary Reagent Kit 2 (R&D Systems, USA), for the
optimum performance of the ELISA kit were used to evaluate the anti-inflammatory activity. TNFa
standard solutions with concentrations from 1000 to O pg mL- were also assessed in the ELISA plate to
perform the calibration curve. The optical density at 450 nm was read in a microplate reader (Synergy

HT, BIO-TEK, Winooski, VT, USA).

IX-3.1.12. Immunofluorescence staining

To evaluate the amount of Collagen Type Il (Coll type Il) present in hCH primary cells,

immunofluorescence staining was performed. On the 7th day, the NPs-Hydrogel was flushed from the
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central channel of the chip with PBS at 50°C. For cell fixation, 10% formaldehyde was added and left to
incubate for 15 minutes at RT. Then, the channel was washed twice with PBS. For permeabilization
0.1% Triton X-100 was added and incubated for 10 minutes at RT. Then, the channel was washed twice
with PBS. For blocking, the PBS was removed and replaced with blocking buffer (2% BSA in PBS) and
left to incubate for 2 hours at RT. The blocking buffer was removed from the central channel and mouse
anti-human COL Il monoclonal antibody (Laborspirit, Portugal) in PBS solution (1:250) was added and
incubated overnight at 4°C. Then, the central channel was washed 3 times with PBS and the secondary
antibody Alexa Fluor® 594 donkey anti-mouse (1:500) (Invitrogen, USA) with DAPI (1:1000) (VWR
International, USA), in PBS solution and was left to incubate 1.5 hours. The samples were immediately
analyzed by confocal microscopy (Leica, SP8, Germany) (Alexa Fluor 594: ex/em 590/617 nm; DAPI:
ex/em 358/461 nm).

IX-3.2. Statistical Analysis

Statistical analysis was performed with GraphPad Prism 8 version, where a Shapiro-Wilk normality
test was done to assess the data normality. Non-parametric Kruskal-Wallis test was applied to all

*

assays. Statistical significance was obtained as * p<0.05. All results are presented as means +

standard deviations, and all assays were performed in triplicate.

IX-4.  RESULTS AND DISCUSSION

IX-4.1.1. Development of a 3D inflammatory cartilage-on-a-chip model

In this study, an /n wviro 3D inflamed cartilage model-on-a-chip to test the therapeutic efficacy of
NPs-Hydrogel was established. The first steps consisted in the encapsulation of pro-inflammatory THP-1
cells in Matrigel® in one of the lateral channels of the chip to mimic the intended inflammatory
environment, while hCH cells encapsulated in Matrigel® were seeded on the other microchannel, as
target cells. NPs-Hydrogel was added to be used as a treatment option. In the sense, mAb-CS/PAMAM

dendrimer NPs are released from the hydrogel and the biological effect was evaluated.
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In order to achieve this, the traditional “sandwich” microfluidic design was chosen [28]. The
selected microfluidic has a central chamber and two perfusable lateral channels. THP-1 cells
encapsulated in Matrigel® were seeded in the left channel, hCH were seeded in the right channel, and

NPs-Hydrogel was added in the central channel (Figure IX-1 a).

To assess the achievement and maintenance of the culture for 3 days, THP-1 cells encapsulated in
Matrigel® were labelled with CellTracker CM-Dil Dye (Blue) and hCH with CellTracker Green CMFDA
Dye (Green), as shown in (Figure 1 b). It was possible to observe that the cells remained in the lateral

channels and were well distributed along the channel in the Matrigel® after 3 days of culture.

a) =3 THP-1 cells

NPs-Hydrogel

78" hCH cells

b)

Figure IX-1 - Design of microfluidic chip. a) Schematic representation of a 3D inflamed cartilage model-on-a-chip. b)
Fluorescence microscopy image of microfluidic lateral channel mimicking inflamed cartilage comprising
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THP1 cells embedded in Matrigel® (left channel, stained with blue) and hCH cells (right channel, stained
with green), after 3 days of culture (scale bar = 100 u m).

IX-4.1.2. Influence of anti-TNF a mAb-CS/PAMAM dendrimer NPs loaded-Ty-GG hydrogel on metabolic
activity and cell proliferation of THP-1 and hCH cells

Cells’ metabolic activity and proliferation were determined by means of performing Alamar blue
and DNA quantification assays, respectively, for 3 and 7 days (Figure IX-2). As depicted in Figure 2 a, at
the first time point, THP-1 cells differentiated with PMA (healthy cells CTRL), stimulated with LPS
(inflamed cells CTRL) and inflamed THP-1 cells with NPs-Hydrogel showed high metabolic activity with
no significant differences between conditions. In addition, it was possible to verify that the healthy THP-
1 cells did not negatively affect the metabolic activity of chondrocytes. However, inflamed THP-1 cells
negatively and significantly affected the metabolic activity of chondrocytes as compared to the previous
condition, as expected [29],[30]. In inflamed THP-1 cells with NPs-Hydrogel, despite a slight decrease,
there was no significant difference in metabolic activity. On the seventh day of culture, there was a
slight increase in metabolic activity in all conditions with THP-1 cells, with no significant differences
between them. As expected, there was an increase in the metabolic activity in the chondrocytes when
were in contact with healthy THP-1 cells and inflamed THP-1 cells with NPs-Hydrogel. Nevertheless,
inflamed THP-1 cells induced a significant decrease in the metabolic activity of chondrocytes, when

compared with healthy THP-1 cells.

DNA quantification was also analyzed to assess THP-1 and hCH cells’ proliferation in contact in the
different conditions for 3 and 7 days. As depicted in Figure 2 b, none of the conditions negatively
affected the proliferation of THP-1 cells after 3 days of culture. However, it was observed a decrease in
the proliferation of THP-1 cells in all conditions, after 7 days of culture. These results are in agreement
with other studies [31],[32] wherein PMA induces differentiation of cells and while cells are spending
energy to differentiate. Furthermore, it was possible to verify that healthy THP-1 cells also did not affect
the chondrocytes metabolic activity, observing an increase in proliferation over time. The hCH cells in
contact with inflamed THP-1 cells with NPs-Hydrogel maintain a constant profile of proliferation over
time. In addition, inflamed THP-1 cells significantly decreased cell proliferation of chondrocytes as

compared to healthy cells over time, corroborating the results obtained from Alamar blue observations.
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500
Healthy THP-1 (CTRL)

Inflamed THP-1 (CTRL")

Inflamed THP-1 with NPs-Hydrogel
Healthy hCH (CTRL")
Inflamed hCH (CTRLY

Inflamed hCH with NPs-Hydrogel

RFU
NAND B

b)

Healthy THP-1 (CTRL)

Inflamed THP-1 (CTRL")

Inflamed THP-1 with NPs-Hydrogel
Healthy hCH (CTRL")
Inflamed hCH (CTRL")

Inflamed hCH with NPs-Hydrogel

DNA concentration ( ug mL’ 1)
NARON O

Time (Days)

Figure IX-2 - Evaluation of metabolic activity and proliferation of THP-1 and hCH cells. a) Metabolic activity assessed within
the three conditions: Healthy THP-1 (CTRL) cultured with hCH, Inflamed THP-1 (CTRL:) cultured with hCH,
and Inflamed THP-1 cultured with hCH, and with NPs-Hydrogel treatment for 3 and 7 days. b) Cell
proliferation assessed by DNA quantification within the three conditions: Healthy THP-1 (CTRL) cultured with
hCH, Inflamed THP-1 (CTRL:) cultured with hCH, and Inflamed THP-1 cultured with hCH, and with NPs-
Hydrogel treatment for 3 and 7 days. Data shown as Mean + SD. * denotes statistical significant difference
p<0.05.

After quantitatively assessing cell viability and proliferation after 3 and 7 days, cell viability was

qualitatively assessed. At each time point, live (green) and dead (red) THP-1 and hCH cells were stained

by adding Calcein/ EthD and the chips were observed under fluorescence microscopy (Figure IX-3). As
observed in Figure 3a, at day 3, all the conditions tested showed that THP-1 cells (differentiated THP-1,
inflamed THP-1, and inflamed THP-1 with NPs-Hydrogel) remained viable (all green cells) and no dead

cells (red) were found. So, it was possible to verify that inflamed THP-1 cells remain viable, as seen in

other studies [33], [34] and that NPs-Hydrogels have no cytotoxic effects on cells.
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Furthermore, the healthy THP-1 cells did not affect the viability of hCH with no cell death detected.
However, hCH cells in the presence of inflamed THP-1 cells showed cell death, corroborating previous
proliferation and metabolic activity results. The same pattern was seen in inflamed THP-1 with NPs-
Hydrogel, but the incidence of dead chondrocytes appears to be lower. On the seventh day (Figure 3 b),
all the THP-1 conditions maintained a high incidence of cell viability. In addition, it was possible to
observe a higher chondrocytes adhesion through the observation of the cytoplasmic membrane and a
higher incidence of dead chondrocytes was verified in the inflamed THP-1 condition, corroborating the
Alamar blue and DNA proliferation results as seen on Figure 2. As expected, the healthy THP-1 cells did
not affect the viability of hCH cells over time. Furthermore, inflamed THP-1 cells subjected to the
presence of NPs-Hydrogel also did not affect the cell viability. Moreover, in an inflammatory
environment, it allowed to reduce the cell death of chondrocytes, showing the possible therapeutic
efficacy of the approach under study. However, inflamed THP-1 cells induced hCH cell death. Thus,
these results are in agreement with other studies [29],[30]. In fact, inflammatory environment induces

chondrocytes cell death, as seen in patients with RA [29],[30].

261



Chapter IX- Modulation of inflammation by anti-TNF «c mAb-dendrimer nanoparticles loaded in tyramine-modified Gellan
gum hydrogels in a cartilage-on-a-chip mode/

Inflamed (CTRL")

Healthy (CTRL)

NPs-Hydrogel

a)

Healthy (CTRL) Inflamed (CTRL")

THP-1

Dead cells (red)
N/A

NPs-Hydrogel

3 Days hCH

Healthy (CTRL)  Inflamed (CTRL) NPs-Hydrogel

b)

THP-1

Dead cells (red)
N/A

7 Days hCH

Figure IX-3 - Live/dead assay of THP-1 and hCH cells. Healthy CTRL (THP-1 differentiated with PMA cultured with hCH);
Inflamed CTRL+ (THP-1 stimulated with LPS cultured with hCH); and NPs-Hydrogel (inflamed THP-1 cultured
with hCH with NPs-Hydrogel treatment) for 3 (a) and 7 days (b).

IX-4.1.3. Hydrogel-based Anti-TNFa dendrimer NPs to modulate the inflammatory environment

In our previous work, NPs-Hydrogel was developed. This system demonstrated a good anti-
inflammatory activity over time, allowing the retention of a high percentage of TNFa present within the
inflammatory environment. For more reliable testing of the effectiveness of this approach in a more
physiologically-relevant microenvironment, the microfluidic device was used as a preclinical model for
drug screening.

In order to assess the therapeutic efficacy of NPs-Hydrogel in inflamed THP-1 and hCH cells, the
levels of free TNFa in the medium of 7 days of culture were quantified using ELISA KIT (Figure 1X-4).
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THP-1 cells differentiated with PMA (healthy cells) were used as the negative control, and THP-1
stimulated with LPS were used as the positive control (inflamed cells). On day 3, the results
demonstrated that the induction of inflammation was successful, with a low TNFoa amount present in
healthy THP-1 cells and high TNFa amount in inflamed THP-1 cells, with significant differences between
the conditions. Furthermore, in the inflamed THP-1 cells with NPs-Hydrogel condition, there was a
decrease in the free TNFa in the medium when compared with inflamed cells. However, there was no
significant differences as compared with healthy cells. hCH cells in a healthy THP-1 environment also
showed low amounts of TNF o present in the medium but in contrast, hCH in an inflamed THP-1
environment demonstrated high levels of free TNFa, with significant differences between the conditions.
This means that the mimicry of the inflammatory environment in the cartilage was successful. In the
inflamed THP-1 environment with NPs-Hydrogel, a low amount of TNFa in hCH cells was found in the
culture medium when compared to the inflamed and untreated environment. On day 7, in the condition
with inflamed THP-1 cells and NPs-Hydrogel, the amount of free TNFa present in the medium
decreased significantly when compared to the inflamed THP-1 condition without treatment.
Furthermore, the same behavior was found in chondrogenic cells with NPs-Hydrogel, where the amount
of free TNFa in the medium decreased substantially when compared to the inflamed hCH condition.
So, these results show that the inflamed THP-1 cells induced the production of an inflammatory
environment in chondrocytes, indicating that the production of the inflammatory cartilage model was
successfully achieved. In addition, this preclinical model allowed to reveal the possible therapeutic
effect of NPs-Hydrogel in terms of protecting the chondrocytes from inflammation, corroborating the
results obtained in other studies [35],[36]. In fact, anti-tumor necrosis factor (TNF) therapies have been
successfully used in the treatment of RA [35],[36]. Importantly, it was shown that even linked to

dendrimer NPs and encapsulated in the hydrogel, they maintain therapeutic efficacy over time.
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Figure 1X-4 - Quantification of free TNF « in the culture medium. Amount of free TNF « within the three conditions:

Healthy THP-1 (CTRL-) cultured with hCH; Inflamed THP-1 (CTRL+) cultured with hCH; and Inflamed THP-1
cultured with hCH, and with NPs-Hydrogel treatment for 3 and 7 days. Data shown as Mean + SD. * denotes
statistical significant difference p < 0.05.

IX-4.1.4. Collagen type Il as a marker of chondrocyte functionality

To mimic Articular cartilage is composed of chondrocytes surrounded by a specialized matrix
constituted predominantly of Coll type Il and proteoglycan[37][38]. Rheumatoid Arthritis is a chronic
inflammatory disease characterized by joint inflammation that induces cartilage destruction[39][40]. As
Coll type Il degradation may indicate cartilage destruction in the joints of RA patients, it is an important

parameter to evaluate since it can be useful as a disease-specific biomarker[41][42].

In this sense, the immunofluorescence staining was performed to qualitatively evaluate the
presence of Coll type Il in the chondrogenic cells matrix, under the three conditions: healthy THP-1 cells
cultured with hCH, inflamed THP-1 cultured with hCH, and inflamed THP-1 cultured with hCH, and with
NPs-Hydrogel treatment after 7 days of culture (Figure IX-5). The results demonstrated that the state of
THP-1 cells can influence the Coll type Il marker in the hCH, being highly expressed in conditions where
hCH were in contact with healthy THP-1 cells and with inflamed THP-1 cells with NPs-Hydrogel.
However, in an inflammatory environment without NPs-Hydrogel, the incidence of Coll type Il was very
low, being in agreement with what was previously mentioned: the inflammation process induces Coll
type Il degradation[41],[42]. These results can suggest that the possible therapeutic efficacy of NPs-
Hydrogel in this approach.
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Despite the promising results, these assays were performed in normoxia conditions. However,
hypoxia is the predominant microenvironment characteristic in inflamed cartilage [43],[44]. The
increased oxygen consumption by inflamed cells and the infiltration of the immune cells with an
interrupted blood supply caused by vascular dysfunction leads to tissue hypoxia in RA [45, 46]. In this
sense would be interesting, and will be the focus of future works, to evaluate this preclinical model in a
hypoxic scenario assess whether it would influence the results, and to mimic more precisely the

cartilage inflammation environment.

Healthy (CTRL") Inflamed (CTRLY) NPs-Hydrogel

Figure IX-5 - Immunofluorescence staining of Coll type Il in the chondrogenic cells matrix. Coll type Il expression was
assessed in hCH cultured within the three conditions: Healthy (CTRL-) that corresponds to healthy THP-1
cultured with hCH, Inflamed (CTRL+) that corresponds to inflamed THP-1 cultured with hCH, and NPs-
Hydrogel that corresponds to inflamed THP-1 cultured with hCH, and with NPs-Hydrogel treatment for 7 days.
Coll type Il stained in red; Nucleus stained in blue. Scale bar = 50 pm.

IX-5.  CONCLUSION

In this work, an /7 vitro human 3D inflammatory cartilage model on-a-chip was developed, which
was used to evaluate the therapeutic efficacy of NPs-Hydrogel as an anti-inflammatory treatment,
aiming to be used in RA therapy. The results showed that THP-1 and hCH cells encapsulation in
Matrigel® and the establishment of the inflammatory environment by co-culturing them on-chip was
successful. The THP-1 and hCH cells cultured with NPs-Hydrogel were metabolic active and proliferative

along the study time. Furthermore, Live/Dead assays corroborated these results and showed that cell
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death was lower in hCH cell-based inflammation system cultured with NPs-Hydrogel when compared to
the inflamed environment without NPs-hydrogel treatment. In addition, the THP-1 and hCH cell-based
inflammation model cultured with the therapeutic approach presented an increased anti-inflammatory

capacity over time.

It was also possible to observe that Coll type Il is highly expressed in hCH cell-based inflammation
system cultured with NPs-Hydrogel, while its expression was not observed in a pro-inflammatory
environment, indicating that in addition to modulating the inflammatory environment, the hCH maintain
biological functionally. These important data supported the results obtained in the previous works on
the effectiveness of this system regarding inflammation treatment. So, the preclinical model developed
allows us to obtain more robust data on the potential therapeutic of NPs-Hydrogel in an /7 vivelike
inflammation environment, namely, to be used in the treatment of RA. Altogether, this work provided
valuable information on the delivery of hydrogel-based drug carriers to better understand their clinical

potentials prior to the resource intensive animal and clinical studies.
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X-1. GENERAL CONCLUSIONS

Rheumatoid Arthritis is a disease characterized by progressive incapacity, premature death, and
socioeconomic problems. Despite recent advances in medical therapeutics, traditional drugs frequently
involve high dosage or repeated administration in order to have a therapeutic effect. This can result in a
decrease in overall efficacy and patient compliance, inducing several undesired side effects. In order to

overcome these limitations, it is important to develop and validate new drug delivery strategies.

The main goal of the work developed under the scope of this thesis was to develop new strategies
based on nanoparticles and biomaterials to improve the handicaps of the current therapies while the

therapeutic effect from the drugs is maximized, aiming to be used in RA treatment.

In this sense, the development of dendrimer nanoparticles linked to antibodies, drug-loaded
hydrogels, nanocomposite hydrogels, and 3D inflammatory cartilage-on-a-chip as a drug screening
platform, seem to be promising approaches leading to a successful outcome. The smart delivery of
biomaterials intends to overcome the main disadvantages observed in the currently available treatments

by using innovative and personalized strategies.

In Chapter V, the work focused on the development of poly(amidoamine) dendrimers NPs,
functionalized with chondroitin sulfate and covalently linked to anti-TNF o to allow a more targeted and
effective anti-inflammatory activity for the treatment of inflammatory diseases, including RA. The anti-
TNF a chondroitin sulfate/ poly(amidoamine) dendrimers NPs were successfully produced, exhibiting
high TNF a capture capacity and suitable mechanical properties. That system did not negatively affect
the metabolic activity of ATDC5, THP-1 and Jurkat cell lines and showing a high percentage of
internalization by target cells (chondrocytes), good cytocompatibility and hemocompatibility.
Furthermore, anti-TNF o chondroitin sulfate/poly(amidoamine) dendrimer NPs exhibited superior
therapeutic efficacy as compared with the anti-TNF o alone, up to 7 days of culture. Thus, the results
suggested that the anti-TNF a chondroitin sulfate/ poly(amidoamine) dendrimers NPs can be useful for

controlled and sustained drug delivery, making it appealing for new immunotherapies in RA patients.
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In order to develop new personalized strategies, in Chapter VI, an essential collaboration was
established between 3Bs Research Group and the Department of Polymer Nanoscience and Polymer
BIN Research Centre (Chonbuk National University, South Korea). The aim was to develop Tyramine-
modified Gellan gum hydrogels via enzymatic crosslinking, as a new drug delivery system, loaded with
Betamethasone in order to improve the therapeutic efficacy and safety in RA treatment. The developed
approach demonstrated good mechanical properties and controlled Betamethasone release profile over
time, suggesting that the properties of Gellan gum were improved with the chemical modification.
Furthermore, Tyramine-Gellan gum hydrogels did not exhibit cytotoxicity effects on chondrogenic
primary cells and showed a higher therapeutic effect over time as compared to the administration of
Betamethasone. Therefore, it was possible to conclude that developed Tyramine-Gellan gum hydrogels
can represent a promising drug delivery system and a viable alternative to overcome the limitations of

traditional treatment used in patients with RA.

Since natural polymers have less stable mechanical properties and a higher degree of degradation
when compared to synthetic polymers, natural and synthetic materials can be combined to achieve
better performances. In this sense, the Tyramine-Gellan gum was used to increase the mechanical
stability of silk fibroin and further improve the therapeutic effect as a drug delivery system (Chapter VII).
The Tyramine-Gellan gum/silk fibroin hydrogels showed a more stable structure and faster gelation
time as compared to Silk Fibroin alone. Furthermore, the Tyramine-Gellan gum/silk fibroin hydrogels
demonstrated stable mechanical properties, a suitable injectability profile, and a Betamethasone-
controlled release profile over time. Hence, these hydrogels possessed the intended physicochemical
characteristics for the final application. The Tyramine-Gellan gum/silk fibroin hydrogels with
encapsulated Betamethasone also exhibited a higher therapeutic efficacy as compared to
Betamethasone administration alone. Therefore, the synergetic combination of these two natural
polymers provided advantageous features as a drug delivery system, allowing an improvement in
therapeutic efficacy through controlled drug delivery. Thus, Tyramine-Gellan gum/silk fibroin hydrogel

is an appealing alternative to overcome the handicaps of current strategies for treating RA.

In Chapter VIII, to explore the combined effect of the previously mentioned approaches (Chapter V,
VI, and VII) anti-TNF o chondroitin sulfate/ poly(amidoamine) dendrimer NPs were encapsulated into
Tyramine-Gellan gum hydrogels and Tyramine-Gellan gum/Silk Fibroin hydrogels. The therapeutic
efficacy was evaluated using an inflammation in vitro model under standard static and dynamic

conditions. At an early stage, in vitro models under static conditions showed that anti-TNF o chondroitin
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sulfate/ poly(amidoamine) dendrimer NPs captured higher amounts of TNF a as compared to
dendrimer NPs encapsulated into hydrogels. However, at 14 days, in anti-TNF a chondroitin sulfate/
poly(amidoamine) dendrimer NPs, the levels of free TNF o abruptly increased whereas with anti-TNF a
chondroitin sulfate/ poly(amidoamine) dendrimer NPs loaded within Tyramine-Gellan gum and
Tyramine-Gellan gum/silk fibroin hydrogels, the level of free TNF o decreased. Therefore, in a real
scenario of disease on humans, frequent administration of anti-TNF o chondroitin
sulfate/poly(amidoamine) dendrimer NPs is needed to successfully decrease inflammation. On the
other hand, the presence of the hydrogel in the drug delivery system makes it possible for the

administration to be less frequent.

Furthermore, in dynamic conditions, anti-TNF o chondroitin sulfate/poly(amidoamine) dendrimer
NPs loaded within Tyramine-Gellan gum and Tyramine-Gellan gum/silk fibroin hydrogels presented
higher anti-inflammatory activity over time, as compared to static conditions. Thus, these outcomes

suggest that drug loaded hydrogels display higher therapeutic potential in an /n7 vivo scenario.

In Chapter IX, it was aimed to validate the anti-TNF o chondroitin sulfate/ poly(amidoamine)
dendrimer NPs loaded within Tyramine-Gellan gum hydrogel in a physiologically-relevant
microenvironment. An Jn wiro 3D inflammatory human cartilage on-a-chip model was used. In this
sense, an inflammatory environment was established by exposing human chondrogenic primary cells to
inflamed THP-1 cells to evaluate with more efficiency the therapeutic effect of the anti-TNF o
chondroitin sulfate/ poly(amidoamine) dendrimer NPs loaded within Tyramine-Gellan gum hydrogel in
the inflammation treatment. Human chondrocyte primary cell-based inflammation system cultured with
anti-TNF o chondroitin sulfate/ poly(amidoamine) dendrimer NPs loaded within Tyramine-Gellan gum
hydrogel showed lower cell death as compared to an inflamed environment without treatment. The
inflamed chondrogenic cells cultured with the therapeutic approach presented an increased anti-
inflammatory capacity over time. Furthermore, Collagen type I, which is present in articular cartilage,
was highly produced by human chondrocyte primary cell-based inflammation system cultured with anti-
TNF o chondroitin sulfate/ poly(amidoamine) dendrimer NPs loaded within Tyramine-Gellan gum
hydrogel. These important data showed that the therapeutic approach in addition to modulating the
inflammatory environment also can maintain the chondrocytes biologically functional. Thus, the
developed preclinical approach allowed the acquisition of more robust data regarding the potential

effectiveness of anti-TNF o chondroitin sulfate/poly(amidoamine) dendrimer NPs loaded within
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Tyramine-Gellan gum hydrogel in an in vivo inflammatory environment, namely to be used in the

treatment of RA.

In brief, it is possible to conclude that the smart delivery biomaterials can fill the current limitations
of traditional therapies to the treatment of Rheumatoid Arthritis. These therapeutic approaches can
provide a more targeted and effective treatment while allowing less frequent administration and

potentially decreasing the undesirable side effects caused by drug overdosing.

X-2. FUTURE PERSPECTIVES

In this section, the future perspectives in the field of cartilage inflammation treatment will be

discussed and perspective studies related to the work developed in this thesis are suggested.

Despite the important scientific progress achieved in the treatment of Rheumatoid Arthritis, there is
no ideal system that can assurance future success in clinical trials and that may certainly treat
Rheumatoid Arthritis. To develop new therapeutic approaches, it is important to consider the progress
in knowledge of the pathophysiology of the disease, the main biomarkers, and the emerged advances in
drug delivery systems based on the use of nanoparticles and 3D biomaterial. The development of new
strategies based on drug delivery systems can improve the drug absorption rate by the body, maintain a
controlled therapeutic release over time and decrease side effects, overcoming the existing treatment
limitations. Furthermore, one of the reasons that delay the development and approval of new RA
therapies is the lack of preclinical models that can provide a reliable artificial testing system that fully

mimics the human body, helping improve our knowledge about the treatment of Rheumatoid Arthritis.

This thesis aimed at combining several fields of research in order to improve the current
knowledge on the treatment of inflammation, specifically in Rheumatoid Arthritis research. In this
sense, nanotechnology and material science were combined with dynamic and microfluidic models. In
this sense, the different smart delivery biomaterials developed under the scope of this thesis showed
promising characteristics to be used as alternatives to current treatments. The dendrimers NPs and
hydrogels developed in Chapters V, VI, and VIl presented safety and a great ability to neutralize the
target agent over time, showing great potential to be used as a specific and sustained treatment of
inflammation. So, further studies using Rheumatoid Arthritis models are required to clarify its real

effectiveness. The dendrimers NPs loaded hydrogels in Chapter VIl presented a synergetic effect with a
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great drug release profile and simultaneously more effective over time, even in static and dynamic
conditions. Further studies to evaluate the prolonged effect of the dendrimers NPs loaded hydrogels in
the treatment of inflammation using arthritic cells would be extremely useful. Thus, it allows to verify the
possibility of a less frequent administration of the therapy and decrease the side effects caused by
overdosing of drugs, which is one of the limitations of current treatments for rheumatoid arthritis. In
Chapter IX, the evaluation of dendrimers NPs loaded hydrogels using a 3D inflammatory cartilage on-a-
chip model allowed to obtain more robust data about the potential effectiveness of this approach in an
in vivo inflammation scenario. Preclinical models based on cells derived from patients™ cartilage
diagnosed with Rheumatoid Arthritis will allow the development of drug screening platforms that can
better mimic the disease and more reliably evaluate the therapeutic efficacy. Further studies using
arthritic cells-on-a-chip, in a hypoxia environment, and using dynamic perfusion systems, to mimic the
human body conditions would be interesting to guarantee the effectiveness of the developed

approaches in Rheumatoid Arthritis treatment.

The next step in this work would be the application of these advanced drug delivery systems in
rheumatoid arthritis animal models. These models include the induced arthritis models such as
Collagen Induced Arthritis (CIA), Collagen-Antibody-Induced Arthritis (CAIA) and Antigen Induced
Arthritis (AIA). On the other hand, genetically manipulated or spontaneous arthritis models such as the

TNF « transgenic mice, K/BxN mice, and the SKG mice can be also used. They are the many

experimental models developed for human arthritic diseases. The use of animal models to assess the
safety and efficacy of novel treatment continue to be extremely necessary before being evaluated in

clinal studies.

The work developed on the scope of this thesis evidences the extreme advantages of using
nanoparticles and biomaterials as a drug delivery system. The smart biomaterial systems showed
potential to be used as personalized medicine to obtain better therapeutic outcomes and decreased
adverse effects. Thus, in near future, it is expected that the knowledge acquired in the Tissue

engineering field can be an important tool in the development of clinical medicine.

As general conclusion, although significant steps have been taken towards the study of
nanoparticles and biomaterials as targeted drug delivery systems to treat the inflammation process,

deeper studies using arthritic models still have to be performed to corroborate the data obtained in this
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thesis. So, with the knowledge obtained with this work, it is expected that smart delivery biomaterials

may have a significant impact on the Rheumatoid Arthritis treatment scope.
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