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Abbreviations

Ac-Dex — acetalated dextran

ACPA — anti-citrullinated protein antibodies
Ac/PBE-Dex — 4-(hydroxymethyl)phenylboronic pinacol ester conjugated to acetalated dextran
bDMARDs — biologic DMARDs

CDI — N,N-Carbonyldiimidazole

csDMARDs — conventional synthetic DMARDs
CXCL — chemokine (C-X-C motif) ligand

DDS — drug delivery system

DLS — dynamic light scattering

DC-FDA - 2’,7’-dichlorofluorescein diacetate
DMEM — Dulbecco's Modified Eagle Medium
DMARDs — disease-modifying antirheumatic drugs
HCQ — hydroxychloroquine

ELISA — enzyme linked immunosorbent assay
FDA — fluorescein diacetate

Fl — fluorescence intensity

FLS — fibroblast-like synoviocytes
IL—interleukin

ISO — International Organization for Standardization
LEF — leflunomide

LPS — lipopolysaccharide

MDMs — monocyte-derived macrophages
MMP — matrix metalloproteinase

MTX — methotrexate

NP — nanoparticle

NSAIDs — nonsteroidal anti-inflammatory drugs
PBE - phenylboronic pinacol ester

PDI — polydispersity index

PRDL — prednisolone

RA —rheumatoid arthritis

RT — room temperature

ROS — reactive oxygen species

SSZ — sulfasalazine

TNF-a — tumour necrosis factor alpha
tsDMARDs — targeted synthetic DMARDs

Aem — emission wavelength (nm)

Aex — excitation wavelength (nm)



Introduction

Inflammation is a fundamental physiological response in the body, acting as a protective measure
against harmful stimuli such as pathogens, damaged cells, or irritants [1]. It manifests as a complex
biological response involving various cellular and molecular mechanisms. However, when
inflammation becomes chronic or systemic, it can shift from being a defensive mechanism to a
harmful process that contributes to the pathogenesis of numerous diseases, including autoimmune
disorders like rheumatoid arthritis (RA). As a shared pathological feature among many diseases,
inflammation offers a common therapeutic target [2]. Since inflammation serves as one of the key
symptoms and underlying triggers in the pathogenesis of RA, it becomes critical to investigate and
understand its complexities for the development of more targeted and effective treatment
strategies.

RA is a common autoimmune disease which according to World Health Organization estimates
affects around 24 million people globally [3]. It leads to various complications including systemic
disorders and progressive joint damage [4]. Despite current treatments such as nonsteroidal anti-
inflammatory drugs (NSAIDs), glucocorticoids (GCs), and disease-modifying antirheumatic drugs
(DMARDSs) [5], many patients continue to require sustained pharmaceutical therapy due to
insufficient long-lasting results. In the pursuit of improved treatment options, extensive research
has explored the potential of nanotechnology as a viable therapeutic approach for RA.
Nanoparticles (NPs) offer a promising strategy by acting as nanocarriers and encapsulating
bioactive agents, allowing targeted delivery to the affected areas [6]. This approach offers several
advantages, including the ability to maintain therapeutic efficacy without the need to increase drug
concentration or frequency of dosing. Furthermore, NPs enhance the solubility of various drugs,
preventing their degradation within the body.

The following thesis aimed to delve deeper into this promising field, exploring how nanotechnology
could revolutionize the approach to treating RA. The goal was to develop a drug delivery system
(DDS) for RA using loaded acetalated dextran (Ac-Dex) and acetalated dextran and 4-
(hydroxymethyl)phenylboronic pinacol ester conjugated to dextran (Ac/PBE-Dex) NPs and Raw
264.7 macrophages to control the release of a model drug. By activating macrophages with
bacterial lipopolysaccharide (LPS), an environment similar to inflammation was created (referred
to as the ON-state) characterized by a lower pH compared to healthy conditions. The NPs used were
previously determined to be pH sensitive and would ideally degrade and release their cargo upon
entering the inflamed microenvironment. To demonstrate the particles’ specificity, the
glucocorticoid drug prednisolone was introduced to cells to restore their healthy condition (OFF-
state). The model drug used was a probe which was metabolically converted by cells into a
fluorescent component. The resulting signal and changes in fluorescence intensity (Fl) were
captured using a microplate reader.

The work process was divided into two parts; the first half consisted of material and probe
characterisation, including NP size and stability because NP behaviour is influenced by their
properties. This provided insight into how the NPs would react in an inflamed environment. The
second part entailed the model development, more specifically cell studies to confirm the optimal
concentrations for the fluorescent probes, LPS and NPs. A viability assay based on cell metabolism
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was used to determine NP biocompatibility. To verify cell activation, the level of the pro-
inflammatory cytokine interleukin-6 (IL-6) was measured through an enzyme-linked
immunosorbent assay (ELISA) confirming high levels of IL-6 in LPS stimulated cells compared to
unstimulated cells. Finally, the assays were combined to achieve a highly sensitive, biologically
controlled ON/OFF drug release system.

This study highlighted the potential of a self-regulating DDS employing loaded NPs to offer a
controlled treatment for RA patients. By mitigating adverse side effects, managing disease
aggravation, and addressing systemic impacts, this innovative approach could represent a
promising alternative to conventional RA therapies.



1. Literature review
1.1. Rheumatoid arthritis

RA is a widely spread autoimmune disease affecting 0,4% to 1,3% of the population [7]. It has two
to three times higher prevalence in women than in men, higher frequency in the 60+ age group and
in urban areas. RA is one of the most common chronic inflammatory diseases causing synovial
inflammation and hyperplasia (“swelling”), autoantibody production, cartilage and bone
destruction, cardiovascular, pulmonary, psychological and skeletal disorders [4]. It is classified as
an inflammatory type of arthritis as opposed to the non-inflammatory type known as osteoarthritis
[8]. Itis presumed that RA is caused by the dysregulated citrullination which leads to the production
of anti-citrullinated protein antibodies (ACPAs) but the exact molecular mechanisms remain
unknown [9]. According to previous studies on adults in the United States, arthritis is the most
common medical cause of mobility-related functionality loss which makes it a public health issue
[10]. It has also been shown that reducing the risk factors of RA or treating recently diagnosed cases
has a lower economic impact than treatment methods applied in the later stages of the disease
[11].

1.1.1. Pathology

Although RA etiology remains unclear, the changes in the synovium and synovial fluid are known
[12]: macrophages start producing cytokines which stimulate fibroblast-like synoviocytes (FLS), a
specialized type of synovial cells which can migrate between joints for example in the hands, and
increase the activity of the bone degrading cells osteoclasts [13] which leads to bone erosion. At
the same time cartilage degradation occurs because of FLS produced matrix metalloproteinases
[14]. The migration of FLS creates a pattern described as symmetrical RA [15]. Furthermore, FLS
increases the expression of nuclear factor-kB ligand receptor activator leading to T cell binding
proteins on the surface of osteoclasts and ultimately bone erosion [16]. Along with promoting bone
erosion, CD4+ T cells also promote the secretion of interleukin 17, a cytokine which stimulates
synovial macrophages and FLS and thus starting the inflammatory process [17].

Besides FLS, T cells and macrophages, neutrophils, antibodies and the forming of new blood vessels
have been found in the synovial fluid. Neutrophils produce proteases and reactive oxygen species
(ROS) which further aggravate bone erosion and cartilage degradation [18]. Antibodies over-
activate the immune system and promote inflammation by binding to each other [19].
Angiogenesis, a process where new blood vessels are formed from existing ones, is one of the major
elements in RA because it facilitates the migration of immune cells into joints [20]. The
proangiogenic factor vascular endothelial growth factor has been linked to bone destruction by
promoting the formation of osteoclasts [20]. Figure 1 summarises the pathophysiological processes
that result in the appearance of symptoms in RA.
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Figure 1. Pathological mechanisms in RA. IL — interleukin; FLS — fibroblast-like synoviocytes; MMP
— matrix metalloproteinase; RANKL — receptor activator of nuclear factor-kB ligand; ROS — reactive
oxygen species. Figure adapted from Radu et al. [8]

1.1.2. Macrophages and their role in inflammation

Macrophages are a group of immune cells specialized in the detection, phagocytosis and
destruction of harmful organisms e.g. bacteria, viruses or dead cells in our body. They also produce
antigens to recruit T cells and initiate inflammation by releasing cytokines, a class of small proteins,
which serve as a signal for other cells to activate. Macrophages are either derived from tissue or
differentiated from blood monocytes and their populations are highly heterogenous. In addition to
cytokines, they release ROS which help in the destruction of phagocytosed bacteria. Macrophages
are found in most tissues taking on different forms such as microglia in the central nervous system
or Kupffer cells in the liver [21]. In response to the changes in their surrounding environment, the
cells polarize to M1 or M2 subtypes [22]: M1 macrophages are capable of pro-inflammatory
responses and secrete cytokines such as IL-6, IL-10 and tumor necrosis factor alpha (TNF-a) [23]
whereas the M2 subtype produce anti-inflammatory responses and mend damaged tissue [24].
Should an infection occur, macrophages first polarize to the M1 phenotype and later to M2 to help
clear the damage and restore the tissue.

In the case of RA, macrophages are responsible for driving both inflammation and chronicity within
the joint. They secrete a number of factors closely linked to the disease, including pro-inflammatory
cytokines like TNF-a, IL-1 and IL-6, chemoattractants like CCL2 and IL-8, as well as tissue remodelling
enzymes like MMP-3 and MMP-12 [25]. The development of a hypertrophic synovial lining layer in
RA patients is attributed to fibroblast proliferation, increased vasculature, and the infiltration of
monocyte-derived macrophages (MDMs) from the circulation. Monocyte recruitment is directly
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linked to the degree of synovitis, leading to an increase in the total synovial macrophage population
[26]. The total synovial macrophage population increase is directly related to disease activity, and
itis employed as a biomarker to assess the efficacy of different treatments [27]. These findings have
been studied through a variety of mouse models of RA [28]. Studies in humans with radiolabelled
CD14+ monocytes have shown that monocytes actively migrate to the inflamed joint, where they
polarize to inflammatory MDMs in the inflamed synovium [29]. The presence of distinct disease
activity subtypes depending on the cellular infiltrate can be identified through histological analysis,
which can be used to define synovitis [30].

The synovial lining in RA patients becomes hypertrophic, leading to reduced oxygen levels in the
joint that can drop to less than 1% [31]. This environment causes changes in macrophage
respiration and promotes pro-inflammatory activation through upregulation of hypoxia-inducible
factor 1-alpha, resulting in anaerobic glycolysis and reduced oxidative phosphorylation [32].
Myeloid-specific deletion of hypoxia-inducible factor 1-alpha has been shown to reduce
inflammation and joint swelling in murine models of arthritis [33]. Two populations of pro-
inflammatory monocytes have been identified in RA models, including classical Ly6C+ monocytes
that drive inflammation in adjuvant and antigen-induced arthritis, and non-classical Ly6C- cells that
recruit in sterile models of autoantibody-induced arthritis [34]. The activated macrophages can
change their polarization from a pro-inflammatory M1 type to a non-classical M2 anti-inflammatory
phenotype, which is necessary for inflammation resolution [35] and the conversion of pro-
inflammatory macrophages to a pro-resolution phenotype may be a viable therapeutic strategy for
human disease. The role of macrophages in inflammation is summarized in Figure 2.
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Figure 2. Macrophage role in inflammation. Macrophages play a critical role in RA by promoting Th1l
and Th17 cell activation, B cell differentiation and antibody production, and the recruitment of
monocytes and neutrophils to the synovium. They also contribute to synovial fibroblast
proliferation and activation, osteoclast activation and formation, and the production of pro-
inflammatory cytokines, which exacerbate disease pathology. Figure adapted from Udalova et al.
[35]

Distinct subsets of macrophages in the synovium have been identified through early histological
studies of inflamed patient tissue, depending on combinations of individual antibody clones used
for labelling [36]. These subsets change in frequency based on the levels of disease activity observed
in the tissue. In active disease, pro-inflammatory MDMs make up the majority of synovial
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macrophages [30], and they are capable of releasing pro-inflammatory mediators like TNF, IL-1, IL-
6, chemokine (C-X-C motif) ligand 8 (CXCL8), and chemokine (C-C motif) ligand 2 when isolated from
inflamed tissues of RA patients with active disease [37]. Additionally, these macrophages are able
to stimulate autologous T cells [39]. It is widely recognized that RA MDMs exhibit a pro-
inflammatory profile, characterized by the secretion of CXCL4 and CXCL7 that promote the
migration of neutrophils and monocytes to the inflamed joint [37], as well as the release of other
cytokines [38]. MDMs in the synovium can be identified with an antibody against an epitope on the
alarmins S100A8/9 [39], and they are susceptible to anti-TNF therapy, leading to their rapid removal
[40]. Interestingly, synovial lining macrophages are not responsive to anti-TNF treatment, which
suggests that selectively targeting MDMs could be a therapeutic approach.

1.1.3. Current treatment methods

Due to the unknown nature of the molecular mechanisms of RA, currently existing treatments do
not offer a fast recovery. In order for therapeutic intervention to have a positive effect, it must be
aggressive and rapid since the damage to joints is non-reversible [41]. The best therapeutic
approaches are early diagnosis along with physiotherapy, conventional synthetic DMARDs
(csDMARDs), biologic DMARDs (bDMARDs) and targeted synthetic DMARDs (tsDMARDs) [42].
NSAIDs and GCs are used as primary and secondary inflammation reducing agents to relieve the
symptoms [43].

The pharmacological treatments are able to alleviate the symptoms and inhibit the progression of
RA. They are divided into symptomatic treatment and disease modifying treatment [44]. The former
includes mainly NSAIDs and GCs with weak opioid analgesics as a temporary solution to reduce pain
[45]. NSAIDs decrease inflammation by blocking the action of cyclooxygenase, mainly
cyclooxygenase-2 (COX-2), which produce the chemical messengers prostaglandins, and are taken
in the acute phase response of RA as pain relievers [46]. Examples of widely used NSAIDs in RA
include ibuprofen, coxibs and naproxen. On the other hand, this can lead to severe side effects for
example bleeding, heart failure, seizures, gastrointestinal ulceration, etc. More specific forms of
NSAIDs (celecoxib, rofecoxib, valdecoxib) that are selective towards COX-2 have been developed to
avoid some of the risks [47].

NSAIDs are frequently used for symptomatic relief of inflammatory conditions, including RA,
osteoarthritis, and juvenile RA, despite their inability to reduce acute-phase reactants or alter
radiographic progression [47]. Their efficacy is largely attributed to the inhibition of prostaglandin
production in peripheral tissues and the central nervous system, involving both cyclooxygenase-1
(COX-1) and COX-2 in the nociception process [48]. However, NSAIDs can cause renal, hepatic, and
cardiovascular side effects [49]. Sodium retention, potentially leading to weight gain, peripheral
edema, and congestive heart failure can occur, especially in patients with mild heart failure or liver
disease. Increases in one or more liver tests have been reported in up to 15% of patients, with
significant elevations in some cases, potentially leading to rare but severe outcomes. Diclofenac
and sulindac have been most associated with hepatic adverse events. Additionally, the introduction
of COX-2-selective NSAIDs revealed cardiovascular risks tied to NSAID use, with COX-2 inhibitors
such as rofecoxib causing increased risk of myocardial infarction and stroke, leading to its
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withdrawal from the market [50]. The cardiovascular risk with NSAIDs is thought to be related to
the degree of COX-2 inhibition and incomplete COX-1 inhibition [51].

While GCs are more potent than NSAIDs, they cause further side effects like weight gain and
diabetes, limiting their use to brief periods for inflammation and immune response control [52].
European databases reveal that half of RA patients receive prolonged, low-dose GC therapy, with
its efficacy-to-adverse-event ratio being favourable day [52]. Interestingly, GC therapy has in some
cases significantly slowed erosion progression in RA patients, an effect that persisted even after
stopping the treatment, suggesting an impact beyond their anti-inflammatory function [53].
However, GC's associated adverse events need to be considered in relation to the chronic
inflammation they're treating, which increases comorbidity risks such as cardiovascular diseases
and inflammatory bone loss. The potential of GCs in reducing these risks may offset their negative
effects, as demonstrated by comparable blood glucose and C-peptide levels between RA patients
under longstanding GC treatment and GC-naive patients.

Although low-dose GCs are associated with adverse events, these must be evaluated in the context
of the treated inflammatory condition. Chronic inflammation increases the risk of comorbidities
such as cardiovascular diseases, infections, insulin-resistance, and inflammatory bone loss. Thus,
reducing these risks by reducing chronic inflammation may counterbalance the negative effects of
GCs [52]. For example, patients with RA showed an increased area under the curve of blood glucose
as well as C-peptide compared to healthy controls, but no difference was observed between RA
patients on longstanding GC treatment and those who were GC-naive [54].

DMARDs are drugs used for disease-modifying treatment in RA to suppress autoimmune activity
and protect joints. They are divided into csDMARDs, bDMARDs and tsDMARDs [42]. csDMARDs such
as methotrexate (MTX), leflunomide (LEF), hydroxychloroquine (HCQ), and sulfasalazine (SSZ) are
used in early cases due to their lower efficacy but fewer adverse reactions [55]. According to the
2021 guideline of the American College of Rheumatology, MTX is the preferred drug for first-line
treatment whether as a monotherapy or in conjunction with other drugs because of its efficacy,
safety profile, ease of administration and low cost [56]. Alternatives to MTX include LEF, HCQ, and
SSZ, and the suggested order of drugs for patients who have never received DMARD treatment and
have a low disease activity is HCQ, SSZ, MTX, and LEF.

1.2. Nanoparticle based RA therapy research

While NSAIDs, DMARDs, GCs and other biological agents enable relief of RA symptoms through
immunosuppression or inhibiting inflammatory agents, they do not offer a permanent solution to
the disease. The body has multiple physiological barriers that the drugs need to overcome: for
example, in the blood stream the phagocytose of reticuloendothelial-system and the destruction
of proteases pose a serious challenge. Current pharmacological treatments cannot make changes
to the pathological mechanisms, they have reduced bioavailability, uneven distribution which
reduces their therapeutic efficacy and often causes adverse effects. Thus, their usage must be
limited to shorter periods and lower doses. These issues have led to research on nanomedicines in
RA treatment.
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One promising approach are nanocarriers — drug delivery systems consisting of 1-500 nm sized
particles with a drug or bioactive agent inside the NP. Their physicochemical properties are easily
controlled, they can increase the solubility and circulation time of drugs and allow a controlled
delivery to the targeted area [57]. The materials that have been used for nanocarriers are
biocompatible and biodegradable such as polymers, lipids, gelatin, albumin or polysaccharides [58].
For small molecule drug delivery, effective nanocarriers should encapsulate the drugs with high
drug loading while preventing drug leakage and release prior to reaching inflamed sites. To address
these challenges, multifaceted delivery strategies can be divided into two main categories:
conjugating drugs with NPs and encapsulating drugs within NPs [59]. Harnessing the potential of
NPs for targeted drug delivery requires a deep understanding of the factors that influence the
various properties NPs.

The size of NPs is greatly influenced by various process parameters such as the amount of drug or
polymer, the drug-polymer ratio, the ratio of solvent to anti-solvent, stirring time, and reaction
temperature [60]. Higher viscosity of the organic solvent, higher polymer concentration, and slower
flow rate prolong the mixing time, leading to an increase in particle size and PDI [61]. On the other
hand, although larger NPs are produced with a higher amount of polymer, they generally exhibit
better drug encapsulation efficiencies compared to the smaller particles. Studies have indicated
that higher drug concentrations lead to a greater number of nuclei at the interface between the
solvent and anti-solvent causing the aggregation and formation of larger NPs [62]. Additionally, an
increase in viscosity caused by higher drug concentrations hampers the diffusion of the drug from
the solvent to the anti-solvent, consequently reducing the yield of NPs [63].

Solvents with high diffusion rates, such as acetone and acetonitrile, have been observed to promote
the formation of smaller NPs with narrower size distributions [64]. The use of solvents with low
boiling points is also desirable as it facilitates the evaporation process and the formation of the
particles. Several researchers have reported that the ratio of solvent to anti-solvent plays a
significant role. It has been observed that an increase in the proportion of anti-solvent relative to
solvent (in the range of 1:2 to 1:20) leads to the production of smaller NPs. In general, higher stirring
rates have been found to result in the production of smaller NPs [65]. For example, an increase in
the stirring rate from 300 to 1200 rpm led to a reduction in particle size from 800 to 300 nm [62].
This decrease in particle size can be attributed to improved mass transfer and diffusion rates, which
facilitate rapid nucleation and precipitation. A decrease in temperature from 40 to 10 °C resulted
in a reduction in particle size from approximately 800 to 300 nm, as observed by Zhang et al [62].
They proposed that the lower solubility at lower temperatures leads to higher supersaturation and
a faster nucleating rate.

1.2.1. Acetalated dextran and phenylboronic pinacol ester dextran nanoparticles as
nanocarriers

The aim of this thesis was to use NPs consisting of two modified dextran polymers for drug delivery.
The first modification involved acetalation of dextran, resulting in pH sensitivity of the polymer,
referred to as Ac-Dex. The second modification involved phenylboronic pinacol ester modification
of dextran, enabling the generation of ROS sensitivity. Two types of NPs were tested for the
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ON/OFF/ON-system: ones consisted of Ac-Dex and the others of both Ac-Dex and PBE-Dex (Ac/PBE-
Dex NPs).

Ac-Dex is one of the most investigated chemically modified derivatives of the polysaccharide
dextran, a polymer which has been approved by the Food and Drug Administration for use in
medicine [66]. It is biodegradable, sensitive towards environments with acidic pH for example an
inflamed area, has a high encapsulation efficacy with certain NPs and can cross the mucosal barrier.
The synthesis of Ac-Dex is achieved through the catalysation of dextran and 2-methoxypropene by
pyridinium p-toluenesulfonate. It is insoluble in water due to the acetalation of pendant hydroxyl
groups but can be dissolved in organic solvents such as ethanol, ethyl acetate and dichloromethane
[67]. In addition, the acetal groups in acetalated dextran are susceptible to acidic hydrolysis,
resulting in the recovery of dextran as well as methanol and acetone as degradation by-products.
Because of its hydrophobic properties and solubility, a drug can be encapsulated within NPs
consisting of Ac-Dex either by precipitation or emulsion and later released by acid-triggered
degradation [68]. Over the past decade, there has been an increasing interest in Ac-Dex-based drug
delivery systems such as vaccines due to its relatively simple preparation, fabrication, and
controllable degradation.

Ac-Dex contains both cyclic and acyclic acetal groups, with the formation of acyclic acetals being
kinetically favoured and occurring rapidly (Figure 3). Within 5 minutes, more than 80% of hydroxyl
groups can be substituted by acyclic acetals, as indicated by detailed kinetic studies [69]. In contrast,
the formation of cyclic acetals is thermodynamically favoured, and with prolonged reaction time,
cyclic acetals gradually replace acyclic ones. By adjusting the reaction time, Ac-Dex with varying
ratios of cyclic and acyclic acetals can be acquired which is an important structural characteristic as
it directly affects the polymer's degradation rate. Acyclic acetals hydrolyze rapidly into methanol
and acetone, while cyclic acetals slowly hydrolyze into acetone. Thus, by controlling the ratio of
cyclic and acyclic acetals, the polymer's degradation half-life can be regulated [70]. The Ac-Dex NPs
used in the current thesis had 35% of their hydroxyl groups involved in cyclic acetalization.
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Figure 3. Cyclic and acyclic structure of Ac-Dex. Figure adapted and modified from Broaders et al.

[70]

By varying the conjugation group, different sensitivities can be achieved for PBE-Dex moieties. Their
responsiveness to ROS species can be affected through conjugating their hydroxy group (4-
(hydroxymethyl) phenylboronic pinacol ester), carboxy group (4-(carboxymethyl)phenylboronic
pinacol ester), or any other group (such as amino-groups) (Figure 4). This sensitivity modulation is
based on the hydrolysis of boronic pinacol ester into boronic acid and pinacol. Additionally, a
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guinone methide rearrangement occurs, which relies on the linkage between the phenylboronic
pinacol ester and the polymer. As a result, the hydrophilic characteristics of dextran are restored
[71]. It is important to note that ROS species are consumed during this process, giving the polymer
scavenging properties.
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Figure 4. Chemical structure of modified dextran with 4-(methyl hydroxy) boronic acid pinacol
ester. Figure adapted from Manaster et al. [72]

1.3. NPsin RA

The development of nanomedicine for treating RA has recently surged to overcome the limitations
of current treatments. Abnormal vessels and inflammatory cell infiltration in RA sites lead to
improved vascular permeability, allowing for passive accumulation of NPs through the "ELVIS"
effect (extravasation through leaky vasculature and subsequent inflammatory cell-mediated
sequestration) [73]. This effect is similar to the enhanced permeability and retention effect
observed in solid tumours and has been shown to effectively deliver various drugs into RA sites,
leading to enhanced drug accumulation and reduced side effects [73]. Additionally, actively
targeting DDS have been designed by modifying specific recognition ligands on the surface of NPs,
taking advantage of the overexpression of certain receptors on inflammation-associated cells.
Particle size plays a crucial role in developing a passive targeting method, where NPs conjugated
with drugs between 100 to 200 nm can avoid removal by the mononuclear phagocyte system and
reticuloendothelial system, leading to extended blood circulation in RA patients [74]. Various NP
modifications can further improve passive drug delivery and reduce off-target effects. However,
despite significant progress, the field of nanomedicine for RA management is still in its early stages,
and there is a lack of effective treatments.

Active drug delivery involves communication between therapeutic agents, NPs, and target cells,
often facilitated by ligand-receptor interactions [75]. These interactions require direct contact
between the ligand and receptor [76], and the carrier system is modified with functionalized
surfaces to avoid biological uptake by the reticuloendothelial system and to transport the drug to
the target location. Various surface coatings, including biological bonding agents, non-ionic
surfactants, specific cells or antibodies, and albumin protein, can improve the specificity of drug
delivery [77]. Figure 5 depicts the different types of NPs used for drug delivery.
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Figure 5. Nanoscale delivery approaches for small-molecule cargoes. Retrieved from
BioRender.com (2023). [78]

To enhance the accumulation of NPs in inflamed joints, active targeting approaches have been
developed, which involve modifying the surface of nanodrugs with location-targeting ligand
molecules. This surface alteration enables the NPs to be internalized more efficiently by the
elevated membrane receptors or surface protein levels present on RA-affected cells, thus aiding
their entry into the cells. Once the drug-loaded NPs reach the targeted tissue, they may act at the
cytosolic level or within the cytomembrane [79]. The drug may be released from the vehicle on the
cell surface, in the extracellular matrix, or through lysosomal organelles' lytic and digestive
enzymes. This mechanism ensures the discharge of the drug into the cytosol without the colloidal
carrier moiety's attachment [80].

1.4. Aims of the study

The primary objective of this thesis was to develop a NP-based DDS that aligns with the severity of
inflammation and can be regulated through the biochemistry of inflammation, including factors like
pH and ROS. The NPs used were loaded with two fluorescent probes which acted as a model drug.
The probes were used instead of a drug to more specifically investigate the particle release
properties. Additionally, this system would be controlled via an innovative ON/OFF/ON mechanism,
which could potentially minimize drug-induced side effects. This strategy stems from the
observation that during an inflammatory response, specifically within joints, the pH level decreases
from the norm due to heightened metabolic activity in macrophages [86]. These characteristic
changes in the pH level provide a unique opportunity to control drug. The fluctuating pH during
inflammation acts as a trigger, enhancing the specificity and efficiency of therapies and minimizing
side effects.

This method presents a new frontier in the realm of personalized medicine, as the DDS would tailor
the delivery and dosage of drugs based on individual patient's inflammatory response. Not only
would this revolutionize the way drugs are administered, but it could also lead to better patient
outcomes, improved drug efficacy, and a lower incidence of adverse effects.
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2. Materials and methods
2.1. Chemicals

All chemicals and compounds used in this thesis are listed in Table 1.

Table 1. CAS-numbers and manufacturers of chemicals used in experiments.

Chemical CAS-number = Manufacturer
2’,7’'-dichlorofluorescein diacetate = 2044-85-1 Sigma Aldrich Sweden AB
2-methoxypropene 116-11-0 Acros Organics

4-(Hydroxymethyl)phenylboronic 302348-51-2 | Sigma-Aldrich
acid pinacol ester

Acetalated dextran - Gizem Erensoy

Acetone (HPLC grade) 67-64-1 Fisher Scientific

D-(+)-Trehalose dihydrate 6138-23-4 Alfa Aesar

Dextran (from Leuconostoc 9004-54-0 Sigma Aldrich

mesenteroides, 9-11 kDa)

Dichloromethane 75-09-2 Sigma-Aldrich

Dimethyl sulfoxide 2206-27-1 Sigma-Aldrich

Dulbecco’s Modified Eagle’s - Thermo Fisher Scientific

Medium (Gibco)

Erythrosin B 15905-32-5 Sigma-Aldrich

Fetal bovine serum (FBS) - Thermo Fisher Scientific
(Gibco)

Fluorescein diacetate 596-09-8 Sigma-Aldrich Sweden AB

Lipopolysaccharide 93572-42-0 Sigma-Aldrich

N,N-Carbonyldiimidazole 530-62-1 Sigma-Aldrich

N,N-Dimethylformamide 68-12-2 Alfa Aesar

Phosphate buffered saline (with - Thermo Fisher Scientific

calcium and magnesium) (Gibco)

Prednisolone 50-24-8 Sigma Aldrich Sweden AB

Pyridinium p-toluensulphate 24057-28-1 Acros Organics

Resazurin 62758-13-8 Alfa Aesar

Sodium hydroxide 1310-73-2 Fisher Scientific

Sulfuric acid 7664-93-9 Sigma-Aldrich Sweden AB

Triethylamine 121-44-8 Fisher Scientific

Trypsin (for cell culture) - Thermo Fisher Scientific

(0.25 % Trypsin, 1x EDTA, Phenol (Gibco)

Red)

Tween 20 9005-64-5 Fisher bioreagents

Solutions: the PBS (1x) buffer (pH 7,4, with calcium and magnesium ions) pH was adjusted with a 1
M citric acid solution to pH 6,5 and 6. The buffers were used for the dynamic light scattering (DLS)
measurement of NPs and later preserved in the fridge (4 °C) for future use. For a 5 M NaOH solution
20 g of sodium hydroxide was dissolved in 100 ml of dH20. The solution was stored in the
refrigerator at 4 °C.
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2.1.1. Fluorescent probes

Two probes were used as model drugs for the loading of NPs: fluorescein diacetate (FDA) and 2’,7’-
dichlorofluorescein diacetate (DC-FDA). FDA is a well-known viability probe that can cross biological
membranes and be hydrolysed by esterases inside living cells, as demonstrated by Rotman and
Papermaster [81]. Diacylfluoresceins, which are fluorescein-containing molecules, are frequently
employed as substrates for esterase and lipase activity and for the delivery of molecules to cells.
Moreover, fluoresceins can be reduced to form leuco-fluorescein (i.e., fluorescin) derivatives, which
act as useful probes for ROS [82].

DC-FDA is a hydrophilic dye which remains in the cytosol and can be oxidized to produce 2',7'-
dichlorofluorescein which emits a strong fluorescent signal at excitation (Aex) 490 nm and emission
(Aem) 523 nm. DC-FDA is a versatile probe that can react with a wide range of oxidants, with
different reaction rates, making it an excellent tool to monitor oxidative stress and redox changes
[83].

2.1.2. Lipopolysaccharide

LPS is one of the components of the outer membrane of Gram-negative bacteria. It is composed of
lipid A (hydrophobic domain), O-antigen (hydrophilic distal oligosaccharide) and a core
oligosaccharide. They are heat-stable endotoxins which in the membrane serve as a protection
mechanism against bile salts and lipophilic antibiotics [84] and help the bacteria to interact with
other surfaces. It has been found that the hydrophobic anchor lipid A is by far the most bioactive
component causing the endotoxicity of LPS and the receptor complex CD14/TLR4/MD2 is
responsible for stimulating the production of proinflammatory cytokines [85]. LPS have been used
to research its structure, immunology, toxicity, biosynthesis and to promote the production of
growth-promoting factors [86].

2.1.2. Ac-Dex and PBE-Dex polymer synthesis

Both of the polymers and NPs were synthesized by Dr. Gizem Erensoy and Endri Bardhi at Chalmers
University of Technology. The acetalization of dextran was carried out following the procedure by
Broaders et al [70]. In brief, dextran (1 g, 0,095 mmol) was weighed and dissolved in 10 ml of
anhydrous dimethyl sulfoxide (DMSO) with constant nitrogen flooding and magnetic stirring. Once
the solution was completely dissolved, pyridinium p-toluenesulphate (15,6 mg, 0,062 mmol) was
added, followed by 2-methoxypropene (3,4 ml, 37 mmol) to initiate the reaction. The reaction was
stopped with 0,5 ml of triethylamine (TEA). To achieve different ratios of cyclic to acyclic
acetalization, the reaction was halted at different time points. For instance, a 35% cyclic
acetalization was achieved by stopping the reaction after 10 minutes. The final polymer was
precipitated with dH20, centrifuged (4,600 g, RT, 20 minutes), and washed with distilled water
(dH20) (pH=8,5). The excessive amounts of TEA were removed by dialysis for two days against 5
litres of dH20 using Spectra/Por 3 Regenerated Cellulose 3,5 kDa MWCO tubing. After freeze-drying
for two days using Labcono Freezedry 2,5 litres, version 10411E, at -58 °C and 0,010 mbar, the
polymer was attained.
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The synthesis method of PBE conjugated to dextran was derived from Manaster et al [72]. To attain
PBE-Dex, PBE (1,1 g, 4,68 mmol) and N,N-Carbonyldiimidazole (CDI) (1,51 g, 9,36 mmol) were
combined and dissolved in anhydrous dichloromethane. The resulting mixture was stirred at room
temperature (RT) under nitrogen for one hour. To extract the resulting compound from the organic
phase, the mixture was subjected to three washes with dH20 and one wash with a saturated
sodium chloride solution, using a separation funnel. The dichloromethane was removed via rotary
evaporation to obtain PBE-CDI. Next, the activated compound PBE-CDI (0,5 g, 1,54 mmol) was
mixed with a solution of dextran (2,2 g, 0,22 mmol) and TEA (0,25 ml, 1,80 mmol) in N,N-
dimethylformamide. The mixture was stirred overnight at RT under nitrogen. The resulting product
was purified using dialysis and subsequently harvested through freeze-drying.

2.1.3. NP synthesis

Once the polymers were synthesized, they were dissolved in an organic solvent (acetone), DC-FDA
was added to load the NPs and the mixture was loaded into a syringe. The aqueous phase consisted
of a polyvinyl alcohol solution with different concentrations. The pH of the aqueous phase was
adjusted using TEA and monitored with pH paper. The organic phase was then dripped into the
aqueous phase either by hand or using a syringe pump. After successful mixing, the organic solvent
was removed by applying a vacuum. Two purification methods were used: centrifugation and
ultrasonication or dilution and tangential flow filtration. The dispersions were collected and
cryoprotected with trehalose dihydrate. Finally, the dispersions were freeze-dried.

2.2. Method workflow

Figure 6 presents a summarized workflow of the study. In brief, two different fluorescent probes
which represented a model therapeutic cargo were investigated to set up an ON/OFF model system
under different biochemical conditions to test the stability and how the environment impacts the
readout. A standard curve was made for both probes in order to later on calculate their
concentration released from Ac-Dex 35% and Ac/PBE-Dex 35% NPs in-vitro. A cell-based model
system was developed to set up the ON/OFF model in macrophages where the ON-state described
the release of the fluorophore due to the decomposition of the NPs while the OFF-state was ideally
characterized by no release of the model drug. For the first steps, detailed questions included 1)
optimal concentrations of the probes and LPS needed to activate macrophages, 2) time to
activation and 3) can this response be turned off though the addition of the anti-inflammatory drug
prednisolone. After that, the NPs were characterized by measuring their size, PDI, drug loading and
encapsulation efficiency. As the final step, the NPs loaded with the model fluorescent probes were
investigated to detect their ON/OFF release in the macrophage system and to determine their
cytotoxicity.
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Figure 6. Outline of the thesis work process. The project included a literature review,
characterization and optimization of the model fluorescent probes and NPs, cytotoxicity testing,
and in-vitro testing of the ON/OFF/ON-system. Images adapted from Biorender.com (2023). [78]

2.2.1. Probe characterization

Two fluorescent probes, FDA and DC-FDA, were used as model drugs to determine their release
from NPs and cell activation. For probe characterization, fluorescence standard curves were made
in order to later on detect their concentration after release from NPs in the cytotoxicity assay. 5 mg
of FDA was weighed in a 15 ml tube, dissolved in 4,9 ml of deionized water Milli-Q and 0,1 ml of 4
N NaOH was added to hydrolyze the dye and make it detectable in a microplate reader (Hidex Sense
425-301gi). A serial dilution was made between the range of 100-1000 ng/ml and 50, 100, 250, 500
and 600 ng/ml concentrations were used to plot the standard curve. The concentrations were
plated in triplicates with one well left empty between the samples to avoid any cross
contamination. The fluorescence was read at Aex=490 nm and Aem=520 nm. For DC-FDA, a similar
protocol was used except 5 mg was dissolved in 1 ml of DMSO and 1ex=485 nm and Aem=520 nm.
All following assays including FDA or DC-FDA were measured at the same wavelengths as for the
probe characterization.

2.2.2. Characterization of NPs

For the characterization of NPs, the size (hydrodynamic diameter) and PDI were measured with the
DLS method (Zetasizer ZS, Malvern Panalytical) using disposable cuvettes (VWR, Polystyrene, 1,5
ml). First, 1 mg of the freeze-dried NPs were weighed and dissolved in 1 ml of dPBS. Next, they were
centrifuged for 20 minutes at 4°C and 14 000 rpm to get rid of the cryoprotectant trehalose. The
supernatant was removed and the NPs were resuspended in 1 ml of dPBS at pH 7,4, 6,5 and 6 to
determine their stability and characteristics in different environments.

2.2.3. Model drug loading and encapsulation efficiency

The quantity of a drug present in a particle is known as drug loading, where a percentage value
indicates the amount of the drug in a known mass of particles (Equation 1). Encapsulation
efficiency, on the other hand, refers to the proportion of the drug used during formulation that can
be recovered after the particles have been prepared (Equation 2). Since drug loading is limited,
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increasing the drug amount can lead to lower encapsulation efficiency. Encapsulation efficiency is
useful for production purposes, while drug loading provides information on the number of particles
needed to achieve a therapeutic response.

Equation 1. Model drug loading (%) calculation for NPs. A standard curve was used to determine
the mass of DC-FDA, whereas the mass of the NPs was determined through weighing after freeze-
drying.

mencapsulated model drug (mg)

100
myp (Mg)

model drug loading (%) =

Equation 2. Encapsulation efficiency (%) calculation of DC-FDA in the NPs. It was determined by
dividing the total amount of the probe present in the NPs by the initial weighed amount of the
probe. Alternatively, the model drug loading was used to quantify the total amount of drug
incorporated within the NPs.

Mencapsulated model drug (mg) )

Mmodel drug (mg)
_drug loading (%) - myp (mg)

Mmodel drug (mg)

encapsulation ef ficiency (%) = 100

2.3. Cell studies
2.3.1. Macrophage cell line

Raw264.7 murine macrophage cell line strain BALB/c was used in all of the assays. The cell line
originates from a tumour in a male mouse induced with the Abelson murine leukaemia virus and is
adherent.

2.3.2. General cell culturing

All cell procedures were carried out in Dulbecco’s Modified Eagle Medium (DMEM) complete
medium which contained 10% fetal bovine serum (FBS) to help cells grow, proliferate and attach,
L-glutamine (GlutaMax) which provides amino acids for rapidly dividing cells, and DMEM. Media
was always heated at 37 °C for 15-20 minutes in a bead bath to reach its normal pH of 7-7,6 and
the optimal temperature for cells.

To thaw cells, first they were thawed by hand from -150 °C and then taken under a hood. 1 ml of
DMEM complete medium was added drop by drop to the tube which contained DMSO, a
cryoprotective agent. The cell suspension was transported to a 15 ml tube and 11-13 ml of complete
medium was added. The tube was centrifuged at 0,2 x g for 5 minutes and if a pellet had not formed
by then, the time and speed were increased. The supernatant was discarded and the pellet was
resuspended in 1 ml of fresh medium. The cell suspension was transferred to a T75 cell culture flask
along with 9 ml of pre-warmed DMEM complete medium and incubated at 37 °C and 5% CO; for
several days.
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Cell splitting was carried out when cells had reached 90% confluency which was determined by
monitoring the culture with a light microscope. If cell density looked too low, only the medium was
replaced every two days. The precise steps for cell splitting can be found in Appendix 1 Cell splitting
protocol.

Seeding a surface treated 96-well tissue culture plate was carried out during the cell splitting. A
density of 50 000 cells per well was used in assays. To determine the needed cell volume for plating,
Equation 3 was used. The cell suspension was prepared on a reservoir and 100 pl was transferred
to each well using a multichannel pipette. 100 pl of dPBS was pipetted in the outer rows of the plate
to avoid evaporation from samples.

Equation 3. Calculation for cell volume needed in seeding a 96-well plate.

0,5 - 10° (cell concentration/ml) - 10 (ml)
mean cell concentration/ml

cell volume =

2.3.3. FDA and DC-FDA titration and time-dependency assays

To determine the optimal concentration of FDA for use in later assays, three different assays were
carried out with Raw264.7 murine macrophage cell line. A 96-well plate was seeded 24 hours earlier
with 100 ul of 50 000 cells per well (see 2.3.2. General cell culturing). The next day 100 ul of 10, 1,
0,1 and 0,01 pg/ml concentrations of LPS were added to activate the cells. In addition, 20, 10, 5 and
1 pg/ml concentrations of FDA were prepared by dissolving a 25 mg/ml stock in dPBS and
performing a serial dilution. 20 ul of every concentration was added to corresponding rows. The
assays included negative controls with cells and different FDA concentrations but no LPS and media
controls with FDA but no added cells or LPS. After three hours of incubation, the plate was
transferred to a plate reader which measured the Fl every ten minutes for one hour. The assay was
repeated thrice. Two titration and time-dependency assays were carried out for DC-FDA in a similar
way.

2.3.4. LPS titration and time-dependency assays

LPS concentrations 1 and 0,1 pug/ml were tested on macrophages to determine whether there
would be a difference in cell activation. A 96-well plate was seeded the day before the experiment
(see 2.3.2. General cell culturing). The LPS dilutions were prepared from a 1 mg/ml stock in DMEM
complete medium and 100 pl of the concentrations were added at one or three hours before the
Fl measurement to determine if there would be a time-dependent reaction. After the incubation at
37 °Cand 5% CO,, 20 pl of 5 pg/ml FDA was added to each well to detect the level of cell activation.
The more activated the cells were, the more they would convert the fluorescent dye which would
result in a higher Fl. Inactivated cells and DMEM complete medium were used as controls. Along
with FDA, two concentrations of prednisolone, 100 and 500 ng/ml, were added to induce an OFF-
state in the activated cells. The Fl was measured for one hour and 50 minutes.
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2.3.5. Method development: biological ON/OFF/ON-system

The principle of the ON/OFF/ON-system was to activate the cells with LPS to induce an ON-state,
then expose the cells to two concentrations of NPs and observe the effects on cell activation. The
system was then switched OFF by adding prednisolone and back ON again by adding a second dose
of LPS to observe the recovery of cell activation. The system was monitored by measuring the plate
in the Hidex Sense plate reader every ten minutes to detect any changes in the Fl in response to
the different treatments. Figure 7 depicts the method set-up. The ON/OFF/ON-system was carried
out according to the following steps:
1) prior to the day of the experiment, a 96-well plate was seeded with a cell density of 50 000
cells per well
2) 22-26 hours later the cells were activated with 100 pl of 1 and 0,1 ug/ml LPS doses and
incubated for two hours at 37 °C and 5% CO,
3) the media was replaced with 200 pl of dPBS and 20 ul of NPs with 500 and 250 pg/ml
concentrations were added in triplicates to the cells
4) the plate was measured in a plate reader for 20 minutes after which 20 pl of prednisolone
was added to induce the OFF-state
5) meanwhile a second batch of macrophages at a density of 10° cells/ml was incubated for
two hours with LPS 1 and 0,1 pg/ml in T25 flasks. A cell scraper was used for detaching
6) the second measurement lasted for 40 minutes and 20 pl of pre-stimulated cells were
added for reactivation of particle release
7) the Fl of the plate was measured for an additional 40 minutes.
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Figure 7. ON/OFF/ON-system study design. Image was created in BioRender.com (2023). [78]

2.3.5. Cytotoxicity assay
For the cytotoxicity assay, a 96-well plate was prepared the previous day by seeding 20 000 cells

per wellin 160 ul of DMEM complete medium containing a 1% penicillin and streptomycin mixture.
The plate was incubated for 22-26 hours at 37 °C and 5% CO,. To prepare the NPs stock, 2 mg was
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weighed in an Eppendorf tube, 1 ml of dPBS was added and the mixture was centrifuged for 25
minutes at 4 °C. The supernatant was removed and the pellet was dissolved in 2 ml of dPBS to get
a final concentration of 1 mg/ml. The stock was vortexed for 1 minute and vigorously pipetted.

The following day 20 ul of a range of NPs and DC-FDA concentrations diluted in dPBS were added.
Cells incubated with DMEM complete medium were used as a negative control and Triton X -100
1% as a positive control. The plate was incubated at 37 °C for 22-26 hours. 20 pul of 0,15 mg/ml
resazurin reagent (Alfa Aesar) dissolved in sterile- filtered dPBS was added to all wells. The plate
was incubated again for two hours and fluorescence was detected at Aex=560 nm and lem=590
nm in a plate reader. The principle of this assay is based on the reduction of resazurin, a blue and
non-fluorescent dye, to the red fluorescent dye resorufin by dehydrogenase enzymes. Living cells
maintain a reducing environment within their cytoplasm and mitochondria. The amount of
resorufin produced depends on cell viability: the more toxic a substance, the less dye is converted
and the absorbance values are lower.

2.3.6. Enzyme linked immunosorbent assay

ELISA was carried out according to the manufacturers protocol [87]. First a high binding 96-well
plate was coated with a rat monoclonal capture antibody that specifically targets mouse IL-6. 16-
18 hours later after the antibody had attached to the bottom of the wells, the plate was washed
four times with 200 ul of Wash Buffer. Residual buffer was blotted by firmly tapping the plate upside
down on a tissue. The plate was washed and emptied in the same way between each step. To block
non-specific binding and reduce background, 100 pl of Assay Diluent A was added to each well, the
plate was covered with parafilm and incubated for one hour at RT on a plate shaker at 500 rpm. All
subsequent incubations were carried out in the same conditions. Next 50 pl of the samples taken
from LPS titration and time-dependency assays (see 2.3.4. LPS titration and time-dependency) and
standards were added to the wells, allowing IL-6 to bind to the capture antibody and the plate was
incubated for two hours.

Subsequently, a biotinylated rat monoclonal anti-mouse IL-6 detection antibody was introduced,
which resulted in the formation of an antibody-antigen-antibody sandwich during a one-hour
incubation. To complete the detection process, 50 pl of Avidin-HRP reagent was added and
incubated for 30 minutes. For the last step, the plate was washed five times and the wells were
soaked with Wash Buffer for one minute for each wash in order to reduce any background. This
step was followed by adding 50 pl of the TMB substrate, which produced a blue colour proportional
to the concentration of IL-6 in the wells. After 30 minutes of incubation in the dark, the reaction
was terminated by adding Stop Solution, which caused the colour to change from blue to yellow.
Finally, the absorbance of the wells was measured at 450 nm and 570 nm using a microplate reader
immediately after adding Stop Solution.

2.4. Statistical analysis

The results are presented as the mean + standard deviations for single assays and as standard errors
for the means of multiple assays. The standard error was calculated by dividing the standard
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deviations with a positive square root count. The experiments were conducted in technical
triplicates unless otherwise stated. To compare the differences between two groups, a two-sided
t-test assuming unequal variances was used. For comparisons involving more than two groups, a
single-factor ANOVA was conducted. For time-dependent analyses such as release studies, a two-
way ANOVA analysis was performed. All calculations were carried out in Excel, and p-values less
than 0,05 were considered significant.
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3. Results and Discussion

3.1. Material characterization

3.1.1. Probe characterization

In order to quantify the amount of FDA and DC-FDA that was released from the particles, standard
curves were made by measuring the concentration of the two probes in water at the wavelength
of the corresponding excitation and emission. The values for FDA proved to be inconsistent and to
get an acceptable R value, the standard curve was repeated several times (Figure 8). Initially there
was no fluorescence detected because the dye needed to be hydrolysed. After adding NaOH, the
dye became fluorescent and a signal was emitted. DC-FDA is known to be a more stable compound
and its concentrations only needed to be measured once after hydrolysation (Figure 9).
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Figure 8. Standard curve of FDA in Milli-Q water. To demonstrate a concentration dependence, FDA
was diluted to a concentration range of 0 to 600 ng/ml, and values were obtained at Aex=490 nm
and Aem=520 nm to plot a standard curve. The experiment was carried out six times due to the
instability of FDA (n=6).
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Figure 9. Standard curve of DC-FDA. DC- FDA was diluted to a concentration range of 0 to 600 ng/ml|,
and values were obtained at Aex=485 nm and Aem=520 nm to plot a standard curve. The
experiment was carried out once (n=1).
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3.1.2. Characterization of NPs

In order to effectively interact with the inflammatory area, drug-loaded NPs need to circulate in the
bloodstream for an adequate duration. However, conventional NPs with non-modified surfaces
often get trapped in the reticuloendothelial system, particularly in organs like the liver and spleen,
depending on their size and surface properties [88]. Therefore, the characteristics of particles such
as size and PDI play a crucial role in targeted drug delivery. The hydrodynamic sizes and PDI of Ac-
Dex 35% NP and Ac/PBE-Dex 35% NP loaded with DC-FDA are shown on Figure 10 and Figure 11.
Both the NPs and the supernatant were measured with DLS to confirm their presence and absence
in the supernatant since no visible pellet was formed after centrifugation.

The particles loaded with FDA were excluded from the ON/OFF/ON studies due to their abnormal
size and PDI. However, the standard curve of FDA and titration assays done with them are still
presented (see 2.2.1. Probe characterization and 2.3.3. FDA and DC-FDA titration and time-
dependency assays). After characterization with nuclear magnetic resonance spectroscopy (NMR),
it became clear that Ac/PBE-Dex didn’t contain any PBE and that it consisted only of stabilized Ac-
Dex. In spite of that the NPs containing the so-called Ac/PBE-Dex were used in assays as a stable
comparison to the other NPs and the polymer will be still referred to as Ac/PBE-Dex.

At pH 7,4, 6,5, and 6,0, the hydrodynamic sizes for Ac-Dex 35% NPs were 167 nm, 240 nm, and 256
nm, respectively, and for Ac/PBE-Dex 35% NPs were 237 nm, 422 nm, and 423 nm, respectively. To
determine the statistical differences of the sizes at different conditions, a one-way ANOVA was
conducted. The pH affected both types of the NPs (p<0,05): the lower the pH, the more the size
increased. With Ac-Dex 35% NPs the average size increased 73 nm between pH 7,4 and 6,5 and 16
nm between pH 6,5 and 6. Ac/PBE-Dex 35% NP size increased 185 nm between pH 7,4 and 6,5 and
1 nm between pH 6,5 and 6. This could be attributed to swelling or aggregation [89]. Acidic
conditions can lead to changes in the surface charge or hydration state of the NPs, causing them to
interact differently and aggregate or swell, resulting in an overall increase in size.

Ac-Dex 35% NPs had a PDI of 0,29 at pH 7,4 which significantly decreased (p=0,007) to 0,25 at pH
6,5 and to 0,15 at pH 6 indicating a more uniform size distribution. Ac/PBE-Dex 35% NPs showed
an opposite trend where the PDI increased from 0,16 at pH 7,4 and 6,5 to 0,22 at pH 6 but the
change was not considerable (p=0,41). The size distribution of Ac/PBE-Dex 35% NPs remained
relatively consistent across the tested pH values and prove that they could be used as a stable
reference in assays.
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Figure 10. Size of Ac-Dex 35% NP (Ac-Dex, marked in blue) and Ac/PBE-Dex 35% NP (Ac/PBE-Dex,
marked in orange) loaded with DC-FDA. Sizes were determined using pH-adjusted dPBS (pH 7,4, 6,5
and 6) for measurements after freeze-drying. Measurements of the loaded NPs were performed
once (n=1) with three technical replicates. **** - p<0,0001.
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Figure 11. PDI of Ac-Dex 35% NP and Ac/PBE-Dex 35% NP loaded with DC-FDA. PDIs were
determined using pH-adjusted dPBS (pH 7,4, 6,5 and 6) for measurements after freeze-drying.
Measurements of the loaded NPs were performed once (n=1) with three technical replicates. *** -
p<0,001, ns - p>0,05.

3.1.3. Model drug loading and encapsulation efficiency

The anticipated model drug loading of 1% was not confirmed upon measuring the NPs (Figure 12).
The mean loading for Ac-Dex 35% NPs was 0,119% and for Ac/PBE-Dex 35% NPs it was 0,082%. Ac-
Dex 35% NPs achieved significantly higher loading (p<0,05). It suggests that the choice of polymer
formulation, specifically the use of Ac-Dex 35%, was more effective in achieving the desired loading
outcome. The encapsulation efficiencies for the NPs were 0,1073% and 0,0708% (Figure 13). It is
important to note that the encapsulation efficiency values were derived from theoretical
projections due to methodology issues; thus, they may not precisely reflect the empirical
conditions.
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The drug loading of NPs can exhibit significant variability, often influenced by the fabrication
process [90]. There are several advantages to formulating NPs with higher drug loading: a higher
drug loading reduces the need for non-active excipients, as the same quantity of active
pharmaceutical ingredient can be achieved with fewer additional components in the NP
formulation. Additionally, a higher drug loading enables the delivery of an equivalent dose of the
active ingredient with a lower number of particles. This reduction in the number of NPs required
for the desired dose can lead to benefits such as decreased manufacturing and processing time,
reduced raw material consumption, and lower energy requirements. This is particularly relevant as
many NP manufacturing processes involve the input of mechanical energy. The low encapsulation
efficiency suggests that a significant amount of the substance was lost or not effectively
incorporated into the NPs. This could lead to poor bioavailability of the drug [91]. Encapsulation of
hydrophobic drugs can be improved by changing the solvents used for solubilization or the
preparation method.
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Figure 12. Model drug (DC-FDA) loading of Ac-Dex 35% NPs and Ac/PBE-Dex 35% NPs. The NPs were
synthesized using nanoprecipitation. The mean of technical triplicates and the standard deviations
are shown. * - p<0,05.

0,1200
0,1073

< 0,1000
0,0800 0,0708
0,0600

0,0400

Encapsulation efficiency (%

0,0200

0,0000
Ac-Dex 35 % NP Ac/PBE-Dex 35% NP

Figure 13. Encapsulation efficiency of Ac-Dex 35% NPs and Ac/PBE-Dex 35% NPs loaded with DC-
FDA. Standard deviations are not represented in the data due to the nature of these values being
derived from theoretical computations.
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3.2. Cell studies

The purpose of the cell studies was to determine if the NPs were inflammation specific, more
accurately would they degrade at a lower pH and release the model drug which could then be
converted by cells into a fluorescent component. In brief, the investigation process was as follows:
titration assays were carried out for both of the probes, LPS and prednisolone. Cell activation was
confirmed with an ELISA and the biocompatibility of the NPs was tested with a cell viability assay.
To induce an inflammatory state in Raw264.7 macrophages they were activated with two
concentrations of LPS. Prednisolone was added to turn the cells off which should be reflected in a
stabilized Fl signal. To reactivate the cells, fresh cells incubated with LPS in the same condition as
the first batch were added to the corresponding wells. Activated cells with no prednisolone and no
second round of added cells were used as negative controls.

3.2.1. Pre-testing FDA and DC-FDA concentrations with different LPS doses

FDA concentration 20 ug/ml was left out after the first assay because it was determined to be too
high and didn’t correspond to data found in literature. The assays carried out with FDA produced
inconclusive results between the four LPS concentrations and the observed variability, as indicated
by large standard errors, was considerable (Figure 14-16). There is a significant increase in Fl values
from 1 to 10 pg/ml, exhibiting a dose-dependent response (p<0,001). Due to high Fl values with the
maximum concentration and poor detectability of the lowest concentration, FDA 5 pg/ml was
chosen to use in the LPS titration and time-dependency assays (see 3.2.2. Optimizing LPS and
prednisolone concentrations and time).
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Figure 14. Fluorescence intensity of FDA 10 pg/ml tested on cells activated with LPS 0,01, 0,1, 1 and
10 pg/ml. Negative control represents non-activated cells and negative control with FDA 10 pg/ml
corresponds to non-activated cells with added FDA. The means and standard errors of two assays
(n=2) are shown.
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Figure 15. Fluorescence intensity of FDA 5 pug/ml tested on cells activated with LPS 0,01, 0,1, 1 and
10 ug/ml. Negative control represents non-activated cells and negative control with FDA 5 pg/ml
corresponds to non-activated cells with added FDA. The means and standard errors of two assays
(n=2) are shown.
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Figure 16. Fluorescence intensity of FDA 1 ug/ml tested on cells activated with LPS 0,01, 0,1, 1 and
10 ug/ml. Negative control represents non-activated cells and negative control with FDA 1 pg/ml
corresponds to non-activated cells with added FDA. The means and standard errors of two assays
(n=2) are shown.

The first three FDA and LPS titration assays did not yield any coherent results and the samples had
different values every assay. The negative control’s Fl values were sometimes higher compared to

32



LPS activated cells which led to suspect that one of the DMEM complete medium components was
hydrolysing FDA. It was confirmed that the DMEM complete medium itself converted FDA and even
the media controls had almost as high fluorescence values as the activated cell samples. The
hydrolysis of FDA in the absence of live cells is an issue that has been reported before and can lead
to false interpretation of negative results [92]. To determine which medium component caused the
hydrolysis, FDA was measured with each of the components separately (Figure 17).

The Fls of FBS, GlutaMax, and DMEM mixed with dPBS were measured to determine which one of
them was causing FDA conversion. In addition, DMEM without phenol red was also measured as a
possible substitute for the complete medium. The components with the highest FlI values were
dPBS+FBS, dPBS+GlutaMax+FBS, DMEM and DMEM complete medium. The differences with dPBS
were significant (p<0,01). Since several of the media components proved to be hydrolysing FDA, it
was decided to replace the cell medium with dPBS in future assays since that had the lowest signal.
In the next assays before incubation in the plate reader, all complete media was aspirated from the
wells and replaced with 200 pl of dPBS and 20 pl of 5 pg/ml FDA. The plate was placed in the plate
reader for a one-hour measurement.
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Figure 17. Fluorescence intensity of FDA at a concentration of 5 ug/ml. Each of the DMEM complete
medium components was mixed with PBS and measured as triplicates. PBS — phosphate buffered
saline, GlutaMax — L-glutamine, FBS — fetal bovine serum, DMEM - Dulbecco’s Modified Eagle
Medium, DMEM -phenol red — Dulbecco’s Modified Eagle Medium without phenol red.

The titration assays with DC-FDA 10 pg/ml (Figure 18) and 5 ug/ml (Figure 19) showed that there
were no significant differences between the LPS concentrations. With DC-FDA 1 pg/ml a slight
deviation could be seen between LPS 10, 1 and 0,01 pg/ml and LPS 0,1 pg/ml where the 0,1 pg/ml
concentration had a lower FI (Figure 20). However, statistical analysis showed that none of the LPS
groups proved to have significant differences (p>0,05). A significant dose dependent response
(p<0,01) can be seen as the Fl values increase from 1 to 10 pg/ml.

One explanation for the similar responses to the different LPS concentrations is the saturation of
cellular response: the cellular response to LPS reached a maximum or plateau, regardless of the LPS
dose used. Once the cells were activated, they could only exhibit a maximal level of Fl, and
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increasing the LPS dose further did not elicit any additional response. Other potential explanation
could be the limitation in the binding capacity of LPS. If all available binding sites are occupied at
lower concentrations of LPS, then increasing the LPS concentration would not further enhance the
fluorescent intensity (Fl) because there are no free binding sites for the additional LPS molecules.
Additionally, the process of intracellular signalling may have self-limiting mechanisms that prevent
excessive response. Once a certain level of activation is reached, these mechanisms may kick in,
limiting further response even with increased LPS concentration [93]. This could be an evolutionary
protective mechanism to prevent cell damage from an overly robust response. Finally, it's also
possible that there might be a negative feedback mechanism in place that gets triggered when the
response reaches a certain threshold, thereby keeping the response under check [94].
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Figure 18. Fluorescence intensity of DC-FDA 10 pg/ml tested on cells activated with LPS 0,01, 0,1, 1
and 10 pg/ml. Negative control represents non-activated cells and negative control with DC-FDA 10
ug/ml corresponds to non-activated cells with added DC-FDA. The means and standard errors of
two assays (n=2) are shown.
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Figure 19. Fluorescence intensity of DC-FDA 5 pg/ml tested on cells activated with LPS 0,01, 0,1, 1
and 10 pg/ml. Negative control represents non-activated cells and negative control with DC-FDA 5
pg/ml corresponds to non-activated cells with added DC-FDA. The means and standard errors of

two assays (n=2) are shown.
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Figure 20. Fluorescence intensity of DC-FDA 1 pg/ml tested on cells activated with LPS 0,01, 0,1, 1
and 10 pg/ml. Negative control represents non-activated cells and negative control with DC-FDA 1
ug/ml corresponds to non-activated cells with added DC-FDA. The means and standard errors of

two assays (n=2) are shown.
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3.2.2. Optimizing LPS and prednisolone concentrations and time of incubation

Two concentrations of prednisolone, 180 and 500 ng/ml, were tested on cells stimulated with LPS
1 and 0,1 pg/ml for three and one hours (Figure 21-24). The first concentration of prednisolone was
chosen based on previous cell studies and literature [95]. A higher concentration was added to see
whether it had a more significant effect. Unstimulated cells with FDA were used as a negative
control. Due to the different growth rates of macrophages, the standard errors are quite large.
Nevertheless, the trends were similar in all the assays with prednisolone samples always having a
lower signal.

There were significant differences between LPS 1 and 0,1 pg/ml stimulated cells and stimulated
cells where prednisolone had been added. The Fl of 180 and 500 ng/ml prednisolone samples was
roughly two to three times lower at the end of the experiments. The differences in signal intensities
began to appear already at 20-30 minutes which indicates the effectiveness of the drug. The Fl for
LPS 0,1 pg/ml was slightly lower but other than that the deviations between the stimulated cells
and cells with prednisolone were similar. Unexpectedly the negative control also had a high Fl even
though those cells were unstimulated. No significant variations were observed between the two
timepoints for LPS 1 and 0,1 ug/ml concentrations (p=0,7 and p=0,8, respectively) and because of
that, two hours was chosen as the average for the incubation time with LPS.

Prednisolone is a synthetic glucocorticoid which reduces inflammation and has immunomodulating
properties. It enters the cell nucleus and activates specific nuclear receptors by binding to them
resulting in changed patterns of gene expression and lower levels of proinflammatory cytokines. In
addition, prednisolone decreases the number of circulating lymphocytes, induces -cell
differentiation, and stimulates apoptosis in sensitive tumour cells populations [96]. Since the two
concentrations tested proved to be both effective in reducing the FI, 500 ng/ml was chosen to
continue with the ON/OFF/ON assays. These results suggest that prednisolone has the ability to
attenuate the cellular response induced by LPS, regardless of the concentration used. Prednisolone
likely interfered with the activation of cellular pathways and modulating gene expression involved
in inflammation, leading to a dampened response to LPS stimulation and a reduced FI.
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Figure 21. Fluorescence intensity of LPS 1 pg/ml activated cells and prednisolone 180 ng/ml
samples. 5 pg/ml of FDA was added to each sample to monitor cell activation. FDA — fluorescein
diacetate, LPS — lipopolysaccharide, PRDL — prednisolone.
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Figure 22. Fluorescence intensity of LPS 1 pg/ml activated cells and prednisolone 500 ng/ml
samples. 5 ug/ml of fluorescein diacetate was added to each sample to monitor cell activation. FDA
— fluorescein diacetate, LPS — lipopolysaccharide, PRDL — prednisolone.
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Figure 23. Fluorescence intensity of LPS 0,1 pg/ml activated cells and prednisolone 180 ng/ml
samples. 5 pg/ml of FDA was added to each sample to monitor cell activation. FDA — fluorescein

diacetate, LPS — lipopolysaccharide, PRDL — prednisolone.

1400000

1200000

1000000 =+

800000

Fl (a.u.)

600000

400000

200000

0 10 20 30 40 50 60 70 80 90 100 110
time (min)

=@ negative control+FDA  ==@==[PS 1h ==@==[PS3h ==@==LPS+PRDL500 1h ==@==LPS+PRDL 500 3h

Figure 24. Fluorescence intensity of LPS 0,1 pg/ml activated cells and prednisolone 500 ng/ml
samples. 5 pg/ml of fluorescein diacetate was added to each sample to monitor cell activation. FDA
— fluorescein diacetate, LPS — lipopolysaccharide, PRDL — prednisolone.
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3.2.3. ELISA

The gold standard of immunoassays is the ELISA, a labelled immunoassay. It is a highly sensitive
immunological test that detects and measures a variety of substances, such as antibodies, antigens,
proteins, glycoproteins, and hormones. In this thesis it was used to detect the production of IL-6 in
order to confirm the activation of macrophages by LPS.

The level of IL-6 released in LPS stimulated controls and prednisolone samples was measured
several times. At first, samples were diluted to 1:30 with cell medium, then 1:20, 1:10 until finally
undiluted samples were used for the ELISA assay since some of the diluted samples did not give any
readout. The assay with undiluted samples was performed twice (Figure 25). Due to the samples
being thawed three times, the first assay produced higher levels of IL-6 than the second one which
is why the standard deviations are larger. However, both of the experiments showed a similar trend
where LPS samples which had been incubated for three hours had higher levels of IL-6 compared
to samples incubated with LPS for one hour. Prednisolone proved to have no reducing effect on the
production of IL-6 but this could be put down to a short incubation time: cells had been previously
stimulated with LPS for three and one hours whereas the incubation time with prednisolone was
one and a half hours. This seemed to not be a long enough period for the cells to turn off IL-6
production. Even though the effect of prednisolone couldn’t be demonstrated with an ELISA, it
could still be observed in assays where the Fl was measured.
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Figure 25. Release of IL-6 by LPS stimulated Raw264.7 macrophages depending on time (three and
one hours) and concentration (1 and 0,1 pg/ml). Negative control represents unstimulated cells.
LPS — lipopolysaccharide, PRDL — prednisolone. The means and standard errors of two assays (n=2)
are shown.

Samples incubated with LPS for three hours had significantly higher levels of IL-6 compared to
samples incubated for one hour (p<0,05). The observed difference in IL-6 levels suggests a time-
dependent effect where the time of incubation with LPS used in the experiment influences the
production and release of IL-6. A longer period of incubation appeared to elicit a more pronounced
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response in terms of IL-6 production compared to a shorter time. In addition, there was no
significant difference observed between the corresponding timepoints of samples with LPS 1 pug/ml
and samples with LPS 0,1 pug/ml.

3.2.4. Cytotoxicity assay

To ensure the safety and suitability of the NPs as a potential DDS for RA treatment, a thorough
investigation of their biocompatibility was conducted using the resazurin-based cell viability assay
according to the International Organization for Standardization (ISO) [109]. The primary objective
was to assess whether the NPs, the cargo they carried, or degradation products posed any toxicity
to cells. The principle of the resazurin viability assay relies on the mitochondrial respiratory chain
in live cells, which reduces the oxidized non-fluorescent blue resazurin to the red fluorescent dye
resorufin. The concentration of free DC-FDA was determined based on the encapsulated DC-FDA
content within the NPs, calculated using the model drug loading and NP mass. According to I1SO
standards, cell viability below 70% is considered cytotoxic and therefore, the observed viability was
compared to this threshold value.

Macrophages were treated with NPs in a range of 31,3-500 pg/ml and with the equivalent of free
DC-FDA concentrations of 0,4625-7,4 pug/ml (Figure 26). After 24 hours NP concentrations 125
ug/ml showed a decreased viability, all the other samples were above or at the 70% viability level.
To confirm whether there were relevant differences between the samples and the negative control
with DMEM complete medium, a one-way ANOVA was conducted. It was found that no samples
except for the positive control with Triton X-100 1% were statistically different from the negative
control (p>0,05). Based on these findings, it can be concluded that the NPs demonstrated good
biocompatibility.
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Figure 26. Viability of Raw264.7 macrophages after 24 hours exposure to NPs (blue) and DC-FDA
(green). The resazurin assay was employed to evaluate the cytotoxicity of Ac-Dex 35% NPs loaded
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with DC-FDA, as well as free DC-FDA. The experiment was conducted thrice (n=3), with three
technical replicates for each control and concentration. The 70% cytotoxicity threshold is indicated
by the red line.

3.2.5. ON/OFF-system

The objective of the designed DDS was to achieve pH-dependent release. To test this system, Raw
264.7 cells were stimulated with LPS to induce inflammation, the complete media was replaced
with PBS and DC-FDA loaded Ac-Dex and Ac/PBE-Dex 35% NPs were added. The concentrations of
NPs were selected based on previous titration assays. The Fl was monitored for 20 minutes before
prednisolone was added. The plate was measured again for 40 minutes and a new dose of LPS cells
was added to get an ON state again. Raw 264.7 cells stimulated with LPS and no prednisolone added
served as the control.

Figure 27 illustrates the ON/OFF FI of DC-FDA treated with Ac-Dex NPs and prednisolone for two
hours and 50 minutes. Even though there is a crossover between the prednisolone sample and
control, it was not a statistically significant difference (p>0,05). Figure 28 depicts the same system
for Ac/PBE-Dex NPs where the controls and samples followed the same pattern. This trend suggests
that prednisolone stimulated cells incorporated the same amount of DC-FDA compared to the
controls. It was hypothesized that the dose of prednisolone was not high enough. To test this
hypothesis, the concentration was raised from 500 ng/ml to 1000 and 5000 ng/ml. However, this
also did not have a visible effect on cell activity. In the next assays a fresh prednisolone stock was
prepared to exclude the possibility that freeze-thawing affected the chemical properties of
previously prepared stock. Preparing a new stock did not improve the effect of the glucocorticoid.

Therefore, it was concluded that the proposed in vitro model, using DC-FDA to monitor drug release
from Ac-Dex 35% NPs and Ac/PBE-Dex 35% NPs, proved to be a challenging system due to
complications in the biological system in. The cells could not be deactivated repeatedly meaning
that the model was not yet reproducible. Another option to enhance the specificity of the DDS is to
use targeted drug delivery. This method involves NPs to which the drug is attached via ligands or
antibodies functionalized on the surface to increase the NPs' targeting to specific antigenic proteins
or cell membrane receptors [97]. Scientists use small ligands such as folate, class A scavenger
receptors, and galactose to modify nanodrugs to target different receptors overexpressed on the
macrophages' exterior [98]. Targeted drug delivery could also lead to personalized medicine, where
treatments are designed specifically based on the individual's cellular profile.
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Figure 27. ON/OFF system of DC-FDA release from Ac-Dex 35% NPs. The NPs were centrifuged and
resuspended in dPBS before use. Cells were pre-stimulated with LPS 1 pg/ml for two hours to get
the ON-state (marked green). After the addition of the particles, the release of DC-FDA was
measured. To induce the OFF-system, prednisolone was added to shift the pH from slightly acidic
to pH 7.4 and the measurement was continued (marked red). Experiments have been conducted
once (n=1) with three technical replicates.
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Figure 28. ON/OFF system of DC-FDA release from Ac/PBE-Dex 35% NPs. Cells were incubated with
LPS 1 pg/ml to get the ON-state (marked green). After the addition of the particles, the release of
DC-FDA was measured. To induce the OFF-system, prednisolone was added to shift the pH to pH
7,4 and the measurement was continued (marked red). Experiments have been conducted once (n
= 1) with three technical replicates.
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Abstract

This thesis examined the potential of nanoparticles (NPs) to revolutionize the treatment of
rheumatoid arthritis (RA), a prevalent autoimmune disease requiring sustained therapy. By
encapsulating bioactive agents, NPs enable targeted drug delivery that maintains therapeutic
efficacy without necessitating increased drug concentrations or dosage frequency. The aim was to
monitor model drug release in the cell environment during inflammation. A drug delivery system
(DDS) was developed using model drug loaded acetalated dextran (Ac-Dex) and phenylboronic
pinacol ester conjugated to acetalated dextran (Ac/PBE-Dex) NPs and involving macrophages in an
inflammatory environment triggered by bacterial lipopolysaccharide (LPS). Using prednisolone to
test the accuracy of the NPs, the study examined changes in fluorescence intensity (Fl) to measure
drug release effectiveness. The research process included characterizing the probes and NPs, and
conducting cell studies for titration, cytotoxicity, and ON/OFF-system testing.

The sizes of the NPs increased in lower pH environment meaning that aggregation or swelling
occurred. The significant decrease in PDI at lower pH demonstrated the uniformity of Ac-Dex NPs
whereas an increase occurred with the Ac/PBE-Dex NPs. It was hypothesized that since those
particles actually consisted of stabilized dextran, they were more stable and could be used as a
reference in testing the DDS. The titration assays with 2’,7’-dichlorofluorescein diacetate (DC-FDA)
did not reveal significant differences across varying LPS concentrations. This identical outcome,
irrespective of LPS dosage, suggests a potential maximum threshold in the cellular response,
beyond which no additional reaction was triggered. Both tested prednisolone concentrations
significantly reduced the Fl in LPS-stimulated cells, affirming its potency as a synthetic
glucocorticoid that effectively mitigates inflammation. These results imply that prednisolone,
regardless of the dosage, can effectively modulate the cellular response induced by LPS stimulation,
likely through its interference with inflammation-related cellular pathways and gene expression.

Interleukin-6 (IL-6) levels were found to be higher in LPS samples incubated for three hours
compared to those incubated for one hour, suggesting a time-dependent response in IL-6
production. Despite the lack of observable impact of prednisolone on IL-6 production, likely due to
insufficient incubation time, its effect could still be detected in fluorescence intensity assays. A
comprehensive assessment of the NPs biocompatibility was conducted, revealing that all NP
samples maintained a cell viability level at or above the critical 70% threshold, indicating good
biocompatibility. This outcome supports the potential of these NPs as a viable DDS for RA
treatment, as the NPs, their cargo, and degradation products did not seem to exhibit notable
cytotoxicity.

Despite various adjustments to the ON/OFF-system, no significant effects on cell activity were
observed. These findings suggest that the proposed model using DC-FDA to track drug release
lacked sufficient specificity and reproducibility, as differences in Fl were statistically insignificant,
and the cells could not be consistently deactivated. Further investigation is needed to fully ascertain
the potential of the proposed DDS. Despite these challenges, the research offers valuable insights
into the behaviour of NPs in an inflammatory environment, opening the door to potential
advancements in targeted drug delivery for RA treatment.
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Annotatsioon

Kaesolev magistritdo uuris nanoosakeste kasutamist levinud autoimmuunhaiguse reumatoidartriidi
ravis. Nanoosakesed vdimaldavad bioaktiivseid aineid kapseldades sihiparast ravimite edastamist
ning tagavad terapeutilise efektiivsuse ilma ravimi kontsentratsiooni vdi annustamissagedust
suurendamata. Kasutades atsetaalitud dekstraani ja atsetaalitud dekstraani kiilge konjugeeritud
fentllboorpinakooli estri nanoosakesi ning kaasates makrofaage bakteriaalse lipopoliisahhariidi
(LPS) esilekutsutud pdletikutaolises keskkonnas loodi pdletikuspetsiifiline ravimi edastamise
siisteem. Rakkude puhkeoleku taastamiseks kasutati pdletikuvahendava toimega glikokortikoidi
prednisolooni ning jargnenud reaktsioone uuriti labi fluorestsentsi mdootmise, et tuvastada ravimi
vabanemise efektiivsus. T66 hélmas fluorestsentsete varvide ja nanoosakeste iseloomustamist ning
rakkude uuringuid kasutatud ainete optimaalsete kontsentratsioonide maaramiseks,
tsitotoksilisuse ja nn sisse/valja-siisteemi testimiseks.

Nanoosakeste suurused kasvasid happelisemas keskkonnas, mis viitab agregatsioonile voi
paisumisele. Polldisperssuse indeksi oluline vdhenemine happelises pH-s nditas atsetaalitud
dekstraani nanoosakeste Uhtlasemat suurusjaotuvust, samas kui teiste osakeste puhul toimus
suurenemine. Oletati, et kuna need osakesed koosnesid tegelikult stabiliseeritud dekstraanist, olid
need stabiilsemad ja neid vdis kasutada sisse/vélja-slisteemi testimisel vordluseks. Fluorestsentse
varvi tiitrimise katsetes ei paljastunud markimisvaarseid erinevusi erinevate LPS
kontsentratsioonide vahel, mis viitab potentsiaalsele maksimaalsele lavendile rakulises reaktsioonis
sOltumata LPS doosist. Mdlemad testitud prednisolooni kontsentratsioonid vdahendasid oluliselt
fluorestsentsi stimuleeritud rakkudes, kinnitades selle tGhusust péletiku vahendamisel. Need
tulemused viitavad sellele, et prednisoloon suudab olenemata annusest t6husalt modifitseerida
stimulatsioonist tingitud rakulist vastust, tdenaoliselt sekkudes pdletikuga seotud raku
signaaliradadesse ja geeniekspressiooni.

Tsitokiini interleukiin-6 tasemed olid kdrgemad prednisolooniga stimuleeritud rakuproovides, mis
olid inkubeeritud kolm tundi, vorreldes nendega, mis olid inkubeeritud (ihe tunni demonstreerides
ajast sOltuvale vastusele IL-6 tootmises. Vaatamata prednisolooni md&ju puudumisele IL-6
tootmisele, t6endoliselt ebapiisava inkubatsiooniaja tottu, vOis selle mdju siiski tuvastada
fluorestsentsi intensiivsuses. Metabolismil pdhineva elulevuse katsetega naidati nanoosakeste
bioloogilist sobivust, kus kdik testitud nanoosakeste kontsentratsioonid sdilitasid raku elujdulisuse
taseme kriitilisel 70% lavendil vGi sellest kdrgemal, viidates heale bioloogilisele sobivusele. See
tulemus toetab testitud nanoosakeste potentsiaali RA raviks sobiva ravimi edastamise sliteemis,
kuna neil ei olnud tstitotoksilist mdju.

Hoolimata mitmesugustest kohandustest ravimi edastamise sisteemis, ei taheldatud
markimisvadrset erinevust mudelravimi vabanemisel. Tulemused viitavad sellele, et pakutud
mudel, mis kasutas fluorestsentsi mudelravimi vabanemise jalgimiseks, ei olnhud piisavalt
spetsiifiline ja reprodutseeritav, kuna méddetud erinevused olid statistiliselt ebaolulised ja rakke ei
saanud jarjekindlalt valja lulitada. Vajalik on edasine uurimine, et kindlaks teha pakutud sisteemi
efektiivsus. Vaatamata t00s esinenud valjakutsetest demonstreeriti nanoosakeste kaitumist
poletikulises keskkonnas ning tehti paljulubavad edusammud RA raviks sihitud ravimite
kohaletoimetamisel.
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Appendices

Appendix 1 Cell splitting protocol

Cell splitting was carried out every two to three days according to the following steps:

1)
2)
3)
4)

5)
6)
7)

8)

9)

aspirate old media from the cell culture flask

wash cells with 10 ml of pre-warmed dPBS

aspirate dPBS

add 3 ml of trypsin to detach the cells from the flask surface and incubate for 5 minutes at
37 °Cand 5 % CO,. If cells are very confluent, increase the volume of trypsin and incubate
as long as necessary

add 5-8 ml of DMEM complete medium to neutralize the trypsin and pipette cells up and
down to disintegrate cell aggregates

transfer the cell suspension to a 15 ml tube and centrifuge for 5 minutes at 0,2 x g

discard the supernatant and add 1 ml of DMEM complete medium to the tube

mix 12 ul of Erythrosin B (a dye for staining nonviable cells) and 12 pl of the cell suspension
in an Eppendorf tube

pipette 12 ul of the mix on both wells of a counting plate

10) count the cells in a counter and calculate the volume needed for splitting. The calculation

0,14 -10° (cell concentration/ml)-10 (ml)
mean cell concentration/ml

formula: cell volume =

11) add 10 ml of fresh complete medium to a new T75 cell culture flask and add the required

volume of cells

12) incubate the cells at 37 °C and 5 % CO..
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