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Thesis Organization

This thesis is divided into four main Chapters and includes one manuscript.
Chapter 1 introduces the context of the work.
Chapter 2 describes the hypotheses and objectives of this thesis.

Chapter 3 is the literature review focusing on the hip joint; hip joint replacements; causes of
long-term hip implant failure; biological mechanisms involved in implant wear-mediated
osteolysis; anti-inflammatory agents (in particular simvastatin) for the treatment of aseptic
loosening; local and controlled delivery of simvastatin; 2-hydroxypropyl-B-cyclodextrin as a
water-soluble drug excipient to increase simvastatin solubility; and finally alginate polymer for

drug delivery.

Chapter 4 is the manuscript, to be submitted to the Journal of Biomedical Materials Research
Part B: Applied Biomaterials. It focuses on approaches to maximize simvastatin encapsulation in
alginate-based microspheres. More specifically, it describes the complexation of simvastatin with
2-hydroxypropyl-B-cyclodextrin to increase its solubility in alginate solution, as well as the
effects of chitosan and dextran sulfate on simvastatin encapsulation efficiency. The effects of
gelation conditions (volume of the gelation medium, curing time, and addition of simvastatin in
the gelation medium) were also studied. The size and morphological analysis of the simvastatin-
loaded alginate-based microspheres with the polymer formulation and gelation conditions that

gave the highest simvastatin encapsulation efficiency are also included.

Chapter 5 is the overall thesis discussion, which includes the conclusions, technical

considerations, and future studies.
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Abstract

Despite the great success of hip implant surgeries, wear particle-induced implant aseptic
loosening still limits the implant longevity. Simvastatin, an FDA-approved cholesterol lowering
statin, is a promising drug candidate for the treatment of implant aseptic loosening due to its anti-
inflammatory properties as well as its ability to stimulate bone growth and inhibit bone
resorption. In addition, alginate microspheres have been used extensively in drug delivery
applications because of alginate properties, including biocompatibility and gelation in mild
conditions. However, the hydrophobicity of simvastatin, as well as the large alginate
microsphere pore size leading to the leakage of low molecular weight drugs are limiting factors
for their use as a delivery system for simvastatin. Therefore, the objectives of this thesis were
twofold: 1. To complex simvastatin with 2-hydroxypropyl-p-cyclodextrin (HP-BCD) in order to
increase its solubility; and 2. To increase simvastatin encapsulation efficiency in alginate
microspheres by coating the microspheres with chitosan, adding dextran sulfate in the alginate
solution, and optimizing the gelation conditions used for the synthesis of the microspheres (e.g.,
volume of gelation medium, curing time, and addition of simvastatin in the gelation medium).
Results showed that simvastatin complexation with HP-BCD increased with HP-BCD to
simvastatin molar ratio, to a maximum of 97.6% at the molar ratio of 10. Results also showed
that chitosan coating of the alginate microspheres increased simvastatin encapsulation efficiency
(up to 10.6%), which was further improved (up to 14.0%) when adding 2.0% (w/v) dextran
sulfate to the alginate solution. This increase was likely due to electrostatic interactions between
dextran sulfate and chitosan in addition to alginate, resulting in a denser coating. Finally, the
addition of simvastatin in the gelation medium was shown to also increase simvastatin
encapsulation (up to 22.4%), likely because of a decrease in the diffusion of simvastatin out of
the microspheres. Overall, this work completed the initial steps for the development of an
alginate-based drug delivery system for simvastatin with the long-term goal of providing a local

delivery of simvastatin to modulate implant aseptic loosening.
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1 Introduction

Hip arthroplasties are very efficient at restoring hip function and alleviating pain in patients
with end-stage arthritic diseases such as osteoarthritis and rheumatoid arthritis [1]. More than
800,000 hip arthroplasties are performed worldwide annually [2], out of which more than 31,000
are performed in Canada [3]. The overall success rate of hip replacement surgeries after 10-15
years of implantation is reported to be over 90% [4]. However, despite the great success of these

implants, several physical/mechanical and biological factors still limit the implant longevity [4].

The main cause for long-term hip implant failures is aseptic loosening (i.e., the loosening of
the implant in the absence of an infection), which accounts for more than 75% of the implant
failures [5]. Wear particles, primarily generated from wear of the implant bearing surfaces,
accumulate in the periprosthetic tissues and induce an inflammatory response, which can
eventually lead to osteolysis around the implant, followed by aseptic loosening [6]. Indeed, wear
particles, which are phagocytozed predominantly by macrophages, lead to the release of pro-
inflammatory cytokines, such as tumour necrosis factor-a (TNF-a) [6]. These inflammatory
mediators play an important role in increasing the differentiation, maturation, and activation of
osteoclasts (cells responsible for resorbing bone), and in decreasing the activity of osteoblasts
(cells responsible for forming new bone) [7]. Because the inflammatory response is by far the
most common long-term post-surgery complication [4], it is critical to better understand and

regulate the mechanisms involved in this overall response to increase implant longevity.

Simvastatin, a potent FDA-approved cholesterol-lowering statin, was shown to have
properties that could be beneficial to patients with joint replacements [8]-[12]. More specifically,
previous studies have demonstrated that simvastatin can decrease the inflammatory response [9],
[12], stimulate bone growth [8], and decrease bone loss [10], [11]. Therefore, simvastatin
appears to have effects that could counteract the biological mechanisms leading to implant

loosening.

Simvastatin is currently approved for oral administration (in the form of tablets) [13].
However, in order to use simvastatin in the context of periprosthetic osteolysis modulation, a

local delivery system needs to be developed to eliminate adverse side effects such as hepatic



toxicity and myopathy including rhabdomyolysis, which have been generally associated with the

long-term and systemic administration of high doses of statins [14].

Alginate microspheres have attracted much interest for drug delivery applications because of
alginate biocompatibility, low toxicity, relatively low cost, and mild gelation conditions [15],
[16]. Alginate microspheres can be synthesized via the external gelation method, in which the
alginate solution is extruded drop-wise into an ionic cross-linking solution containing divalent
cations (i.e., Ca®"). This results in the formation of tightly held junctions between the guluronate
blocks of adjacent alginate chains, leading to a gel structure (known as egg-box structures) [15].
This cross-linking process is simple, inexpensive, and can be easily scaled up with no need for
any specialized equipment [15]. More importantly, it is carried out under mild gelation
conditions, which is advantageous for the encapsulation of bioactive macromolecules such as of
proteins and enzymes, as well as cells [17]. Furthermore, the remarkably slow degradation rate
of the cross-linked alginate (from months to years) allows prolonged drug delivery [18]-[20].
Therefore, the overall objective of this thesis was to develop an alginate-based drug delivery
system for simvastatin, with the long-term goal of providing a local and sustained delivery of

simvastatin in periprosthetic tissues.



2 Thesis Hypotheses and Objectives

Despite the advantages of alginate microspheres as previously described, they present some
limitations for the encapsulation of hydrophobic and low molecular weight drugs (including
simvastatin) because of the hydrophilic nature of the polymer [21] and the large pore size of
alginate microspheres, respectively, resulting in the drug leakage during the microsphere
synthesis process [22], [23]. Therefore, the overall goal of this project was to develop new
alginate-based microspheres as a delivery system for simvastatin that would overcome the

aforementioned limitations.

2.1 Hypotheses

1. The complexation of simvastatin with 2-hydroxypropyl-B-cyclodextrin (HP-BCD), a
water-soluble drug excipient, will increase the solubility of simvastatin; and

2. Chitosan-coating of the microspheres, the addition of dextran sulfate in the alginate
solution, and optimized gelation conditions will improve the encapsulation efficiency of

simvastatin in alginate microspheres.

2.2 Objectives

1. To complex simvastatin with HP-BCD in order to increase its solubility; and

2. To increase simvastatin encapsulation efficiency in alginate microspheres by coating the
microspheres with chitosan, adding dextran sulfate in the alginate solution, and
optimizing the gelation conditions used for the synthesis of the microspheres (e.g.,
volume of gelation medium, curing time, and addition of simvastatin in the gelation

medium).



3 Literature Review

3.1 Hip Joint
3.1.1 Hip anatomy

The hip joint is a deep enarthrodial joint at the juncture of the legs and pelvis, responsible
for providing a wide range of locomotion as well as support to the human body [24]. It is known
as one of the most free-moving joints and the second largest weight bearing joint in the body
(after the knee joint) [24]. The hip joint is composed of the convex head of the femur (thigh
bone) known as the ball, which is secured into the concave bony socket of the pelvis called the
acetabulum (Figure 3.1). The ball of the femur and the acetabulum are connected via a complex
system of ligaments, which provide strength and stability to the joint. A durable layer of articular
cartilage covers the surfaces of the femoral head and the acetabulum, allowing for the smooth
movement of the bones during loading by providing an extremely low coefficient of friction

between the two bones [25].

Pelvis

Labrum
b TN Acetabulum
(Socket)

/‘f
Femur

Femoral head
(Ball)

Figure 3.1 The anatomy of hip joint [26]. Reproduced with permission from Orthoinfo.
©American Academy of Orthopaedic Surgeons.



In addition, the circumferential ring of the acetabulum is covered by a strong
fibrocartilage called labrum, which not only seals and surrounds the hip joint but also keeps a
natural, viscous fluid called synovial fluid inside the cavity of the hip joint [25]. The synovial
fluid, produced by the synovial membrane (a soft connective tissue lining the cavities of joints),
provides nutrition to the articular cartilage and functions as a lubricant to reduce friction between
the bones. It also works as the ‘shock absorber’ in the joint by taking some of the load off the

bones via fluid pressurization [27].
3.1.2 Hip-related diseases

Hip-related diseases are primarily caused by various forms of degenerative arthritis and
related disorders that can affect the bone and/or muscles of the hip joint. According to the
Canadian Joint Registry Report (CJRR), degenerative osteoarthritis is the most prevalent cause

of the hip joint damage [3], affecting more than three million Canadians [28].

Osteoarthritis occurs over time due to the erosion of the hyaline articular cartilage
covering the femoral head and the acetabulum. The loss of cartilage leads to the direct bone-on-
bone movement with increased resistance, which may also stimulate growths of bone (called
spurs) around the joint, resulting in a severe pain, stiffness, and swelling in the affected joint
[29]. Other factors causing the break-down of the cartilage in the hip joint include a fracture or
similar injury to the hip bone resulting from high load or trauma, rheumatoid arthritis, lupus (the
latter two being chronic autoimmune disorders causing the inflammation of the joint), or
infectious arthritis, also called septic arthritis (caused by bacterial, viral or fungi infections in the
blood) [30]. In younger patients, juvenile arthritis (arthritis beginning before the age of 16) and
femoroacetabular impingement (abnormal anatomy of the hip joint) cause the premature

cartilage deterioration, leading to early hip dysfunction [31].

Despite being an age-related disorder, not everyone develops osteoarthritis. Indeed,
several factors such as genetics, gender (higher prevalence in women above 55 years), nutrition
(uptake of vitamins C, D and E), life style (obesity and levels of exercise), and bone density
contribute to the onset of the disease [32]. Nevertheless, with the aging population, the
debilitating effects of this disorder pose an increased financial burden on the health care [33],

[34].



3.1.3 Non-operative hip disease treatments

The first line of treatments to reduce pain and increase mobility is a combination of non-
operative measurements such as anti-inflammatory drugs (discussed in Section 3.5) which are
given to patients by primary care physicians [35]. However, if the non-operative treatments are

not effective in easing the pain and symptoms, a surgical intervention is considered [36].

3.2 Hip Joint Replacements

According to the CJRR, the most common diagnosis for hip replacements was reported to
be degenerative osteoarthritis, acute hip fracture, and osteonecrosis (82.1%, 6.3% and 3.5%,

respectively) [3].

A hip joint replacement is very efficient at restoring joint function and alleviating pain in
patients with end-stage arthritis. It is performed by surgical removal of the bone and cartilage of
the diseased hip joint followed by their replacement with hip implants [37]. The modern hip
implant is composed of a ball-and-socket structure, which mimics the function of the biological
joint by allowing the femur to circumduct freely in a 360-degree motion. Hip implants can be
either total hip replacements (THR) with a stem introduced in the femur, or surface replacements
(SR). Although the THR terminology sometimes also refers to a SR, THR will be exclusively

used in the context of stem-type device in the present thesis.

The THR are made of three components: a femoral stem that is inserted into the femur; a
femoral head (or ball) attached to the top of the femoral stem; and an acetabular component (or
cup) that is inserted in the pelvis [2]. On the other hand, the SR is a bone-conserving method in
which the natural femoral head and neck are not surgically removed and instead, the joint
articular surfaces are replaced with a smooth metal covering [38]. Figure 3.2 shows a drawing of

a SR and a THR.

According to the CJRR, 31,666 THR, 817 SR, and 10,230 partial hip replacement
surgeries were performed in Canada in 2010-2011, representing an increase of 10.6% since
2006-2007 [3]. The demand for hip replacements is expected to increase [39], as the population
of the baby boomer increases and as the age of the patients requiring implants decreases [40].
Indeed, amongst the 42,713 hip surgeries reported by the CJRR in 2010-2011, 5319 of them

were performed in individuals less than 55 years old [3].
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Figure 3.2 An illustration of (A) a hip surface replacement (hip resurfacing) and (B) a total hip
replacement [41]. Used with permission of Mayo Foundation for Medical Education and
Research. All rights reserved.

The bearing surfaces of the modern implants are composed of a combination of materials
including metals, polyethylene, and ceramics. More specifically, available implant bearings
include metal-on-polyethylene (MPE), metal-on-metal (MM), ceramic-on-ceramic (CC),
ceramic-on-polyethylene (CPE), and ceramic-on-metal (CM). According to the CJRR, the most
common bearing surfaces used in 2010-2011 were MPE (75.2%), followed by MM (10.1%), CC
(9.4%) and CPE (5.3%), although MM implants have seen a decline in the last few years because
of an increasing number of adverse tissue reactions reported early on with some MM hip
implants. Within the MPE category, highly cross-linked polyethylene was predominantly used in
the procedures (68.6%) compared to the standard ultra high molecular weight polyethylene
(UHMWPE) (6.6%) [3].



Each of these surface bearings has its own advantages and disadvantages based on the
characteristics of the materials. For instance, one advantage of MM hip implants is their low
volumetric wear compared to conventional MPE [42]. However, the higher levels of metal ions
observed with MM implants is a cause of concern as ions have been associated with adverse
tissue reactions [43]-[45]. Nevertheless, continuing efforts are being made to optimize the
implant design and to develop new bearing materials in order to enhance the quality of the

implants and increase their longevity, thereby improving the patients’ quality of life.

3.3 Causes of Long-Term Hip Implant Failure

Follow-up studies on patients with a hip implant have reported an overall success rate of
over 90% after 10-15 years of implantation [4]. However, despite the great success of the
implants, there are still several mechanisms of failure that limit their longevity. Indeed, there is a
combination of physical/mechanical and biological factors that lead to the need of revision
surgery [4]. The main cause for hip implant failures is the long-term aseptic loosening, which
accounts for more than 75% of the failures [7], while infection is responsible for 7% of the
revision surgeries, followed by recurrent dislocation (6%), periprosthetic fracture (5%), and

surgical error (3%) [1].

Aseptic loosening of the implant is a debilitating condition, in which the bone recedes
from the implant, resulting in the ‘loosening’ of the implant [46]. It is commonly manifested as
pain and eventually shows on post-operative follow-up radiographs (as illustrated by Figure 3.3).
Unfortunately, because of the slow progress of bone destruction around the implant, the signs
may not be clinically detectable on radiographs until the severity of the pain and the subsequent

disability require a revision surgery [46].

While the causes of aseptic loosening are reported to be multifactorial, including
mechanical factors, the inflammatory response to the implant wear particles leading to
periprosthetic osteolysis has been recognized to play a major role [5], [6], [46], [47]. In the
1970s, aseptic loosening was perceived to be associated with the body reaction to wear particles
of cement, which was used to fix the implant into the bone, and was referred to as the ‘bone
cement disease’ [48]. However, in the following years, the analysis of the aseptic loosening in

cement-free hip implants with the presence of the implant wear particles in periprosthetic tissues



has led to a change of the term for ‘wear-mediated osteolysis’. The wear particle-induced

osteolysis has now been associated with every available types of implant bearings in use [49].

Figure 3.3 X-ray image depicting osteolysis (arrows) around a hip implant [50]. Reproduced
with permission from BioMed Central Ltd.

3.4 Biological Mechanisms Involved in Implant Wear-Mediated Osteolysis

Wear particles primarily generated from the wear of the implant bearing surfaces
(including metal, polyethylene and ceramics) and metal ions released from the implant metal
components are known to be largely involved in the periprosthetic osteolysis leading to aseptic

loosening [51]-[54].

Wear particles are primarily released when the articulating surfaces of the implant
components move against each other under loading [55]—-[57]. The majority of polyethylene
wear particles have been reported to be in the submicron range, with an average size of about
0.5-1 um [58], [59], whereas ceramic wear particles have been shown to present a bimodal size
distribution including 5-25 nm (under normal wear condition) and 14-70 um (under localized

overloading, leading to damaged components) [60]-[62]. The average size of the wear particles

9



from MM bearings is much smaller than the MPE particles, ranging from 30 to 100 nm [55],
[63].

The primary biological response to polyethylene and ceramic particles is an innate
immune response, as seen in the classic “foreign body reaction”, leading to the recruitment of a
large number of osteoclasts (cells responsible for bone resorption), macrophages, dendritic cells
and fibroblasts in periprosthetic tissues, with the presence of very few infiltrating lymphocytes

[64]-[66]. The response is illustrated in Figure 3.4.
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Figure 3.4 Biological cascades leading to periprosthetic osteolysis in response to wear particles
in periprosthetic tissues. Reprinted by permission from Macmillan Publishers Ltd: Nature
Reviews Rheumatology [49], copyright 2011.

Wear particles in the phagocytosable range (approximately 0.1 to 10 um in diameter)
undergo phagocytosis by osteoclasts, macrophages and dendritic cells, while larger particles and
flakes (>20 pum) are phagocytozed by multinucleated giant cells formed by the fusion of
macrophages [49]. The activation of osteoclasts, macrophages, dendritic cells and fibroblasts

leads to the release of pro-inflammatory cytokines including interleukin (IL)-1, IL-6, tumor
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necrosis factor-alpha (TNF-a), and receptor activator of nuclear factor kB ligand (RANKL),
prostaglandin E2 (PGE2) as shown in vitro [67]-[70]. Similarly, histological analyses of
periprosthetic tissues have shown of the presence of IL-1, IL-6 and TNF-a [71]-{73].

Some of the inflammatory cytokines and growth factors such as TNF-o, RANKL and
macrophage colony-stimulating factor (M-CSF) play an important role in the differentiation of
osteoclast progenitors into mature, multinucleated bone-resorbing osteoclasts at the bone-
prosthesis interface [74]-[76]. Furthermore, several in vitro and in vivo studies have
demonstrated that macrophages and recruited dendritic cells can also differentiate into
multinucleated osteoclasts in the presence of M-CSF and RANKL [74], [77]-[79]. Therefore, the
secreted inflammatory mediators can result in further exacerbation of osteoclastogenesis [49],

leading to bone resorption.

Wear particles have also been shown to decrease bone formation by altering the function
of the osteoblasts, cells responsible for forming new bone [80]. Indeed, several studies have
shown that the released inflammatory cytokines and chemokines in response to wear particles
inhibit the differentiation of the mesenchymal stem cells into mature osteoblasts [81], directly
inhibit the collagen production by mature osteoblasts [82], and finally induce the apoptosis of
these cells [83].

The biological effects of metal ions from implant wear and corrosion also remain a major
cause for concern. Indeed, several studies have shown that metal ions can also induce the release
of inflammatory mediators [12], [84]. In addition to this inflammatory response, metal ions may
initiate a hypersensitivity reaction by forming organometallic complexes with serum proteins

[43], [85], [86].

Taken together, the complex cellular response to implant wear particles and metal ions
leads to the secretion of inflammatory and osteoclastogenic cytokines, which lead to the net bone
loss surrounding the implant, thereby resulting in implant aseptic loosening [49]. Because wear
particle-induced inflammatory response is by far the most common long-term post-surgery
complication leading to revision surgery [4], large efforts have been made to better regulate the

mechanisms involved in this overall reaction to increase implant longevity.
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3.5 Anti-inflammatory Agents for the Treatment of Aseptic Loosening

The postoperative use of anti-inflammatory drugs may increase the longevity of the
implants by decreasing the inflammatory response and inhibiting the intercellular mechanisms
leading to the osteoclast-osteoblast imbalance [87]. However, currently, no drug has been
specifically approved for the treatment of wear particle-induced aseptic loosening. Nevertheless,
several anti-inflammatory agents have been suggested as potential drug candidates for the

prevention and treatment of aseptic loosening by modulating the inflammatory response.
3.5.1 Anti-tumor necrosis factor alpha (TNF-a)

As mentioned in Section 3.4, pro-inflammatory mediators such as TNF-a have been
shown to play a central role in initiating wear particle-induced periprosthetic osteolysis, and
therefore, they have been considered as a leading target for modulation of wear particle-induced
inflammatory response. The efficacy of several anti-TNF-a drugs such as etanercept and
pentoxyfylline have been studied for the treatment of wear particle-induced periprosthetic

osteolysis [88]-[92].

Etanercept is a U.S. Food and Drug Administration (FDA)-approved drug commonly
used for the treatment of rheumatoid arthritis. It works as the decoy receptor of TNF-a, and
therefore prevents TNF-a from promoting an inflammation response [88]. Etanercept was shown
to inhibit cytokine production from macrophages exposed to titanium particles and reduce
osteoclastogenesis in a bone wafer pit assay [89]. In vivo studies also demonstrated that
etanercept reduced osteoclastogenesis and bone resorption in a murine model of titanium
particle-stimulated osteolysis [89]. However, the osteogenic benefits of the drug have yet to be
demonstrated in clinical studies. A study by Schwarz et al. [90] reported on the efficacy of
etanercept on the progression of the osteolytic lesion size in 19 patients with previously
diagnosed periprosthetic osteolysis. However, the volumetric three dimensional (3D)-
computerized tomography analysis demonstrated that there was no statistically significant
difference between the drug and the placebo-treated groups, which was later suggested to be due
to the lack of sufficient power to detect any differences [1]. Finally, although the authors showed
that etanercept was tolerable in the 19 patients with no serious adverse effects over a one-year
period, the administration of etanercept has recently been associated with some serious incidents

of infections and sepsis, including fatalities in predisposed children and adolescence patients, in
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addition to reactivation of latent tuberculosis and hepatitis B infections [93], [94]. Therefore,
these side effects represent major disadvantages for the use of etanercept for the treatment of

implant aseptic loosening.

Another anti-TNF-a drug named pentoxifyline that may have a potential therapeutic role
in the treatment of periprosthetic osteolysis has also been studied [91], [92]. Pentoxifyline is a
potent inhibitor of TNF-a and has been shown to inhibit the secretion of TNF-a and initiate the
production of anti-inflammatory cytokines by human monocytes exposed to titanium particles
[91]. In a clinical study by Pollice et al. [92], it was also shown that the oral administration of
pentoxifyline significantly reduced TNF-a secretion from peripheral blood monocytes of eight
healthy volunteers. However, further investigations are needed to evaluate the effects of
pentoxifyline in a larger sample size and to test its clinical efficacy in patients with periprosthetic

osteolysis.
3.5.2 Anti-inflammatory cytokines (interleukin-4 and 10)

In contrast to TNF-o and other pro-inflammatory mediators, which propagate the
inflammatory response, anti-inflammatory cytokines such as IL-4 and IL-10 possess inhibitory
properties and may be involved in reducing the release of bone-resorbing factors at the bone-
implant interface [95], [96]. In vitro studies have demonstrated that the expression of TNF-a and
IL-6 was inhibited by IL-10 in polymethylmethacrylate-exposed human monocytes/macrophages
[95] and by IL-4 in titanium particle-stimulated monocytes/macrophages [96]. The mechanisms
by which IL-4 and IL-10 modulate the monocyte/macrophage response to wear particles are still
not fully understood, but may include a change in macrophage phagocytosis ability, cytokine
cascade, interaction between cells, or a combination of these factors [95]. While there is a lack of
clinical studies with these immunoregulatory cytokines, future studies are needed to fully unfold
the mechanisms by which IL-4 and IL-10 lead to a lower secretion of bone resorbing cytokines

by monocytes/macrophages.
3.5.3 Cyclooxygenase inhibitors

As mentioned in Section 3.4, PGE2 is another well-known pro-inflammatory mediator
involved in the implant aseptic loosening and is mainly produced by a group of compounds
named cyclooxygenases (COX) [68]. COX-2 has been proposed to be the principal COX
responsible for the production of PGE2 by fibroblasts in periprosthetic tissues [68]. Celecoxib, a
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nonsteroidal anti-inflammatory drug and selective COX-2 inhibitor, has been clinically used to
relieve symptoms of arthritis (e.g., osteoarthritis) [97]. Indeed, Zhang et al. [98] showed that
celecoxib reduced inflammation, local PGE2 production, and titanium particle-induced
osteolysis in mice calvaria. These findings were in agreement with the results of Im et al. [99],
who also showed that celecoxib suppressed periprosthetic osteolysis in the femur of rabbits
implanted with a porous coated metal bar, and exposed to UHMWPE particles. However, no
human clinical studies appear to have been conducted with celecoxib in patients with wear

particle-induced periprosthetic osteolysis.
3.5.4 Statins, and more specifically simvastatin

The majority of the anti-inflammatory agents listed above have been shown to
successfully inhibit periprosthetic osteolysis in animal models. However, very few have
progressed to human clinical studies, and therefore there is a lack of clinical evidence for their
efficacy in patients with wear particle-induced periprosthetic osteolysis. Furthermore, many of
the anti-inflammatory agents are immunosuppressive and have serious side effects (e.g., strong
anti-anabolic effects) [100]. Therefore, given the multiple targets of the biological pathways
involved in aseptic loosening, it is fundamental to find a pleiotropic drug with tolerable side

effects.

Statins are amongst the most commonly prescribed medications worldwide, used as
cholesterol lowering agents for the prevention and treatment of cardiovascular and coronary
heart disorders [101]. At low doses (20 mg/day), statin monotherapy has been shown to be
clinically safe with tolerable side effects [102]. Statins target the liver to inhibit the production of
cholesterol mainly because the liver produces the most circulating cholesterol in the blood when
compared to the diet. In order to reduce the cholesterol synthesis in the liver, statins act by
competitively inhibiting an enzyme named 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, the first and main rate-limiting enzyme involved in the cholesterol synthesis
pathway. This competition results in the reduced production of mevalonate, which is not only the
precursor for cholesterol synthesis, but also for many other non-steroidal isoprenoidic molecules

[103].

The inhibition of the HMG-CoA enzyme followed by the blockage of the mevalonate

pathway by statins are reported to lead to several effects (independent of the
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hypocholesterolemic effects) [104], which could contribute to the treatment of implant wear-
mediated periprosthetic osteolysis. Interestingly, two recent clinical studies have shown that
patients using statins had substantially reduced risks of developing femoral osteolysis [105] and

undergoing revision surgery following a primary THR [106].

Simvastatin, a synthetic FDA-approved statin, is commonly prescribed for the treatment
of hypercholesterolemia and is administered orally in the form of tablets [107]. The pro-drug
consists of a 6-membered lactone ring (Figure 3.5), which is enzymatically and chemically
hydrolyzed in vivo in the liver, intestines, and blood plasma to form the pharmacologically active

metabolite, beta-delta-dihydroxy acid [108].

H3C\\“'.

Figure 3.5 Molecular structure of simvastatin [109].

The activated simvastatin is structurally similar to HMG-CoA (substrate of HMG-CoA
reductase), which, as previously mentioned, inhibits the synthesis of cholesterol and prenylated
proteins [103], leading to several therapeutic effects that could potentially benefit patients with
implant wear-mediated periprosthetic osteolysis. Simvastatin has been shown to possess anti-
inflammatory and immunoregulatory properties both in vitro and in vivo, depicted by the reduced
production of inflammatory markers such a C-Reactive Protein in blood plasma [9], [110].
Simvastatin was also shown to enhance the phagocytic capacity of macrophages by improving
the cell membrane fluidity as a result of the decreased cholesterol content of the cell membrane
[111]. Even though it is challenging to differentiate the proposed direct anti-inflammatory action

from the effects based on cholesterol-lowering property in human clinical studies [9], evidence
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from several animal model studies has well supported the anti-inflammatory activity of statins
from their lipid-lowering action [112]-[114]. Another interesting effect of simvastatin is its
ability to increase the expression of several bone growth regulatory factors such as bone
morphogenetic protein-2, vascular endothelial growth factor, type I collagen, osteocalcin and
bone sialoprotein [115], [116]. These studies suggest the beneficial effects of simvastatin on

osteoporosis and bone fractures by stimulating bone regeneration [117].

An additional property of simvastatin that is beneficial for counteracting the adverse
responses shown in wear-mediated osteolysis is its inhibitory effects on osteoclast activity and
the subsequent osteoclast-mediated bone loss [10], [11]. Indeed, it is suggested that simvastatin
decreases osteoclastogenesis by reducing the synthesis of prenylated protein (in particular

GTPases), which are shown to be crucial for the function of osteoclasts [11].

Therefore, the pleiotropic properties of simvastatin including inhibition of inflammatory
response, increased bone regeneration, and decreased bone loss make this drug a promising

therapeutic agent for the treatment of implant aseptic loosening.

3.6 Local and Controlled Delivery of Simvastatin

As discussed in Section 3.5, the oral administration of several anti-inflammatory drugs
has been proposed for the modulation of the inflammatory response in patients with
periprosthetic osteolysis. However, up to date, there is no approved drug for the treatment and
prevention of periprosthetic inflammation, mainly due to the lack of an efficient and tissue-
specific drug delivery system [1]. Indeed, the use of a systemic drug administration poses several
limitations including a lack of tissue specificity and therefore efficacy, a need for a higher dose

due to the first-pass metabolism of the liver, and systemic side effects [118].

The oral administration of simvastatin may result in the delivery of insufficient drug
dosages to the periprosthetic tissues that may not have any significant therapeutic effects, as
shown in a 1-year clinical study on osteoporosis with a daily oral administration of 40 mg
simvastatin [119]. In addition, high doses of simvastatin (40-80 mg/day) have been associated
with higher risks for developing adverse side effects such as rhabdomyolysis [120], liver failure
[121], and acute kidney injury [122]. To prevent these side effects, several studies using animal

models were performed using local injections of simvastatin (without the use of a delivery
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system) to improve bone growth [123], [124] and to strengthen bone structure [125]. However,
the local administration of statins without a delivery system to control the release has been
shown to result in soft-tissue inflammation [126]-[128]. Furthermore, other limitations with
local injections of simvastatin include short-term therapeutic effect, increased health care costs,
and poor patient’s compliance due to the frequent drug injections [129]. On the other hand, the
use of a drug delivery system that allows the controlled release of the drug not only overcomes
the aforementioned limitations, but can also provide predictability in drug release kinetics [129].
Therefore, to use simvastatin in the context of modulating periprosthetic osteolysis, it is
fundamental to develop an appropriate drug delivery system that would allow the local and

sustained release of simvastatin in periprosthetic tissues.

To date, research on the development of a simvastatin delivery system has been limited.
Some efforts have been made to develop an efficient drug delivery system to evaluate the bone
growth-stimulating properties of simvastatin [14], [130]. For example, Chou et al. [14] used a
marine exoskeleton made of fossilized coral-derived beta-tricalcium phosphate (B-TCP) as a
drug delivery scaffold to evaluate the in vitro release of simvastatin from non-coated and apatite-
coated scaffolds. The release kinetic studies showed that non-coated B-TCP released 48% of
simvastatin in simulated body fluid (SBF) over the course of seven days, whereas apatite-coated
B-TCP significantly delayed the release by 20%. The apatite coating of the scaffold appeared to
be promising in slowing the release of simvastatin, but data on longer-term release (after seven
days) are lacking. The administration route proposed by the authors for this drug delivery system
was through implantation in the site of trauma (bone-related fractures) or in the muscles adjacent
to the affected bone, with the overall aim of stimulating bone growth. However, future studies

are needed to evaluate the efficacy of this drug delivery system in cell cultures and in vivo.

Another study by Tai et al. [130] developed a drug delivery system composed of
poly(lactic-co-glycolic acid)/hydroxyapatite (PLGA/HAp) microspheres delivered locally to
evaluate the bone repair properties of pre-activated simvastatin in a mouse model. The
microspheres were synthesized using the water-in-oil-in-water (w/o/w) double emulsion
technique, with a reported simvastatin encapsulation efficiency of 77.7£10.3%. The release
kinetic studies showed a burst release of 0.53-0.24 ng of simvastatin (representing approximately
40% of the encapsulated drug) within two days, and over half of the encapsulated amount after

14 days. However, at the end of the release kinetic, the remaining mass of simvastatin inside the
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PLGA/HAp microspheres (non-released simvastatin) was not determined. Therefore, it is not
clear if this mass would add up with the mass of released simvastatin to equate the reported
encapsulated mass. Overall, results showed that the slow release of simvastatin enhanced initial

callus formation, cell growth in the grafted bone, thereby improving bone healing quality.

The encapsulation of simvastatin in PLGA-based delivery system is promising due to the
hydrophobic nature of both simvastatin and PLGA. However, despite the advantages of PLGA,
which also include its biocompatibility, the preparation of drug delivery systems (in the form of
microspheres, nanoparticles, hydrogel films, etc.) with synthetic polymers such as PLGA is
complex and requires organic solvents that can adversely affect the drug stability [131]. PLGA
hydrogels also degrade at a relatively fast rate in the human body [132], which may be a limiting
factor for long-term delivery of pharmaceutical agents. In contrast, water-soluble polymers such
as alginate (as will be discussed in Section 3.8) offer mild and simple preparation methods
without the use of noxious organic solvents, thereby minimizing the toxicological and
environmental problems associated with solvents [133]. However, the poor solubility of
simvastatin in hydrophilic polymers remains the main challenge for the development of an

efficient drug delivery system.

3.7 Increased Solubility of Simvastatin with 2-Hydroxypropyl-B-Cyclodextrin

Simvastatin is categorized as a class II drug (lipophilic) in the Biopharmaceutics
Classification System, due to its low aqueous solubility (0.76 mg/L) and low oral bioavailability
(5%) [134]. Therefore, to use simvastatin in a hydrophilic matrix, its solubility as well as

stability need to be increased.

Cyclodextrins are cyclic oligosaccharides, which are formed during bacterial digestion of
starch and are known to be useful pharmaceutical excipients [135]. These molecules form a
unique truncated cone-shaped structure, with a hydrophilic outer shell and a relatively
hydrophobic inner core, with the latter allowing the formation of non-covalent hydrophobic
interaction with hydrophobic organic compounds [136]. As a result, cyclodextrins can form
water-soluble inclusion complexes, thereby improving the aqueous solubility and bioavailability
of hydrophobic compounds. The most commonly used cyclodextrins include a-, B- and vy-
cyclodextrin, which are composed of 6, 7, and 8 number of a-1-4-linked glucose units in the

hydrophobic ring, respectively. Since the number of glucose units determines the size of the
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inner ring, different types of cyclodextrins have been used for the complexation of

pharmaceutical agents with different sizes [136].

2-hydroxylpropyl-B-cyclodextrin (HP-BCD), a hydroxyalkyl derivative of BCD, has been
reported to possess improved water solubility compared to BCD [136], due to the presence of

hydroxylpropyl groups on the shell, as depicted in Figure 3.6.

Figure 3.6 The molecular structure of 2-hydroxypropyl-B-cyclodextrin (HP-BCD) [137].

HP-BCD is FDA-approved [138], and toxicological studies in animals and humans have
shown that it is well tolerated [136]. Simvastatin molecules, activated or not, are reported to form
a 1:1 stoichiometric inclusion complexes with HP-BCD [139]. Indeed, Ungaro et al. [108]
showed by ultra violet-assisted reverse phase high performance liquid chromatography analysis
that the inactivated simvastatin molecules (i.e., with a closed lactone ring) could still undergo
hydrolysis of the lactone ring (i.e., opening of the lactone ring) when complexed with HP-BCD,
suggesting that the interaction of simvastatin with HP-BCD did not involve the lactone ring of
the molecule. The authors further demonstrated by nuclear magnetic resonance that the lactone
ring of simvastatin was not included inside the hydrophobic core of HP-BCD. Overall, their
results suggested that the inactivated and activated simvastatin molecules interacted with HP-

BCD in a similar way.
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The majority of studies have prepared inclusion complexes of simvastatin with HP-BCD
or BCD using various techniques such as the supercritical antisolvent process [139], simple
physical mixing, kneading, spray drying [140], and co-precipitation method [141], with the aim
of increasing simvastatin bioavailability and dissolution rate for oral drug administration. For
instance, Jun et al. [139] demonstrated that the oral administration of simvastatin (not pre-
activated) complexed with HP-BCD in rats resulted in significantly reduced total cholesterol and
triglyceride serum levels in comparison to the non-complexed simvastatin. Nevertheless, while
the results of these studies are very promising in terms of improved bioavailability of complexed
simvastatin, very few studies have focused on developing complexation techniques to increase

the solubility of pre-activated simvastatin for local drug delivery applications.

Yoshinari et al. [142] developed a complexation technique for pre-activated simvastatin
and B-CD to be used for local and controlled release of simvastatin from films coated onto
titanium substrates. In this process, the pH of the activated simvastatin solution was decreased to
4.2 (slightly higher than the pK, of the carboxylic group of the opened lactone ring), prior to the
physical mixing of simvastatin with BCD at the molar ratio of 1:2. The decrease in pH was
performed in order to further increase the hydrophobic affinity of simvastatin, thereby improving
the complexation process. The ultra violet spectroscopy analysis of the dissolved simvastatin
showed that at pH 4.2, simvastatin was complexed with BCD at 79% and was released more
slowly from coatings of titanium plates than at higher pH [142]. This technique appeared
promising for increasing the solubility of simvastatin in aqueous solution for local drug delivery
applications, and may be further improved by using HP-BCD instead of BCD, as well as higher

molar ratio of HP-BCD to simvastatin.

3.8 Alginate Polymer for Drug Delivery
3.8.1 Structure of alginate

Sodium alginate is an aqueous soluble salt of alginic acid, which has attracted much
interest for drug delivery applications because of its biocompatibility, low toxicity, relatively low
cost, and mild gelation conditions [15], [16]. Alginate is a naturally occurring anionic
polysaccharide, derived from marine brown algae and some species of bacteria. It is composed of
B-D-mannuronic acid (M) and a-L-guluronic acid (G) residues, linked together by 1,4-glycosidic
bonds [133]. As shown in Figure 3.7, the M-block regions are flat and ribbon-like due to the
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equatorial binding, while the G-block regions are buckled with a pleated conformation because
of the axial glycosidic linkage [133]. The composition and sequence of the M and G residues as
well as the chain molecular weight differ in various available types of alginate, and depend
primarily on the source of the brown algae (e.g., the species, section, age, season of harvest, etc.)
from which the alginate is obtained [17], [133]. For instance, alginate isolated from the stem of
old Laminaria hyperborea brown algae possesses a large amount of G residues, while alginate

from Ascophyllum nodosum and Laminaria japonica contains a low amount of G residues [133].

Figure 3.7 Molecular structure of alginate for a GGMM block region [143].

The alginate hydrogel with a large amount of G residues is stronger, stiffer and has a
smaller pore size. It allows limited movement of the solutes from and into the cross-linked
hydrogel, which is advantageous for the encapsulation of small molecules [133]. On the other
hand, a larger amount of M residues leads to the formation of a more elastic and weaker alginate
hydrogel [15]. Nevertheless, the physiochemical properties of alginate can be easily altered via
chemical and physical reactions in order to accommodate a wide range of drug delivery

applications [144].
3.8.2 External gelation technique for the preparation of alginate hydrogel

The most commonly used method to form a 3D alginate hydrogel is the external ionic
gelation technique, in which the aqueous sodium alginate mixed with the molecules to be
encapsulated is extruded drop-wise into a gelation medium containing di- or poly-valent ions
such as Ca*" [145]. In this case, the sodium ions of the G residues are substituted by Ca*",
resulting in the formation of a so-called egg-box gel structure that encompasses tightly held ionic
bridges between the G blocks of the two adjacent polymer chains [146], as depicted in Figure
3.8.
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Figure 3.8 Cross-linking of alginate molecules with Ca®" ions. Reprinted from [144] with
permission from Elsevier.

Therefore, the instantaneous cross-linking of the alginate chains by Ca®" results in the
encapsulation of the desired material in a 3D lattice [133]. This cross-linking behaviour occurs
under mild gelation conditions and using non-toxic chemicals, which is desirable for the
encapsulation of cells, proteins and other sensitive biomolecules in order to retain their full
biological activity [17]. The high Ca*" content of alginate hydrogel has been shown to possess
stimulatory properties for osteoblast proliferation [147], which is also a valuable advantage of
alginate as a drug delivery system in the context of modulating wear-mediated periprosthetic
osteolysis. Finally, the degradation rate of the ionically cross-linked alginate hydrogel is
remarkably slow (up to months or years), and mainly depends on the dissolution of the cross-
linking ions (e.g., Ca>") since the alginate hydrogel is not naturally degraded in mammals via
enzymatic reactions [18]-[20], [148]. This property of alginate may be favourable for the local

and prolonged release of simvastatin.
3.8.3 Alginate nano- vs. microspheres

Biodegradable alginate nano- and microspheres are commonly used for drug delivery
applications because they are easy to administer and they do not need to be surgically removed

[133]. They can be used to encapsulate many different types of pharmaceutical agents, which
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they protect from the harsh environment inside the body [149]. Their size (nano- or microscale)

depends on their application.

Polymeric nanospheres (also called nanoparticles) are commonly used as short-term drug
delivery vehicles, and are administered via various routes such as oral, intravenous,
subcutaneous, intramuscular or transdermal [150]. For instance, alginate-based nanospheres are
commonly used orally as a drug delivery system for gastrointestinal (GI) applications since they
can be easily uptaken by the cells of the GI track because of their smaller size [21], [131].
Similarly, alginate-based nanospheres have attracted interest in drug delivery research for cancer
applications [151]-[154] due to their ability to pass through the pores of the leaky blood vessels

surrounding the targeted tumours [155].

On the other hand, polymeric microspheres are mainly used as long-acting drug carriers,
and are reported to remain in the injection site due to their larger size (especially for spheres
larger than 5 pum in diameter) [150]. In addition, they can encapsulate more drugs in comparison
to nanospheres [150]. More specifically, alginate-based microspheres have been extensively used
for the encapsulation of a wide range of bioactive molecules, including DNA [156], [157],
proteins [147], [158]-[164] enzymes [165]-[167], and antibodies [168], [169], as well as cells
[147], [170]-[175]. They have been used for various medical applications including but not
limited to GI [156], [158], [161], [164], as well as in cell culture and tissue engineering studies
[146], [173], [174]. Therefore, alginate microspheres appear to be most suitable for prolonged

and local release of simvastatin in periprosthetic tissues.
3.8.4 Encapsulation efficiency in alginate microspheres

The first step for the development of a drug delivery system is to optimize the
encapsulation efficiency. Numerous studies have used alginate microspheres/beads for the
encapsulation of a wide range of pharmaceutical agents and bioactive components [147], [156]—
[169]. Interestingly, with the use of the external gelation technique for the microsphere synthesis,
several studies report an indirect method for measuring the encapsulation efficiency [23], [130],
[164], [169], [176], in which the mass of the non-encapsulated drug in the gelation medium is
subtracted from the initial mass of the drug in order to determine the mass of encapsulated drug.
While this method is easy, it may lead to an overestimation of the encapsulation efficiency since

it only accounts for the loss of the pharmaceutical agents in the final stage of the encapsulation
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process [177], and does not account for the mass of the drug left in the experimental apparatus
(e.g., syringes, containers, etc.) or degraded during the synthesis process prior to the microsphere
formation in the gelation medium. This may be the reason why only a partial release of
encapsulated pharmaceutical agents is reported at the end of many release kinetic studies [23],
[167], [178]. Therefore, a more reliable method to measure the encapsulation efficiency is via
direct measurement, in which the microspheres are dissolved in order to directly determine the

mass of the encapsulated drug [179]-[181].
3.8.5 Limitations of alginate microspheres

High encapsulation efficiencies have been commonly reported with macromolecules such
as proteins, growth factors, vaccines, probiotics, and cells in alginate microspheres, ranging from
80 to 95% [159], [179], [182], [183]. The nanoporous matrix of alginate microspheres, which
typically ranges from 5 to 200 nm [184], allows the exchange of nutrients, gases and waste
materials and may therefore be advantageous for the encapsulation of cells by prolonging their
viability [185]. However, the large porosity poses challenges for the encapsulation of small drugs

since it facilitates their rapid diffusion during the microsphere synthesis process [15], [23].

Low encapsulation efficiencies have been reported with low molecular weight
pharmaceutical agents, including 4% for nitrofurantoin in 2.0% (w/v) alginate microcapsules
[168]. Other studies have reported higher encapsulation efficiencies, up to 32% for indomethacin
in 4.0% (w/v) alginate beads [186], and 43% for propranolol-HCI in 3.0% (w/v) alginate beads
[23], likely because of differences in the measurement methods (direct vs. indirect, as previously
explained in Section 3.8.4). Another low molecular weight drug named furbiprofen was
encapsulated in periodate-oxidized alginate beads (2.5% (w/v) alginate) with an encapsulation
efficiency of 89% [22]. Despite the small size of flurbiprofen, the high encapsulation efficiency
may be explained by the chemical modifications of alginate, including the covalent cross-linking
of the alginate beads with adipic dihydrazide (ADH) in addition to Ca*" ions. The ADH-treated
alginate beads sustained the release of the encapsulated furbiprofen for 8 hours at physiological
pH. However, the untreated beads released all the encapsulated drug within merely 1.5 hours,
which was primarily attributed to its rapid diffusion. Therefore, the large porosity of
microspheres has been a limiting factor for the use of alginate microspheres for prolonged

release of low molecular weight drugs [15].
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As a result, to overcome the aforementioned disadvantage of the alginate microspheres,
several approaches have been adopted by researchers to reduce the diffusion rate of low
molecular weight drugs, and thereby improving the encapsulation efficiency, as explained in next

section.
3.8.6 Strategies for improving the drug encapsulation efficiency in alginate microspheres

In order to improve the encapsulation efficiency of pharmaceutical agents, sodium
alginate solution has been used in combination with different polymers such as pectin [187]

[188], methylcellulose [189], chitosan [161], [190], and dextran sulfate [23], [164].

Chitosan is the N-deacetylated derivative of chitin, which is isolated from various species
of marine crustaceans and insects [191]. Chitosan is a biocompatible, non-immunogenic, non-
toxic, biodegradable and inexpensive cationic polysaccharide, which has been extensively used
in combination with alginate microspheres as a coating agent for drug delivery applications
[192]-[194]. The positively-charged amino groups of chitosan form ionic bonds with the
negatively-charged carboxyl groups of alginate, resulting in the formation of strong electrostatic
complexes in the outer layer of alginate microspheres, thereby reducing the pore size of this
layer. The chitosan layer also decreases the dissolution rate of alginate chains by restricting the
influx of water and calcium chelator agents into the calcium alginate matrix [195]. It is therefore
advantageous for stabilizing the alginate gel, and consequently shielding the microspheres from
leaching the low molecular weight drug during the microsphere synthesis process [133], [149],
[196].

Dextran sulfate is a high molecular weight, branched-chain derivative of the
polysaccharide dextran obtained from esterification of dextran molecules with chlorosulphonic
acid [197]. It 1s a biocompatible and biodegradable polyanion, which can form strong
electrostatic interactions with polycationic polymers, such as chitosan [147]. Due to the anionic
nature of both dextran sulfate and alginate, the ionically cross-linked blended polymer forms a
denser gel network with the chitosan coating compared to alginate alone, leading to a reduced
pore size of the chitosan coating layer, thereby decreasing the permeability of the microspheres
[23]. A denser polymer network may decrease the diffusion of low molecular weight drugs out of
the microsphere matrix and into the gelation medium during the microsphere synthesis process,

leading to higher encapsulation efficiency [23], [164].
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Interestingly, a recent study by Khorram et al. [23] showed that dextran sulfate-reinforced
alginate microspheres coated with chitosan led to the highest encapsulation efficiency of a low
molecular weight drug (propranolol-HCI), when compared to alginate microspheres, and
chitosan-coated alginate microspheres. More specifically, the coating of the 3.0% (w/v) alginate
microspheres with chitosan significantly improved the encapsulation efficiency from 43.1% to
53.8%, which was further increased to 70.8% when reinforcing the chitosan-coated alginate
microspheres with 1.0% (w/v) dextran sulfate. Despite the indirect encapsulation efficiency
measurements, which may have resulted in an overestimation of the encapsulation efficiency, the
chitosan coating of the alginate microspheres and the addition of dextran sulfate to the alginate
solution appeared promising to improve the encapsulation efficiency of low molecular weight

drugs.
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4 Manuscript

4.1 Foreword

As described in great detail in the literature review, there is currently a clinical need to modulate
periprosthetic osteolysis in order to improve implant longevity. The focus of this thesis was on
the initial steps of the development of a drug delivery system made of alginate-based
microspheres for simvastatin release, with the long-term goal of providing a local delivery of
simvastatin in the periprosthetic tissues to modulate the surrounding inflammatory response
leading to periprosthetic osteolysis. The results of this study are included in a manuscript being
finalized to be submitted to the Journal of Biomedical Materials Research Part B: Applied
Biomaterials, and entitled: “Simvastatin encapsulation in alginate-based microspheres”. All data
presented in the manuscript were obtained and analyzed by myself. The manuscript was written

by myself and reviewed by Dr. Isabelle Catelas. Additional experimental details are provided in:

Appendix A: Pre-extrusion steps for microsphere synthesis;

- Appendix B: Illustration of the experimental set-up for the extrusion process;

- Appendix C: Example of calculation tables for simvastatin preparation and complexation
with HP-BCD; and

- Appendix D: Example of a standard curve used to measure the concentration of

simvastatin complexed with HP-BCD.

4.2 Abstract

Simvastatin appears to be a promising drug for the modulation of the inflammatory
response to joint implant wear particles and metal ions due to its anti-inflammatory properties, as
well as its ability to stimulate bone formation and decrease bone loss. Alginate has been
extensively used in various drug delivery applications due to its biocompatibility, non-
immunogenicity, and biodegradability. However, drawbacks include the difficulty to encapsulate
hydrophobic drugs, and the large pore size of alginate microspheres leading to drug leakage.
Therefore, the objective of this study was to increase simvastatin encapsulation in alginate-based
microspheres by: 1. Complexing simvastatin with 2-hydroxypropyl-B-cyclodextrin (HP-BCD) to
increase its solubility; and 2. Coating the alginate microspheres with chitosan, adding dextran

sulfate in the alginate solution, and optimizing the gelation conditions. The highest complexation
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of simvastatin with HP-BCD (97.6%) was obtained when using the highest HP-BCD to
simvastatin molar ratio (10). Chitosan coating of the alginate microspheres increased simvastatin
encapsulation efficiency up to 10.6%, which was further increased to 14.0% when adding 2.0%
(w/v) dextran sulfate in the alginate solution, and to 22.4% when supplementing the gelation
medium with 0.263 mM simvastatin. These approaches increased simvastatin encapsulation
efficiency. However, future studies should investigate additional diffusion barriers to further

increase the encapsulation efficiency.

4.3 Introduction

Despite the great success of the total joint replacement surgeries, there are still several
mechanisms of failure, including aseptic loosening due to periprosthetic osteolysis that limit the
implant longevity [4]. Specifically, wear particles from the implant have been shown to greatly
contribute to periprosthetic osteolysis by inducing an inflammatory response [6]. The
postoperative use of anti-inflammatory drugs has been shown to regulate the inflammatory
response, leading to an increased implant longevity [87]. Simvastatin, an FDA-approved
cholesterol-lowering statin, has been shown to possess anti-inflammatory properties [12], to
stimulate bone growth [8], [127], and to inhibit bone loss [10], [11], all counteracting the
mechanisms involved in implant aseptic loosening. As a result, simvastatin appears to be a
promising drug to increase implant longevity, and thereby delaying the need of a revision
surgery. However, some studies have shown that the local injection of statins in the absence of a
drug delivery system to control the release can lead to an inflammatory response [126], [127].
There is therefore a clinical need for the development of a drug delivery system that would allow

the controlled and local release of simvastatin.

Previous drug delivery systems used for simvastatin include poly(lactic-co-glycolic
acid)/hydroxyapatite microspheres [130] and fossilized coral-derived beta-tricalcium phosphate
scaffold [14]. However, the drug release from these delivery systems was primarily limited by
the rapid degradation/dissolution of the polymer/scaffold used. Therefore, it is critical to develop
a drug delivery system made of a longer lasting biodegradable and biocompatible material, with

the goal of providing a longer and sustained drug release.

Sodium alginate, an aqueous soluble salt of alginic acid, is a naturally occurring

polysaccharide of (1-4)-linked B-D-mannuronic acid and a-L-guluronic acid that has attracted
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much interest in drug delivery applications because of its biocompatibility, low toxicity,
relatively low cost, and mild gelation conditions [15], [16]. The degradation rate of the ionically
cross-linked alginate hydrogel is remarkably slow (up to months or years), mainly relying on the
dissolution of the cross-linking ions (e.g., Ca’") in the surrounding medium since the alginate
hydrogel is not naturally degraded in mammals via enzymatic reactions [18]-[20]. This property

of alginate may therefore be favourable for the local and prolonged release of simvastatin.

Numerous studies have used alginate microspheres for the encapsulation of large bio-
macromolecules such as proteins [147], [158]-[164], [179] and cells [147], [170]-[175].
However, the encapsulation of simvastatin in alginate microspheres is more challenging because
of its hydrophobicity and low molecular weight. Indeed, the pore size of alginate microspheres
has been shown to range between 5 and 200 nm depending on the concentration of alginate
[184], which can cause the drug leakage during the microsphere synthesis. Previous studies have
shown that the use of 2-hydroxypropyl-pB-cyclodextrin (HP-BCD) improves the solubility and
stability of simvastatin in aqueous solutions [139], [140], [176]. HP-BCD is a highly water-
soluble cyclic oligosaccharide, composed of a hydrophilic outer layer and a hydrophobic cavity,
wherein the latter allows the formation of non-covalent bonds with simvastatin [176]. Therefore,
the complexation of HP-BCD with simvastatin may allow increasing simvastatin solubility in

alginate microspheres.

In order to improve the encapsulation of pharmaceutical agents, alginate has been
commonly used in combination with other polymers including chitosan [159], [161], [163],
[170], [171], [192], [194], [198], [199], and dextran sulfate [23], [164]. Chitosan is a naturally-
derived cationic polysaccharide that forms strong electrostatic bonds with alginate molecules,
thereby forming a denser outer layer [199]. It has therefore been used as a coating polymer for
alginate microspheres in drug delivery applications [192], [198], [199]. Interestingly, chitosan
has also been shown to increase the mechanical strength of alginate microspheres [192], [200].
On the other hand, dextran sulfate, a branched-chain anionic polymer of sulfated glucose, was
reported to possibly increase the density of the alginate, and thereby reduce the pore size and
permeability of alginate microspheres [23], [164]. The combination of chitosan and dextran
sulfate with alginate may therefore allow maximizing the encapsulation of simvastatin in

alginate-based microspheres.

29



The objective of this study was to increase simvastatin encapsulation in alginate
microspheres by complexing simvastatin with HP-BCD to increase its solubility and by coating
the alginate microspheres with chitosan, adding dextran sulfate in the alginate solution, and
optimizing the gelation conditions. The resulting microspheres were then characterized in terms

of size and morphology.

4.4 Materials and Methods
4.4.1 Preparation and activation of simvastatin

Simvastatin (Catalogue No. 10010345; Cayman Chemical, Ann Arbor, MI) was activated
as recommended by the supplier, following the protocol of Sadeghi et al. [201]. Briefly, 4 mg of
simvastatin were dissolved in 100 pL of absolute ethanol (Commercial Alcohols Inc, Toronto,
ON) in siliconized eppendorf tubes (Fisher Scientific International Inc., Hampton, NH), and the
solution was alkanized with 150 pL of 0.1 N sodium hydroxide. The solution was then mixed
thoroughly, followed by a 2h incubation at 50° C to activate simvastatin (i.e., convert the drug
into its pharmacologically active free-acid form). After the incubation, the solution was
thermally equilibrated to room temperature and the pH was adjusted to 4.2 with 0.5 N hydrogen
chloride in order to protonate the carboxyl group of the lactone ring. This has been suggested to
increase the hydrophobicity of simvastatin, leading to a more effective complexation process

with BCD [142].
4.4.2 Simvastatin complexation with HP-CD

HP-BCD (Acros Organics, Geel, Belgium) was used as a drug excipient in order to
increase the solubility of simvastatin in alginate solution. The procedure of simvastatin
complexation with HP-BCD was adopted from Yoshinari et al. [142], with some adjustments.
Briefly, HP-BCD powder was added to a 35 mM activated simvastatin solution at a molar ratio of
2,4, 6, 8, or 10. The solutions were then stirred at 700 rpm and 50° C for 15 minutes in a water-
filled beaker placed on a heating stir plate. After the incubation, the solutions were thermally
equilibrated to room temperature and centrifuged at 6,000 g and 4° C for 15 minutes in order to
precipitate the undissolved simvastatin. Simvastatin absorbance of the supernatants was then
measured at 238 nm using a hybrid microplate reader (Synergy™ 4; BioTek, Winooski, VT) to

determine simvastatin mass in the solutions. Standard curves were prepared using non-
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complexed simvastatin in double-distilled water (simvastatin absorbance is not affected by its
complexation with HP-BCD, and therefore non-complexed simvastatin can be used for the
standard curves). The percentage of simvastatin complexation with HP-BCD (%) was then
calculated as the ratio of simvastatin mass in the supernatant to the simvastatin mass initially
used.

4.4.3 Preparation of gelation medium and alginate solution with or without dextran
sulfate

The gelation medium used for the extrusion consisted of CaCl, solution with or without
the addition of medium molecular weight chitosan to analyze the effects of chitosan coating on
simvastatin encapsulation efficiency in the alginate microspheres. For the synthesis of
microspheres without chitosan, CaCl, solution was prepared by dissolving dehydrated CacCl,
powder (EMD Chemicals Inc, Gibbstown, NJ) in distilled water to a final concentration of 5.0%
(w/v), under stirring conditions at room temperature. For the synthesis of chitosan-coated
microspheres, 0.1% (w/v) chitosan solution was first prepared by dissolving medium molecular
weight chitosan powder (viscosity of 50-100 mPa.s; TCI, Tokyo, Japan) in 1.0% (v/v) glacial
acetic acid (Fisher Chemicals, Pittsburgh, PA) under stirring conditions at room temperature
until the chitosan was completely dissolved. Dehydrated CaCl, powder was then added to the
chitosan solution to a final concentration of 5.0% (w/v). The resulting 5.0% (w/v) CaCl, — 0.1%
(w/v) chitosan solution was then mixed under stirring conditions at room temperature until the
CaCl, powder was completely dissolved, followed by filtration using a 0.45 pm membrane filter

(Pall Corporation, Ann Arbor, MI) to remove any undissolved chitosan residues.

Alginate solution was prepared by dissolving alginate powder (low viscosity alginic acid
sodium salt from brown algae; Sigma-Aldrich, St. Louis, MO) in double-distilled water under
stirring conditions and at room temperature to form a homogenous solution at a final

concentration of 4.0% (W/v).

To analyze the effects of dextran sulfate on simvastatin encapsulation efficiency in
chitosan-coated alginate microspheres, microspheres were prepared using alginate alone or
mixed with dextran sulfate. In the latter case, different stock solutions of dextran sulfate
(molecular weight of approximately 500,000 g/mol, ultra pure grade; Amresco, Solon, OH) were

first prepared in double-distilled water at a concentration of 0.67%, 2.00% or 3.35% (w/v) under
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stirring conditions and at room temperature. Alginate powder was then added to the dextran
sulfate solutions at a concentration of 4.0% (w/v) and stirred thoroughly at room temperature to

obtain a homogenous solution.
4.4.4 Microsphere synthesis

The alginate microspheres were synthesized using the external gelation technique as
follows. A 300 puL of the previously prepared 4.0% (w/v) alginate solution (without dextran

sulfate) was loaded in a 3 mL syringe (Luer-Lok™

Tip, BD Diagnostics, Mississauga, ON). The
syringe was then connected to another empty 3 mL syringe via a Poly(vinyl-chloride) (PVC)
tubing, which was approximately 1 inch in length. One hundred (100 pL) aliquot of activated
simvastatin complexed with HP-BCD (at the highest pre-determined complexation percentage)
was then injected in the PVC tubing via a gastight syringe (Hamilton Company, Reno, NV), and
the injection site was sealed with paraffin stripes. The solutions were then mixed by pumping the
syringes back and forth for approximately 3 minutes in order to obtain a homogenous solution
with a final alginate concentration of 3.0% (w/v). After mixing, the solution was kept in only one
of the two syringes, which was detached from the PVC tube and attached to a 30 gauge and a
half-inch needle (BD PrecisionGlide™ Needle, Franklin Lakes, NJ). The extrusion nozzle was
then fixed to the syringe, which was clamped on a custom-made extrusion pump (Figure 4.1).
The syringe content was extruded in the previously prepared gelation medium (60 mL; with a
distance of approximately 4 cm between the tip of the nozzle and the surface of the gelation
medium) composed of 5.0% (w/v) CaCl, solution with or without 0.1% (w/v) chitosan solution
(to analyze the effects of chitosan coating on simvastatin encapsulation efficiency). A polymer
flow rate of 30 pL/minute and a coaxial air flow set at 4.0 psi were used in all experiments and
the gelation medium was placed under stirring conditions (180 rpm, Corning magnetic stirrer,
PC-410D, Corning, NY). After the extrusion, the microspheres were cured in the gelation

medium for 15 minutes in order to completely solidify.

To analyze the effects of dextran sulfate on simvastatin encapsulation efficiency in
chitosan-coated alginate microspheres, the same procedure as described above was used to
synthesize the microspheres, with the exception that the 300 pL of the previously prepared 4.0%
(w/v) alginate solution contained 0.67, 2.00, or 3.35% (w/v) dextran sulfate. The extrusion was

performed in the previously prepared gelation medium (60 mL) composed of 5.0% (w/v) CaCl,
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and 0.1% (w/v) chitosan, using the custom-made extrusion pump. After the extrusion, the

microspheres were cured in the gelation medium for 15 minutes in order to completely solidify.

Figure 4.1 Custom-made extrusion pump used to synthesize the microspheres: (A) Overall set-
up; (B) Close-up image depicting the extrusion process and showing the syringe nozzle.

The microsphere formulation (with chitosan coating and dextran sulfate) that led to the
highest simvastatin encapsulation efficiency (measured as described in the following section)
was then selected to optimize the gelation conditions, i.e., the volume of the gelation medium,
the curing time and the addition of simvastatin into the gelation medium. First, two additional
volumes of gelation medium were tested (30 mL and 20 mL). The volume that led to the highest
simvastatin encapsulation efficiency was then selected to analyze the effects of the curing time
(15 and 5 minutes), under the assumption that the diffusion of simvastatin from the microspheres
into the gelation medium would decrease by decreasing the curing time. The optimum volume of
gelation medium and curing time were finally adopted to analyze the effect of the addition of
simvastatin into the gelation medium. Activated simvastatin complexed with HP-BCD (0.263
mM simvastatin based on simvastatin maximum solubility, and at the highest pre-determined

complexation percentage) was added to the gelation medium, which was then mixed under
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stirring conditions (500 rpm) for approximately 5 minutes at room temperature prior to the

extrusion process.
4.4.5 Encapsulation efficiency measurements

The synthesized microspheres were filtered using a Falcon cell strainer with a sieve size
of 100 um (Corning Incorporations, Durham, NC) and rinsed three times with 1 mL of double-
distilled water to remove any excess of CaCl, and/or chitosan from the gelation medium. The
filtered microspheres were then gently placed in 1 M NaOH with a spatula and magnetically
stirred for 24h at room temperature in order to facilitate the breakdown of the cross-linked
alginate. After complete dissolution, the resulting solutions were centrifuged at 850 g for 5
minutes, and the absorbance of simvastatin in the supernatants was measured at 238 nm using a
hybrid microplate reader, as previously described. Standard curves were prepared in 1 M NaOH
using the simvastatin complexed with HP-BCD (same simvastatin-HP-BCD solution used for
preparation of the microspheres). Finally, the encapsulation efficiency (%) was determined as the
ratio of the simvastatin mass in the microspheres (measured in the solution after complete
dissolution of the microspheres) over the initial mass of complexed simvastatin used for the

preparation of microspheres.

4.4.6 Microsphere size and morphology analysis

The diameter of 100 microspheres synthesized with the optimum formulation (the one
that led to the highest simvastatin encapsulation efficiency) was measured on light microscopy
micrographs taken with a Nikon Digital Sight DS-Ril camera mounted on a Nikon Eclipse Ti
inverted microscope system and using NIS Elements Basic Research imaging software version
3.20.01 and a 10x Plan Fluor objective (Nikon Instruments, Melville, NY). The average diameter

was then calculated.

In addition, the surface morphology of the microspheres was analyzed using a cryo-
scanning electron microscopy (cryo-SEM; performed at the Carleton University Nano Imaging
Facility, Ottawa, ON) (Tescan Vega2 XMU; Tescan, Brno, Czech Republic). Briefly,
microspheres were pipetted on a sample holder using a p1000 pipette, and an end-cut pipette tip
(approximately 0.5 inch cut with a scissor) in order to avoid damaging the microspheres. The

sample holder was then placed in a cryo-chamber and the microspheres were frozen at -60° C
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followed by sublimation at -40° C for 15 minutes. The microspheres were finally examined with

a back-scatter detector and at an accelerating voltage of 20 kV, at 200x and 350x magnifications.
4.4.7 Statistical analysis

All experiments were performed in triplicate and data are expressed as means + SD.
Statistical analysis was performed using one-way ANOVA and Tukey Kramer tests, with p<0.05

considered to be statistically significant.

4.5 Results
4.5.1 Simvastatin complexation with HP-CD

Results showed that the complexation of simvastatin with HP-BCD increased with
increasing HP-BCD to simvastatin molar ratios, up to 97.6% + 2.5% with a molar ratio of 10
(p=0.001, relative to molar ratio of 2) (Figure 4.2). Therefore, this molar ratio was used for the

subsequent experiments.
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Figure 4.2 Effects of 2-hydroxypropyl-p-cyclodextrin (HP-BCD) to simvastatin molar ratio on
simvastatin complexation with HP-BCD. Data are expressed as means = SD of three
experiments. An asterisk (*) indicates a significant difference (p<0.05) between a given HP-BCD
to simvastatin molar ratio and the molar ratio of 2.
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4.5.2 Effects of chitosan on simvastatin encapsulation efficiency

Results showed that simvastatin encapsulation efficiency was negligible in 3.0% (w/v)
alginate microspheres synthesized in 5.0% (w/v) CaCl, solution without chitosan. However, it
increased up to 10.6% =+ 0.3% with the addition of chitosan (p<0.001). Therefore, chitosan-coated

alginate microspheres were used for the subsequent experiments.
4.5.3 Effects of dextran sulfate on simvastatin encapsulation efficiency

The addition of 0.67% (w/v) dextran sulfate in 4.0% (w/v) alginate solution (final
concentrations in the simvastatin-loaded microspheres: 0.5% (w/v) and 3.0% (w/v), respectively)
did not significantly increase simvastatin encapsulation efficiency in chitosan-coated alginate
microspheres (Figure 4.3). However, the addition of 2.0% (w/v) dextran sulfate (final
concentration of 1.5% (w/v)) increased the encapsulation efficiency up to 14.0% =+ 1.2%
(p=0.021). Interestingly, the addition of 3.35% (w/v) dextran sulfate (final concentration of 2.5%
(w/v)) resulted in a decrease in simvastatin encapsulation efficiency down to 8.9% (p=0.002
relative to 2.0% (w/v) dextran sulfate). Therefore, the addition of 2.0% (w/v) dextran sulfate was

used for the subsequent experiments.
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Figure 4.3 Effects of dextran sulfate concentration (%[w/v]) initially added in the alginate
solution on simvastatin encapsulation efficiency in the microspheres (%). Data are expressed as
means = SD of three experiments. An asterisk (*) indicates a significant difference (p<0.05)
between a given dextran sulfate concentration and no dextran sulfate. A dagger (1) indicates a
significant difference (p<0.05) between a given dextran sulfate concentration and 2.0% (w/v)
dextran sulfate.

4.5.4 Effects of gelation conditions on simvastatin encapsulation efficiency
Volume of the gelation medium

Decreasing the volume of the gelation medium from 60 mL to 30 mL or 20 mL did not
significantly affect simvastatin encapsulation efficiency in chitosan-coated alginate microspheres
containing dextran sulfate (Table 4.1). Therefore, the lowest volume (20 mL) was used for the

subsequent experiments.
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Table 4.1 Effects of gelation conditions including volume of the gelation medium, curing time,
and the addition of simvastatin in the gelation medium, on simvastatin encapsulation efficiency
(EE). Data are expressed as means + SD of three experiments.

Volume Simvastatin
Alginate Dextran sulfate Gelation of Curing | concentration
Variable concentration” concentration” medium gelation time in gelation EE (%)
(% [wiv]) (Y [wiv]) (% [wiv]) medinm (min) medium
(mL) (mM)
60 140+ 1.2
5.0% CaCl;
e 3.0% 1.5% 0.1% 30 15 0 142405
gelation medium .
chitosan 20 140+12
5.0% CaCly 15 140+ 1.2
Curing time 3.0% 1.5% 0.1% 20 0
chitosan 5 154+3.3
Addition of 5.0% CaCls 0 14.0+ 1.2
simvastatin in the 3.0% 1.5% 0.1% 20 5
gelation medium chitosan 0.263 224413

* Final concentrations in the microspheres.

Curing time

Results showed no significant difference in simvastatin encapsulation efficiency when
decreasing the gelation time from 15 to 5 minutes (Table 4.1). However, results with the 5-
minute curing time showed a higher variability, as depicted by the higher standard deviation.
Therefore, the initial 15-minute curing time was maintained for the analysis of the addition of

simvastatin into the gelation medium, and for the analysis of microsphere size and morphology.

Addition of simvastatin into the gelation medium

Results showed an increase in simvastatin encapsulation efficiency, up to 22.4% + 1.3%
(p=0.001), when the microspheres were synthesized in gelation medium containing simvastatin
(Table 4.1). Therefore, gelation medium containing simvastatin was used for the analysis of

microsphere size and morphology.
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4.5.5 Microsphere size and morphology analysis

Light microscopy analysis of chitosan-coated alginate microspheres containing dextran
sulfate (final alginate and dextran sulfate concentrations in the microspheres: 3.0% and 1.5%
(w/v), respectively) showed that the microspheres were overall homogeneous and spherical
(Figure 4.4), with an average diameter of 328.7 &+ 22.0 um (average of three experiments). Cryo-
SEM analysis showed a smooth and regular surface of the chitosan-coated alginate microspheres

enriched with dextran sulfate (Figure 4.5).

Figure 4.4 Representative light microscopy micrograph of chitosan-coated alginate microspheres
containing 1.5% (w/v) dextran sulfate (final concentration in the microspheres).
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Figure 4.5 Representative cryo-SEM images of chitosan-coated alginate microspheres containing
1.5% (w/v) dextran sulfate (final concentration in the microspheres): A) 200x; and B) 350x
magnifications.

4.6 Discussion

Overall, results of the present study showed that simvastatin was successfully complexed
with HP-BCD to increase its solubility in alginate solution. Additionally, chitosan coating of the
alginate microspheres, along with the combination of alginate with dextran sulfate and the
addition of simvastatin in the gelation medium, increased simvastatin encapsulation efficiency,

likely by decreasing the diffusion of the drug out of the microspheres during the synthesis.

Alginate microspheres were used in this study as a drug delivery system because of
alginate biocompatibility, low toxicity, relatively low cost, and mild gelation conditions [15],
[16]. In addition to local drug delivery applications, alginate-based biomaterials have been
commonly used in tissue engineering and wound healing as artificial cell scaffolds due to
alginate porosity and mechanical strength, which resemble those of the extracellular matrices
[15], [149], [202]. Being a polymer approved by the Food and Drug Administration (FDA),
alginate is also extensively used in the food industry as an additive as well as gelling and

thickening agent [133], [149]. However, two main challenges with the use of alginate
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microspheres as a drug delivery system are the difficulty to encapsulate hydrophobic molecules
such as simvastatin, and the large microsphere pore size, which can lead to the leakage of low

molecular weight drugs [23].

HP-BCD was used in the present study to enhance the stability and solubility of
simvastatin in the alginate solution. Indeed, HP-BCD possesses a unique truncated structure with
a hydrophilic outer shell and a relatively hydrophobic inner core, which allows the formation of
1:1 stoichiometric inclusion complexes with simvastatin [139], thereby increasing simvastatin
solubility and stability in aqueous solutions, as shown in phase solubility studies [139], [140].
The complexation procedure used in the present study, adopted from Yoshinari et al. [142], was
followed by the direct measurement of the percentage of simvastatin complexed with HP-BCD,
which had not been reported in previous phase solubility studies [139]-[141]. Results showed the
highest complexation percentage (97.6%) with a HP-BCD to simvastatin molar ratio of 10. This
high complexation percentage may be explained by the low pH of the simvastatin solution (pH
4.2), which is slightly above the pK, of the carboxylic acid of the lactone ring (pKa=4.18).
Indeed, Yoshinari et al. [142] reported a significantly higher complexation percentage of
simvastatin with BCD at pH 4.2 (79%) than at pH 6.8 (6%). Interestingly, the maximum
complexation percentage of simvastatin with HP-BCD in the present study (97.6%) was higher
than the 79% reported by Yoshinari et al., who used BCD. This difference may be explained by a
higher solubility of HP-BCD than BCD, the higher molar ratio used in the present study (10) vs. 2
used by Yoshinari et al., as well as differences in the measurement methods. Indeed, Yoshinari et
al. considered the precipitated simvastatin as being complexed with BCD, whereas the present
study showed that simvastatin complexed with HP-BCD was actually dissolved since simvastatin

clearly precipitated in the absence of HP-BCD.

The encapsulation efficiency results showed negligible encapsulation of simvastatin in
3.0% (w/v) alginate microspheres without chitosan, likely because of the large alginate
microsphere pore size leading to the diffusion of the drug out of the microspheres during the
synthesis process, as suggested by Lee and Mooney [15]. These results corroborate those of Hari
et al. [168], who also showed a low encapsulation efficiency (4%) of nitrofurantoin (a low
molecular weight drug similar to simvastatin) in 2.0% (w/v) alginate microspheres. The addition
of 0.1% (w/v) chitosan in the gelation medium significantly increased simvastatin encapsulation

efficiency up to 10.6%, likely by decreasing the loss of the encapsulated drug molecules during

41



the microsphere synthesis process as well as the washing steps, especially those entrapped close
to the microsphere surface. Indeed, the positively-charged amino groups of chitosan and the
negatively-charged carboxyl group of alginate form a strong polyelectrolyte complex coating,
thereby leading to a denser outer layer with reduced pore size [133], [199]. This is in agreement
with other studies that have also reported an increased encapsulation efficiency of other

molecules in chitosan-coated alginate microspheres [23], [168], [192], [203], [204].

Dextran sulfate was used as a blending polymer to decrease the pore size of the chitosan-
coated alginate microspheres. Results showed a significant increase (up to 14.0%) of simvastatin
encapsulation efficiency in the chitosan-coated alginate microspheres containing 1.5% (w/v)
dextran sulfate (final concentration in the microspheres). This increase may be explained by the
formation of a denser alginate matrix that may delay the diffusion of the drug across the polymer
network [205], as well as the formation of stronger electrostatic bonds between the negatively-
charged alginate supplemented with dextran sulfate and the positively charged chitosan in the
outer layer. This, in turn, would lead to the formation of a denser outer layer [23], helping to
retain simvastatin inside the microspheres. These results corroborate those of Khorram et al.
[23], who also reported an increase in the encapsulation efficiency of low molecular weight
propranolol-HCI with 1.0% (w/v) dextran sulfate in 3.0% (w/v) chitosan-coated alginate
microspheres [23]. A higher concentration of dextran sulfate (final concentration of 2.0% [w/V]
in the microspheres) resulted in a significant decrease in simvastatin encapsulation efficiency,
likely because of the increase in the initial polymer solution viscosity limiting the extrusion
procedure and leading to the formation of microspheres with variable size and shape. Therefore,
dextran sulfate at the final concentration of 1.5% (w/v) in the microspheres was selected for the

subsequent experiments.

The effects of several extrusion parameters including the volume of the gelation medium,
the curing time and the addition of simvastatin in the gelation medium were analyzed. Results
showed that the volume of the gelation medium (from 60 mL down to 20 mL) did not
significantly affect simvastatin encapsulation efficiency. Therefore, the lowest volume of 20 mL
was used for the subsequent experiments. The curing time of the microspheres has been shown to
be a governing factor in encapsulation efficiency studies [206]-[208]. It should allow the
complete hardening of the microsphere post-extrusion, while being minimal in order to avoid

drug loss by diffusion during the microsphere synthesis [207]. For example, a study by
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Abdelbary et al. [207] reported that chitosan-coated alginate microcapsules required a 10-minute
curing time when using 2.0% (w/v) alginate and 0.2 M CaCl, (equivalent to approximately 2.2%
(w/v) CaCl,). On the other hand, Patel et al. [206] and Wong and Chang [208] reported that a 15-
minute curing time was required when using 2.0% (w/v) alginate beads prepared with 5.0%
(w/v) and 1.0% (w/v) CaCl,, respectively. In the present study, a 15-minute vs. 5-minute curing
time did not significantly affect simvastatin encapsulation efficiency, although the 5-minute led
to a higher variability in the results, as depicted by the higher standard deviation. Therefore, the
initial 15-minute gelation time was used subsequently. Finally, the addition of simvastatin into
the gelation medium (at 0.263 mM based on the maximum solubility) significantly increased
simvastatin encapsulation efficiency up to 22.4%, likely due to a decreased concentration
gradient of simvastatin between the microspheres and the gelation medium, leading to a decrease

in the diffusion of simvastatin out of the microspheres.

Overall, the maximum encapsulation efficiency of simvastatin obtained in this study still
remains rather lower compared to other studies. For example, Tai et al. [130] reported a 77.7%
encapsulation of simvastatin in poly(lactic-co-glycolic acid)/hydroxyapatite (PLGA/HAp)
microspheres prepared with the water-in-oil-in-water (w/o/w) double emulsion technique. The
differences in the encapsulation efficiencies could be due to the hydrophobicity of PLGA
solution, favourable to simvastatin that is also hydrophobic. In the present study, the
hydrophobicity of simvastatin was compensated by its complexation with HP-BCD. However, it
is possible that this initial complexation was partially lost during the extrusion process, leading
to a leakage of the hydrophobic simvastatin from the microspheres. Nevertheless, the differences
in the encapsulation efficiencies may also be explained by differences in the measurement
methods. Indeed, in the present study, the alginate microspheres were dissolved in 1 M NaOH
solution, allowing the gradual replacement of the Ca>" ions by Na" ions, and thereby facilitating
the break-up of the alginate chains. This allowed a direct measurement of the simvastatin content
inside the microspheres, giving a more precise encapsulation efficiency. In contrast, in the study
from Tai et al. [130], as in many other encapsulation studies reported in the literature [23], [164],
[169], [176], the encapsulation efficiency was measured by subtracting the amount of non-
encapsulated drug in the gelation medium from the initial amount of drug used. This indirect
method may lead to an overestimation of the encapsulated drug since it only accounts for the

amount of drug loss in the final stage of the encapsulation procedure [177], and does not account
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for the extrusion process (prior to the microsphere formation in the gelation medium the mass of
the drug left in the experimental apparatus (e.g., syringes, containers, etc.) or degraded during the
synthesis process prior to the microsphere formation in the gelation medium. For example,
Khorram et al. [23] reported a 70.8% encapsulation efficiency of the low molecular weight
propranolol-HCI in 3.0% (w/v) alginate microspheres coated with 0.5% (w/v) chitosan, and
supplemented with 1.0% (w/v) dextran sulfate. Their release kinetic studies showed that only
about 50% of the encapsulated drug was released. However, the authors did not determine if the
sum of the remaining mass of the drug inside the microspheres together with the mass of the

released drug was equal to the expected encapsulated mass.

4.7 Conclusion

The complexation procedure developed in the present study resulted in a high
complexation percentage of simvastatin with HP-BCD, which should increase the solubility of
simvastatin in alginate, and thereby facilitate its encapsulation in the microspheres. Furthermore,
chitosan-coating of the alginate microspheres as well as the addition of 2.0% (w/v) dextran
sulfate in the alginate solution significantly improved simvastatin encapsulation efficiency.
Finally, the addition of simvastatin in the gelation medium further increased the encapsulation
efficiency, likely by decreasing the diffusion of simvastatin from the microspheres into the
gelation medium. Nevertheless, the maximum encapsulation efficiency still remains rather low.
Future studies should therefore include additional strategies to further decrease simvastatin
diffusion out of the microspheres, with, for example, the addition of an extra coating layer and/or

blending polymers in the alginate in order to form a denser polymer matrix.
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5 Thesis Discussion

5.1 Conclusions from the Work

This thesis represents the initial steps for the development of a drug delivery system
made of alginate-based microspheres for local release of simvastatin. The manuscript included in
this thesis describes different strategies to improve the encapsulation efficiency of simvastatin in
the alginate microspheres, and the results fulfill the two specific objectives of this thesis, i.e.: 1.
To complex simvastatin with 2-hydroxypropyl-B-cyclodextrin (HP-BCD) in order to increase its
solubility; and 2. To increase simvastatin encapsulation efficiency in alginate microspheres by
coating the microspheres with chitosan, adding dextran sulfate to the alginate solution, and
optimizing the gelation conditions used for the synthesis of the microspheres (e.g., volume of the

gelation medium, curing time, and addition of simvastatin in the gelation medium).

For the first objective, simvastatin was complexed with HP-BCD using a complexation
procedure adapted from Yoshinari et al. [142]. Results showed that simvastatin complexation
with HP-BCD increased with HP-BCD to simvastatin molar ratio, to a maximum of 97.6% with
the molar ratio of 10. This finding is both novel and significant as it led to a very high
complexation percentage of simvastatin with HP-BCD that should increase the solubility of

simvastatin in alginate microspheres, and thereby facilitate its encapsulation.

The results pertaining to the second objective demonstrated that chitosan-coating of the
alginate microspheres significantly increased simvastatin encapsulation efficiency, which was
further increased by the addition of 2.0% (w/v) dextran sulfate in the alginate solution. Results
also showed that the addition of simvastatin in the gelation medium significantly increased
simvastatin encapsulation efficiency while the volume of the gelation medium and the curing
time did not have any significant effect. Together, these results showed that a combination of
polymers and optimized gelation conditions were effective in improving simvastatin
encapsulation efficiency, likely by counteracting the diffusion of simvastatin out of the

microspheres.
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5.2 Technical Considerations
5.2.1 Optimization of the extrusion parameters

The initial stages of this work involved many pilot experiments to optimize the extrusion
parameters, including the volume ratio of simvastatin to alginate solution (containing or not
dextran sulfate), as well as the polymer flow rate and air flow pressure set on the extrusion
pump. Different volume ratios of simvastatin (uL) to alginate solution (uL) were tested (50:350,
100:300, and 200:200), with the final extrusion volume of the mixture fixed at 400 pL. The
optimum volume ratio of simvastatin to alginate solution was determined to be 100:300, since
the 50:350 ratio led to a lower simvastatin encapsulation efficiency, and the 200:200 ratio led to
a compromised homogeneity of the extrusion process because of the higher dilution of the
alginate solution. The resulting heterogeneity of the microspheres may have been due to the
impaired cross-linking process of the more diluted alginate solution, or the adverse effects of the

NaOH and/or ethanol component of the activated simvastatin on the alginate integrity.

With regards to the polymer flow rate and air flow pressure, it is important to note that
these two parameters have complementary effects on the formation of the microspheres. The
alginate solution should be extruded using an optimum polymer flow rate and air flow pressure
to form microspheres with a homogeneous size and shape. In this work, the flow rate was pre-set
at 30 uL/min (based on previous experiments conducted by other students) and initially paired
with various air flow pressures (3, 3.5, 4 and 4.5 psi). The homogeneity of the microspheres in
terms of size and shape was then analyzed for each experiment using light microscopy. Based on
the results, the air flow pressure of 4 psi was determined to be optimum. Because the polymer
flow rate and the air flow pressure have synergic effects, if the air flow was to be decreased in

future work, the polymer flow rate would have to be increased, and vice-versa.
5.2.2 Measurements of potential losses of simvastatin in the experimental set-up

Prior to dissolving the microspheres to measure simvastatin encapsulation efficiency, the
extruded microspheres in the gelation medium were filtered using a Falcon cell strainer (Corning
Incorporations, Durham, NC), with a sieve size of 100 pm, and then washed three times with 1
mL of water in order to remove any traces of CaCl, and/or chitosan. The use of a cell strainer
allowed the water used for each wash to quickly pass through the filter and get absorbed using

paper wipers (Kimwipes™) placed along the walls and the bottom of the cell strainer. The loss of
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encapsulated simvastatin during this process was minimal. Indeed, ancillary encapsulation
efficiency experiments that included the measurement of simvastatin in the washes by UV
absorbance reading at 238 nm (in this case, the water used for the washes was pipetting out
instead of being absorbed on the paper wipers) showed a minimal amount of simvastatin in the
first wash solution, likely from traces of the gelation medium left on the surface of the

microspheres, and a negligible amount in the second and third washes.

Finally, the amount of simvastatin left behind in the extrusion syringe was also measured
by washing the syringe three times with 1 mL of water and measuring the simvastatin
absorbance in the washes. Results showed that about 20% of the initial amount of simvastatin

was left in the syringe at the end of the experiment.
5.2.3 Preliminary release Kinetics experiments

Preliminary release kinetic studies using the optimum microsphere formulation (i.e.,
chitosan-coated alginate microspheres with dextran sulfate, prepared with the addition of
simvastatin in the gelation medium) were performed in SBF. For these experiments, the washed
microspheres (as described above in Section 5.2.2 for the encapsulation efficiency experiments)
were gently scooped using a metal spatula and transferred into a 20 mL PET glass liquid
scintillation vial (Wheaton, Millville, NJ) containing 3 mL of SBF (prepared following the
protocol of Kokubo and Takadama [209]). A 600 pL aliquot of the SBF solution (divided into
three aliquots of 200 puL) was pipetted out after 5 minutes following a gentle swirl of the glass
bottle, and the amount of simvastatin released in the SBF solution was measured in the three
aliquots by UV absorbance at 238 nm. The SBF aliquots were then pipetted back into the glass
bottle (this method was used instead of replenishing the glass bottle with fresh SBF to avoid
removing simvastatin from the samples at each time point). Absorbance readings were
performed every 5 minutes up to 30 minutes and every 30 minutes thereafter for up to two hours.
Results (from 3 experiments) showed a rapid release of simvastatin (approximately 80% of the
encapsulated simvastatin) within 15 minutes, which then reached a plateau (likely due to the
equilibrium reached between the concentration of simvastatin in the microspheres and in the SBF

solution).

The use of 1 mL of SBF (instead of 3 mL) was also tested (3 experiments were

performed). In this case, the washed microspheres were scooped into a 2-mL siliconized low
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retention microcentrifuge tube containing 1 mL of SBF (because of the smaller SBF volume, a
microcentrifuge tube had to be used instead of a 20 mL PET glass liquid scintillation vial, so that
the 1 mL of SBF would cover all the microspheres). Absorbance readings were performed every
5 minutes (as for the 3-mL volume experiments), but using a NanoDrop spectrophotometer
(Thermo Scientific NanoDrop ND-2000c Spectrophotometer). Results showed that
approximately 35% of the encapsulated simvastatin was released within 15 minutes, after which
the release reached a plateau, similarly to what was observed when using 3 mL of SBF. Overall,

results with 3 and 1 mL of SBF suggest that simvastatin release was primarily governed by

diffusion.

Finally, at the end of the release kinetic studies (using either 3 mL or 1 mL of SBF), the
SFB solution was replaced with 1 mL of fresh SBF to induce the release of the remaining
simvastatin inside the microspheres. Absorbance reading was performed after 15 minutes. In
both cases, the measured amount of simvastatin together with the amount released during the

kinetic studies matched the simvastatin amount initially encapsulated.

5.3 Future Studies
5.3.1 Simvastatin encapsulation efficiency

The results of this thesis project suggest that the increase of simvastatin encapsulation
efficiency in alginate microspheres through the use of chitosan coating and dextran sulfate as
well as the addition of simvastatin in the gelation medium was likely due to a decrease in the
diffusion of simvastatin out of the microspheres. However, based on the encapsulation efficiency
results (still rather low) and preliminary results of the release kinetics (as discussed in section
5.2.3), the pore size of the alginate-dextran sulfate microspheres appears to remain rather large
for the entrapment of simvastatin, even when using the highest alginate and dextran sulfate
concentrations (final concentrations of 3.0% (w/v) alginate and 1.5% (w/v) dextran sulfate in the
microspheres). Therefore, future studies could consider additional strategies to further decrease
the diffusion of simvastatin. For example, several studies have used high molecular weight
carbohydrates such as pectin [210]-[212] and methylcellulose [213] as a blending polymer with
alginate in order to decrease the pore size of the resulting gel. Thus, the use of pectin and/or
methycellulose (in addition to or instead of dextran sulfate) could also be considered to further

improve simvastatin encapsulation efficiency. In addition, when incorporating new polymers,
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there may be a need to further adjust/optimize several extrusion parameters due to changes in the
properties of the polymer solution in order to synthesize homogenous microspheres in terms of
size and shape. For example, the polymer flow rate, the air flow pressure, and the distance
between the nozzle and the surface of the gelation medium affect the size and the shape of the
microspheres, such that a too low flow rate and too low air flow as well as a too large distance
between the nozzle and the surface of the gelation medium would result in the formation of tear-

dropped and larger microspheres.

Another approach to decrease the permeability of the chitosan-coated alginate
microspheres could be via the addition of other cross-linking agents (in addition to calcium) such
as carbodiimide or glutaraldehyde in the gelation medium, which have been suggested to
immobilize the encapsulated agents [172]. For example, a study by Maiti et al. [22] showed that
the partially oxidized alginate chains with sodium metaperiodate allowed additional covalent
cross-linking sites with adipic acid dihydrazide (ADH), which was added to the gelation
medium. This enhanced cross-linking resulted in an encapsulation efficiency of a low molecular
weight drug (similar to simvastatin) up to 89%. It also allowed a sustained and complete release
of the encapsulated drug over a period of almost 8 hours from ADH-treated oxidized alginate
beads compared to 1 hour and a half from untreated oxidized beads, when using a buffer solution
with a physiological pH [22]. The authors suggested that the presence of ADH in the gelation
medium created a strong membrane in the periphery of the alginate beads that acted as a barrier
against the drug diffusion. Other coating layers such as poly(L-lysine) [157], [214], [215],
polyvinyl amine [216], [217] silk fibroin [218] and polyethylene glycol [172] have also been
used in several studies to reduce the permeability of alginate-based microspheres, thereby
minimizing the loss of encapsulated pharmaceutical agents. Therefore, the effects of polycationic
agents as alternatives to chitosan or additional coating layers could be analyzed on the

encapsulation efficiency of simvastatin.

Finally, a ‘dual ionic and photo cross-linking’ technique was recently suggested to be a
promising approach to increase the cross-linking density of the gel matrix [219], which may
consequently decrease the pore size of the alginate microspheres. Indeed, in a study by
Samorezov et al. [219], alginate microspheres were functionalized with methacrylate groups,
which allowed the covalent cross-linking of the chains via free radical polymerization using ultra

violet light and a photo-initiator in addition to the conventional calcium cross-linking.
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Furthermore, since the methacrylated alginate chains also possess carboxyl groups, the
free/remaining methacrylated groups can further cross-link with calcium after photo cross-
linking. Therefore, the combination of ionic and covalent bonding, which was shown to enhance
stiffness and decrease the swelling of the alginate matrix [219], could also be explored in future

studies.
5.3.2 Release Kinetics

As explained in Section 5.2.3., preliminary experiments using chitosan-coated alginate
microspheres containing dextran sulfate and prepared with the addition of simvastatin in the
gelation medium showed that the release of simvastatin in SBF was very rapid (burst release
within the first 15 minutes). The magnitude of the initial burst release varied depending on the
volume of SFB used, suggesting that the release of simvastatin was primarily governed by
diffusion. Therefore, several strategies in combination with the ones mentioned in the previous
section (5.3.1) could be adopted to decrease the rapid diffusion of simvastatin from the
synthesized microspheres and allow a prolonged release. For example, a study by Valente et al.
[147] showed that the encapsulation of bovine serum albumin (BSA)-loaded dextran sulfate-
chitosan nanoparticles in alginate microspheres provided an extended release of BSA when
compared to the BSA-loaded alginate microspheres. Even though the molecular weight of BSA
is much higher than simvastatin (66,000 g/mol vs 418.6 g/mol), a similar system could help
obtaining a higher encapsulation efficiency and slowing down the release of simvastatin.
Furthermore, the inclusion of the nano-scaled simvastatin-loaded nanoparticles into alginate
microspheres may also allow the delivery of multiple drugs. Therefore, future work could focus
on developing a dual nano-micro drug delivery system to overcome the large pore size of the

alginate microspheres and slow down the release of simvastatin.

Another approach could be to functionalize the alginate chains and HP-BCD via cysteine
[220], cysteamine [221] or simply with thiol groups [222] in order to form disulfide bindings
between simvastatin-HP-BCD molecules and the alginate chains, assuming simvastatin and HP-
BCD remain complexed inside the microspheres during the microsphere synthesis. It would
therefore be critical to first determine whether the released simvastatin molecules are still
complexed with HP-BCD. Preliminary experiments using size exclusion chromatography with

two different flow rates (200 and 400 pL/min) and two different volume fractions (200 pL and
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500 uL) were inconclusive as the complexed simvastatin-HP-BCD molecules may dissociate in
the chromatography column (Sephadex G-10 MidiTrap, GE Healthcare, bed volume of 5.3 mL).
The lack of a reliable control experiment was a limiting factor for the use of size exclusion
chromatography. The use of high-performance liquid chromatography electrospray ionization

technique should therefore be considered for future studies.
5.3.3 Invitro cell culture and in vivo animal models

Future in vitro studies should include the analysis of the anti-inflammatory effects of
simvastatin released from the microspheres to verify its bioactivity once released. More
specifically, microspheres could be placed in cultures of macrophages with implant wear
particles or metal ions, followed by TNF-o measurement in the culture supernatants in the
presence and absence of microspheres. For these experiments, microspheres would need to be
sterile. This implies sterilizing the microspheres after their synthesis or performing the synthesis
in a sterile environment, using sterile materials and solutions. In either case, it is paramount to
adopt an appropriate sterilization method for the selected polymers. Indeed, sterilization may
affect the preservation of the polymer integrity as well as the pore size of the cross-linked
polymer matrix by altering the mechanical property and/or water retention of the polymer [223].
A study by Stoppel et al. [223] showed that the sterilization of alginate hydrogel via ethanol
washing was the most effective method in terms of preserving the mechanical properties and
water retention of the alginate hydrogel as well as eliminating bacterial growth, compared to
autoclaving and ultra violet light (which may damage the polymer). However, there is a concern
regarding the release of simvastatin in the ethanol washes. Alternatively, filtration of the alginate
solution (prior to the microsphere synthesis) could be implemented as performed in several
studies [224]-[226]. However, possibilities of polymer chain shear, and incomplete filtration of
the polymer (due to clogging of the filter pores) may present challenges to maintain the initial

concentration of the alginate solution.

Finally, the functionalization of the polymer chains could be a main focus for both in
vitro and in vivo studies to allow specific cell targeting (e.g., macrophages) and enabling the
attachment of a fluorescent probe for in vivo imaging in small animal models. Indeed, several
chemical modifications can be made through the hydroxyl and carboxyl groups of alginate [22].

For instance, the carboxyl groups of alginate have been covalently bound to various fluorescent
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probes, out of which fluorochrome fluoresceinamine [227], [228], and protoporphyrin [229] may
be promising fluorescent labels to be used for future in vivo studies. Alternatively, the amino
groups of chitosan could be covalently conjugated with fluorescein isothiocyanate (FITC) as
described in the study by Huang et al. [230], who tracked the uptake of the FITC-chitosan

nanoparticles in the human epithelium cells.
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Appendix A: Pre-Extrusion Steps for Microsphere Synthesis

Gastight
syringe

Paraffin
stripe

Figure Al. Illustration of the pre-extrusion steps for microsphere synthesis.

(A) Syringes (3 mL) containing the alginate with or without dextran sulfate (total of 300 uL
polymer), with one syringe attached to the PVC tube (shown in the oval);

(B) Syringes connected by the PVC tubing;

(C) Injection of the activated simvastatin (100 puL) into the PVC tubing via the Gastight syringe
(shown by the oval);
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(D) Sealing of the injection site using 3-4 paraffin stripes;

(E) Mixing of the drug-polymer solution (400 pL) by pumping back and forth (for approximately
three minutes) in order to obtain a homogenous solution ;

(F) Single syringe after transfer of the solution and detachment of the PVC tubing;

(G) Syringe with Luer Lock 30 gauge needle;

(H) Nozzle attached to the syringe;

(I) Clamped syringe on the extrusion pump.
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Appendix B: Illustration of the Experimental Set-up for the
Extrusion Process

Experimental set-up to analyze the effects of chitosan coating:

Extrusion Solution
* Simvastatin
» Alginate (conc. of 4% [w/v])

_ Gelation Medium
L e— 5% (WJ;V)' CH.C]E

: . * With or without 0.1% (w/v) chitosan

Experimental set-up to analyze the effects of dextran sulfate:

Extrusion Solution

« Simvastatin

* Alginate (conc. of 4% [w/v])

* Dextran sulfate (conc. of 0.67, 2.0, or 3.35% [wiv])

Gelation Medium
* 5% (w/v) CaCl, with 0.1% (w/v) chitosan
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Appendix C: Example of Calculation Tables for Simvastatin
Complexation with HP-BCD

Preparation and

Simvastatin Dissolution and Alkalization

MW Volume of 0.1N NaOH
Preparation date Lot # Purity (%) VALLTDOGH R
(g/mol) (nL) (nL)
Sept 9", 2014 418.6 0453431-7 100 100 150
Simvastatin pH Adjustments After Activation
Recovered volume of Total volume of Concentration of
simvastatin after the | Volume of 0.5 N'HCl added simvastatin stock simvastatin stock Final pH
initial 2h incubation (nL)
for activation (uL) (nL) (nM)
244 22 266 35923.54 4.25

Simvastatin Complexation with HP-pCD

Displacement volume of HP-
BCD powder when dissolved i

=

Total volume of simvastatin stock

Concentration of complexed simvastatin stock

simvastatin solution (uL) (nM)
(nL)
100 366 26108.36
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Appendix D: Example of a Standard Curve Used to Measure
the Concentration of Simvastatin Complexed with HP-BCD

Serial Dilution of Simvastatin Complexed with HP-3CD

Volume .
Dilution factor of the Volume (uL) and of Total . Final .
Vial | source of simvastatin source of simvastatin | gijjyen¢ | YOIUWMe | [simvastatin]
WL | GO | e
A 261.08 of stock* 13 of stock 3381.1 3394.1 100
B 1.11 of vial A dilution 2700 of vial A dilution 300 3000 90
C 1.13 of vial B dilution 2400 of vial B dilution 300 2700 80
D 1.14 of vial C dilution 2100 of vial C dilution 300 2400 70
E 1.17 of vial D dilution 1800 of vial D dilution 300 2100 60
F 1.20 of vial E dilution 1500 of vial E dilution 300 1800 50
G 1.25 of vial F dilution 1200 of vial F dilution 300 1500 40
H 1.33 of vial G dilution 900 of vial G dilution 300 1200 30
I 1.50 of vial H dilution 600 of vial H dilution 300 900 20
J 2.00 of vial I dilution 400 of vial I dilution 400 800 10
K 2.00 of vial J dilution 300 of vial J dilution 300 600 5
L NA 0 500 500 0

*Stock concentration of simvastatin = 26108.365 uM

The standard curve below, showing the UV absorbance at 238 nm of different concentrations of
simvastatin complexed with HP-BCD (as shown in the above table), was generated on September

th
97, 2014.
Curve
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P 0.700 Q Q q =
3 o N7 PR L
& 0800 \ —
E 1
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