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ABSTRACT

SWEET NANOMEDICINE IN VIVO: GLYCONANOPARTICLE FOR IMAGING AMYLOID
BETA FIBRILS IN ALZHEIMER'S DISEASE, AND HYALURONAN NANOPARTICLES
FOR IMAGING AND THERAPY OF INFLAMMATORY ATHEROSCLEROSIS DISEASE

By
Seyedmehdi Hossaini Nasr

This dissertation is about design and synthesis of glyconanoparticles for certain in vivo applications
including imaging amyloid beta fibrils in Alzheimer’s disease, imaging inflammatory
atherosclerotic plaques and inhibition of atherosclerotic plaque inflammation. Amyloid beta (A)
accumulation and deposition in the brain tissue are one of the most important hallmarks of
Alzheimer’s disease (AD). Therefore, AP is an attractive target for imaging AD, however,
designing a nanoprobe with the ability to pass through the blood brain barrier (BBB) and reaching
AP plaques is a significant challenge. The first part of this dissertation covers the synthesis of a
glyconanoparticle enabling to pass the BBB and bind with AP fibrils. Briefly, synthesis,
characterization and application of this glyconanoparticle for magnetic resonance imaging (MRI)

of A plaques in a mouse model of AD (B6C3) have been presented.

Majority of patients that experience cardiac arrests have atherosclerosis, which is the inflammatory
disease of arterial walls and the major cause of heart attacks and strokes. Imaging techniques that
can enable detection of atherosclerotic plaques before clinical manifestation are urgently needed.
CD44 is a cell surface protein overexpressed in the plaque tissues and its expression level is
associated with the risk of plaque rupture. The second chapter explains atherosclerosis disease and
nanomedicine for targeting inflammatory atherosclerotic plaques. The third chapter of this
dissertation presents the development of hyaluronan (HA) coated iron oxide nanoparticles for
active targeting of the plaques. These nanoprobes can not only bind with atherosclerotic plaques

through their HA ligands but also function as T> based MRI contrast agents for plaque diagnosis.



Moreover, the effect of nanoprobe morphology on inflammation has been studied indicating that
engineering nanoprobe shape could decrease inflammatory responses, which makes it a superior
candidate for imaging inflammatory atherosclerotic plaques. Concisely, design and synthesis of
HA conjugated nanoworm (HA-NW) have been explained. Then, inflammatory responses to HA
conjugated nanoparticles in vitro and in vivo in apoE knockout mouse model have been presented.
Finally, the ability of HA-NW for in vivo imaging of atherosclerotic plagues by MRI has been

studied.

The last part of this dissertation goes over design and synthesis of hyaluronan conjugated
atorvastatin nanoparticle (HA-ATV NP). This therapeutic formulation has been designed to deliver
ATV to the inflammatory atherosclerotic plaques to reduce plaque inflammation. Then, HA-ATV
NP anti-inflammatory effects in vitro and its therapeutic effect in vivo in apoE knockout mouse
model have been explained. It has been shown that intravenous administration of this formulation
(high dose, 8.5 mg ATV/ kg), every other day for one week can significantly reduce the plaques

inflammation.
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Chapter 1: Amyloid Beta Fibril
Detection in an Animal Model of
Alzheimer’s Disease Using
Glyconanoparticle
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1.1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia. Studies by the Alzheimer’s
Disease International Institute indicate that in 2016, about 47 million people worldwide lived with
dementia and this number is expected to rise to 132 million in 20503, The economic impact of
AD is estimated to be $818 billion in 2016. These staggering numbers suggest new methods for
diagnosis and treatment of AD are urgently needed, and early detection of AD can potentially

improve the prognosis for AD patients*>.

The accumulation and deposition of B-amyloid (AB) peptides in brain tissues are one of the most
distinctive hallmarks of AD®. Strong correlations have been found between AP deposition and the
beginning of atrophy at early stage of AD’. As a result, AP has been an attractive target for the
development of non-invasive methods for AD detection. Positron Emission Tomography (PET)
has been used clinically for AD brain imaging®. Pittsburgh Compound-B®° is a *C containing
PET tracer that can selectively bind with B-sheeted AP aggregates, which has been approved by
FDA for imaging A plaques in brains. However, PET has inherent low spatial resolution and
utilizes ionizing radiation. An appealing alternative for AP imaging is Magnetic Resonance
Imaging (MRI) due to its non-invasive nature and high spatial resolution. Advanced A plaques
can be detected directly via MRI due to the accumulation of iron ions in plaque tissues leading to
contrast changes from the surrounding tissuest!'4. For early plaque detection, the inherent contrast
associated with the plaques is not sufficient. Thus, contrast agents are needed to enable plaque

imaging by MRI, which are most commonly delivered by nanoparticles (NPs)*>%°,

One significant challenge in AP imaging using NP contrast agents is the blood brain barrier (BBB),
which has tight junctions between endothelial cells lining the blood vessels in the brain??? and

severely limits entries of macromolecules such as NPs into brains?® 23, In order to overcome this,
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a common approach is to add mannitol into the NP formulation, which transiently opens up the
BBB allowing particles to diffuse into brain tissues?*?. However, it is challenging to apply this
approach to humans due to the concern for possible brain infections with the opened BBB. NPs

that are able to penetrate the BBB without the need for mannitol are desirable for Ap imaging.

To facilitate selective binding of NPs to AP plaques, AP targeting agents are needed to
functionalize the NPs. The most extensively utilized ones are either full length or fragments AP as
these peptides can aggregate with AP plaques thus enriching contrast agents in plaque sites'® 1819
2526 Wadghiri and coworkers pioneered AP coated magnetic NPs to image AP in mouse models
of AD, A potential drawback using AP based targeting vectors is the concern that they can
possibly lead to further growth of plaques. Alternatively, AB binding monoclonal antibodies
(mAbs) have been explored as targeting agents?’. However, besides their high costs and potential
immunogenicities, the use of mAbs has side effects?®. For instance, the administration of anti-Ap
mAbs Bapineuzumab and Gantenerumab increased the risk of amyloid related imaging
abnormalities of brains, including chronic brain hemorrhages and swelling of brains?®-%°. Small

molecules such as curcumin® and Congo red® have been tested as AP targeting agents. NPs

bearing these ligands require mannitol to facilitate their entries into brain tissues.

Sialic acid is an interesting ligand for AB binding studies®. Sialic acid is a monosaccharide with a
nine-carbon backbone, which is mostly found at terminal ends of saccharide chains such as
gangliosides rich in the nervous system**. Located on neuronal membranes, monosialotetrahexosyl
ganglioside (GM1) is the most abundant ganglioside in the brain. Studies have shown that residues
His13 to Leul7 located at the N-terminal of the AP peptide are important for their interactions
with GM1 and His13 is responsible for specific interaction with the sialic acid moiety of GM13%>

3 By binding with AB, exogenous GM1 can inhibit AB induced cytokine release and inflammatory



responses by neuronal cells®®. The intrinsic ability of sialic acid to bind with AP fibrils and its
biocompatibility make it suitable for AP studies, especially when multiple copies of it can be
placed on a nanostructure resulting in enhanced avidities®®. Sialic acid conjugated second
generation polyamidoamine (PAMAM) dendrimers were found to decrease AP toxicity towards
SH-SY5Y neuroblastoma cells®®#, While increasing the multivalency of these dendrimers
improved AP binding, third and fourth generation PAMAM dendrimers caused cell death due to
their inherent cellular toxicities limiting their utility in vivo. Other sialic acid bearing NP platforms
investigated for AB studies include gold nanoshells deposited on carbon electrode*, chitosan
polysaccharides*®* and magnetic NPs*. No in vivo studies have been reported using these
constructs presumably due to either the inherent toxicity of the carrier or the limited abilities to

pass the BBB*1: 434,

Herein, we report the synthesis of sialic-acid-functionalized bovine serum albumin (BSA) coated
magnetic NPs (NP-BSAX-Sia). As crossing BBB is a significant barrier for brain imaging, NP-
BSAX-Sia can overcome this roadblock, pass through BBB and bind with AP peptide with high
selectivities. Furthermore, administration of this probe to AD mice enables in vivo detection of
AD plaques through MRI without the need for mannitol to open the BBB. This is the first time
that sialic acid NPs have been utilized to image A in vivo. The high biocompatibility, magnetic
relaxivity, and AP selectivity coupled with its ability to cross the BBB render NP-BSAXx-Sia a

promising contrast agent for non-invasive imaging of Ap.

1.2. Synthesis and characterization of NP-BSAXx-Sia

The synthesis of NP-BSAX-Sia started from the preparation of iron oxide NPs through the thermal
decomposition method*®. Heating a mixture of Fe(acac). and hexadecanediol in the presence of

oleic acid and oleylamine from 200 - 300 °C in benzyl ether formed magnetite NPs (Figure 1). The
4



hydrophobic particles were rendered water soluble through ligand exchange with
tetramethylammonium hydroxide (TMAOH) followed by incubation with BSA*’, which can non-
covalently absorb on the surface of the NPs providing a protein layer for further functionalization.
The resulting NPs were incubated with 2,2’-(ethylenedioxy)bis(ethylamine) 1 and ethyl-(3,3-
dimethylaminopropyl) carbodiimide hydrochloride (EDCI), which could covalently crosslink the
carboxylic acids of immobilized BSA through amide bond formation leading to NP-BSAX. Sialic
acid was then introduced onto the NPs through EDCI mediated amide bond formation with sialic
acid derivative 2,* followed by subsequent ester hydrolysis generating the NP-BSAXx-Sia. The
prepared NPs were further labeled when needed with the fluorophore fluorescein isothiocyanate
(FITC) by presumably reacting with residual amines on NP-BSAXx-Sia to form NP-BSAX-Sia-

FITC enabling their tracking by fluorescence for cellular experiments.
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Figure 1-1. Synthesis of NP-BSAXx-Sia and NP-BSAXx-Sia-FITC. The scale bar for TEM image

is 10 nm.

The NPs were characterized with a variety of methods. The average core diameters of the NPs
were 5 nm as determined by transmission electron microscopy (TEM) Figure 1-1 with an average
hydrodynamic diameter of 87 nm in PBS buffer analyzed by dynamic light scattering (DLS). The
cationization of BSA through amination is important to facilitate BBB crossing*’-8. Zeta potential
(0) surface charge measurements was a convenient method to monitor the amination process. The
BSA coated magnetic NPs as synthesized had a negative zeta potential of -6.6 mV in PBS buffer.
Upon reaction with diamine 1, { values increased to +11.2 mV suggesting the successful
introduction of amines onto the NPs. The number of 2,2’-(ethylenedioxy)bis(ethylamine) reacted
with BSA was analyzed by mass spectrometry of BSA functionalized in solution under the
identical reaction condition as NP modification. Based on the molecular weight difference of BSA
before and after functionalization, the average number of diamine 1 introduced was estimated to
be 33 per BSA molecule Figure 1-2. However, the maximum theoretical possible number of

diamine per BSA molecule is 99.
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Figure 1-2. MALDI-MS of BSA (a) before and (b) after reaction with 2,2’-
(ethylenedioxy)bis(ethylamine) 1. Functionalization with diamine 1 caused the average
molecular weight of BSA to increase from 67,120 to 71,440. This mass change corresponds to on

average the addition of 33 molecules of 1 to each BSA following amide formation.

Amidation of NP-BSAx with sialic acid lowered the { value to +5.2 mV indicating the conversion
of some of the positively charged amines to neutral amides. The total organic content was
determined by thermogravimetric analysis (TGA) to be 74% of the weight of the NP-BSAXx-Sia
Figure 1-3a. The amount of sialic acid on NP-BSAXx-Sia was quantified by thiobarbituric acid
assay*® following mild acid treatment of the NPs to cleave off the sialic acid. The amount of sialic

acid accounted for 7% of the weight of NPs with an average of 118 sialic acid molecules per NP-



BSAXx-Sia. The NP-BSAXx-Sia has high magnetic relaxivities with an r2* value of 220 L mmols
L (7 Tesla) suggesting these particles are good T>* based MRI contrast agents Figure 1-3b. The
NPs are colloidal stable as there were little changes in their hydrodynamic sizes or surface charges

when kept in solution for more than three weeks Figure 1-3c.
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Figure 1-3. (a) Thermogravimetric analysis (TGA) of NP-BSAx-Sia; (b) r2* relaxivity
measurement of NP-BSAX-Sia; and (c) There were little changes in size and zeta potential for NP-

BSAX-Sia in PBS over 23 days indicating the colloidal stability of the NPs.
1.3. NP-BSAXx-Sia Was Biocompatible and Non-toxic to Cells

For in vivo applications of NPs, it is critical that the particles are biocompatible. Brain endothelial
cells are a critical component of the BBB that controls passages of exogenous molecules into the
brain®°. Damages to this barrier can expose the brain to a variety of harmful compounds that are
normally excluded from the brain. To evaluate their biocompatibilities, NP-BSAXx-Sia and NP-
BSAX were incubated with brain endothelial cells bEnd.3 and their effects on cell viabilities were
analyzed using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) cell viability assay. As shown in Figure 1-4, with concentrations examined
up to 1 mg/mL, NP-BSAX-Sia did not have any adverse effects on cell viability. In contrast, cells

incubated with NP-BSAXx above 0.25 mg/mL exhibited reduced viability with only 40% alive at 1



mg/mL of NP-BSAX. These results indicate that NP-BSAXx-Sia has good biocompatibility and NP-

BSAX is not suitable for in vivo applications due to potential toxicities.
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Figure 1-4. Viability of bEnd.3 cells following treatment with various concentrations of NP-BSAXx
and NP-BSAXx-Sia. While NP-BSAX exhibited cytotoxicity above 0.25 mg/mL, NP-BSAXx-Sia did

not cause any toxicities in the concentrations examined.
1.4. NP-BSAXx-Sia Enabled In Vivo Imaging of AP Plaques in A Human AD Mouse Model

To test the possibility of Ap detection in vivo, a human AD model utilizing double transgenic (Tg)
mice was established. These mice express a chimeric mouse/human amyloid precursor protein
(Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9) at central nervous system
neurons. Both mutations are associated with early-onset AD. These mice secrete human AP

peptides, which are known to form AP plaques as those in humans®!2,

Tg mice in the age range of 39 to 42 weeks were used for in vivo AP plaque detection studies.
When these mice were imaged directly by T>* weighted MRI using a 3D gradient echo sequence,

no abnormalities could be observed suggesting plaques were invisible under this condition Figure



1-5b,d. Following administration of NP-BSAX-Sia, contrast changes in brains were continuously
monitored by MRI. Distinct dark spots due to loss of signals were observed in multiple slices of
the brain in both cortex and hippocampus regions 1 hour after injection of NP-BSAXx-Sia Figure
1-5e and Figure 1-6. The relative contrast changes reached their maximum values between 1-3
hours. The signal changes lasted more than one day with the intensities returning to pre-injection
levels after 72 hours Figure 1-5a. Multiple slices and locations showed significant signal decreases
upon NP-BSAX-Sia administration Figure 1-5c,e, Figure 1-6 and Figure 1-7d. The signal changes
were not due to presence of NPs in the blood as the signal intensities from the brain blood vessels

returned to basal levels two hours after NP administration Figure 1-5 and Figure 1-8.
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Figure 1-5. T>* weighted MRI signal intensity changes of Tg mouse brain before and after

administration of NP-BSAXx-Sia. Mice were scanned at different time intervals (0.5, 1, 1.5, 2, 24
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Figure 1-5 (cont’d) and 72 hours) after NP administration. a) Quantification of relative signal
intensity changes in one region of interest (ROI) vs blood vessel in the brain. The observed signal
changes in the region of interests were presumably due to NP binding with A plaques, not from
the blood pool effect as contrast of brain blood vessels returned to basal levels two hours after NP
administration. The contrast changes in region of interest lasted more than 24 hours. Statistical
analysis was performed using student t test. Selected MR images showing contrast changes. MR
images of mouse brain b) before NP injection; and ¢) 1.5 hours after NP injection. d) Expansion
of the boxed region of figure b; e) Expansion of the boxed region of figure c. The arrows indicate

the location of contrast change.

0.5 h after injection 1 h after injection

Before NP-BSA, -Sia injection

2 h after injection

Figure 1-6. In vivo MRI of Tg mouse brain before and after injection of NP-BSAXx-Sia showed
signal loss in some spots in the brain presumably due to binding of particles with Ap plaques. The

animal was scanned at different time intervals (0.5, 1, 1.5, 2 hours) after injection.
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Figure 1-7. a) In vivo MRI of brain of a wild type mouse before and b) 1.5 hour after injection of
NP-BSAXx-Sia. (c) and (d) are images of a brain slice of Tg mouse. ¢) before and d)1.5 hour after
injection of nanoparticles respectively. c) and d) are presented here to aid in comparison with the
images (a and b) from wild type mice. Regions of interest of signal changes have been highlighted

by red arrows.
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Figure 1-8. Relative MRI signal intensity changes for two ROIs presumably due to NP binding to
AP plaques vs lumen of brain blood vessels.

For control experiments, NP-BSAXx-Sia was injected to age matched wild type mice, which do not
express human A in the brain. In contrast to Tg mice, no hypo-intense spots were observed in T>*
weighted images of the brains of wild type mice Figure 1-7a,b. To further verify the importance
of NP-BSAX-Sia in AP imaging, Feridex®, a type of commercially available superparamagnetic
iron oxide NPs, were injected to Tg mice at the same dose of Fe (8 mg/kg) as NP-BSAx-Sia. No
dark spots were observed in the brain in T>* weighted images of these brains suggesting little

Feridex® particles were retained in the brains of Tg mice Figure 1-9.
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Figure 1-9. In vivo T2* weighted MRI of Tg mouse brain after injection of Feridex®. Feridex® (8
mg/kg) was injected to Tg mouse then mouse brain was imaged. In contrast to Tg mouse receiving
NP-BSAX-Sia, no significant local changes were observed in MRI suggesting little binding of

Feridex to brain tissues.

1.5. Histological Analysis Confirmed the Presence of NP in Brains of Tg Mice After

Administration of NP-BSAXx-Sia

Four hours after injection of NP-BSAXx-Sia to Tg mice, their brains were harvested and subjected
to histological analysis. Thioflavin-s staining on AD brain slices showed punctate patterns of
staining confirming the presence of A plaques in these brains Figure 1-10a,b in contrast to wild
type mice Figure 1-10c. Prussian blue staining showed the blue coloration on slices in
hippocampus and cortex Figure 1-10d,e supporting the penetration and retention of NP-BSAXx-
Sia into the brain. In brains of wild type mice after NP administration, Prussian blue failed to show
any blue staining Figure 1-10f,g consistent with MR images observed in vivo indicating the

absence of NPs in these brains.
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Figure 1-10. (a,b) Thioflavin-S staining of Tg mouse brain indicated the presence of Af
deposition. The scale bar is 500 um; (c) Thioflavin-S staining of wild type mouse brain showed
no AP plaques. (d,e) Prussian blue staining of brain tissue from Tg mice following intravenous NP
administration. Representative areas of Prussian blue staining are highlighted in the circles. The
presence of blue staining confirms the presence of Fe in Tg mouse brain presumably due to NP
accumulation. (d) showed the location of Fe near hippocampus and (e) in the cortex. (f-g) Wild
type mouse brain after intravenous NP administration showed no Prussian blue staining due to the

absence of NPs in the brains. Scale bars are 20 um.
1.6. Discussion

While the etiology of AD has not been firmly established, AD detection based on biomarker such

as AP can potentially provide early intervention of the disease to improve patient prognosis.
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Samples from the cerebrospinal fluid (CSF) obtained through lumbar puncture can allow the
analysis of fluids surrounding the brain reflecting key aspects of pathology®. The invasive nature
of this approach renders it not ideal for routine evaluation of AD. Compared to CSF, blood samples
are more readily available. However, extensive research aimed at identifying blood-based
biomarkers has not led to satisfactory results®>. With the possibility of directly imaging AB, MRI
based neuroimaging methods aided by NP contrast agents provide an attractive alternative for early

detection of AD.

One significant hurdle in delivering NPs to the central nervous system is the BBB, due to the tight
junctions between brain endothelial cells lining brain vascular vessels. NPs including magnetic
NPs have been shown to bind AP in vitro* %7, However, presumably due to their poor abilities
to penetrate into brains, they are not useful for in vivo brain imaging. These results are consistent
with our observations using the iron oxide magnetic NP Feridex®, as no significant contrast
changes have been observed in T>* weighted images of AD mouse brains after administration of
Feridex® and clearance of the particles from blood circulation Figure 1-9. It is well known that
pegylation can passivate NPs and improve their tissue penetration®®. PEG molecules have been
installed on AB(1-42) peptide bearing iron oxide NPs, which enhanced their abilities to cross the
BBB. One drawback is that retention of these NPs has also been observed in brains of normal mice

in To* weighted MR images, which can possibly produce false positive identification®®.

Receptor mediated transcytosis is another strategy to facilitate BBB penetration, which
immobilizes ligands on NPs to target endocytic receptors expressed on brain endothelial cells®®.
The efficiency of transport across the BBB using this approach is restricted by the number of

receptors exposed on brain endothelial cell surface. In addition, the ligand for binding the
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endocytic receptor may compete against that for AP binding for the limited number of conjugation

sites on NP surface, lowering targeting efficiency.

Biocompatibility is another important parameter for in vivo applications as some biological probes
can cause significant toxicities. For example, cationic nanoparticles can not only disrupt cell
membranes due to their interactions with negatively charged cell surface but also cause lysosomal
and mitochondrial damages®®. Glycosylation can be an effective approach to reduce the toxicities
of probes®®. In our study, the NP-BSAXx showed significant toxicities to bEnd.3 cells at doses above
0.25 mg NP/mL Figure 1-4. For in vivo mouse imaging studies, 8 mg Fe/kg NP administered was
equivalent to a blood concentration of 0.8 mg NP/mL suggesting the NP-BSAXx was undesirable
due to toxicity concerns. This difficulty is overcome by sialic acid functionalization of the NPs,
which greatly improved biocompatibility of the NPs Figure 1-4 while maintaining the abilities to

transport across BBB.

Upon administration of NP-BSAx-Sia to AD mice, the region of interest-based quantitative
measurement of T>* values from the in vivo MRI showed significant reduction of T>* values in
both cortex and hippocampus areas of the brain attributed to NP binding to Ap plaques Figure
1-5. The contrast changes lasted more than one day, which were not due to the presence of NPs in
the blood as the contrast of the blood vessel lumen returned to pre-injection levels in about two
hours Figure 1-5a. Histology studies also supported the retention of NPs in AD mouse brains
Figure 1-10. In contrast to aforementioned PEGylated NPs, little NPs were found in normal mouse
brains after administering with NP-BSAXx-Sia Figure 1-7. Presumably in these mice, due to the

absence of A plaques, the NP-BSAX-Sia was not retained in brain tissues after BBB penetration.
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1.7. Conclusion

Sialic acid coated BSA magnetic NPs were synthesized, which bound to A deposit in brains with
high selectivity. The NP-BSAXx-Sia could penetrate through the BBB and enable detection of A
plaques using MRI in an AD mouse model without the need for mannitol to open up the BBB.
This overcomes a significant hurdle in NP aided A plaque imaging. Sialic acid functionalization
of the NPs greatly improved the biocompatibility of the probe with enhanced AP binding avidity.
With further development, such probes can aid in longitudinal monitoring of AP plaque
development as well as the evaluation of potential novel therapeutic interventions to reduce AP

plaque loads.

1.8. Experimental

1.8.1. Materials

Iron (111) acetylacetonate [Fe(acac)s], oleyl amine, 1,2-hexadecanediol, oleic acid (OA), benzyl
ether, BSA, ethyl-(3,3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI), 2,2'-
(ethylenedioxy)bis(ethylamine), tetramethylammonium hydroxide were purchased from Sigma-
Aldrich and hydrogen peroxide (30%) was purchased from CCI. Amberlite IR 120 hydrogen form
(Amberlite H") was purchased from Fluka. Buffered 10% formalin solution was purchased from
Azer Scientific. Potassium ferrocyanide trihydrate (KsFe(CN)s. 3H2O) was purchased from
Mallinckrodt. 3,3",5,5'-tetramethylbenzidine (TMB) and 1,1,1,3,3,3-hexafluoro-2-propanol 99.9%
were purchased from Acros Organics. Thioflavin T (ThT), UltraPure Grade was purchased from
AnaSpec. AB(1-42) was purchased from GL Biochem. (Shanghai) Ltd. bEnd.3 endothelial cells
were purchased from American Type Culture Collection (ATCC). Phosphate buffered saline

(PBS), Dulbecco’s modified Eagle medium (DMEM), sodium pyruvate (100 mM), glutamine,
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penicillin—streptomycin (Pen Strep) mixture were purchased from Gibco. The anti-Ap 1-16 (6E10)
mADb, SIG-39320 was purchased from Covance, and goat anti-mouse HRP-conjugated secondary
antibody was purchased from BioRad. Tween 20 was purchased from BioRad. CellTiter 96
Aqueous One solution containing MTS was purchased from Promega. Ultrathin-carbon type A,
400 mesh copper grids for TEM were purchased from Ted Pella, Inc. Ultrafiltration membranes
and centrifugal filters were purchased from Millipore, while dialysis tubings were obtained from
BioDesign Inc. bEnd.3 cells were cultured in DMEM. All cell culture media was supplemented

with 10% inactivated FBS, 1% Pen-Strep mixture, and L-glutamine (2 mM).

1.8.2. Synthesis of Sia-BSAx-NP

The magnetic NPs were synthesized by conjugating the sialic acid moieties with the FezO4
magnetite magnetic NPs. The superparamagnetic nanocrystals were prepared via the thermal
decomposition method*®. Iron (111) acetylacetonate (2 mmol) were mixed with 1,2-hexadecanediol
(10 mmol), oleic acid (6 mmol), and oleyl amine (6 mmol) in benzyl ether (40 mL), then heated
for two hours at 200°C following 1 hour reflux at 300°C under argon flow. The oleic acid coated
magnetic NPs were washed in ethanol (50 mL) three times then collected by centrifuge. The
obtained NPs were dispersed in hexanes in the presence of oleic acid (50 puL) and oleylamine (50
ul) and centrifuged to precipitate large particles. Then, hexanes were removed by rotavap and
NPs (10 mg) were dispersed in chloroform (5 mL) for ligand exchange with TMAOH 3% in water
(10 mL). The reaction mixture was stirred for 8 hours and NPs migrated from the organic layer to
the aqueous phase. The resulted water dispersed NPs were added to a BSA solution in water (10
mg in 15 mL water) and the reaction was stirred overnight to obtain BSA coated NPs. It is

noteworthy that the stirring should be done in a medium speed and in room temperature to prevent
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protein denaturing, usually observed as bubble formation. NP-BSA were washed using

ultrafiltration (molecular weight cutoff MWCO: 100,000) to remove unbound BSA.

The cationization of NP-BSA was performed by treating the NPs (10 mg) with 2.2'-
(ethylenedioxy)bis(ethylamine) in the presence of EDCI (100 mg) to yield positively charged NP-
BSAX. The extent of cationization was greatly dependent on the pH of the reaction where pH =6
was found to be optimal. Conjugation of sialic acid was achieved by EDCI (0.375 mmol) coupling
of sialic acid 2 (0.125 mmol) to NP-BSAXx (50 mg) dispersed in 15 mL pH=8.5 carbonate buffer
and the reaction was stirred for 12 hours at room temperature. To hydrolyze methyl ester in the
sialic acid conjugated, the NPs were treated with sodium hydroxide (0.01 M) and pH was carefully
brought to 9. After 20 minute stirring, the pH value was dropped to 7.5 by adding hydrochloric
acid solution (0.01 M). Finally, NP-BSAXx-Sia were washed by ultrafiltration (MWCO 100,000)
and dispersed in PBS buffer. For transcytosis and confocal microscopy experiments, NP-BSAX-

Sia were labeled with the fluorophore FITC to yield NP-BSAXx-Sia-FITC.

1.8.3. Characterization and Physicochemical Properties of NP-BSAx-Sia

The prepared NPs were imaged under transmission electron microscope (TEM) (JEM-2200FM)
operating at 200 kV using Gatan multiscan CCD camera with Digital Micrograph imaging
software. Following each step of NP synthesis, the size and charge of the NPs were measured by
dynamic light scattering (DLS) using a Zetasizer Nano zs apparatus (Malvern, U.K.). Thermal
Gravimetric Analysis (TGA) was performed to quantify the total amount of organic content of

NPs.

To test the colloidal stability of the NPs, a solution of NP-BSAXx-Sia in PBS was kept at 4 °C and

the hydrodynamic sizes and surface charge of NPs were continuously monitored by DLS over
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three weeks. As shown in Figure 1-3c, there were little changes of either hydrodynamic sizes or

surface charges suggesting the high colloidal stability of the NPs.

To determine the magnetic relaxivitiy of the NP, serial dilutions of the NP were prepared, and T>*
weighted MRI was performed. (1/T>*) value was plotted against Fe concentration, and r>* was the

slope of the best linear fit.

The number of sialic acid for each NP-BSAXx-Sia was calculated as follows: based on TGA, 26%
of NP-BSAXx-Sia weight was Fez04 and TEM showed these nanoparticles are spherical and they
are on average 5 nm in diameter. Since the lattice volume for magnetite is 592 A3, on average,
each NP-BSAXx-Sia core contains 110.5 lattices based on the volume. From the crystal structure,
each lattice contains 8 FesO4 molecules. Thus, the average number of FesO4 molecules in each
NP-BSAXx-Sia core is 884. Sialic acid accounted for 7% of NP-BSAXx-Sia weight then the average
number of sialic acid (MW:465 for sialic acid-linker) for each NP-BSAX-Sia is calculated to be

118.

1.8.4. Procedure for Quantifying the Amount of 2,2-(ethylenedioxy)bis(ethylamine) on
Cationized BSA

2,2’-(Ethylenedioxy)bis(ethylamine) (50.8 mg, 0.34 mmol) was dissolved in PBS (5 mL) and pH
value of the solution was adjusted to 6 by dropwise addition of diluted HCI. BSA (10 mg) was
dissolved in PBS (10 mL) and added to the diamine solution together with EDCI (131.3 mg, 0.68
mmol). The reaction was allowed to continue overnight. The resulting cationized BSA was purified
using extensive steps of dialysis (MWCO 3.5 kDa) in water and PBS. MALDI MS analysis Figure
1-2a was used to determine molecular weight of BSA after cationization. The MS difference before
and after diamine functionalization indicated that on average 33 molecules of 2,2’-
(ethylenedioxy)bis(ethylamine) have been attached to each molecule of BSA.
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1.8.5. Cytotoxicity Assay of NP-BSAXx-Sia

bEnd.3 cells were plated into 96-well plates at a density of 4 x10* cells per well in 10% DMEM
cell culture media for 24 hours at 37 °C and 5% CO>. The culture medium was replaced with non-
serum solution of different concentrations of NPs (0.0625, 0.125, 0.25, 0.5, 1 mg mL"Y/well). After
4 hours incubation at 37 °C, the medium was replaced with MTS solution (20 pL in 200 pL) in
culture medium and incubated for 1 hour at 37 °C. The developed brown color in the wells was an
indication of live cells. The absorption of the plate was measured at 490 nm in an iMark microplate

reader (BioRad). Wells without cells (blanks) were subtracted as background from each sample.

1.8.6. Histological studies

Following soaking in sucrose solution, mouse brains were covered with optimum cutting
temperature (OCT) formulation and frozen on a dry ice-methanol bath. Brains were sectioned at
10 wm using cryostat and tissues were placed on glass slides for further staining. To localize iron
oxide NPs, Prussian blue staining was used, and tissues were examined under bright field
microscope. Thio-S staining was applied on prepared brain tissue samples to locate AB plaques

and samples were viewed under a confocal microscope (Nikon, A1 CLSM).

1.8.7. Animal

39 to 42 weeks old B6C3-Tg (APPswe/PS1dE9) mice and age matched wild type C57BL/6 mice
were used for this study. Animal were purchased from Jackson Laboratories and were kept in the
University Laboratory Animal Resources Facility of Michigan State University. All the
experimental procedures for animal study were performed with approval of Institutional Animal

Care and Use Committee (IACUC) of Michigan State University.
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1.8.8. In Vivo Imaging

NP-BSAXx-Sia was dispersed in PBS (100 pL) and administered to mice via retro-orbital injection
at a dose of 0.14 mmol Fe/kg body weight. Isoflurane (2.5% in oxygen) was used for anesthesia
induction for about 5 minutes and isoflurane (1-1.5% in oxygen) was used to maintain the
anesthesia. A circulatory water bath was used to keep the mouse body temperature consistent
around 35 °C. The breathing rate was monitored during scans and it was controlled around 20 per
minutes to minimize motion artifacts. MRI scans were performed on a Bruker 7 T BioSpec 70/30
USR MRI. Images were acquired with a dedicated mouse brain coil (4 channel array) at 100 pm
isotropic resolution using a 3D _FLASH sequence, flip angle = 15°, echo time = 8 ms, time of
repetition = 30 ms, receiver bandwidth = + 16 kHz, field of view = 19.2x19.2x16 mm, number of

averages = 2, and number of excitation = 2.

40 week old female Tg mice were scanned before injection and at different time intervals (0.5, 1,
1.5, 2, 24 and 72 hours) post injections. Images collected were analyzed using NIH ImageJ
software. The signal intensities of spots undergoing changes following NP injection were
measured and they were normalized by dividing the measured intensity by the average intensity of
brain tissues with no dark spots and these normalized values were plotted against time. As a control
for Tg mice model of AD, NP-BSAX-Sia was injected at the same iron concentration to wild type
mice and images were collected and analyzed as described above. To further examine the ability
of NP-BSAXx-Sia for binding to amyloid plaques, commercially available dextran coated iron oxide

NPs (Feridex®) was injected to Tg mice and the images were analyzed in a similar manner.
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Chapter 2: An Introduction to
Nanomedicine for Imaging and
Therapy of Inflammatory
Atherosclerotic Plaques
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2.1. Introduction:

Atherosclerosis is the thickening of artery vessel walls that can develop in arteries supplying blood
to various end-organs such as heart, brain, kidneys, etc. It is a major cause of heart attack and
stroke !, with the majority of patients who experience cardiac arrests have atherosclerosis 2. It has
been estimated that by 2030, the global cost of cardiovascular diseases (CVD) would reach $ 1044

billion 2.

To better understand atherosclerosis pathology, it is important to know structures of arteries.
Collectively, walls of arteries consist of three different parts including tunica intima, tunica media
and tunica externa. Simple squamous endothelial cells line the tunica intima and internal elastic
lamina separates it from the tunica media. The media is formed from elastic lamellae and elastic
fibers alternating with layers of smooth muscle cells. Proteoglycans and reticular fibers are the
other components of the media. Finally, connective tissues make the tunica externa consisting of

collagen and elastic fibers Figure 2-1 *.

Atherosclerosis is known as a chronic inflammatory condition ®. One important trigger for the
formation of atherosclerotic plaques is hypercholesterolemia. Cholesterol is transported in the
plasma through lipoproteins. Among them, apolipoprotein B is responsible for carrying cholesterol
and fat molecule around the body and when are generally packed in particles known as low density
lipoprotein (LDL). Increasing the cholesterol level of plasma results in accumulation of lipids into
the arterial wall. This accrual is mediated mostly through LDL particles together with changes in
endothelial cell permeabilities. Overexpression of receptors such as vascular adhesion molecule 1
(VCAM-1) and selectins enhance their interactions with LDL and mediate LDL entrance into the

arterial wall °. In addition, oxidized LDL (oxLDL) favors the intracellular accumulation of
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cholesterol esters ®. Moreover, oxLDL is a potent inducer of inflammatory molecules and mediates

monocyte binding to endothelial cells ’.
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Figure 2-1. Schematic demonstration of the arterial wall.

2.2. Current Atherosclerotic Treatment Methods

Management of atherosclerotic plaques typically involves drugs and/or surgery. Surgical
intervention includes procedures such as angioplasty and bypass grafting. In angioplasty, a blocked
or narrowed artery can be opened and sometimes a physical device called stent is placed there to
keep it open & while in bypass grafting a healthy blood vessel is used to bypass the area of

atherosclerosis plaque °.
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For therapeutic molecules, statins are the most important class. Statins inhibit 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase, which is a key enzyme for cholesterol
biosynthesis *°. Since high blood cholesterol is an important risk factor for cardiovascular diseases,

statins can reduce possible CVD events through reduction of cholesterol levels *,

In addition to their cholesterol modulating activities, statins can exert cardiovascular protecting
effects through other pathways 2. These pleiotropic effects are mostly the result of isoprenylation
inhibition that reduces the function of isoprenoids such as Rho and Rac proteins. These proteins
are involved in the expression of proinflammatory cytokines and transduction of signaling
molecules. For instance, they can modulate reactive oxygen species (ROS) generation and their
reduction can result in anti-inflammatory outcomes 3. An important study that addressed anti-
inflammatory effect of statins independent of their effect on LDL cholesterol level was conducted
by Paul M Ridker in Harvard University. In this study, Pravastatin was shown to reduce C-reactive
protein (CRP) levels in people when assessed 12 and 24 weeks after taking the drug 4. CRP is
known as a sensitive systemic marker for inflammation * and any acute inflammatory stimulus
may cause a rapid rise of CRP level up to 1000-fold *°, Besides CRP, statins can reduce expression
of cyclooxygenase-2 (Cox-2) in human endothelial cells 7, murine macrophages (RAW264.7) 18
and atherosclerosis lesions in rabbits 1°. Cox-2 is an inducible pro-inflammatory enzyme, which is
mainly present 2° in inflammatory macrophages in atherosclerotic plaques 2'. Pro-inflammatory
macrophages or M1 are known as activated macrophages that propagate proinflammatory
cytokines such as TNFa, IL-1 and IL-6%2. Statins also can alleviate proinflammatory cytokines
effects. For instance, reduction of TNFa, IL-1 and IL-6 have been observed in
hypercholesterolemic patients that received atorvastatin for 2 months 2. High dose statin therapy

can lead to rapid reduction of atherosclerosis inflammation 2% indicating the potential of this
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medicine for management of inflammatory atherosclerotic plaques. While statins have shown their
beneficial effects, the therapeutic regimen should be carefully designed to prevent undesired
outcomes. For example, discontinuation of statins results in rebound inflammation and increased

short-term cardiovascular risks, even in the absence of changes in lipid levels 2627,

Besides statins, there are other therapeutic molecules for management of atherosclerosis.
Proprotein convertase subtilisin/kexin type 9 (PCSKD9) is an enzyme involved LDL homeostasis.
Agents that can block PCSK9 can enhance LDL degradation and lower cholesterol levels. Two
PCSKQ inhibitors, alirocumab and evolocumab, were approved by the U.S. Food and Drug
Administration to use in patients who are not tolerant of statins. In addition, anti-inflammatory
agents are entering the clinic for atherosclerosis complications. For instance, canakinumab which
targets human interleukin-1p has shown promising results when evaluated in patients with CVD
complications and high levels of C-reactive protein 28, In addition, immunosuppressants such as
methotrexate and rapamycin have shown promising effects to reduce atherosclerotic plaque size

when studied in ApoE knockout mice 2%-%,

While anti-inflammatory approach seems the most popular drug therapy regimen for
atherosclerosis complications, the choice of suitable anti-inflammatory molecule requires special
consideration. Prednisolone, a corticosteroid drug, showed high accumulation in plaque
macrophages when formulated in liposomal nanoparticle (LN-PLP) 3. However, further studies
ruled out this medicine for atherosclerosis management. In vitro experiments showed lipotoxic
effects of LN-PLP when incubated with macrophages *. In vivo analysis indicated the drug
accelerated atherosclerosis through necrotic size growth. Recently, a new study in a murine model

of atherosclerosis has demonstrated the beneficial effects of IL-1f in the late stage of
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atherosclerosis. Therefore, special caution should be considered for using monoclonal Ab against

IL-1p such as canakinumab in high risk patient 33,

2.3. Active Targeting of Atherosclerosis

As mentioned earlier, macrophages and monocytes play important roles in the formation and
progression of atherosclerosis. Not surprisingly, these cells have been considered extensively for
imaging and/or therapeutic purposes of atherosclerosis. Although phagocytic activities of
macrophages together with their trafficking properties into the inflammatory sites make them a
good candidate for targeting atherosclerosis plaques 34, active targeting of inflammatory
macrophages can be beneficial. For example, while 500-1000 umol Fe/kg body weight is needed
for magnetic resonance imaging (MRI) of atherosclerosis plaques in ApoE knockout mouse
through non-targeted iron oxide nanoparticles 3, the amounts of agents needed can be reduced to
36 umol Fe/kg when iron oxide nanoprobes were decorated with anti-CD163 mAbs for active
targeting of macrophages residing in inflammatory atherosclerotic plaques Figure 2-2b 3°.
Moreover, hyaluronic acid (HA) conjugated iron oxide nanoparticle (HA-NP) has been developed
for active targeting of macrophage CD44 receptor enabling in vivo imaging of atherosclerotic
plaques in a rabbit model of atherosclerosis following injection of 3.75 umol Fe/kg Figure 2-2c¢,d
37 while other studies used at least 10 times higher amount of Fe/kg for imaging atherosclerosis

plaques in this animal model without building in a receptor recognition element 383,

Active targeting of atherosclerotic plaques has been studied through various strategies. For
instance, activated macrophages and foam cells residing in inflammatory atherosclerosis plagques
overexpress myeloperoxidase (MPO) %°. Gd based MPO sensor was designed to detect
inflammation in a rabbit model of atherosclerosis *. Another strategy for active targeting of

macrophages is the coating of nanocarrier with oxidized phosphatidylcholine (PC) #2. Interaction

37



of macrophages with oxidized PC (e.g., 1-(palmitoyl)-2-(5-keto-6-octene-dioyl)) through CD36
receptor has been explored ¥4, due to its high affinity for binding with CD36 receptor (IC50: 3.9
uM) Figure 2-3c . Another example is a cytokine known as osteopontin (OPN) expressed by
foamy macrophages to recruit leukocytes and induce matrix metalloproteinase (MM) expression®®-
47 Anti-OPN mAb has been used for imaging vulnerable atherosclerotic plaques with various

engineered nanoprobes Figure 2-2a .
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Figure 2-2. Iron oxide nanoparticles for active targeting of atherosclerotic plaques. (a,b) showing
anti-body directed nanoparticles for atherosclerotic plaque imaging. (a) iron oxide nanoparticle
has been conjugated with anti-osteopontin antibody labeled with Cy5.5 fluorescent dye for dual
modality imaging of plaques. Copyright (2017) by Elsevier. (b) gold coated iron oxide nanoparticle
first was covered with mannose and carboxylic acid ending ligand, then protG was immobilized
on nanoparticle and finally it was decorated with anti CD-163 antibody. This nanoparticle can be

used for MRI and CT imaging of plaques (Adopted from Tarin. et. al.) *. (c,d) are hyaluronan
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Figure 2-2 (cont’d) conjugated iron oxide nanoparticles. These MRI probes are targeted towards
CDA44 receptor, can be prepared in different morphologies. Copyright (2013) by Springer Nature.
(e) has worm like shape and induce lower inflammatory response comparing to the spherical

morphology. Copyright (2018) American Chemical Society (c).

An additional molecule for targeting apoptotic macrophages in atherosclerotic plague is annexin v
49 Decoration of nanoprobes with annexin v protein can target phosphatidyl serine present on
membrane of apoptotic macrophages in atherosclerotic plaques °. Interestingly, virus like particles
have also been used for targeting macrophages. For instance, Simian virus 40 (SV40) has been
loaded with imaging and therapeutic molecules and targeted to p32 protein on macrophage surface
through insertion of CGNKRTRGC peptide known as LyP-1°%. In addition, a therapeutic peptide,
Hirulog, has been incorporated, which is a thrombin inhibitor and has anti-coagulant activities 2.
Elaborate protein engineering was applied to insert the targeting peptide pointing out to guide

targeting with the Hirulog peptide pointing in after self-assembly of SVV40 virus nanoparticles.

Angiogenesis targeting is another strategy for imaging atherosclerotic lesions. Since integrin
molecules such as avp3 play critical roles in angiogenesis, they could be targeted by an integrin
receptor antagonist 5. In addition, endothelial cells over-express adhesion molecules such as
vascular cell adhesion molecule-1 (VCAM-1), intracellular adhesion molecule-1 (ICAM-1) and
selectins in atherosclerotic plaques 4. Thus, various studies have targeted adhesion molecules to
direct nanoprobes. For instance, VCAM-1 has been targeted by a short peptide
(VHPKQHRAEEAK) *° to image atherosclerotic plaques in ApoE knockout mice. Anti-ICAM-1
monoclonal antibody is another approach for targeting endothelial cell adhesion molecules and

delivering their payload through cell adhesion molecule-mediated endocytosis into the plague site
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56, In other studies, microparticles containing atheroprotective microRNA (miR-146a/-181b) have

been targeted to E-selectin through a thioaptamer molecule °’

Collagen is an important target for atherosclerotic lesions specially since collagen IV forms the
bases of blood vessels and it gets exposed during atherosclerosis progression °8. Phage display has
been used to discover short peptides enabling the targeting of collagen IV °°. Theranostic
nanoparticles have been engineered to deliver their payload into the atherosclerosis plaques
through collagen IV binding peptide Figure 2-3a %% Another protein molecule for
atherosclerosis targeting is profilin-1, which is an actin binding protein and its over-expression is
associated with atherosclerosis and other cardiovascular complications 2. Subsequently,
nanoparticles have been conjugated with anti-profilin-1 molecule to deliver therapeutics such as
profilin-1 siRNA into the plaque sites. Profilin-1 silencing exerts its therapeutic properties by

reducing mouse aorta smooth muscle cell proliferation and migration 53,
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Figure 2-3. Polymeric nanoparticle and nanovesicle for targeting atherosclerotic plaques. (a)
Lipid-polymer hybrid nanoparticle contains three components: a biodegradable hydrophobic
polymeric core, a lipid layer and a peptide decoration for CollV targeting. Copyright 2017 John
Wiley & Sons. (b) Conjugation of hydrophobic 5-cholinic acid with hyaluronan resulted in self
assembled nanoparticle formation. This formulation could be a drug carrier for atherosclerotic
plaques imaging and/or therapy. Copyright (2015), with permission from Elsevier. (c) Liposome-
like nanovesicle was prepared to target CD36 receptor through KOdiA-PC ligand. Copyright

(2015), with permission from Elsevier.
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2.3.1. HDL Like Nanoparticles for Statin Delivery

In human bodies, two endogenous nanoparticles known as high-density lipoprotein (HDL) and
low-density lipoprotein (LDL), play important roles in managing cholesterol homeostasis. LDL
are small carriers of fat molecules to the cells. They can penetrate to arterial walls, get oxidized
and cause inflammation. However, HDL can interact with lipid-laden plaque macrophages, and
mediate cholesterol removal from plaques by transporting them into the liver %4, The diameter
of HDL is about 8-12 nm and hydrophobic lipids are located in the core while phospholipids and
apolipoproteins such as apolipoprotein A (ApoA)-1 or ApoA-II form the outer layer . Therefore,
scientists have investigated HDL and/or HDL mimetic nanoparticles to target atherosclerotic
plaques. For instance, microfluidic technology has been used to build poly(lactic-co-glycolic acid)
(PLGA)-HDL nanocarrier. This nanocarrier contains a PLGA core capable of loading hydrophobic
drugs while it is decorated with ApoA-1 and phospholipids such as 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) and 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (SHPC) Figure
2-4c-e. PLGA-HDL showed a slow drug release behavior with 60% release in 24 hours and up to
90% release after 5 days in PBS buffer. Moreover, animal study on Apo E knockout mice showed
12.8-hour half-life in blood circulation and their targeting property was confirmed by high
accumulation of these particles in macrophages residing in atherosclerotic plaques ®’. Although
using PLGA core in this system enables loading of different therapeutic and/or imaging molecules,
it can impose limitations on ApoA-1 conformational flexibility resulting in impaired cholesterol
efflux %9, Moreover, this artificial polymeric core induced changes in the shape of these
nanoparticles to be more spherical rather than discoidal shape of native HDL, and their size
increased significantly in comparison to the HDL, which are some of the limitations of the PLGA-

HDL system.
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In addition to nanoparticle size and shape, phospholipid core has been studied and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) based HDL nanoparticle showed the highest
similarity to natural HDL ®°. Such HDL like nanoparticles have been used to deliver statins into
inflammatory atherosclerotic plaques. For instance, reconstituted HDL (rHDL) nanoparticles
loaded with simvastatin [S]-rHDL have been designed and successfully employed to deliver the
payload into inflammatory plaques in ApoE knockout mice Figure 2-4a,b °. A comparison was
made for low doses of [S]-rHDL(15 mg/kg simvastatin, 10 mg/kg ApoA-I) that was administered
(i.v) biweekly for 12 weeks vs orally administered simvastatin (15 mg/kg per day) and the results
showed lower plaque macrophage content for [S]-rHDL group. Interestingly, delivery of a high
dose (60 mg/kg simvastatin, 40 mg/kg ApoA-I) by this nanoparticle to ApoE knockout mice in
four intravenous (i.v) injections showed significant mitigation effects on plaque inflammation
while rHDL alone could not decrease plaque area based on histological analysis. The stronger
effect for short term high [S]-rHDL group indicates the importance of delivering higher amount of

simvastatin for inhibiting atherosclerotic plague inflammation.
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Figure 2-4. HDL like nanoparticle. (a) The schematic shows reconstituted HDL nanoparticle or

rHDL, having discoidal morphology like native HDL and TEM image confirms it. Copyright
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Figure 2-4 (cont’d) (2014) by Springer Nature (b). (c-e) PLGA-HDL nanoparticle has spherical
morphology. As shown above in 2D image (d) PLGA forms the polymeric core of this nanoparticle
and the size of these nanoparticles can be fine-tuned by adjusting PLGA/lipid ratio. Copyright

(2015) American Chemical Society.

Although rHDL is an attractive drug delivery system for cardiovascular diseases, undesired drug
leakage is a drawback of this system. One reason for this leakage is believed to be the interaction
of drug loaded rHDL with lecithin cholesterol acyltransferase (LCAT) that impose remodeling
behavior to this particle *"2. One approach to decrease r-HDL reactivity with LCAT is through
the insertion of arachidonic acid (AA) into the phospholipid bilayers of rHDL 3. Thus, adjustment
of physicochemical properties of rHDL such as AA modification is another possibility that could

enhance nanocarrier design for drug delivery to atherosclerotic plaques 7.

In order to improve drug delivery property of HDL like particles, dextran sulfate (DXS) has been
used to coat rHDL surface as DXS can bind with scavenge receptor Al (SR-AI) highly expressed
on activated macrophage and foam cells in inflammatory plaques through electrostatic interaction
>76_In this design, atorvastatin was loaded in a spherical PLGA core encapsulated in liposomes.
Then, it was decorated by ApoA-I and finally coated with DXS (AT-DXS-LP-rHDL) 7’. Cellular
study showed the ability of these particles to facilitate cholesterol efflux from macrophages
(RAW264.7 and THP-1 cells). Moreover, these particles were able to reduce TNF-a and 1L-6
production in macrophages due to atorvastatin release. It is noteworthy that ApoA-I and DXS
coating both helped retard atorvastatin release. In addition, ox-LDL uptake by macrophages was

significantly reduced because high affinity DXS competes with ox-LDL for SR-AI binding.
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2.3.2. HA Based Nanoparticles Targeting CD44 for Atherosclerosis Treatment

Overexpressed CD44 in atherosclerotic plaques is an important target for drug delivery.
Hyaluronic acid (HA) is a high affinity ligand for this receptor and has been used to decorate rHDL
for targeting inflammatory atherosclerotic plaques 8. Simvastatin loaded PLGA nanoparticle is
encapsulated into liposomes and decorated with ApoA-1 and HA (ST-HA-PLGA-rHDL). HA
immobilization was carried out by two different strategies. The first strategy includes covalent
conjugation of HA onto available amine groups of ApoA-lI through 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxy-succinimide (NHS) coupling agents
(ST-HA-(C)-PLGA-rHDL). The second strategy was electrostatic absorption of HA by cationic
ST-PLGA-rHDL (ST-HA-(E)-PLGA-rHDL). Testing these nanostructures in vivo on a rabbit
model of atherosclerosis indicated better atheroprotective activity for ST-HA-(C)-PLGA-rHDL.
This observation has been explained through better shielding effect of covalent HA coating that
decreases their liver uptake °. In addition to the liver uptake reduction, HA coating enhanced
nanoparticle accumulation in atherosclerotic plaques due to its interaction with CD44 receptors.
This effect has been shown in the rabbit model of atherosclerosis through quantification of DiR

labeled HA-(C)-PLGA-rHDL in the aortic tree.

HA has also being utilized to reduce rHDL uptake by liver’s scavenger receptor class B type | (SR-
Bl). Lovastatin loaded r-HDL (LT-rHDL) has been decorated with HA which facilitated their
interactions with up-regulated CD44 receptors in inflammatory plaques while reducing their liver
uptake 8. Decorating the Apo proteins with HA polymer helped LT-rHDL escape from the

reticuloendothelial system (RES) and improved lovastatin circulation time in vivo.

In addition to HA-rHDL, another type of HA nanoparticle has been prepared by conjugation of

hydrophobic 58-cholanic acid to carboxylic acid of HA through NHS, EDC chemistry via a
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diamine linker. The resulting conjugate can self-assemble to nanoparticles in water due to the
hydrophilic nature of HA backbone and hydrophobic property of 5B-cholanic acid Figure 2-3b.
Labeling this NP system with fluorescent molecules such as Cy5.5 and FITC demonstrated that
this HA-NP could be selectively uptaken by CD44 expressing cells in vitro through receptor
mediated endocytosis. Moreover, injection of this nanoparticle to ApoE knockout mice showed its
accumulation in atherosclerotic plaques and further immunohistochemistry studies confirmed co-
localization of HA-NPs with CD44 and another HA receptor, i.e., hyaluronic acid receptor for

endocytosis (HARE) in atherosclerotic lesions 8.

The molecular weight of HA can play an important role in dictating its biological activities. For
example, high molecular weight HA (megadaltons, MDa) can suppress inflammation and
angiogenesis while low molecular HA oligomers are inflammatory and angiogenic 8282,
Subsequently, in addition to their CD44 targeting property, HA atheroprotective effect has been
investigated through PET/MRI. For instance, HA (MW 66-99 kDa) has been used to prepare
radiolabeled HA-NP (89Zr-HA-NP) and further in vivo studies have been done in ApoE knockout
mouse and rabbit models of atherosclerosis. HA-NP inhibited production of TNFa, IL-2, IL-6 and
nitric oxide (NO) by macrophages in vitro. Furthermore, HA-NP treatment stabilized plaques in
vivo, which increased collagen content of plaques increased up to 30-40% while reducing
macrophage content by 30% in comparison with control groups. One hypothesis to explain these
observations is that aggregation of HA polymer to form HA-NPs might imitate anti-inflammatory

effect of high molecular weight (MDa) HA 8.

2.3.3. Solid Lipid Nanoparticles for Methotrexate Delivery

Methotrexate (MTX) is an immunomodulatory drug that is often used for chronic inflammatory

disease  and its atheroprotective effect in the presence of systemic inflammation has been the
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subject of several studies 868, MTX can decrease inflammatory cytokine production and
downregulate expression of adhesion molecule although the specific mechanism has not been fully
explained & 8, MTX has been formulated in solid lipid nanoparticle (MTX SPN) for targeted
delivery to atherosclerotic plaques. In this formulation MTX has been loaded into the hydrophobic
PLGA core and decorated with phospholipids, which were found to decrease inflammatory
cytokines production (IL-6 and TNFa) following in vitro incubation with J774.A1 macrophages.
Moreover, prepared MTX SPN has been labeled with DiD and rhodamine for fluorescent imaging
and has been radiolabeled with 64Cu for further in vivo studies. These particles were taken up by
macrophages releasing their cargo inside macrophages. In addition, circulating monocytes can
uptake them and infiltrate into atherosclerotic plaques. In vivo evaluation of MTX SPN on ApoE
knockout mice showed 50% reduction of plaque burden following biweekly administration of 1

mg/kg MTX in one month %°.

Macrophage targeting is a known strategy for atherosclerosis therapy and/or imaging. For
example, lipid-latex (LiLa) hybrid nanoparticles have been designed for targeting inflammatory
macrophages. In this design, a hydrophobic polymer latex can be a drug reservoir, while lipids
bring colloidal stability to the system as well as targeting properties. Phosphatidylserine (PtdSer)
and cholesterol-9-carboxynonanoate (9-CCN) have been used as lipid coating. These molecules
served as “eat me” signal for macrophages enhancing macrophage uptake . In addition, over-
expression of phospholipase A2 (PLA2) % in inflammatory macrophages could disrupt lipid
coating and trigger drug release inside the macrophages °X. Testing LiLa NP for imaging
atherosclerotic plaques in ApoE knockout mice showed their accumulation in plagues while

control bare latex nanoparticle mostly accumulated in the liver. However, LiLa NP may not be a
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good candidate for clinical translation to humans due to the poor biodegradability properties of

polystyrene latex.

2.4. Oral Delivery of Nanoparticles

Route of nanoparticle administration is another important consideration. While intravenous
administration of nanoparticles is commonly utilized, formulation for oral delivery of
nanoparticles has been investigated. For example, rosuvastatin has been incorporated into solid
lipid nanoparticle (SLN) for oral administration and it led to not only better bioavailability of drug,
but also higher decrease of plasma cholesterol and LDL levels compared with free drug %.
However, these rosuvastatin loaded SLNs have only been investigated under hyperlipidemia-like

condition, not in atherosclerotic models.

In another study for oral delivery, rapamycin (Rap) loaded nanoparticles have been prepared
through self-assembly of cationic polymer polyethyleneimine (PEI). Rapamycin is an
immunosuppressant molecule with antiatherogenic effect . These positive charged
nanoparticles have been packed into microcapsule obtained from yeast Saccharomyces cerevisiae
to form complex yeast-derived microcapsule (YC) 3°. Through the transcytosis mechanism, the
YC could be absorbed by M cells in Peyer’s patches, which are aggregated lymphoid follicles in
the gut %. Following the absorption, monocyte and/or macrophages are able to uptake them by
endocytosis and relocate them in inflammatory atherosclerotic plaques. In addition to RAP, this
nanoparticle system has been tuned to deliver various drugs to atherosclerotic plaques such as
ursodeoxycholic acid (UDCA) and sulindac (SUL). Using an oral formulation that can target
inflammatory atherosclerotic plaques efficiently is much more convenient than intravenous

injections and is advantageous for future clinical translation.
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2.5. Conclusion

In conclusion, active targeting of inflammatory atherosclerosis plaques is highly desired for
imaging and/or delivering therapeutic molecules to the sites of action. To achieve this goal, a multi
task nanocarrier should be designed with the capability of reaching atherosclerosis plagques
selectively and releasing its payload. Therefore, this system needs at least two different modalities
including the targeting ligand and a releasing trigger with an elaborated design. Although, HDL,
the naturally occurring nanoparticle, has inspired scientists to fabricate HDL mimetic
nanoparticles, the challenges have not been fully addressed due to high affinity of liver for these
particles as well as the relative high cost of ApoA. In addition, physicochemical properties of these
nanoparticles should be carefully tuned to get the highest HDL like activity. Loading these
nanoparticles with therapeutics and/or diagnostics brings more restrictions in adjusting for desired
physicochemical properties. Therefore, researchers are investigating new nanocarriers to deliver
anti-inflammatory or anti-proliferative molecules. Among anti-inflammatory therapeutics, statins
have been investigated the most due to their applications in the clinic for management of
atherosclerosis. With suitably designed nanoparticle systems, significant therapeutic effects

towards atherosclerotic plaques can be achieved to reduce the adverse impacts of atherosclerosis.
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Chapter 3: Hyaluronan Conjugated
Nanoprobes for Imaging
Inflammatory Atherosclerotic
Plaques; Effects of Nanoprobe
Shape on Cellular Binding and
Inflammatory Responses

Adapted with permission from:

Effects of Nanoprobe Morphology on Cellular Binding and Inflammatory Responses: Hyaluronan
Conjugated Magnetic Nanoworms for Magnetic Resonance Imaging of Atherosclerosis Plaques,
Seyedmehdi Hossaini Nasr, Anne Tonson, Mohammad H. El-dakdouki, David C. Zhu, Dalen
Agnew, Robert Wiseman, Chungi Qian, and Xuefei Huang, ACS Appl. Mater. Interfaces, 2018,

10 (14), 11495-11507. Copyright (2018). American Chemical Society.
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3.1. Introduction

Atherosclerosis, the thickening of arterial vessel walls as a result of invasion and accumulation of
inflammatory cells and lipids, is a major cause of heart attacks and strokes!. The majority of
patients that experience cardiac arrests have atherosclerosis®. Early detection via non-invasive

methods is highly attractive to guide the prevention and the treatment of this disease®.

Imaging of atherosclerosis plaques is an active area of research*®. Compared to techniques such
as positron emission tomography (PET) and/or computed tomography (CT), magnetic resonance
imaging (MRI) is advantageous as it does not use ionizing radiation while giving superior spatial
resolution in vivo®’. Furthermore, contrast agents can be developed to enhance the sensitivity of
atherosclerotic plaque detection by MRI®®. There are two general classes of contrast agents. The
first are passive agents, which can diffuse into plaques or be taken up by macrophages capable of
trafficking to plaques. The second are active agents designed to bind with receptors over-expressed
by plaques, enabling selective accumulation in plagues and contrast changes from surrounding

tissues.

To achieve active targeting, the selection of a suitable receptor target is important. CD44 is a cell
surface receptor critical for recruitment of inflammatory cells to atherosclerotic plaques®*L. In
histological analysis of atherosclerotic plaques in both humans and an atherosclerotic animal
model, i.e., ApoE knockout mice, CD44 has been found to be expressed at much higher levels (>
10 fold) in plaque regions that are prone to rupture compared to those in healthy vascular tissues*®
1215 Knocking down CD44 expression levels in ApoE knockout mice reduced aortic lesions for

more than 50%%2.
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The major endogenous ligand for CD44 is the polysaccharide hyaluronan (HA)®17. CD44 is
normally kept in a quiescent state with low HA affinity. However, in the presence of inflammatory
signals such as TNF-a that are common in atherosclerotic plaques, post-translational modification
of CD44 occurs, switching it to a high affinity state for strong HA binding* 8, Thus, HA can be
a useful ligand to target CD44 and sense inflammation in atherosclerotic plaques!®?2. We
synthesized HA coated super paramagnetic iron oxide nanoparticles (HA-SPIONs), which have
been used to image atherosclerotic plaques in rabbits by MRI?. One potential concern of SPION
based system is their inflammatory activities. Herein, we report that engineering the spherical
shape of HA-SPIONs to worm like structures of HA-nanoworm (HA-NWSs) can significantly
reduce their inflammatory activities. Furthermore, HA-NWs have much higher binding avidity
with CD44 expressing cells. This new nanoprobe enables successful non-invasive detection of
atherosclerotic plaques by MRI in ApoE knockout mice, a suitable model of human atherosclerosis
diseases. This work highlights the significant impacts morphology can have on biological

functions of nanoprobes.

3.2. Synthesis and Characterization of HA-NWs

Synthesis of HA-NWs started from dextran coated superparamagnetic iron oxide nanoworms
(NWs), which were prepared through the co-precipitation of Fe?* and Fe* ions in the presence of
dextran (40 kDa)?. Amine groups were introduced onto NWs by first crosslinking the surface
dextran with epichlorohydrin followed by treatment with ammonia. HA was then conjugated onto
aminated NWs through 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) mediated amide bond
formation?® leading to HA-NWs Figure 3-1a. The morphology of HA-NWs was characterized
through TEM, which showed elongated shape of the HA-NWs with each NW containing multiple

NP cores. Analysis of TEM images of HA-NWs revealed that the average length of HA-NW core
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is 6515 nm, corresponding to 10 — 20 NPs forming a single chain for each NW Figure 3-1b. For
comparison, the spherical shaped SPIONs with dextran coating were synthesized following a
previously established procedure using dextran with average molecular weight of 10 kDa'®.
Subsequent introduction of HA onto SPIONs produced HA-SPIONs. TEM showed the spherical
shape of HA-SPION with the average diameter of iron oxide core of 6 nm Figure 3-1c. The key
parameter in determining shape of the nano-construct is the molecular weight of dextran.
Presumably, in the presence of higher molecular weight (40 kDa) of dextran during NW formation,

the dextran coating on NPs linked multiple NPs together forming NWs.

a)
O_epichlorohydrin
FeCls.6H,0 (0.63 g) e
HO ol

FeCl,.4H,0 (0.25
24H20 (025 9) NH,OH (0.5 ml)

Dextran MW:40 kDa (4.5 g) 70 °C

NaOH , r.t

HA (MW: 31 KDa)
N-methylmorpholine
CDMT

24 hours, r.t 4 COMut KT [\ Syt
H2N H2N H2N H2N

Figure 3-1. a) Synthesis of HA-NWs. b) TEM images for HA-NWs showed the elongated shape
of HA-NWs. Three representative worms were traced with red lines. ¢) TEM image for HA-

SPIONSs showed spherical morphology. Scale bars are 50 nm and 20 nm for b and c respectively.
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The NW surface modification processes leading to HA-NWs were conveniently monitored by zeta
potential analysis. The zeta potential value of as synthesized NWs is -6.0 mV in PBS buffer. Upon
amination, the zeta potential became +4.5 mV due to the introduction of positively charged
ammonium ions on the surface. The introduction of negatively charged HA onto aminated NWs
decreased the zeta potential to -16 mV suggesting the successful conjugation of HA. The zeta
potential of the corresponding HA-SPIONs was -14 mV, similar to that of HA-NWs. The
hydrodynamic diameter of the HA-NW was 127 nm, increased from 93 nm for unmodified NWs.
To facilitate tracking of the nanoprobes, FITC was introduced onto HA-NWs and HA-SPIONs
producing FITC-HA-NWs and FITC-HA-SPIONSs. The ro* magnetic relaxivity of HA-NWs was
determined to be 110 (sec mMFe)! at 7 T and while the ro* value was 52 (sec mMFe)* for the
corresponding HA-SPIONSs. The high r2* value suggests HA-NWs are good MR contrast agents

Figure 3-2.
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Figure 3-2. ro* and r1 measurements for prepared nanoparticles in a 7 T magnet. (a,c) are r2* and

r1 for HA-SPIONSs respectively. (b,d) are are ro* and r1 for HA-NWs respectively.

For biological applications of HA-NWs, it is important to ensure that all HA in a sample of HA-
NWs is conjugated with NWs, as residual free HA can potentially compete with HA-NWs for
binding with CD44. To test this, we developed a new gel electrophoresis assay. Free HA, HA-
SPION and HA-NW were electrophoresed on an agarose gel (0.8%) and stained with the Stains-
All dye to visualize HA. Despite extensive washing after reaction of HA with aminated SPION or
NW, there were still significant amounts of free HA associated with the particles Figure 3-3a,
presumably due to electrostatic interactions of HA with the particles. After investigating multiple
methods, we found that washing the HA-SPION samples with 10% ammonium sulfate followed
by ultrafiltration through centrifugal filters (MWCO 100 kDa), free HA can be successfully

removed as confirmed by gel electrophoresis. HA-NWs required higher concentrations of
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ammonium sulfate (35%) to completely remove free HA possibly because of the stronger attraction

of free HA with the longer NWs Figure 3-3b.

b) HA-NW
(Before Purification) Free HA

HA-NW
(After Purification)

'
NW

v

Figure 3-3. Removal of free HA from HA-SPIONs and HA-NWs. a) Lane 1 contains free HA. HA
polymer showed blue color following staining with Stains-All dye. HA-SPION before and after
washing with 10% (NH4)2SO4 were placed in lanes 2 and 4 respectively. HA-NWs before and after
washing with 10% (NH4)2SO4 were in lanes 3and 5 respectively. b) Complete removal of free HA
from HA-NWs by washing with 35% (NH4)>SO4 was shown by gel electrophoresis. Purified HA-
NW not only had no free HA but also moved towards the cathode on the gel while un-conjugated

NWs did not move towards the cathode.
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HA-NWs contaminated with free HA showed reduced binding with CD44 expressing cells,
confirming the importance of completely removing free HA Figure 3-4. TGA analysis showed
that for purified HA-NWs, the organic content accounted for 91% of the total weight, with 70%

coming from HA Figure 3-5.

p<0.005
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Figure 3-4. Free HA containing HA-NWs have reduced interactions with CD44 expressing cells
compared to pure HA-NWs highlighting the importance of completely removing free HA
following synthesis. CD44 expressing SKOV-3 cells were incubated with NWs, pure HA-NWs

and non-pure HA-NWs. Intracellular Fe levels were quantified by ICP following removing

unbound NWs.
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Figure 3-5. Thermogravimetric analysis (TGA) for (a) amine functionalized NWs and (b) HA

conjugated NW.

3.3. Cellular Uptake of HA-NWs by CD44 Expressing Cells Is Much Higher than That of
HA-SPIONs

With HA-SPIONs and HA-NWs in hand, their interactions with CD44 expressing vascular
endothelial cells EA.hy926 Figure 3-6, macrophage RAW264.7 cells?*% and SKOV-3 cancer

cells?® were examined.

Figure 3-6. Western blotting showed the presence of CD44 in EA.hy926 cells.
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FITC labeled HA-NWs and HA-SPIONSs were incubated with cells at equal initial FITC emission
intensities, which was followed by extensive wash to remove unbound particles. The cells were
then imaged through confocal microscopy. As shown in Figure 3-7b,f, both HA-NWs and HA-
SPIONs could be found inside cells as indicated by the intracellular green fluorescence upon
incubation. There was extensive co-localization of the FITC green fluorescence with the red
fluorescence color from lysotracker indicating the nanoprobes entered lysosomes of the cells
Figure 3-7d,h. Cells treated with FITC-HA-NWs gave stronger FITC fluorescence intensities

suggesting the uptake of HA-NWs was higher than that of HA-SPIONs Figure 3-7b vs f.

Figure 3-7. Confocal microscopy showed stronger interaction for HA-NWSs (a-d) than the
corresponding HA-SPIONs (e-h) with CD44 expressing cells such as vascular endothelial cells
EA.hy926. (a,e) are red lysotracker channel showing locations of the lysosomes, (b,f) are FITC
channel showing locations of the nanoprobes, (c,g) are DAPI channel showing location of nuclei,

(d,h) are overlays of red lysotracker, green FITC and DAPI channels. Scale bars are 10 pm.

To better quantify cellular uptake, flow cytometry analysis was performed, which showed cells

incubated with FITC-HA-NWs gave more than four times higher fluorescence than those treated
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with FITC-HA-SPIONs Figure 3-8a. To further confirm higher cellular uptake of HA-NWs, the
amounts of iron inside cells were quantified by inductively coupled plasma (ICP) analysis, which

indicated significantly more iron in cells treated with HA-NWs than those with HA-SPIONs

Figure 3-8b.
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Figure 3-8. HA-NW uptake by CD44 expressing EA.hy926 cells is higher than the corresponding
HA-SPIONSs. a) Mean fluorescence intensities of EA.hy926 cells following incubations with HA-
NWs and HA-SPIONSs. b) Intracellular Fe content was quantified by ICP after incubations with

HA-NWs and HA-SPIONSs. The p-values were obtained from student’s t-test.
3.4. Both CD44 and HA Are Important for HA-NW Interactions with Cells

To confirm CD44 dependence of cellular interactions with HA-NWs, anti-CD44 monoclonal
antibody (mAb) MEM-85 (IgG2b subtype) was added during cellular incubation of HA-NWs.
MEM-85 is known to bind with CD44 and competitively block its interactions with HA?". ICP
quantification showed that MEM-85 led to 50% reduction of the intracellular level of iron,
indicating that HA-NW uptake at least partially goes through CD44. A mouse IgG2b (PLPV219)
not capable of binding CD44 was used as the isotype control mAb and intracellular iron
quantification did not show reduction of HA-NW uptake when cells were co-incubated with

PLPV219 and HA-NWs Figure 3-9.
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Figure 3-9. Pretreatment of cells with an anti-CD44 mAb MEM-85 resulted in 50% reduction of

HA-NW cellular uptake, while the non-CD44 binding isotype control mAb PLPV219 did not have

much effects on cellular uptake of HA-NWs. The p-value was obtained from student’s t-test.

The cellular uptakes of HA-NWs were measured under variable conditions including changes in
temperature, incubation time and incubation concentration. When cells were incubated with HA-
NWs at 4 °C, HA-NW uptakes were much lower than those at 37 °C indicating the uptake process

was energy dependent Figure 3-10 2829,
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Figure 3-10. FACS study showed mean fluorescence intensities of SKOV-3 cells after incubation

with HA-NWs in 37 °C and 4 °C respectively.

Incubation of HA-NWs with cells at various time intervals showed that the uptake reached the
maximum levels after 2 hours of incubation Figure 3-11. Treatment of cells with varying amounts
of HA-NWs revealed that cellular uptake of HA-NWs could be saturated above 200 pg Fe/mL
Figure 3-12. These results are consistent with the idea that HA-NWs interact with cells through

CD44 mediated endocytosis.
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Figure 3-11. Monitoring EA.hy926 cellular uptake of HA-NW in different time intervals. 50

ug/mL HA-NWs were added to each well and MFI were measured by FACS. The p-values were

obtained from student’s t-test.
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Figure 3-12. Incubation of SKOV-3 cells with different amounts of HA-NWs.
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The importance of HA for cellular uptake was demonstrated by several experiments. Incubation
of cells with FITC labeled NWs without HA (FITC-NWs) showed little cellular uptake or binding
when analyzed by FACS Figure 3-13a. Treatment of cells with free HA (10 mg/mL) before
addition of HA-NWs competitively inhibited cellular uptake of HA-NWs Figure 3-13b.
Calculations showed that 140 times higher amount of free HA was needed to reduce the binding
of HA-NW by 90% indicating the multivalent properties of HA-NWs leading to higher avidity

binding between CD44 and HA.
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Figure 3-13. Presence of HA on HA-NWSs was necessary for their cellular interactions with cells.
a) cells were treated with equivalent amounts of NWs and HA-NWs and analyzed by FACS b)
Pre-treatment of cells with free HA significantly reduced cellular interactions with HA-NWs. The

p-values were obtained from student’s t-test.

3.5. HA-NW Induced Much Lower Inflammatory Response than HA-SPIONSs to
Macrophages

For in vivo applications of nanoprobes, it is important that the probes are highly biocompatible.
HA-NWs and HA-SPIONSs were incubated with CD44 expressing mouse macrophage RAW?264.7
cells?*2® and the levels of proinflammatory cytokines induced were quantified by real-time
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polymerase chain reaction (RT-PCR). Cytokines such as IL-1a, IL-1B,%%3! TNFa,32* and MCP-1
are inflammatory, which increase vascular permeability*®=” and recruit inflammatory cells to
plaques.® Spp can induce migration of macrophages to the sites of inflammation.®® As shown in
Figure 6, the levels of IL-1a expression in macrophages incubated with HA-NWSs were less than
5% of those incubated with HA-SPIONs. In addition, cells treated with HA-NWs had significantly
lower levels of other cytokines tested including IL-1p, MCP-1, TNF-a, and Spp Figure 3-14a. In
addition, inflammatory responses to HA-NWs vs HA-SPIONS were evaluated in vivo, by
examining TNFa and IL-1p levels in mouse blood 1 and 24 hours after injection. Although TNFa
level was not detectable in the blood before injection of HA nanoparticles, it increased 1 hour
following injection and the TNFa level was 10 times higher in mice receiving HA-SPIONS vs
those administered with HA-NWs indicating higher inflammatory responses to HA-SPIONs
Figure 3-14b. TNFa level was not detectable 24 hours after injection of both HA nanoparticles
possibly due to feedback mechanisms that decrease TNFa production. IL-1PB was not detectable in
mice blood before injection, 1 and 24 hours after injection of HA nanoparticles (data not shown).
Collectively, these results suggest the superior bio-compatibilities of HA-NWs compared to HA-

SPIONSs.
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Figure 3-14. Inflammatory response to HA nanoparticles. a) Expression levels of inflammatory
genes after interaction of RAW?264.7 cells with equivalent amounts of HA-SPIONs and HA-NWs.
HA-NWs induced significantly less inflammatory cytokines compared to HA-SPIONSs. b) TNFa
levels in blood from mice before and after injection of HA nanoparticles. HA-SPIONs induced

higher level of TNFa 1 hour after injection compared to HA-NWs. N.D.: not detected.
3.6. HA-NWs Were Nontoxic to Cells and to Mice at the Concentrations Used for Imaging

To further test the biocompatibility of HA-NWs, cell viability assay was performed. Vascular
endothelial EA.hy926 cells were incubated with HA-NWs and cell viabilities were determined
by the MTS assay. No detrimental effects on cell viability were observed following incubation of

HA-NWs up to 1 mg/mL Figure 3-15.
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Figure 3-15. EA.hy926 cell viabilities following incubation with different concentrations of HA-

NWs were measured by the MTS assay. No reductions of cell viability were observed.

To evaluate their biocompatibility in vivo, HA-NWs were injected into mice. One day after
injection, blood was drawn from mice and a complete comprehensive blood chemistry panel
analysis was performed. All the parameters evaluated were in normal range Table 3-1. Most
noteworthy were the negligible changes in alkaline phosphatase, aspartate aminotransferase,
alanine transaminase and gamma-glutamy! transferase levels (markers for liver function) and total
protein concentration (globulin and albumin) together with bilirubin level suggesting negligible
acute toxicities. In addition, histopathological analysis did not show any signs of toxicity on liver,

lung or kidney after HA-NW administration Figure 3-16.
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Table 3-1. Results for blood chemistry panel analysis 24 h after injection of HA-NWs.

Total Protein 5.6 g/dL 4.5-6.5 g/dL
Albumin 2.7 g/dL 2.4-3 g/dL
Globulin 2.9 g/dL 1.8-3 g/dL
Total bilirubin 0.9 mg/dL 0-1.0 mg/dL
Direct bilirubin 0.0 mg/dL

Indirect bilirubin 0.9 mg/dL

ALP U/L 27 15-45

GGT U/L <3 0-9

ALT U/L 30 10-35

AST U/L 278 43-397
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Figure 3-16. Histopathology images of extracted organs 24 hours after HA-NW administration.
(@) is mouse liver medulla; (c) is mouse lung tissue; (e) is mouse kidney medulla and (g) is mouse
kidney cortex 24 hours after HA-NW injection. (b) is mouse liver medulla; (d) is mouse lung
tissue; (f) is mouse kidney medullaand (h) is mouse kidney cortex images for control mouse. Scale

bar is 100 micrometers.

3.7. HA-NWs Enabled In Vivo Imaging of Atherosclerosis Plaques in ApoE Knockout
Mice

With the strong binding of HA-NWs to CD44 expressing cells and their biocompatibility

demonstrated, we next examined the utility of HA-NWs for atherosclerotic plaque detection in

ApoE knockout mice. Compared to the rabbit model which utilizes balloon catheter de-

endothelization surgical procedure of rabbit aorta to induce injury and initiate atherosclerosis

development*®, ApoE knockout mice are attractive as they closely mimic human conditions by

spontaneously developing human like atherosclerotic plaques without the need for surgery**3,

ApoE knockout mice were injected with HA-NWs retro-orbitally and the mice were subjected to

serial MRI using a T>* weighted imaging protocol focusing on the abdominal aorta area. Upon
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administration of HA-NWs (8 mg Fe/Kg body weight), the image intensities of the lumen
significantly decreased due to the loss of signals induced by HA-NWs Figure 3-17. The lumen
signal levels returned to pre-injection levels within 80 minutes suggesting the majority of HA-
NWs were cleared from the blood pool by that time. On aorta walls, the signal intensities of
selective areas decreased to 20% of pre-injection levels 20 minutes after injection presumably due
to binding of HA-NWs and these signal intensities remained at ~20% of pre-injection levels for

more than 120 minutes Figure 3-18.

Pre-injection 20 min post injection 40 min post injection 60 min post injection

80 min post injection 100 min post injection 120 min post injection

Figure 3-17. T>* weighted MR images of ApoE knockout mice aorta (a) before injection of HA-
NWs (8 mg Fe/Kg body weight) and different time intervals after injection of HA-NWs (b-g).

Areas of the aorta walls undergone contrast changes are highlighted by white arrows.
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Figure 3-18. Quantification of signal intensity change for lumen and aorta wall before injection
and at different time intervals after injection of HA-NWs. The p-value was obtained from

student's t-test.

The signal changes could be observed in multiple locations of the aorta of ApoE knockout mice
and the signals of the vessel walls fully recovered after one week Figure 3-19, Figure 3-20, Figure
3-21 and Figure 3-22. Furthermore, even with a low dose of 2.8 mg Fe/Kg of HA-NWs, effective

plaque imaging could still be achieved Figure 3-20.
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Pre-injection 5 min post-injection 10 min post-injection

Figure 3-19. MRI contrast changes of the aorta of ApoE knockout mice upon injection of HA-

NWs (4 mg/Kg).

Figure 3-20. MRI contrast changes of the aorta of ApoE knockout mice a) before and b) 20

minutes after injection of HA-NWs (2.8 mg/KQg).
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Slice (a) before injection Slice (a) 2 hours after injection

Slice (b) before injection Slice (b) 2 hours after injection

Figure 3-21. Analysis of MRI of different slices of the aorta of ApoE knockout mice showed
signal loss on the aorta wall in some locations but not all of them; indicating HA-NWs only

interacted with selective areas of aorta wall that were presumably atherosclerosis plaques.

Figure 3-22. The signal intensity changes of the aorta lumen disappeared when ApoE knockout

mouse was scanned one week after HA-NW administration. (a) ApoE knockout mouse aorta
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Figure 3-22 (cont’d) before injection, (b) ApoE knockout mouse aorta 0.5 hour after injection

and (c) ApoE mouse aorta image one week after injection of HA-NWs.

To ascertain signal changes were caused by HA-NW binding to atherosclerotic plaques in ApoE
knockout mice, several control imaging experiments were performed. Following identical protocol
as HA-NWs, NWs without HA were injected into ApoE knockout mice at the same Fe
concentration and T>* weighted MRI were performed. No signal losses were observed from aorta
wall of these mice Figure 3-23b. In addition, when free HA was co-injected with HA-NWs to
ApoE knockout mice, little signal changes were found from aorta walls possibly because free HA
competed with HA-NWs for binding with CD44 rich plaques Figure 3-23c. These results

confirmed the importance of HA for plaque detection in vivo.

Pre-injection 20 min post-injection 40 min post-injection 60 min post-injection

80 min post-injection

100 min post-
injection

Figure 3-23. a) HA-NWs were injected to the wild type mouse and the abdominal aorta was
scanned before (al) and different time intervals after injection (a2-4). b) NWs were injected to the
ApoE knockout mouse and the abdominal aorta was scanned before (bl) and different time

intervals after injection (b2-5). ¢) HA-NWs were mixed with free HA and injected to ApoE
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Figure 3-23 (cont’d) knockout mouse and the abdominal aorta was imaged before (c1) and

different time intervals after injection (c2-6).

Another control experiment was performed by administering HA-NWs to wild type mice followed
by MRI Figure 3-23a. These mice did not have atherosclerosis and their aorta walls did not exhibit
significant changes in T>* weighted MRI after HA-NW injection. This suggests signal changes
found in ApoE knockout mice caused by HA-NWs were not due to non-specific binding of HA-

NWs to mouse aorta walls.

While HA-SPIONSs can induce higher levels of inflammatory cytokines such as TNF-a in vivo,
their abilities to aid in plaque imaging were tested. HA-SPIONs (8 mg Fe/kg) were injected to
ApoE knockout mice and their aortae were scanned following the identical T>* weighted MRI
protocols as those receiving HA-NWs discussed above. As expected, upon HA-SPION
administration, the lumen of aorta turned black in T>* weighted images suggesting HA-SPIONs
entered the blood causing significant MR signal losses Figure 3-24 and Figure 3-25. Interestingly,
the signal intensities of lumen in these mice did not recover even 140 minutes after injection, which
prevented the detection of plaques on aorta walls due to a lack of MR contrasts between the lumen
and aorta walls. This was a stark difference from mice receiving HA-NWs Figure 3-17 and Figure
3-24, where lumen signals returned to pre-injection levels within 80 minutes after injection
presumably due to higher cellular uptake of HA-NWSs compared to HA-SPIONSs. These results

indicate that HA-NWs are not only more biocompatible, but also more superior imaging agents.
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HA-NW HA-SPION

60 min post injection 60 min post injection

100 min post injection

Figure 3-24. Comparison of HA-SPIONs (8 mg Fe/kg) and HA-NWs (8 mg Fe/kg) for MRI
detection of atherosclerotic plaques in ApoE knockout mice. Aorta lumen MR signals recovered
partially (panel a) and completely (panel c) 60 minutes and 100 minutes after injection of HA-NW
enabling the detection of plaques on aorta walls. In contrast, aorta lumen signals did not recover
60 and 100 minutes after injection in mice receiving HA-SPIONs (panels b and d), preventing

plaque detection at these time points.
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Figure 3-25. Quantification of signal intensity change for lumen and aorta wall before injection
and at different time intervals after injection of HA-SPIONs (8 mg Fe/kg). Analysis was performed
using ImageJ software. Lumen signals did not recover much 140 minutes after HA-SPION

injection.

3.8. Histological Analysis

F4/80 staining of abdominal aorta in ApoE knockout mouse showed accumulation of macrophages
in abdominal aorta wall at the same locations where MRI signal changes were observed Figure
3-26a, b. The same stain did not show macrophages accumulation in the wild type control mouse
aorta Figure 3-26¢, d. Prussian blue staining of ApoE knockout mouse aorta after incubation with
HA-NWs showed the presence of iron in lumen wall indicating binding of HA-NWs with CD44
expressing cells present in lumen wall Figure 3-26e vs f. In addition, aorta tissues incubated with
HA-NWs displayed more intense Prussian blue staining than those with HA-SPIONs Figure 3-27,
which was consistent with in vitro cellular studies suggesting stronger binding of HA-NW with

plaque residing cells.
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Figure 3-26. F4/80 staining showed macrophage accumulation in ApoE knockout mouse aorta.
(@) and (b) are ApoE knockout mouse aorta slice before and after F4/80 staining. (c) and (d) are
wild type mouse aorta slice before and after F4/80 staining. Prussian blue staining of () ApoE
knockout mouse and (f) wild type aorta after incubation with HA-NWs. The staining (blue green

color) was much more intense in panel e than f.

a) Ctrl mouse aorta b) Ctrl mouse aorta c) Apo E mouse aorta d) Apo E mouse aorta
incubated with HA-NW incubated with HA-SPION  incubated with HA-SPION

i

incubated with HA-NW

—— 250 pum
Figure 3-27. Comparison of Prussian blue staining of aortae after incubations with identical

concentrations of HA-NWs or HA-SPIONs (0.4 mg Fe/kg) for 1 hour at 37 °C. a) aorta from wild
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Figure 3-27 (cont’d) type control mice stained with HA-NWs; b) aorta from wild type control
mice stained with HASPIONSs; c) aorta from ApoE knockout atherosclerotic mice stained with
HA-SPIONSs; d) aorta from atherosclerotic mice stained with HA-NWs. The much higher
intensities of Prussian blue staining in panel d) compared to all other panels suggest the stronger

binding of plaque tissues by HA-NWs.
3.9. Discussion

SPIONs have been generally considered biocompatible***°. However, they can impair iron
homeostasis in cells, resulting in inflammation, or other adverse effects*¢". While HA can reduce
inflammatory activities, to further enhance the biocompatibilities and cellular binding, we have

synthesized HA-NWs, which have elongated shape vs the spherical HA-SPIONSs.

The size and shape of nanomaterials can impact cellular uptake and inflammatory responses*®-°.
Chen and coworkers synthesized polymer nanoparticles with either spherical or cylindrical shapes,
which were then functionalized with mannose to yield glyconanoparticles®’. Cellular uptake
experiments with RAW264.7 cells showed that spherical glyconanoparticles were taken up much
more than cylindrical particles. The longer cylindrical glyconanoparticles induced higher
inflammatory responses (IL-6) than shorter or spherical ones. The Chan group found that Hela
cells internalized more spherical gold nanoparticles (AuNPs) than rod-shaped AuNPs®2. Smaller
spherical polymeric micelles were taken up by cells more than analogous cylindrical micelles®3.
Thiolated poly(methacrylic acid) capsules with different morphologies could influence cytokine
secretion by macrophages: short rod-shaped capsules stimulated the generation of higher levels of

TNF-o and IL-8 compared with spherical or long rod-shape capsules®.
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In contrast, a series of other studies showed higher uptake of rod like particles vs spherical ones.
Sailor group demonstrated that NWs coated with tumor targeting peptide accumulated in tumor
tissues in vivo twice as much as the spherical particles bearing the same ligand?® . When spherical
Au-NPs and Au nanorods coated with West Nile virus envelope were incubated with cells, 6 times
more nanorods were found internalized than the corresponding spherical Au NPs*®. Yet, the Au-
NPs induced higher amounts of inflammatory cytokines such as TNF-o. compared to the nanorods.
The divergent impact of size and shape on cellular interactions could be affected by factors
including 1) pathways for endocytosis®; 2) shape dependent membrane wrapping time required to

engulf the nanomaterials®; and 3) receptor density and rates of receptor endocytosis.

In our studies, despite similar surface charges, HA-NWs induced much lower inflammatory
response compared to spherical HA-SPIONs, while the cellular uptake of HA-NWs was
significantly higher Figure 3-7, Figure 3-8 and Figure 3-14. HA-NWs interacted with CD44
expressing cells in a CD44 and HA dependent fashion as demonstrated in anti-CD44 mAb
blocking and HA competition experiments Figure 3-9 and Figure 3-13. The higher cellular uptake
of HA-NWs can be explained by molecular weight dependence of HA-CD44 interactions. HA
exists in nature as a homopolymer of disaccharides of D-glucuronic acid -1,4 linked with D-
glucosamine. While CD44 can bind with HA as short as a hexasaccharide, the binding affinity can
significantly increase with higher molecular weight of HAS"°, The NWs can provide a multivalent
platform to present a large number of HA molecules on the surface leading to high avidity with
the CD44 receptor. This is supported by our observation that 140 times more free HA is needed to
reduce the binding of HA-NW by 90% Figure 3-13. Compared to the corresponding HA-SPIONSs,
HA-NWs have elongated shapes. As a result, one HA-NW can possibly simultaneously engage a

larger number of CD44 receptors on cell surface leading to stronger binding to cells.
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The biological activities of HA are dependent upon its molecular weight®. Low molecular weight
HAs can be inflammatory, while the high molecular weight HAs (million Daltons) are anti-
inflammatory®©-%1, As one NW consists of multiple SPIONs and contains more HA per particle, it
is possible that HA-NWs can better mimic high molecular weight HA, more effectively reducing

the inflammatory activities resulting from the iron oxide core of the nanoprobes.

Due to the severe adverse effects of atherosclerosis on public health, there are high interests in
developing imaging methods to detect the atherosclerotic plaques. MRI is a powerful technique
for morphological imaging of blood vessels®”. To better characterize plaques, contrast agents that
can aid in the depiction of molecular process signatures other than plaque morphology are highly
desired®®. SPIONSs are a popular class of contrast agents®® 6263 which lead to reduction of MR
signals in T2 and T>* weighted images creating contrast from the surroundings. Earlier imaging
studies using SPIONs take advantage of the non-specific uptake of the NPs by macrophages®*®’.
As a result, high concentrations of SPIONSs (typical dose 56 mg Fe/Kg) need to be administered,
which produce complete signal losses in lumen of the blood vessels®*%8, In order to obtain
sufficient contrast between plaques and lumen and allow sufficient clearance of NPs from the
blood pool and the background, imaging was commonly performed at least one day and optimally
4 to 5 days after injection®*%7- %% In addition, longitudinal monitoring of plaque development will
require regular administration of the nanoprobes. The need for prolonged delay of MRI after probe
administration coupled with the possible inflammatory activities of SPIONSs raise cautions for wide

applications of these particles.

To improve on the performance of SPIONs and to provide information on the molecular
composition and/or the state of the plaque, various targeting ligands have been immobilized onto

SPIONs™®7® which include peptide binders and mAbs for vascular cell adhesion molecule-1
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(VCAM-1) and annexin V for apoptotic cells. Some of these probes have been employed to
evaluate plaques in vivo. However, in many of these studies, high concentrations of NPs and/or

prolonged delay after injection were still necessary for imaging.

In our work, we selectively target CD44, which is a receptor highly expressed in multiple plaque
residing cells including endothelial cells, macrophages, and monocytes'® 1215 77 A significant
advantage using HA-NWs is that plaque detection and imaging can be performed right after probe
injection. This is probably due to two reasons: 1) with the strong binding to CD44 and the high
magnetic relaxivities of HA-NWs, relatively small amounts of HA-NW (2.8 mg Fe/Kg) are needed
to visualize the plaques in mice. As a result, the lumen of the blood vessels appeared grey rather
than black in T>* weighted MRI, allowing the distinction between lumen and the black plaque site
even right after injection; 2) because CD44 is present on endothelial cells at the surface of the
plaque tissues, HA-NW could rapidly bind with CD44 without the need to wait for particle

penetrations into the tissues.

3.10. Conclusion

In conclusion, we have synthesized HA conjugated NWs for the first time. HA-NWs can interact
more strongly than the corresponding spherical shaped HA-SPIONs with CD44 expressing cells
in CD44- and HA- dependent manners. Furthermore, the inflammatory activities were significantly
attenuated in HA-NWs suggesting engineering of nanomaterial shape and morphology can be a
promising future direction to develop probes for plaque detection. The high avidity to CD44, good
biocompatibility and high magnetic relaxivity of HA-NW render it an attractive probe for in vivo
imaging and detection of atherosclerosis plaques as well as for longitudinal monitoring of plaques

to aid in the development of novel therapeutic interventions.
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3.11. Experimental
3.11.1. Materials

Iron (111) chloride hexahydrate (FeClz.6H20) was purchased from Honeywell Riedel-de Haén. Iron
(11) chloride tetrahydrate (FeCl2.4H.0), dimethylsulfoxide (DMSO), dextran (MW: 10 and 40
kDa), formalin solution neutral buffered 10%, fetal bovine serum (FBS), Dulbecco’s phosphate
buffered saline (DPBS), Dulbecco's Modified Eagle Medium (DMEM), anti-CD44 antibody
[MEM-85] and Amberlite® IR 120 hydrogen form (Amberlite H*) were ordered from Sigma-
Aldrich. Ultrafiltration disc (100 kDa) and centrifugal filter MWCO (100 kDa) were purchased
from EMD Miillipore. 2-Chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) and N-methylmorpholine
(NMM) were purchased form Acros Organics. Sodium hyaluronan (30 kDa) was obtained from
Lifecore Biomedicals. Ammonium sulfate was purchased from Chempure® Chemicals.
Fluorescein isothiocyanate (FITC), 4',6-diamidino-2-phenylindole (DAPI), LysoTracker-594
DND and TURBO DNA-freeTM Kit were purchased from Invitrogen. Penicillin-Streptomycin
(Pen Strep) mixture, trypsin-EDTA (0.5%), Power SYBR® Green PCR Master Mix and L-
glutamine were obtained from Thermo-Fisher. EA.hy926 and SKOV-3 cells were ordered from
American Tissue Culture Collection (ATCC). Goat anti-mouse HRP antibody was purchased from
Biorad. HYyGLOTM chemiluminescent HRP antibody detection reagent was purchased from
Denville Scientific. Nitric acid TraceMetal grade and ammonium hydroxide were obtained from
Fisher Scientific. Recombinant human (rh) CD44 was ordered from R&D Systems®. Mouse IgG2b
antibody (PLPV219) was purchased from Abcam. RNeasy® Mini Kit was ordered from
QIAGEN®. dNTP Mix, GoScriptTM Reverse Transcriptase, Random Primers and CellTiter 96

Aqueous One solution containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-
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(4-sulfophenyl)-2H-tetrazolium (MTS) were purchased from Promega. TNF alpha mouse ELISA

kit and IL-1 beta mouse ELISA kit were ordered from Thermo-Fisher.

3.11.2. Synthesis of HA-NWs

Nanoworms (NWs) were prepared using Fe?* and Fe3* salts in the presence of dextran?. Briefly,
dextran (2.35 g, MW40 kDa), FeCls.6H.O (1.17 mmol) and FeCl..4H.O (0.63 mmol) were
dissolved in MQ water (4.5 mL) under purge of Ar. Concentrated aqueous ammonia (0.5 mL) was
then added dropwise to the reaction flask under vigorous stirring and a steady purge of Ar. It was
then heated slowly up to 70 °C over 1 hour and held at this temperature for an additional hour.
After being cooled to room temperature, the reaction mixture was diluted to 300 mL and washed
using an ultrafiltration system (MWCO 100,000) 5 times to remove ammonium chloride salts and
the excess amount of the base. The resulting NWs were concentrated to 30 mL then crosslinked
by adding sodium hydroxide solution (5 M, 10 mL) and epichlorohydrin (ECH) (5 mL) under Ar
flow and fast stirring for 24 hours. The reaction mixture was dialyzed against water followed by
ultrafiltration 5 times to remove the excess amount of ECH. To functionalize crosslinked NWs by
amine groups for further conjugation, cross-linked NWs were first concentrated to 30 mL then
concentrated 30% ammonium hydroxide in water (10 mL) was added. The mixture was stirred
vigorously for 36 hours at 37 °C. Finally, amine-functionalized NWs were washed by dialysis

against distilled water for three times (12 hours each) to remove the excess base.

HA conjugation with NWs were performed through NMM and CDMT chemistry*®. First, sodium
hyaluronan (MW 31 kDa, 100 mg) was dissolved in MQ water (5 mL) then the pH was brought to
3 by adding Amberlite H* resin and it was stirred for 4 hours. The resin was removed by filtration
and the mixture was freeze dried. The protonated HA (74 mg, 0.19 mmol carboxylic acid) was

dissolved in MQ water (3 mL) followed by dropwise addition of acetonitrile (2 mL). Then, NMM
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(22 pL, 0.2 mmol) and CDMT (18 mg, 0.10 mmol) were added to this HA solution. The reaction
mixture was stirred at room temperature for 1 hour followed by addition of an aqueous dispersion
of NWs (30 mg) and further stirring for 36 hours under nitrogen. HA-NWs were washed by
ultrafiltration (MW 100,000) 5 times and stored for future experiments. HA-NWs were labeled
with fluorescein isothiocyanate (FITC) by dissolving FITC (5 mg) in DMSO (2 mL) and adding
this mixture to an aqueous solution of HA-NWs (70 mg in 10 mL water). The reaction mixture
was stirred in dark for 48 hours then unreacted FITC was washed off through dialysis (5 times) in

water and PBS buffer.

3.11.3. Characterization and Physicochemical Properties of HA-NWs

Following each step of NP synthesis, the size and charge of the NPs were measured by dynamic
light scattering (DLS) using a Zetasizer Nano zs apparatus (Malvern, U.K.). The prepared NPs
were imaged under transmission electron microscope (TEM) (JEM-2200FM) operating at 200 kV
using Gatan multiscan CCD camera with Digital Micrograph imaging software. Thermal
Gravimetric Analysis (TGA) was performed to quantify the total amount of organic content of

NPs. Magnetic relaxivities (r2* and r1) were measured ina 7 T magnet.

3.11.4. Purification of HA-NWs

HA-NWs were washed with a concentrated ammonium sulfate solution (35%) through centrifugal
filters (MWCO: 100 kDa). They were then transferred to a dialysis bag (MWCO: 3 kDa) to remove
the excess salt through multiple exchanges (6 times) of distilled water. After purification, a
modified electrophoresis gel staining method was used to enable visualization of HA in each
sample®. Briefly, an agarose gel (0.8%) was prepared and samples containing HA-NWs both
before and after purification containing the same amounts of Fe (40 pug) and free HA (70 pg) were
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loaded on the gel. Before loading, each sample was mixed with 5 uL of sucrose solution (2 M) and
2 uL of bromophenol blue solution. The gel electrophoresis was run at 150 V for 70 minutes. Next,
the gel was placed in a freshly prepared Stains-All dye solution (0.005%) in 50% ethanol for 24
hours in dark. Gels were destained in the dark using 10% ethanol solution and the ethanol mixture

was exchanged every 12 hours until the purple color washed off from the gel.

3.11.5. Verifying CD44 Expression on Cells

Cells were grown in a 100 mm x 20 mm petri dish until 80% confluence was reached. The cell
culture medium was removed, and cells were washed twice with PBS. Then lysis buffer, prepared
by mixing 500 pL of RIPA buffer, protease inhibitor cocktail and 2.5 uL of phenyl methyl sulfonyl
chloride (PMSF), was added to the cells while the petri dish was kept on ice for about 15 minutes
until cell debris started to float around. Then cell lysates were collected by a cell scraper,
transferred to an Eppendorf tube, and homogenized using a probe homogenizer. Protein content
was quantified by a Bradford assay. Different concentrations of the lysates were loaded on a non-
reducing gel (stacking gel:18%; resolving gel: 10%) with rhCD44 protein as the standard. The gel
was subjected to electrophoresis (200 V) for 60 minutes, and the blots were then transferred to
PVDF membrane (60 V) for 90 minutes. After blocking the membrane using 4% non-fat milk in
TBS-tween (TBST) buffer, the membrane was first treated with mouse anti human CD44 mAb
(MEM 85) diluted to 1:1000 in 4% non-fat milk in TBST at 4 °C overnight followed by goat anti-
mouse HRP antibody (secondary Ab) for 1 hour. The membrane was sprayed with a

chemiluminescent HRP detection reagent and developed onto autoradiography film.
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3.11.6. HA-NW Uptake by CD44 Expressing Cells

Human vascular endothelial cells (EA.hy926) were used to evaluate the uptake of FITC-HA-NWs.
Cells were suspended in a 6 well plate over a cover glass at a density of 105 cells per mL and
incubated overnight at 37 °C and 5% CO- to adhere on cover glass and wells. After removing the
medium and washing the cells with PBS buffer, a solution of FITC-HA-NWs (200 pg/mL) or
FITC-HA-SPIONs (220 pg/mL) in DMEM without FBS was added to the cells. Both samples
were adjusted to have the same fluorescence intensities. After 1 hour of incubation, Lysotracker
Red (1 uM, 50uL/well) was added and the plate was incubated for another 1 hour. The supernatant
was removed, and cells were washed 3 times with PBS buffer. The cells were fixed by adding 10%
formalin (1 mL/well) and after 15 minutes, formalin was removed, and cells were washed with
PBS buffer (3 times). DAPI solution (300 nM, 300 uL/well) plus 200 uL of PBS buffer were added
to each well. After 4 minutes they were removed, and cells were washed 5 times by PBS buffer.
The cover glass was placed on a microscope slide and images were obtained by Olympus

FluoView 1000 LSM confocal microscope.

3.11.7. Dose Dependent Cellular Uptake of HA-NWs

To evaluate dose dependent uptake of HA-NWs by SKOV-3 cells, medium with different
concentrations of HA-NWs were prepared (5, 10, 20, 50, 100, 200 and 400 pug Fe/mL) and
incubated with cells for 1 hour. Then, the medium was removed, and cells were washed with PBS
buffer 5 times to remove any unbound particles. Finally, cells were collected and treated with
concentrated nitric acid for 2 hours at 60 °C followed by addition of a diluted nitric acid (2%)

solution. Fe content of each sample was analyzed by ICP-AES.
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3.11.8. Time Dependent Cellular Uptake of HA-NWs

EA.hy926 cells were cultured in a 6 well plate at 37 °C and 5% CO. until they became confluent.
Then FITC-HA-NWs (50 pg/mL) were added to the cells and allowed to incubate for 1, 2 and 4
hours. Next, the medium was removed, and the cells were washed with PBS 3 times. Then, trypsin
was used to detach the cells and it was neutralized by adding 5 volumes of serum-containing
DMEM. Finally, cells were collected by centrifugation (1600 rpm, 5 minutes) and resuspended in

DMEM and transferred to FACS tube and kept on ice until FACS analysis.

3.11.9. HA-NW Binding with CD44 Expressing Cells by FACS Analysis

To assess the binding of FITC-HA-NWs with CD44 expressing cells, human ovarian cancer cells
(SKOV-3) were cultured in a 6 well plate (3 x 10° cells/well) and incubated at 37 °C and 5% CO;
until the cells become confluent. Cells were washed with PBS then FITC-HA-NWs (100 pg/mL)
and FITC-HA-SPIONs (110 pug/mL) at equivalent fluorescence amounts were dispersed in serum
free DMEM and added to the cells and incubated for 1 hour at 37 °C and 5% CO2. Medium was
removed, and cells were washed with PBS 3 times. Cells were detached by adding trypsin,
neutralized by adding 5 volumes of serum-containing DMEM, centrifuged (1600 rpm, 5 minutes),

re-suspended in DMEM and transferred to FACS tubes kept on ice until FACS analysis.

3.11.10. HA-NW Binding with CD44 Expressing Cells by ICP Analysis

To evaluate the binding of HA-NWs with CD44 expressing cells by ICP, the amount of Fe was
measured after 1-hour treatment of cells with HA-NWs and HA-SPIONs. Cells were cultured in a
6 well plate (3 x 10° cells/well) and incubated at 37 °C and 5% CO: until the cells became
confluent. Then the medium was removed, and cells were washed with PBS buffer. HA-NWs (50

ng Fe/mL) and HA-SPIONSs (50 pug Fe/mL) were dispersed in DMEM without FBS and added to
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the cells for 1 hour. Next, medium was removed, and cells were washed with PBS buffer 3 times.
Then cells were collected, 2 mL of concentrated HNO3 was added and it was stored at 60 °C for 2
hours. Finally, each sample was diluted with HNOz solution (2%) and its Fe content was measured

using ICP-AES.

3.11.11. Verifying the Role of HA in HA-NW Binding with CD44 Expressing Cells

To study the role of HA in binding of HA-NWs with CD44 expressing cells, FITC labeled NWs
(FITC-NWs) were prepared and SKOV-3 cells were treated with equivalent fluorescence amounts
of FITC-HA-NWs and FITC-NWs for 45 minutes. Then the medium was removed, and cells were
washed with PBS buffer for 3 times. Next, cells were detached by adding trypsin and it was
neutralized by adding 5 volumes of serum-containing DMEM. Finally, cells were collected by
centrifugation (1600 rpm, 5 minutes) and re-suspended in DMEM and transferred to a FACS tube

and kept on ice until FACS analysis.

3.11.12. Establishing the Role of CD44 and HA in HA-NW Binding with CD44
Expressing Cells

To investigate the role of CD44 for binding and uptake of HA-NWs, SKOV-3 cells were incubated
with anti-CD44 antibody [MEM-85] (10 uL/mL) for 1 hour, then medium was removed, and cells
were washed by PBS buffer. Next, the medium containing HA-NWs (100 pg/mL) was added and
allowed to incubate for 45 minutes. Finally, cells were washed with PBS buffer 5 times and
collected for ICP analysis. Mouse 1gG2b [PLPV219] (20 uL/106 cells) was used as an isotype

control Ab for this experiment.

To investigate the role of HA for binding of HA-NWs, SKOV-3 cells (1.2 x 10° cells per well)

were incubated with free HA (10 mg/mL) for 0.5 hour, then the medium containing HA-NWs (100
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ug/mL) was added and allowed to incubate for 1 hour. Finally, cells were washed with PBS buffer

for 5 times and collected for ICP analysis to quantify Fe content.

3.11.13. Energy Dependent Uptake of HA-NWs

To investigate the dependency of HA-NW uptake on energy, binding experiments were performed
at 4 °C and 37 °C respectively. SKOV-3 cells were cultured in a 6 well plate (3 x 10° cells/well)
and incubated at 37 °C and 5% CO until the cells became confluent. Cells were washed with PBS
then FITC-HA-NWs (100 pg/mL) were dispersed in serum free DMEM and added to the cells and
incubated for 1 hour at 37 °C or 4 °C. Then, the medium was removed, and the cells were washed
with PBS 3 times. Next, the cells were detached by adding trypsin and they were neutralized by
adding 5 volumes of serum-containing DMEM. Finally, the cells were collected by centrifugation
(1600 rpm, 5 minutes) and resuspended in DMEM and transferred to a FACS tube and kept on ice

until FACS analysis.

3.11.14. Analysis of RAW264.7 Cell Inflammatory Responses to HA-NWs

Real time PCR was used to measure inflammatory genes expression after treatment of mouse
macrophage cells (RAW264.7) with nanoparticles. Cells (2 x 10°/well) were cultured in a 6 well
plate overnight until they reached to 70-80% confluence. HA-NWs and HA-SPIONS (6 pg Fe/mL)
were dispersed in serum free medium and incubated with cells for 24 hours. The medium was then
removed, and cells were washed with PBS buffer twice. Next, total RNA content of each well was
extracted using RNA extraction kit (RNeasy® Mini Kit). Then, extracted RNA was purified using
TURBO DNA-free™ Kit and the obtained RNA was quantified by NanoDrop™ and stored at -80
°C. cDNA was prepared from RNA and used for real time PCR. All the primers Table 3-2 were

ordered from IDT® company.
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Table 3-2. Primer sequences of inflammatory genes used for RT-PCR study.

Gene Forward primer (5— 37) Reverse primer (5— 37)
IL-1a CGAAGACTACAGTTCTGCCATT GACGTTTCAGAGGTTCTCAGAG
IL-1b TTCAGGCAGGCAGTATCACTC GAAGGTCCACGGGAAAGACAC
MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
TNF-a CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
Spp-1 ATCTCACCATTCGGATGAGTCT TGTAGGGACGATTGGAGTGAAA
ICAM-1 GTGATGCTCAGGTATCCATCCA CACAGTTCTCAAAGCACAGCG
3.11.15. Inflammatory Response to HA-NWs and HA-SPIONSs In Vivo

The inflammatory responses to HA-NWs and HA-SPIONs in vivo were evaluated in wild type
mice. First, blood (200 uL) was collected through saphenous vein to quantify the baseline levels
of TNFo and IL-1B for each mouse. Then, HA-NWs or HA-SPIONs (8 mg Fe/kg) were
administered to each group through retro-orbital injection and mice were sacrificed 1 and 24 hours
after injection and blood was collected through cardiac puncture. The blood was centrifuged (4000
rpm, 30 minutes) and serum was collected and stored at -20 °C. For control study, PBS (100 pL)
was administered. The amount of TNFa and IL-1 were quantified using TNFa mouse ELISA kit

and IL-1B mouse ELISA kit according to manufacturer’s instructions.

3.11.16. Cell Viability Assay of HA-NWs

EA.hy926 cells were cultured in a 96-well plate in DMEM cell culture media containing FBS
(10%) for 24 h at 37 °C and 5% CO.. The cells were then treated with different concentrations of
NPs (0.0625, 0.125, 0.25, 0.5, 1 mg/mL) in serum free medium. After 4 h incubation at 37 °C, the
medium was replaced with MTS solution (20 pL in 200 pL) in culture medium and incubated for

1hat 37 °C. The developed brown color in the wells was an indication of live cells. The absorption
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of the plate was measured at 490 nm in an iMark microplate reader (BioRad). Wells without cells

(blanks) were subtracted as background from each sample.

3.11.17. Evaluation of the Biocompatibility of HA-NWs In Vivo

HA-NWs (8 mg Fe/kg) were administered to wild type mice via retro-orbital injection. After 24
hours, mouse blood was collected by cardiac puncture. Blood was stored in heparinized tube (BD
Vacutainer™) at 4 °C and subsequently submitted for blood chemistry panel analysis. Moreover,
liver, lung and kidney were extracted and fixed in 10% buffered formalin solution for
histopathological analysis. In addition, another group of mice received PBS injection as control

for blood chemistry panel and histopathological analysis.

3.11.18. In Vivo Imaging

Mice were purchased from Jackson Laboratories and were kept in the University Laboratory
Animal Resources Facility of Michigan State University. All the experimental procedures and
guidelines for animal study were performed under approval of Institutional Animal Care and Use

Committee (IACUC) of Michigan State University.

Six-week old ApoE knockout mice were fed a high fat Western diet (TD.88137, Harlan
Laboratories) for eight weeks. The mice were scanned on 7T MRI before and after retro-orbital
injections of NPs. The abdominal aorta was serially scanned until the aortic lumen signal
intensities returned to the pre-injection value. For control, HA-NWs were injected into age- and
sex- matched wild type mice following an identical imaging protocol as performed on ApoE
knockout mice. Moreover, to investigate the role of HA in mediating the selective binding of HA-
NWs with CD44 on atherosclerotic plaques in vivo, bare NWs without HA were administered to

ApoE knockout mice and MRI experiments were performed. For competition experiments, free
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HA (33 mg/kg) were mixed with HA-NWs (8 mg Fe/kg) then injected to ApoE knockout mice and

MRI images were collected.

Magnetic resonance experiments were performed on all mice anesthetized by 1.5% isoflurane
following an induction using 4% isoflurane. Animals were secured in the supine position and
restrained to reduce imaging artifacts due to motion. A Bruker 4-channel surface array was placed
beneath the mouse to image the upper portion of abdominal aorta then placed in the isocenter of a
Bruker 70/30 7 Tesla horizontal bore imaging spectrometer. Serial images were acquired using the
following acquisition parameters: TE/TR=8/174 ms, in-plane resolution = 0.1 x 0.1 mm?, slice
thickness = 0.8 mm, Flip Angle = 50 deg, Number of Acquisition (NA) = 16. The TE and NA were
selected to obtain good imaging contrast within a reasonable amount of time, i.e. around 5.9

minutes per acquisition.

3.11.19. Histological Studies

ApoE knockout and wild type control mice were sacrificed 2 hours after administration of HA-
NWs and the aortas were harvested. The abdominal aorta was cut and placed in sucrose solution
(30%) overnight, then fixed using a freshly prepared formalin solution. Specimens were processed,
embedded in paraffin and sectioned on a rotary microtome at 4 um. Sections were placed on slides
and dried at 56 °C overnight. The slides were subsequently deparaffinized in xylene and hydrated
through descending grades of ethyl alcohol to distilled water. Slides were placed in Tris Buffered
Saline pH 7.4 (Scytek Labs — Logan, UT) for 5 minutes for pH adjustment. Slides then underwent
enzyme induced epitope retrieval using 2% proteinase K in TE buffer, pH 8.0 for 3 minutes at
room temperature (Table 2), followed by rinses in several changes of distilled water. Endogenous
peroxidases were blocked utilizing 3% hydrogen peroxide / methanol bath for 30 minutes followed

by running tap and distilled water rinses. Following pretreatments, standard micro-polymer
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complex staining steps were performed at room temperature on the IntelliPath™ Flex Autostainer.
All staining steps were followed by rinses in TBS Autowash buffer (Biocare Medical — Concord,
CA). After blocking for non-specific protein with Mouse Block (Biocare) for 5 minutes, sections
were incubated with specific primary antibodies Table 3-3 in normal antibody diluent (NAD-
Scytek) for 60 minutes. Micro-polymer (Biocare) reagents were subsequently applied for specified
incubations followed by reaction with Romulin AEC™ (Biocare) and counterstained with Cat

Hematoxylin Table 3-3.

Table 3-3. F4/80 staining protocol for macrophage staining in ApoE knockout mouse aorta.

Primary Ab Ab Vendor: Pretreatment: Primary: Staining System:
Rat anti — Biorad # Proteinase K — 1:100 in ProMark Rat on
F4/80 MCA497G room temperature — | NAD — 60 | Mouse HRP
Monoclonal Hercules, CA 3 min minutes Polymer™:

15 minutes — Probe
15 minutes — Polymer
AEC — 5 minutes
CATHE Hematoxylin
1:10 — 1 minute

In addition, ApoE knockout mouse aorta was incubated with HA-NWs (0.2 mg Fe/mL) at 37 °C
for 1 hour. Aorta tissues were then washed with PBS buffer for 5 times and immersed in freshly
prepared mixture (1:1) of 2% HCI and an aqueous 2% potassium ferrocyanide solution for 15
minutes. The solution was removed, and the tissues were washed with PBS buffer and stored in

ethanol solution.
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4.1. Introduction

Atherosclerosis is a chronic inflammatory condition in the artery. The rupture of atherosclerotic
plaques is a major cause of heart attack and stroke!, which threatens the lives of more than 1.2
million Americans per year?. As local inflammation is a significant risk factor for plaque rupture?,
reducing plaque inflammation is an attractive therapeutic strategy to prevent atherothrombotic

events?,

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors known as statins are
widely prescribed medicines that can decrease adverse cardiac events by 30%. While a major mode
of action of statins is believed to be the reduction of serum levels of cholesterol, statins can inhibit
the activities of inflammatory cells*. In apolipoprotein E (ApoE)-knockout mouse, a common
model for human atherosclerosis development, while statins did not affect serum lipid levels even
at a very high dose (100 mg/kg body weight), reduced plaque formation was observed in these
mice suggesting anti-atherosclerotic activity of statins beyond its plasma cholesterol-lowering
functions®. However, in humans, such high doses are not feasible due to the low bioavailability of
statins entering the systemic circulation resulting from an extensive first pass effect at the liver as
well as the adverse side effects such as musculoskeletal and liver toxicity at high doses®®.
Therefore, strategies to deliver statins to inflammatory atherosclerotic plaques can be a potential

strategy for atherosclerosis treatment.

Recently, high-density lipoprotein nanoparticles (HDL-NPs) loaded with a statin (simvastatin)
have been developed using human apolipoprotein A-1 (ApoA-1), which can mimic the native HDL
particles in the body, accumulate in plaque tissues and deliver the statin. In an intensive treatment
regimen (HDL-NPs containing 60 mg/kg body weight simvastatin and 40 mg/kg ApoA-I, four

injections per week) of ApoE knockout mice, inflammation in atherosclerotic plaques was
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markedly reduced, highlighting the potential of this approach. However, ApoA-I is expensive
($309/0.5 mg from Sigma) possibly hindering the wide applications of HDL-NPs. As an
alternative, we investigate the utility of the readily available hyaluronan (HA) as the scaffold to

deliver statins by targeting the CD44 receptor.

CD44 is a cell adhesion receptor expressed on the surface of major cell types present in the
atherosclerotic plaques, including vascular endothelial cells, smooth muscle cells, macrophages
and T cells'®3, Multiple studies have suggested that CD44 promotes atherosclerosis by mediating
inflammatory cell recruitment and vascular cell activation*24%°_ In both ApoE knockout mice'*
15 and humans®® 1617 the levels of CD44 expression present in rupture-prone macrophage-rich
regions of human atherosclerotic plaques were over 10 times higher than that in healthy vascular
tissues. The elevated CD44 expression in rupture prone plaque sites render it an appealing target

for targeted delivery.

4.2. Design and Synthesis of HA-ATV-NPs

For drug delivery, the ability to deliver high drug loading per particle is highly desirable.
Previously, we synthesized HA coated NPs with iron oxide core for magnetic resonance imaging
of atherosclerotic plaques and cancer*®?1. Doxorubicin has been loaded on the surface of these
magnetic NPs, which could be released in tumor tissues with enhanced abilities to kill cancer cells.
However, as the cargo were only loaded on the surface of these magnetic NPs, the amount of drug
per particle was relatively low (2.1% by weight). To enhance drug delivery capabilities of HA-
NPs, the new design reported here took advantage of the hydrophobic nature of the statin cargo,
i.e., atorvastatin (ATV). Upon conjugation of ATV with HA, the resulting amphiphilic polymer

could assemble into NPs in aqueous solutions with ATV as the hydrophobic core.
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In order to conjugate HA with ATV, ATV was first converted to isopropylidene protected
carboxylic acid 2, which was esterified by the N-protected ethanolamine 4 and subsequently
hydrogenated to yield ATV amine 5 Figure 4-1. The NMR spectra and ESI mass for amine 5 have
been shown below in Figure 4-2, Figure 4-3, Figure 4-4 and Figure 4-5. The calculated mass for
ATV amine is m/z:641.33. The conjugation of amine 5 with HA (16 kDa) was mediated by 2-
chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) with N-methylmorpholine (NMM) as the base in a
mixed solvent of water, acetonitrile and DMSO Figure 4-6. Upon removal of any free ATV
through extensive dialysis, the successful conjugation of HA with ATV was confirmed by NMR
analysis as signals from both ATV and HA were well resolved in its *H-NMR spectrum in De-
DMSO Figure 4-7. By comparing the ratio of integration of aromatic signals (from ATV) and that
of the N-acetyl group (from HA), the average number of ATV per HA disaccharide was determined
to be 0.4, which corresponded to 35% w/w of the total mass of conjugate being ATV. The HA-
ATV was subjected to agarose gel electrophoresis and stained with Stains-All dye. As shown in
Figure 4-8, HA-ATV migrated markedly slower than pure HA on agarose gel. In addition, pure
HA stained blue with the Stains-All dye, while HA-ATV appeared purple with the same stain,

confirming the successful conjugation of HA with ATV.
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Figure 4-2. H-NMR of atorvastatin-linker (ATV-linker).

H NMR for Atorvastatin-linker:

H NMR (500 MHz, Chloroform-d) § 7.23 — 7.13 (m, 8H), 7.07 (d, J = 8.0 Hz, 2H), 7.04 — 6.96
(m, 3H), 6.87 (s, 1H), 6.56 (q, J = 5.1 Hz, 1H), 4.17 (dddd, J =11.7, 7.2, 4.3, 2.5 Hz, 1H), 4.08
(ddd, J =145, 9.8, 6.0 Hz, 1H), 3.83 (ddd, J = 14.5, 9.7, 6.6 Hz, 1H), 3.70 (g, J = 5.1 Hz, 3H),
3.58 (hept, J = 7.1 Hz, 1H), 3.48 — 3.34 (m, 2H), 2.33 (qd, J = 14.9, 5.9 Hz, 2H), 1.70 — 1.60 (m,
4H), 1.53 (d, J = 7.1 Hz, 6H), 1.38 (s, 3H), 1.34 (s, 3H), 1.32 (t, J = 2.5 Hz, 1H), 1.10 (dt, J =
12.9,11.6 Hz, 1H).

121



In

’ ul JI['[‘ ’

T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

Figure 4-3. C-NMR spectrum of atorvastatin-linker (ATV-linker).
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Figure 4-4. G-COSY spectrum of atorvastatin-linker (ATV-linker).
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Figure 4-5. ESI mass spectrum for atorvastatin-linker (ATV-linker).
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Free HA HA-ATV NP

Figure 4-8. Agarose gel electrophoresis for free HA and HA-ATV conjugate. Free HA and HA-
ATV conjugate were run on agarose gel and stained with Stains-All dye. Free HA has a blue color

in this staining and HA-ATYV conjugate has shown up purple.

Upon mixing with water, HA-ATV formed NPs due to its amphiphilic nature. The hydrodynamic
diameter of HA-ATV NP was 122 nm as determined by dynamic light scattering (DLS). The zeta
potential of HA-ATV NP in water was -35 mV, suggesting the presence of negatively charged

carboxylic groups on the surface of the HA-ATV NPs. The morphology of the prepared HA-ATV
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nanoparticles were also confirmed by TEM imaging indicating they have spherical shape Figure
4-6b and c. Interestingly, when 1H-NMR of HA-ATV NP was acquired in D20, only signals from
HA were observed Figure 4-9. This is most likely because ATV aggregated in the core of HA-
ATV NP, resulting in significant signal broadening in NMR. Lowering the amount of ATV to HA
polymer backbone (1:10) led to increased hydrodynamic diameter (286 nm) probably due to the

lower hydrophobicity of core in self-assembled nanoparticles.
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Figure 4-9. *H-NMR spectrum for HA-ATV conjugate in D20. ATV Peaks are almost absent

presumably due to aggregation of ATV in the core of HA-ATV NP.
4.3. HA-ATV NP Retained the Ability to Bind with CD44 Receptor

The abilities of HA-ATV NP to bind with CD44 were analyzed next using a competitive ELISA.

In this experiment, biotinated HA bound with CD44 immobilized in ELISA wells, to which
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increasing concentrations of HA-ATV NPs were then added. If HA-ATV NP could bind with
CD44, it would displace biotinated HA from CD44 resulting in reduced ELISA signals. As shown
in Figure 4-10, HA-ATV NPs exhibited dose dependent inhibition of biotinated HA binding with
CD44 with an apparent EC50 value of 3.5 ug/mL. This indicates that HA-ATV NPs retain the

ability of HA to bind with CD44.

CD44 Binding Test

------- 99mTc labeled HA-ATV NP

HA-ATV NP

0.01 0.1 1 10
Concentration pg/mL

Figure 4-10. ELISA Experiment Confirmed CD44 Binding Ability of HA-ATV NP and *"Tc

HA-ATV NP.
4.4. HA-ATV NP Could be Taken Up by Macrophages in An Energy Dependent Manner

With the ability of HA-ATV NP to bind with CD44 established, their interactions with CD44
expressing mouse macrophages were investigated. HA-ATV NPs were labeled with the
fluorophore fluorescein isothiocyanate (FITC), incubated with macrophage RAW?264.7 cells and
analyzed by flow cytometry. Dose dependent increase of cellular uptake was observed Figure
4-11. The level of cellular uptake was much higher at 37 °C vs that at 4 °C, suggesting the

interactions with RAW?264.7 cells were energy dependent. Confocal microscopy of cells following
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incubation with FITC labelled HA-ATV NP showed strong green fluorescent signals inside the
cells. The green fluorescence was mainly in the cytoplasm and co-localized well with the red
fluorescence from lysotracker, indicating internalization of NPs and their accumulation in the

cytoplasm Figure 4-12.
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Figure 4-11. Cellular uptake of FITC HA-ATV NP. Cellular uptake of FITC HA-ATV NP is dose
and energy dependent. FACS analysis of RAW264.7 cells after incubation with increasing doses

of FITC HA-ATV NP at 37 °C and 4 °C.
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Figure 4-12. Confocal microscopy of RAW?264.7 cells indicates FITC HA-ATV NP ends up in
cellular cytoplasm. (a-d) shows control group of RAW264.7 cells and (e-h) are RAW264.7 cells
images after incubation with FITC HA-ATV NP. FITC, Red Lysotracker and DAPI are
respectively (a,e), (b,f) and (c,g). (d and h) are overlays of FITC, Red Lysotracker and DAPI

channels. Scale bars are 10 um.

To directly detect ATV inside the cells, HA-ATV NPs were irradiated by UV (Amax = 254 nm),
which is known to result in a shift of ATV emission maximum from 350 nm into blue region 430
nm due to intramolecular photocyclization and formation of phenanthrene ring in ATV Figure

4-13.
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Figure 4-13. Formation of phenanthrene ring in ATV after UV irradiation.
RAW264.7 cells were imaged after treatment with UV irradiated HA-ATV NPs. Strong blue
fluorescence was observed in the cytoplasm compared to non-treated cells following confocal

imaging of samples confirming that ATV cargo was successfully delivered inside the cells (Figure

4-14).
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Figure 4-14. Confocal imaging of atorvastatin in RAW264.7 cells. RAW264.7 cells had been

incubated with UV irradiated HA-ATV NP and images were collected by confocal microscopy
(right image). Control study showing RAW264.7 cells image (left image). The significant increase

in blue color (right image) indicates the presence of ATV in the cells. Scale bars are 10 pum.

4.5. HA is Necessary for Cellular Uptake of HA-ATV NP and CD44 Plays an Important
Role for Cellular Interaction of HA-ATV NP

To better understand HA-ATV NP interaction with macrophages, RAW264.7 cells were incubated
with FITC labeled HA-ATV NP in the presence of free HA. Free HA significantly reduced the
levels of HA-ATV NP binding with the cells (91% at 37 °C and 100% at 4 °C) Figure 4-15
suggesting the interactions were HA dependent. Furthermore, pretreatment of RAW?264.7 cells
with an anti-CD44 monoclonal antibody KM81 caused a 50% reduction of the cellular interactions
with HA-ATV NP Figure 4-16. This is consistent with the idea that CD44 plays important roles

in NP interactions with macrophages.
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Figure 4-15. Cellular interaction with HA-ATV NP is HA dependent. Treatment of RAW264.7

cells with free HA significantly reduced cellular uptake of HA-ATV NP when evaluated with

FACS analysis.
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Figure 4-16. Cellular interaction with HA-ATV NP is CD44 dependent. Blocking CD44 receptor

using [KM81] monoclonal antibody reduced 50% of HA-ATV NP cellular interaction.
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4.6. HA-ATV NP Reduces the Expression Levels of Inflammatory Genes from
Macrophages in Vitro

With the establishment of binding and uptake of HA-ATV NPs by macrophages, their impacts on
inflammatory activities were analyzed. RAW264.7 cells were incubated with HA-ATV NPs
followed by lipopolysaccharide (LPS). Control cells received free form of ATV rather than HA-
ATV at equivalent ATV dose. The expression levels of inflammatory genes in the cells were then
quantified by RT-PCR. LPS is known to stimulate inflammation, leading to the production of a
wide range of molecules associated with inflammation including TNFa, IL-1pB, IL-1a and ICAM-
1 from RAW264.7 cells. Interestingly, while free ATV did not have decrease the levels of
inflammatory molecules from RAW264.7 cells under the experimental conditions, HA-ATV NPs
reduced TNFa, IL-1B, IL-10 and ICAM-1 levels by 45%, 81%, 65% and 95% respectively Figure
4-17. Furthermore, inflammatory cytokines can induce the production of inducible nitric oxide
synthase (iNOS)??, contributing to the inflammatory process of plaque development?. Inhibition
of INOS can mitigate atherosclerosis through impairing foam cell migration and cholesterol
influx?*%, A 55% reduction in expression of iNOS from RAW264.7 cells was observed following
incubation with HA-ATV NP Figure 4-19, while free ATV did not have much an effect Figure
4-18. In addition, when RAW264.7 cells were treated with free HA, there were no reductions of
inflammatory activities highlighting the importance of having both HA and ATV. The superior in

vitro anti-inflammatory activities of HA-ATV NP set the stage for in vivo evaluations.
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Figure 4-17. Reduction of inflammatory gene expression levels in RAW264.7 cells following
treatment with HA-ATV NP. Cells were treated with HA-ATV NP and LPS, then mRNA
expression levels were quantified using rt-PCR. Control group is RAW264.7 cells plus LPS and

negative control (Control no LPS) are RAW264.7 cells with no LPS treatment.
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Figure 4-18. rt-PCR analysis of RAW264.7 cells treated with atorvastatin. Incubation of
RAW264.7 cells with atorvastatin did not show anti-inflammatory effect. RAW264.7 cells were
treated with increasing doses of atorvastatin for 15 hours and LPS was added for another 4 hours.

The expression level of inflammatory genes was analyzed using rt-PCR.
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Figure 4-19. HA-ATV NP decreases the expression level of iNOS in LPS treated RAW264.7 cells.
Control group is RAW264.7 cells plus LPS and negative control (Control no LPS) are RAW264.7

cells with no LPS treatment.

4.7. HA-ATV NP Could Decrease Atherosclerotic Plaque Inflammation in ApoE
Knockout Mouse Model

ApoE knockout mice are a clinically relevant model of atherosclerosis, as these mice
spontaneously develop atherosclerotic plaques which can be accelerated with a high fat diet?®.
Previously, we developed HA coated magnetic nanoworms, which could aid in the non-invasive
detection of inflammatory atherosclerotic plaques by magnetic resonance imaging (MRI)*8. To test
the efficacy of HA-ATV NP for atherosclerosis treatment, groups of ApoE knockout mice were
fed with a high fat diet, and then subjected to HA-nanoworm aided MRI. Consistent with our prior
studies, six weeks after being on the high fat diet, ApoE knockout mice showed extensive signal
loss on their aorta walls in the HA nanoworm aided T>* weighted MRI indicating the development
of inflammatory atherosclerotic plaques. These mice were then treated with HA-ATV NPs (4

intravenous injections every other day at the dose of 8.5 mg ATV/Kg body weight) and imaged
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again by MRI. Interestingly, in contrast to untreated mice, T>* weighted images of aorta walls of
HA-ATV treated mice no longer exhibited any signal loss suggesting greatly reduced
accumulation of HA-nanoworms at plaque sites Figure 4-20. This in turn indicates that HA-ATV

NP treatment significantly decreased the degree of inflammation.

Figure 4-20. Atherosclerotic plaques were not detectable by MRI after HA-ATV NP treatment.
(a) and (b) are ApoE knockout mouse aorta 6 weeks after high fat diet. (a) and (b) are MRI images

before and after HA-NW injection, respectively. Arrows show the presence of plaques. (¢) and (d)
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Figure 4-20 (cont’d) are MRI images one week later after receiving HA-ATV NP. (c) and (d) are

MRI images before and after injection of MRI probe (HA-NW) respectively.

In order to confirm the observation in MRI, ApoE knockout mice were sacrificed following HA-
ATV NP treatment, and their aortas were extracted for histological studies Figure 4-21c and f.
Another group of age matched mice were administered pharmaceutical grade ATV via oral garage
with the same dose of ATV and schedule as HA-ATV. F4/80 staining showed significant reduction
in macrophage content of plaques in HA-ATYV treated group compared to ATV group or untreated
control Figure 4-21c vs b and a. Similar reduction in CD44 levels at plaques was observed in HA-
ATV treated group Figure 4-21f vs e and d. Moreover, the areas of plaque were quantified, which

showed 69% reduction in treated group compared to non-treated control group Figure 4-22.
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Figure 4-21. Histology study shows macrophage and CD44 reduction after HA-ATV NP
treatment. F4/80 staining shows the presence of macrophage in atherosclerotic plaques in control
ApoE knockout mouse aorta (a), ATV treated ApoE knockout mouse aorta (b) and HA-ATV
treated ApoE knockout mouse aorta(c). CD44 staining shows the expression of CD44 receptor in
atherosclerotic plaques in control ApoE knockout mouse aorta (d), ATV treated ApoE knockout

mouse aorta (e) and HA-ATV treated ApoE knockout mouse aorta(f).
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Figure 4-22. Plaque area quantification showed significant reduction in ApoE knockout mice

group that received HA-ATV NP. ImageJ was used for plaque area measurement.
4.8. Biodistribution Study for HA-ATV NP

To analyze the biodistribution of HA-ATV NP in mice, ®™Tc labeled HA-ATV NPs were
synthesized with the metal chelator DTPA and incubated with **™Tc. The resulting *™Tc HA-
ATV NPs retained their abilities to bind with CD44 as confirmed by ELISA. ApoE knockout mice
as well as normal mice were injected with ®*"Tc HA-ATV NPs intravenously. Two hours after the
injections, mice were sacrificed, and their organs were extracted to quantify the levels of
radioactivity using a gamma counter. The highest uptake was observed in reticuloendothelial
system organs such as liver and spleen Figure 4-23. About 1.7% of injected dose of HA-ATV NP

was found in aortas, which was higher than those found in aortas of normal mice (1.1%).
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Figure 4-23. Biodistribution study of HA-ATV NP. Mice were injected with **™Tc labeled HA-
ATV NP and organs radioactivity have been presented based on injected dose per gram animal

tissue. Spleen and liver showed the highest uptake.
4.9. Discussion

In this work, HA-ATV conjugate has been synthesized through an ester bond between ATV and
HA polymer backbone. This conjugate can self-assemble into HA-ATV NPs in water presumably
by hydrophobic core formation through ATV moieties surrounded by the hydrophilic HA polymer.
The NPs can be cleaved through enzymatic and acid promoted hydrolysis to release the active
compound ATV. In addition, the conjugation chemistry allowed the tuning of ATV/HA ratio. The
ratio of 4:10 (ATV/HA) has been used for cellular and animal studies corresponding to 35% of
total mass of conjugate as the active drug. This is significantly higher than the typical cargo loading
level of HA magnetic nanoparticles for drug delivery (2.1% w/w of the cargo). Thus, utilizing
ATV as the hydrophobic core markedly increased the amount of drug per particle with the covalent

linkage between ATV and HA mitigating the concern of premature drug leakage.
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HA-ATV NPs retained their CD44 binding property as evident from the competitive ELISA results
Figure 4-10. The interactions of HA-ATV NPs with RAW264.7 cells were shown to be almost
entirely HA dependent as HA can block cellular uptake of HA-ATV NP. Pre-incubation of
RAW?264.7 cells with an anti-CD44 mAb reduced 50% of the cellular interaction, which is
consistent with the idea that the cellular interactions of HA-ATV NP are at least partially mediated
by CD44. Cellular interactions of HA-ATV were significantly reduced at 4 °C vs 37 °C suggesting

HA-ATV NPs enter the cells through energy dependent endocytosis mechanisms.

A key finding of our study is that the HA-ATV NP treatment of macrophage cells in vitro
effectively inhibited inflammatory responses induced by LPS. High molecular weight HA has been
shown to exhibit anti-inflammatory activities. However, the activities of HA-ATV NP were likely
not due to HA since free HA was not active under the same condition as HA-ATV NP.
Interestingly, at the same dose, free ATV did not exhibit much anti-inflammatory function either.

Thus, it is critical to conjugate ATV with HA to suppress macrophage inflammatory responses.

Recruitment of inflammatory cells is a key process in atherosclerosis development, which CD44
plays an important role. While CD44 is also present on cell surface under normal physiological
conditions, it mainly exists in a low HA affinity state. During inflammation, the presence of
inflammatory signals such as TNF-a induces sulfation of CD44, leading to conformational changes
of the protein and resulting in its switch to high affinity state for HA binding?’. The binding of HA
with CD44 on macrophages leads to the trafficking of macrophages to plaques, which exacerbates
inflammation in plaque sites. The HA-ATV-NP can mimic this process by binding with CD44.

This enables selective accumulation of NPs in plaques, and delivery of ATV to plaque sites.

An atherosclerosis mouse model was established with ApoE knockout mice. To monitor

inflammation in plaques in vivo, mice were imaged by MRI aided by HA coated magnetic
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nanoworms. Upon feeding with a high fat diet for six weeks, mouse aortas exhibited significant
signal loss in T>* weighted MRI suggesting marked inflammation in aorta walls. Following one-
week treatment with HA-ATV NP, the MRI signal changes were no longer observed indicating
the reduction of CD44 levels. Histology analysis of treated mice confirmed that HA-ATV NPs led
to drastic reduction of inflammation as reflected by significant decreases of macrophage content,
CD44 level and sizes of the plaques, which supported the observations in MRI. The therapeutic
effect was more pronounced with HA-ATV NPs than free ATV at the equivalent ATV dose. These
results highlight that even with a relatively short one-week treatment regimen, significant benefits
could be obtained using HA-ATV NPs. At the same time, our results confirmed that HA
nanoworms could be a useful non-invasive method to monitor efficacy of atherosclerosis

treatment.

In general, drug delivery can be performed through either passive (diffusion of drugs into the
desired site) or active targeting (binding with receptors present in plaques)?®2°. Active targeting
can potentially improve the organ selectivity, enhance the percentage of drugs reaching plaque
sites, and lower the dose needed®. A common strategy to actively target atherosclerotic plaques is
to mimic the naturally existing HDL particles, as they are known to interact with atherosclerotic
plaques through ApoA-1 binding with various receptors such as ABCA1l, ABCGL1, ecto-F1-
ATPase and scavenger receptor B1 (SR-B1)%-®2, HDL NPs encapsulating simvastatin have been
constructed, which can deliver simvastatin to plaques to achieve local anti-inflammatory effects®3.
Compared to the untreated group, HDL-simvastatin NP at 60 mg kg™ statin dose on one-week
treatment regimen reduced plaque sizes as well as levels of inflammatory markers. While these
studies demonstrated the effectiveness and feasibility of statin delivery for local inflammation

reduction, the relatively high cost of production with HDL demonstrates other NP systems should
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be explored. With our HA-ATV NPs, we achieved superior in vivo efficacy compared to free ATV

with the readily available HA (~ $100/g) for NP construction.

High dose short term regimen of statin therapy to reduce plaque inflammation recently has got
attention. It seems that this regimen is not going to be limited for statins® and other anti-

inflammatory therapeutics are going to be investigated for this purpose®.

4.10. Conclusion

In conclusion, we have synthesized a new type of NPs (HA-ATV NP) capable of delivering a large
quantity of ATV per particle. The HA-ATV NPs can target inflammatory atherosclerotic plaques
through targeting CD44 receptor and release its payload there. In addition, the NPs exhibited anti-
inflammatory effects to macrophages in vitro and reduced atherosclerotic plaque inflammation in
vivo in ApoE knockout mice model when administered during one-week treatment. Thus, with the
high accessibility of HA and ATV, HA-ATV NP is an excellent candidate for the treatment of

inflammatory atherosclerotic plaques.

4.11. Experimental
4.11.1. Materials

Dimethylsulfoxide (DMSO), formalin solution neutral buffered 10%, fetal bovine serum (FBS),
Dulbecco’s phosphate buffered saline (DPBS), Dulbecco's Modified Eagle Medium (DMEM),
anti-CD44 antibody [MEM-85] and Amberlite® IR 120 hydrogen form (Amberlite H*) were
purchased from Sigma-Aldrich. Goat anti human IgG FC y and centrifugal filter MWCO (10 kDa)
were purchased from EMD Millipore. 2-Chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) and N-

methylmorpholine (NMM) were purchased form Acros Organics. Sodium hyaluronan (30 kDa)
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was obtained from Lifecore Biomedicals. Fluorescein isothiocyanate (FITC), 4’,6-diamidino-2-
phenylindole (DAPI), LysoTracker-594 DND and TURBO DNA-free™ Kit were purchased from
Invitrogen. Penicillin-Streptomycin (Pen Strep) mixture, trypsin-EDTA (0.5%), Power SYBR®
Green PCR Master Mix and L-glutamine were obtained from Thermo-Fisher. Recombinant human
CD44 Fc chimera protein was ordered from R&D Systems®. RNeasy® Mini Kit was ordered from
QIAGEN®. dNTP Mix, GoScript™ Reverse Transcriptase, Random Primers and CellTiter 96
Aqueous One solution containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium  (MTS)  were purchased from  Promega. S-2-(4-
Isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid (p-SCN-Bn-DTPA) was ordered from
Macrocyclics™. Anti-CD44 antibody [KM81] and polyclonal rabbit anti-CD44 antibody were
purchased from Abcam. Pyridine p-toluenesulfonate, 2,4,6-trimethylbenzoyl chloride, 4-
(dimethylamino) pyridine, 4-methylmorpholine, 2-chloro-4,6-dimethoxy-1,3,5-triazine, H2/Pd/C,
lipopolysaccharide and N,N-dimethylformamide were ordered from Sigma. Rat anti-F4/80

antibody was purchased from Biorad. Atorvastatin was ordered from AstaTech Inc.

4.11.2. Synthesis of HA-ATV NP

Atorvastatin calcium salt (1g) was dissolved in DMF (15 mL) then 2 eq. of potassium carbonate
and 2 eq of benzyl bromide were added and stirred for 3 hours at room temperature. Then, the
reaction mixture was diluted with ethyl acetate and it was washed by sodium chloride solution.
The product was purified by running a silica column (1). Thereafter, it was dissolved in DMF and
50 eq. of 2,2-dimethoxypropane and 1 eq. of pyridine p-toluenesulfonate (PPTS) were added and
stirred for 8 hours at room temperature and the product was purified on column (2). Next, benzyl
group was removed through catalytic hydrogenation in methanol/dichloromethane (2:1) solution

(3). Subsequently, a linker (N-protected ethanolamine) was introduced into the diol protected
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atorvastatin through an ester bond formation as follows: 1 eq. of (3) was dissolved in anhydrous
acetonitrile, triethylamine (1 eq.), 2,4,6-trimethylbenzoyl chloride (1.2 eq.) and 4-(dimethylamino)
pyridine (1 eq.) were added. Next, 1.2 eq. of N-protected ethanolamine was dissolved in anhydrous
tetrahydrofuran and stirred for 1 hour. The reaction mixture was quenched using one drop of water
and the product was purified by running a silica column (4). Finally, amine group was deprotected

using catalytic hydrogenation in a mixture of methanol/dichloromethane (1:1) (5).

To prepare HA-ATV conjugate, HA was first protonated®®, then dissolved in a mixture of
water/acetonitrile (3:2). Subsequently, 4-methylmorpholine (1.2 eq.) and 2-chloro-4,6-dimethoxy-
1,3,5-triazine (0.4 eq) were added and stirred for 30 minutes. Then, ATV-linker (0.4 eq) (5) was
dissolved in a mixture of acetonitrile/DMSO (1:3) and added to HA solution and stirred for 36
hours at room temperature. Next, the reaction mixture was transferred to a dialysis bag (MWCO:
3 kDa) and dialysis was done against distilled water and PBS. Eventually PBS was replaced with

distilled water and the mixture was dried using a freeze-drier.

To prepare HA-ATV NP it was first dissolved in DMSO (8 mg/mL); then solution was transferred
to a syringe (needle size G30) and it was added dropwise to Milli-Q water (15 mL) slowly for 15
minutes with stirring speed of 500 rpm. Subsequently, the mixture was transferred to a dialysis
bag (MWCO: 3 kDa) to wash off the residue of DMSO. Dialysis was performed 6 time, every 12
hours in distilled water (2 L) at 4 °C. Then, nanoparticles were characterized for hydrodynamic
size and zeta potential using a dynamic light scattering (DLS) Zetasizer Nano zs apparatus
(Malvern, U.K.). To prepare FITC labeled HA-ATV-NP 1 mg of FITC was dissolved in HA-ATV
solution in DMSO and preparation of nanoparticle was performed as explained above. It is
noteworthy to mention that during FITC labelled HA-ATV NP preparation it was protected from

light. In addition, dialysis was done in water and PBS until complete removal of FITC. Finally,
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the prepared nanoparticles were concentrated using a centrifugal filter (MWCO: 10 kDa) and

stored at 4 °C.

4.11.3. Electrophoresis Gel for HA-ATV Conjugate

Agarose gel (0.8 %) was prepared through dissolving 0.96 gram of agarose in 108 mL of hot water
following addition of 12 mL of TAE buffer (10x). Then, pure HA (7 pg) and HA-ATV NP (11.7
ng) was placed on the gel and it was run at 150V for 1 hour. Next, the gel was stained using a
freshly prepared Stains-All dye solution (0.005%) in 50% ethanol solution and was kept in dark
overnight. Finally, the gel was destained in dark using 20% ethanol solution until HA spots were

appeared on the gel.

4.11.4. Radiolabeling of HA-ATV NP with *MT¢

p-SCN-Bn-DTPA (200 pg) was dissolved in DMSO (10 pL), then it was added to HA-ATV NP
solution (10 mg in 1 mL) and stirred overnight. Then p-SCN-Bn-DTPA conjugated HA-ATV NP
purified by washing through centrifugal filter (MWCO: 10kDa). Next, p-SCN-Bn-DTPA
conjugated HA-ATV NP (1.5 mg/mL) was mixed with 70 pL of pertechnetate (**"TcO%) solution.
Immediately, tin chloride (SnCl12) solution 20 pg in 2 uL of HC1 (0.1 M) was added and the mixture
was shaken for 30 minutes. Then, the nanoparticle solution was washed with water (4 times) and

PBS (5 times) using centrifugal filter MWCO (10 kDa) to remove unbound **™Tc.

4.11.5. HA-ATV NP Binding with CD44

Each well of a 96 well plate was coated by 100 puL of goat anti human IgG FC y containing 3pug
antibody dispersed in PBS. The plate was kept at 4 °C overnight while it was sealed to prevent
evaporation. Then, wells were washed with 200 uL of PBST solution (0.5% Tween 20) 3 times

waiting 1 minute for each wash. Thereafter, microplate wells were incubated with BSA solution
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(5% wi/v) for 2 hours at 37 °C to block non-specific binding. Then, wells were washed 3 times
using PBST solution (0.5% Tween 20) waiting 1 minute for each wash. After the last wash wells
were incubated with 100 pL of CD44 Fc chimera solution (0.2 pg/well, in PBS) for 45 minutes at
37 °C. Next, wells were washed 3 times (1 minute for each wash) by 200 uLL of PBST solution
(0.05% Tween 20) and wells were incubated with 100 pL of different concentrations of HA-ATV
NP (0.06, 0.125, 0.25, 0.5, 1, 2 and 4 pg/mL) containing 2.5 pg biotinated HA (b-HA) for 2 hours
at room temperature. Subsequently, wells were washed 3 times using 200 uL. of PBST solution
(0.05 % Tween 20) and 2 times with PBS solution (1 minute for each wash). Then, 100 pL of
freshly prepared avidin-HRP solution (1:2000 diluted, in 0.2% BSA) was added to each well and
incubated for 1 hour at room temperature. Thereafter, wells were washed 3 times using 200 pL of
PBST solution (0.05 % Tween) and 2 times with PBS solution (1 minute for each wash). Then,
chromogenic TMB solution (100 puL) was added to each well for 15 minutes until blue color was
developed. Finally, the reaction was quenched by adding 50 uLL of H2SO4 (0.5 M) solution and the

absorbance at 450 nm wavelength was measured by SpectraMax M3 plate reader.

4.11.6. HA-ATV NP Uptake by RAW264.7 Cells

Cellular uptake of HA-ATV NP by CD44 expressing cells RAW?264.7 was examined by FACS
analysis at 4 °C and 37 °C. Cells were cultured in a 6-well plate in the presence of 5% CO; at 37
°C until they become confluent. Then, fresh medium containing different concentration of FITC
labeled HA-ATV NP (33, 66 and 99 ug/mL) was replaced and it was incubated for 1 hour.
Thereafter, the medium was removed, and cells were washed with PBS. Next, cells were detached
by trypsin following addition of 5 volume of medium to neutralize the trypsin. Then, cells were

centrifuged, resuspended in DMEM and transferred to FACS tubes for analysis.
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After cellular uptake of FITC labeled HA-ATV NP they were looked by confocal microscopy.
RAW264.7 cells (2 x 10° cells/mL) were dispersed in DMEM containing FBS (10%) and allowed
to grow on a cover glass placed in each well of a 6-well plate overnight. Then, the medium was
removed and serum free DMEM containing FITC labeled HA-ATV NP (33 pg/mL) was incubated
with cells for 1 hour. Subsequently, lysotracker red (1 uM) was added to each well and incubated
for another 1 hour at 37 °C. Then, cells were washed 3 times by PBS and 1 mL of formalin solution
neutral buffered 10% was added for 15 minutes. After fixation, cells were washed by PBS 3 times
and 500 pL of DAPI solution (300 nM) was added for 5 minutes. Then, cells were washed 3 times
using PBS and the cover glass was placed over a microscope slide and images were gathered on

Nikon C2 confocal microscope.

4.11.7. Evaluating the Role of HA for Cellular Uptake of HA-ATV NP

RAW264.7 cells were cultured in a 6-well plate in the presence of 5% CO- at 37 °C until complete
confluency. Then, free HA (10 mg/mL) was added to the medium and after 30 minutes FITC
labeled HA-ATV NP (33 pg/mL) was added and incubated for another 45 minutes. Subsequently,
the medium was removed, cells were washed with PBS (3 times) and trypsin was added to detach
the cells. Then, 5 volume of DMEM was added to neutralize trypsin; cells were collected by

centrifuge (1600 rpm, 5 minutes) and dispersed in DMEM for FACS analysis.

4.11.8. Assessing the Role of CD44 for Uptake of HA-ATV NP in CD44 Expressing Cells

In a 96-well plate RAW264.7 cells were cultured until confluency. Then, cells were fixed by
addition of formalin solution neutral buffered 10% and they were washed by PBS 3 times using
centrifugation. Subsequently, KM81 antibody (60 ug/mL) was added to the fixed cells dispersed

in PBS for 1 hour. Then, cells were sedimented by centrifugation to remove unbound antibody and
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incubated with FITC labeled HA-ATV NP for another 1 hour. Finally, cells were washed with

PBS and their fluorescent intensity was measured using a plate reader.

4.11.9. Evidence for Cellular Uptake of ATV Through HA-ATV NP

It has been shown that statins become fluorescent after UV light exposure®’. Then, a solution of
HA-ATV NP was kept under UV light (254 nm) for 48 hours. Excitation and emission wavelengths
were measured using a spectrophotometer SupraMax. RAW264.7 cells (2 x 10° cells/mL) were
dispersed in DMEM containing FBS (10%) and allowed to grow on a cover glass placed in each
well of a 6-well plate overnight. Then, the medium was removed and serum free DMEM
containing UV-irradiated HA-ATV NP (33 pg/mL) was incubated with cells for 1 hour. Then,
cells were washed 3 times by PBS and 1 mL of formalin solution neutral buffered 10% was added
for 15 minutes. After fixation, cells were washed by PBS 3 times and the cover glass was placed
over a microscope slide containing anti-fade solution to prevent sample drying. Images were

gathered on Nikon C2 confocal microscope.

4.11.10. Measuring ATV Release from HA-ATV NP

In order to measure ATV release from HA-ATV NP UV absorbance of ATV was measured in a
1:1 ratio of THF/H20 mixture due to poor solubility of ATV in water. Then, HA-ATV NP dispersed
in water was kept in a dialysis bag (MWCO: 3kDa) under constant stirring in the presence of 0.5%
(w/v) sodium hydroxide. Subsequently, ATV amount was quantified through measuring UV
absorbance (A=248.5) in different time intervals and the amount of released drug was plotted
against time Figure 4-24. Calibration curve was obtained by measuring UV absorbance of

standards amount of ATV in the THF/H20 (1:1) solution containing 0.5% sodium hydroxide (v/w).
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Figure 4-24. ATV Release from HA-ATV NP in basic solution (NaOH 0.5%).

4.11.11. Anti-inflammatory Effects of HA-ATV NP

Mouse macrophage cells (RAW264.7) was used for in vitro studying of anti- inflammatory effects
of HA-ATV NP. Cells (2 x 10° /well) were dispersed in DMEM medium supplemented with FBS
(10%) and Pen Strep (1%) and cultured overnight in a 6-well plate in the presence of 5% CO at
37 °C. Then, the medium was removed and FBS free medium containing HA-ATV NP were added
and incubated for 15 hours. Subsequently, LPS was added to each well to reach the final
concentration of 100 ng/mL and incubated for another 4 hours. Then, the medium was removed,
cells were washed with PBS (2 times) and total RNA content of each well was extracted using
RNeasy Mini Kit. Immediately, the extracted RNA was purified using a TURBO DNA-free Kit,
quantified by NanoDrop and stored at -80 °C. cDNA was prepared from purified RNA and used
for real time PCR. All the primers for this experiment were purchased from IDT co Table 4. In

addition to inflammatory genes, the level of inducible nitric oxide synthase iINOS has been
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quantified in RAW264.7 cells. For this experiment cells were treated with LPS (100ng/mL) for 1

hour and then HA-ATV NP was added and incubated for 23 hours.

Table 4. Primer sequences of inflammatory genes for rt-PCR study.

gene forward primer (5— 3") reverse primer (5° — 3')

TNFa CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG

IL-1b TTCAGGCAGGCAGTATCACTC GAAGGTCCACGGGAAAGACAC

IL-1a CGAAGACTACAGTTCTGCCATT GACGTTTCAGAGGTTCTCAGAG

ICAM-1 GTGATGCTCAGGTATCCATCCA CACAGTTCTCAAAGCACAGCG

iNOS GTTCTCAGCCCAACAATACAAGA | GTGGACGGGTCGATGTCAC
4.11.12. Therapeutic Evaluation of HA-ATV NP In Vivo

For this experiment 20 weeks old ApoE knockout mice were fed a high fat Western diet (TD.88137
Harlan Laboratories) for 6 weeks. The presence of inflammatory atherosclerotic plaques was
confirmed through T2-weighted MRI using HA-NWs that was developed in our group earlier'®,
Then, therapeutic HA-ATV NP containing 8.5 mg ATV per one kg animal body weight was
administered to each mouse intravenously every other day for one week. Similarly, PBS solution
100 pL was administered to the control group of mice. In addition, ATV (8.5 mg/kg) was
administered orally through an oral gavage to positive control group of mice every other day for
one week. Then, mice were sacrificed, and their aorta harvested for further histology studies.
Moreover, T>-weighted MRI images of control and treatment group were collected 24 hours after

receiving the last shot of treatment.

4.11.13. Histology Study

Harvested aortas were soaked in 30% sucrose solution overnight. Then, samples were fixed in a
freshly prepared formalin solution, processed and embedded in paraffin. Subsequently, aorta
samples were sectioned using a rotary microtome and placed on glass slides and dried at 56 °C

overnight. The slides were subsequently deparaffinized in xylene then descending grades of ethyl
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alcohol to distilled water were used to hydrate the samples. Next, slides were placed in Tris
Buffered Saline (pH=7.4) (Scytek Labs — Logan, UT) for 5 minutes for pH adjustment.
Subsequently, sample pretreatment was performed using proteinase K (2%) in TE buffer (pH=8)
at room temperature for 3 minutes. Then, the samples were washed several times in distilled water
and endogenous peroxidase was blocked utilizing hydrogen peroxide/Methanol (3%) bath for 30
minutes followed by multiple water rinses. Next, pretreatments standard micro-polymer complex
staining steps were performed at room temperature on the IntelliPath™ Flex Autostainer. All
staining steps are followed by rinses in TBS autowash buffer (Biocare Medical — Concord, CA).
After blocking for non-specific protein with Mouse Block (Biocare) for 5 minutes; sections were
incubated with rat anti-F4/80 antibody (1:100) in normal antibody diluent (NAD-Scytek) for 60
minutes. Micro-Polymer (Biocare) reagents were subsequently applied for specified incubations
(15 minutes probe, 15 minutes polymer) followed by reaction development with Romulin AEC™

(Biocare) for 5 minutes and counterstained with Cat Hematoxylin (1:10) for one minute.

For CD44 staining samples were processed as mentioned above until pH adjustment in TBS buffer
(pH=7.4). Then, Heat Induced Epitope Retrieval in Citrate Plus (pH=6.0) (Scytek) performed in
vegetable steamer at 100 °C for 30 minutes; followed by 10 minutes room temperature incubation
and rinses in several changes of distilled water. Endogenous Peroxidase was blocked utilizing 3%
hydrogen peroxide/methanol bath for 30 minutes followed by running tap and distilled water
rinses. Following pretreatments standard micro-polymer complex staining steps were performed
at room temperature on the IntelliPath™ Flex Autostainer. All staining steps are followed by rinses
in TBS autowash buffer (Biocare Medical — Concord, CA). After blocking for non-specific protein
with Rodent Block M (Biocare) for 20 minutes; sections were incubated with polyclonal rabbit

anti-CD44 antibody (1:400) in normal antibody diluent (NAD-Scytek) for 60 minutes. Micro-

155



Polymer (Biocare) reagents were subsequently applied followed by reaction development with
Romulin AEC™ (Biocare) for 5 minutes and counterstained with Cat Hematoxylin (1:10) for one

minute.

4.11.14. Biodistribution Study

9MTc labeled HA-ATV NP (5 mCi/kg body weight) was administered intravenously to ApoE
knockout mice. Activity of syringe content was quantified before and after injection using a
dosimeter for precise quantification of administered dose. Comparably, **"Tc labeled HA-ATV
NP was injected to wild type mice. Subsequently, animals were sacrificed two hours after
injection; their organs (liver, kidney, spleen, heart, aorta, bone and lung) were collected and the

radioactivity was measured using a gamma counter.
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