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Abstract

This dissertation presents the development and evaluation of a novel

polysaccharide-based surface engineering strategy for nanomedicines.

Chapter one summaries the current status of nanoparticle toxicology.
Nanoparticles from natural and anthropogenic sources are abundant in the environment,
thus human exposure to nanoparticles is inevitable. Due to this constant exposure, it is
critically important to understand the potential acute and chronic adverse effects that
nanoparticles may cause to humans. In this chapter, we explore and highlight the current
state of nanotoxicology research with a focus on mechanistic understanding of
nanoparticle toxicity at organ, tissue, cell, and biomolecular levels. We discuss
nanotoxicity mechanisms, including generation of reactive oxygen species, nanoparticle
disintegration, modulation of cell signaling pathways, protein corona formation, and
poly(ethylene glycol)-mediated immunogenicity. We conclude with a perspective on
potential approaches to advance current understanding of nanoparticle toxicity. Such
improved understanding may lead to mitigation strategies that could enable safe
application of nanoparticles in humans. Advances in nanotoxicity research will
ultimately inform efforts to establish standardized regulatory frameworks with the goal
of fully exploiting the potential of nanotechnology while minimizing harm to humans.

(Chapter 1)

Chapter two introduces the use of polysaccharide heparosan (HEP) surface
modification on nanoparticles as an alternative to poly(ethylene glycol) (PEG) and
showed the investigation of the biological interaction of HEP coated nanoparticles with
cells. Nanoparticle modification with PEG is a widely used surface engineering strategy
in nanomedicine. However, since the artificial PEG polymer may adversely impact

nanomedicine safety and efficacy, alternative surface modifications are needed. Here,

xvi



we explored the ‘self” polysaccharide HEP to prepare colloidally stable HEP-coated
nanoparticles, including gold and silver nanoparticles and liposomes. We found that the
HEP-coating reduced the nanoparticle protein corona formation as efficiently as PEG
coatings upon serum incubation. Liquid chromatography-mass spectrometry revealed
the protein corona profiles. Heparosan-coated nanoparticles exhibited up to 230-fold
higher uptake in certain innate immune cells, but not in other tested cell types, than
PEGylated nanoparticles. No noticeable cytotoxicity was observed. Serum proteins did
not mediate the high cell uptake of HEP-coated nanoparticles. Our work suggests that
HEP polymers may be an effective surface modification technology for nanomedicines

to safely and efficiently target certain innate immune cells. (Chapter 2)

Chapter three describes the HEP-AuNPs uptake behavior and pathways in
immune cells and established controlling strategies for nanoparticle cellular uptake. Our
findings indicate that HEP-coated nanoparticles were endocytosed in a time-dependent
manner by innate immune cells via both clathrin-mediated and
macropinocytosis/phagocytosis pathways. Upon endocytosis, HEP-coated nanoparticles
were found in intracellular vesicles as well as in the cytoplasm, demonstrating the
potential for nanoparticle escape from these intracellular vesicles. Competition with
other glycosaminoglycan types inhibited the endocytosis of HEP-coated nanoparticles
only partially. We further found that nanoparticle uptake into innate immune cells can
be controlled by more than 3 orders of magnitude via systematically varying the HEP
surface density. Our results suggest there exists substantial potential for HEP-coated
nanoparticles to target innate immune cells for efficient intracellular delivery, including
into the cytoplasm. This HEP nanoparticle surface engineering technology may be
broadly used to develop efficient nanoscale devices for drug and gene delivery as well

as gene editing and immuno-engineering applications. (Chapter 3)

Xvil



Chapter 1 Introduction

1.1 Nanoparticle Classification and Physicochemical Properties

Nanoparticles comprise a class of materials with dimensions in the 1 to 100 nm
range that exhibit unique physical, chemical, and biological properties making them
distinct from their corresponding bulk materials or small molecule . Owing to their
unique material characteristics, nanoparticles are broadly used in a range of applications,
including industrial catalytic processes, energy conversion and storage, display
technologies, as well as cosmetics, medical devices, and therapeutics and diagnostics >
3. In addition to such rationally designed nanoparticles, we are constantly surrounded by
substantial amounts of naturally and incidentally formed particles, such as corrosion and
erosion derived nanoparticles in water and airborne nanoparticles from traffic and
industrial combustion ®7. The abundance of nanoparticles in the environment and
everyday consumer products makes human exposure inevitable. However, the potential

acute and chronic health risks that nanoparticles may pose to humans are poorly

investigated and understood.

In this article, we introduce the major nanoparticle classes and explore how their
corresponding physicochemical properties affect toxicity. Our discussion of the main
nanotoxicity mechanisms provides an overview of how nanoparticles interact with the
body at organ, tissue, cell, and biomolecular levels. Such mechanistic understanding is
enabled by diverse experimental and theoretical methods that have been developed and
applied for assessment and evaluation of nanotoxicity. We conclude our discussion with
a perspective on potential strategies to mitigate nanotoxicity with the goal to exploit the
full potential of nanotechnology for safe application in humans. We hope that our article

serves as a valuable resource that covers the current landscape of nanotoxicity research,

1



and that it will inspire new studies focused on expanding our understanding of
nanoparticle toxicity. Improved understanding of nanotoxicity may ultimately inform

the development of regulatory frameworks to minimize potential harm to humans

Nanoparticles can be grouped into three main classes: (i) natural, (ii) incidental,
and (iii) engineered nanoparticles (Figure 1.1 A-C). The first class is comprised of
natural nanoparticles that are ubiquitous in the environment and generated during
naturally occurring physical, chemical, and biological processes. Examples of such
natural nanoparticles include inorganic metal-based nanoparticles, e.g., naturally formed
silver nanoparticles, and organic nanoparticles, e.g., virus nanoparticles and exosomes
(Figure 1.1 A). The second class includes incidental nanoparticles that are generated
unintentionally as byproducts of industrial and non-industrial processes, such as
corrosion, combustion, or cooking. Examples include inorganic and organic combustion
products, such as metal- and carbon-based nanoparticles, respectively (Figure 1.1 B). In
the third class, engineered nanoparticles are intentionally designed and fabricated for
specific industrial and/or medical applications. Examples include zinc oxide and
titanium dioxide nanoparticles in sunscreen and liposomes for drug delivery applications
(Figure 1.1 C) ¥!'° An alternative terminology for natural and incidental nanoparticles
is ultrafine particles (UFPs). These UFPs are airborne particulates of less than 100 nm
in aerodynamic diameter. While incidental and engineered nanoparticles are typically of
anthropogenic origin, i.e. caused and/or prepared by human activity, natural

nanoparticles are generated without human intervention '

Beyond the classification by different sources of origin, the various nanoparticle
types can be further differentiated by their physicochemical properties (Figure 1.1 D).
Physicochemical properties, such as nanoparticle composition, size, surface chemistry,

and shape, are key factors that govern nanoparticle interactions with biological systems
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and biomolecules. These interactions can affect biomolecular and cellular signaling,
biological kinetics and transport, nanoparticle biodistribution, immunogenicity, and
toxicity (Figure 1.2) !!. Compared to samples of engineered nanoparticles, natural and
incidental nanoparticles tend to exhibit more heterogeneous physicochemical properties
with substantial variations in nanoparticle composition, size, surface chemistry, and
shape (Figure 1.1 A-C). This heterogeneity complicates assessment and understanding

of nanoparticle biological interactions, adverse effects, and toxicity.
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Figure 1.1: Nanoparticle classification and physicochemical properties

Nanoparticles can be broadly organized into three different classes: (A) natural, (B)
incidental, and (C) engineered nanoparticles. Nanoparticles from all of these classes can
be made from inorganic (i-iii) or organic (iv-vi) materials. In contrast to natural and
incidental nanoparticles, engineered nanoparticles typically exhibit narrow size
distributions as well as defined shape and surface properties. Panels A-C display
transmission electron micrographs of different inorganic nanoparticles (i. and ii. silver
nanoparticles; iii. upconversion (NaYF4/Yb,Er) nanoparticles) and organic (iv. cowpea
mosaic virus-like nanoparticles; v. carbon black nanoparticles; vi. doxorubicin-loaded
liposomes). Adapted with permission: (i) Refs 2, American Chemical Society, 2011; (ii)
Refs 3, American Chemical Society, 2011; (iii) Refs 4, Ivyspring International
Publisher, 2013; (iv) Refs !>, American Chemical Society, 2019; (v) Refs !¢, BioMed
Central; 2009; (vi) Refs '7, PLOS, 2014. (D) Schematic of various nanoparticle
physicochemical properties, including different nanoparticle compositions, sizes,
surface chemistries, and shapes.
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Figure 1.2: Schematic representation of nanoparticle adverse effects and
nanotoxicity

(A) Nanoparticle exposure pathways. Upon exposure, nanoparticles can interact with
organs/tissues (B), cells (C), and biomolecules (D). Major nanoparticle toxicity
mechanisms include: (E,i) the generation of reactive oxygen species (ROS); (E,ii)
nanoparticle disintegration and release of metal ions and organic species; and (E,iii)
nanoparticle-mediated activation of cell signaling pathways. Nanoparticle adverse
effects and toxicity can lead to cell apoptosis and necrosis (F), tissue/organ damage,
inflammation, and anaphylactic shock (G).



1.2 Nanotoxicology

The study of nanoparticle adverse effects and toxicity is commonly referred to
as nanotoxicology '8. Upon exposure, all three classes of nanoparticles, i.e. natural,
incidental, and engineered nanoparticles, may interact with organs, tissues, cells, and
biomolecules (Figure 1.2). In consequence, nanoparticle exposure may induce
undesirable and harmful nano-bio interactions and other downstream mechanisms that

can potentially result in adverse effects and nanotoxicity.

Nanoparticle toxicity may occur as a function of exposure route, dose,
concentration, exposure time, and frequency. Traditionally, these fundamental toxicity
factors are relevant for assessment of small molecule drugs and other compounds. In the
evaluation of nanotoxicology, these parameters are also widely used. However, beyond
these classical toxicology parameters, other important factors that may affect
nanoparticle toxicity need to be considered, including nanoparticle physicochemical
properties, such as material composition, size, surface chemistry, and shape (Figure 1.1
D). Compared to small molecules, these additional physicochemical variables make
nanotoxicity assessment complex, and evaluation of nanoparticle toxicity on a case-by-
case level may be required. For example, slight variations in nanoparticle surface
chemistry can result in significantly different toxicity, biodistribution, and elimination

profiles even if the nanomaterial core is the same '°2!.

To fully evaluate nanoparticle toxicity, nanoparticle structure and corresponding
physicochemical properties need to be completely understood and characterized. This
way observed toxic effects can be better attributed to certain nanoparticle properties for
establishing specific nanoparticle “structure-activity/toxicity” functional relationships.

As nanoparticle structural properties affect toxicity significantly, it is even more



challenging to evaluate the safety of nanoparticles that exhibit large variations in
physicochemical properties as seen often for natural and incidental nanoparticles
(Figure 1.1 A-B). It is therefore challenging to draw general conclusions about
nanoparticle toxicity, as nanotoxicity is dependent on complex interactions between
different physicochemical properties and the corresponding biological environment.
Based on this complexity, it is important to establish well defined standardized
methodologies for the systematic evaluation of nanotoxicity under relevant conditions
to achieve comparable toxicological data sets. However, this level of standardization has
not been achieved yet, which makes it difficult to provide general trends of nanotoxicity

for acute (<14 days) and chronic (>4 months) exposure regimens 22 .

To provide examples of the broad range of potential nanoparticle adverse effects
and toxicity, we have summarized reported studies that assessed nanotoxicity of
different nanoparticle classes and types in human subjects (Table 1.1). Table 1 also
includes studies that evaluated the toxicity of relevant engineered nanoparticles, such as
Ag and ZnO nanoparticles, on human subjects but without any reported clinical or
pathological findings, implying that the tested nanoparticles were safe and without
noticeable adverse effects under the specific testing conditions. For context, Ag and ZnO
nanoparticles are used in over-the-counter consumer products, such as anti-viral,
antibacterial, and anti-inflammatory products and compounds, as well as sunscreen >*-
25, We want to emphasize that detailed reports and systematic clinical studies of
nanoparticle toxicity in humans for various different nanoparticle types are limited. Most
published reports focus on the assessment of nanoparticle toxicity at cell culture and
animal model levels. However, these models do not fully recapitulate nanoparticle
toxicity responses in humans and are therefore limited in their predictive power of

possible hazards to humans 26.



Table 1.1: Examples of nanoparticle toxicity in human subjects.

Adverse Effect Nanoparticle Exposure Route, Toxicity Toxicity Ref.
Class and Type Deose, Duration, Mechanism Assessment
Number of Human
Subjects
Neurotoxicity Natural n/a Abnormal, age- Quantitative 2
Fe;04 (<20 nm) n/a associated magnetometry;

Chronic (many biomineralization of correlation

years) Fes;0s in the brain between Fes;0a

22 human subjects nanoparticle

concentration
in the human
brain and
Alzheimer’s
disease
Neurotoxicity Incidental Inhalation Inhalation of airborne  High-resolution 2
Fe3O4 and Fe2O3  n/a pollutant TEM, EELS,
(up to 150 nm) Chronic (many nanoparticles; and EDX
years) potentially enhanced analysis of

37 human subjects ~ ROS generation human  brain
leading to samples
neurodegenerative
diseases

Pulmonary Incidental Inhalation Upper airway Analysis of 14 %
toxicity Chemically 30,000 NPs/cm®  inflammation and cytokines in
complex (>10 times than systemic oxidative nasal lavage
mixtures (10-80 background levels)  stress with generation samples  and
nm) Acute (6 h per day of pro-inflammatory analysis of 8-
for 3 days) cytokines OH-dG and
17 human subjects creatinine  in
human  urine
samples
Vascular Incidental Inhalation Increased  systolic Measurement 7
dysfunction Diesel exhaust 1.2-10°NPs/cm® blood pressure and of forearm
nanoparticles Acute (up to 14 attenuated blood flow,
(<100 nm) days) vasodilation due to blood pressure,

16 human subjects ~ nanoparticle induced and biomarker
vascular  oxidative analysis of
stress human  blood

samples
Genotoxicity Incidental Inhalation DNA damage in Blood analysis
Silver n/a mononuclear for DNA

Chronic leukocytes due to damage using

76 human subjects  oxidative stress alkaline comet
induced by silver assay and
nanoparticles analysis of total

antioxidant
status, total
oxidant status,
total thiol, and
ceruloplasmin
in human blood
plasma samples
Immunotoxicity =~ Engineered Lv. Hypersensitivity Analysis of 3!
PEGylated 40-306 mg reaction and human blood
liposomes Acute (infusion for anaphylatoxin samples for
(Doxil,  ~100 1h) release due to complement
nm) 29 human subjects ~ complement terminal



None reported

None reported

Engineered
Silver (A: 5-10
nm, and B: 25-
40 nm)

Engineered
ZnO w/ and w/o
silane  coating
(up to 74 nm)

Ingestion

A: 100 pg/day; B:
480 pg/day

Acute (up to 14
days)

60 human subjects

Topical dermal
application

Up to 100 mg/mL
daily

Acute (up to 5 days)
5 human subjects

activation of
PEGylated liposomes

No clinically
important changes in
weight, BMI, blood
pressure, heart rate,
and laboratory
findings in blood and
urine samples

No nanoparticle
penetration through
stratum corneum; no
morphological or
redox changes

complex
(SC5b-9) to
correlate
complement
activation with
hypersensitivity
reaction
Analysis of
human  blood
and urine
samples,
including
hematology,
ELISA for ROS
and pro-
inflammatory
cytokines, MRI
Analysis of
nanoparticle
skin penetration
using
multiphoton
tomography
and
fluorescence
lifetime
imaging
microscopy
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To emphasize the importance of composition and other physicochemical properties on
nanoparticle adverse effects and toxicity, we highlight a study by Mills et al. that assessed
adverse vascular side effects in 16 healthy human subjects exposed to combustion-derived
nanoparticles from diesel exhaust over an acute exposure duration of 14 days 7. Impaired
vascular function in study subjects was observed due to oxidative stress caused by inhalation of
diesel exhaust nanoparticles. In contrast, when study subjects were exposed to filtered exhaust,
i.e. exhaust without nanoparticles, or air containing pure carbon nanoparticles, vascular
impairment was not observed. These findings indicate that nanoparticle composition along with

other physicochemical properties play key roles in nanotoxicity.

Other important nanoparticle physicochemical properties that affect nanotoxicity
include size, surface chemistry, and shape (Figure 1.1 D). For more detailed information on
how nanoparticle physicochemical properties affect nano-bio interactions, adverse effects, and
toxicity, we refer interested readers to excellent review articles by Chan and Howard groups,

respectively 18,

Nanoparticle size is a physicochemical parameter that has been reported to affect cellular
uptake efficiency and cytotoxicity 3*. A study by Pan et al. reported size-dependent cytotoxicity
of gold nanoparticles with identical surface chemistry on fibroblasts, epithelial cells,
macrophages, and melanoma cells in cell culture **. The researchers reported that nanoparticles
with a diameter of 1.4 nm exhibited the highest cytotoxicity, while nanoparticles with a diameter
of 15 nm had no reported toxicity. The esearchers listed size-dependent nanoparticle cell uptake
kinetics and interactions with the cell plasma membrane promoting cell apoptosis and necreosis

as potential reasons for the observed differences in cytotoxicty.

In addition to nanoparticle size, surface chemistry is another important parameter that
directly affects nanotoxicity. For example, a study by Bozich and coworkers concluded that gold

nanoparticles with an overall positive surface charge exhibited a greater extent of toxicity on
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Daphina magna model organisms compared to negatively charged gold nanoparticles of the
same core size 3°. Similarly, Lee and coworkers reported enhanced cytotoxicity of positively
charged gold nanoparticles upon evaluation of mouse breast cancer 4T1 cells in cell culture .
In comparison to neutral nanoparticles, there was a substantial reduction in cell viability of
~50% for positively charged nanoparticles. Potential reasons for the increased toxicity of
positively charged nanoparticles include a higher electrostatic attraction of nanoparticles to
negatively charged cell surfaces and overall increased nanoparticle cellular uptake, potentially
leading to increases in oxidative stress and reactive oxygen species 738, As the nanoparticle
surface interacts directly with biomolecules and biological systems, it is a driver of cellular
uptake and intracellular transport kinetics **. In addition, surface chemistry and surface charge
are key factors of nanoparticle agglomeration and aggregation, which are additional variables

that need to be considered in the assessment of nanotoxicity 3.

Besides size and surface chemistry, nanoparticle shape may significantly affect
nanotoxicity ¥, For example, a study by Zhao and coworkers reported increased cytotoxicity of
needle- and plate-shaped nanosized hydroxyapatite compared to sphere- and rod-shaped
nanoparticles in human lung BEAS-2B epithelial cells #!. A potential reason for the increased
cytotoxicity may be that needle- and spike-like nanoparticle shapes potentially puncture cellular
membranes leading to compromised cellular integrity and cell death. The shape properties of
micro- and nanoparticles can also induce physical activation of innate immunity. As reported
by Wang et al., TiO2 microparticles exhibiting nanospikes can exert mechanical stress on cells
which can lead to potassium efflux and inflammasome activation in macrophages and dendritic
cells 2. These findings highlight the potential of nanoparticle shape to tune nanoparticle
immunogenicity by physical cues which could potentially be attractive for vaccination and

immunotherapy approaches.

Nanoparticle physicochemical properties not only affect cellular interactions but may
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also determine biodistribution, clearance, and elimination 4***, For example, nanoparticles with
sizes smaller than 5.5 nm will be eliminated rapidly via kidneys into urine *. Nanoparticles
larger than the renal cutoff size are often efficiently sequestered by cells in the liver and spleen,
including Kupffer cells, B cells, T cells, and endothelial cells °, and may be eliminated to

2l Understanding how nanoparticle

various extent via the hepatobiliary pathway
physicochemical properties affect nano-bio interactions will provide an opportunity to control
nanoparticle fate and toxicity inside the body. Such control may ultimately lead to more potent
nanoparticle-based medical treatments and diagnostics with reduced side effects and toxicity for
patients. An example for this is the use of liposomes that encapsulate the small molecule cancer

drug doxorubicin. Compared to treatment with free drug, FDA-approved doxorubicin liposomes

(i.e. Doxil®) can reduce cardiotoxicity to improve the quality of life for cancer patients 7.
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1.3 Nanotoxicity Mechanisms

There are a number of different pathways how nanoparticles can enter the body. These
pathways include, inhalation, oral ingestion, ocular exposure, skin deposition, and intravenous
administration (Figure 1.2 A) %! The inhalation of airborne nanoparticles is a major
exposure pathway and allows nanoparticles to enter and deposit in lung tissues and the alveolar
region (Figure 1.2 B) °2. Accumulation of nanoparticles in the lung can lead to oxidative-stress

33.54 Maher and coworkers

mediated lung inflammation at both acute and chronic stages
reported that magnetite nanoparticles can enter the brain via the olfactory bulb 2%, Brain
accumulation of magnetite nanoparticles that are abundant in airborne particulate matter
pollution can lead to enhanced production of reactive oxygen species which is causally linked

to neurodegenerative diseases, such as Alzheimer’s disease 25 .

After entering the body, nanoparticles may interact with the initially encountered organ
or tissue. Nanoparticles may also translocate and enter the bloodstream (for example in the lung)
to access distant organs/tissues via systemic transport (Figure 1.2 B) °%%7. Within organs,
tissues, and the blood, nanoparticles can interact with cells and intracellular organelles to
potentially cause toxicity at cellular and subcellular levels (Figure 1.2 C). It is important to
point out that upon entry into the body nanoparticles interact with a variety of different
biomolecules, including proteins, sugars, lipids, and nucleic acids (Figure 1.2 D). These
interactions result in the formation of a biomolecular nanoparticle surface corona, often referred
to as protein corona. Protein corona (or biomolecular corona) formation may change
nanoparticle surface chemistry substantially and ultimately affect nanotoxicity. The binding of
proteins to nanoparticle surfaces may also lead to protein unfolding °%°. This process may

induce the loss of protein function and may cause immunotoxicity 6!

. In addition, the protein
configuration change can lead to adverse effects and toxicity via cell signaling pathway

activation *°, enzyme function loss %, nanoparticle aggregation 8, new antigenic site formation
) y
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83, and protein fibrillation .

At the cellular level, direct interaction between nanoparticles and cells may result in
physical damage of cell membrane structures 9%, For example, graphene nanoparticles have
been reported to cause physical damage, cytoskeletal dysfunction, and abnormal morphological
stretching in different cell types as a result of the blade-like shape of these materials . In
addition, nanoparticles may be able to block cell membrane receptors and membrane ion
channels, which may interrupt normal cellular biofunctions and homeostasis 7. Leifert et al.
reported that 1.4-nm gold nanoparticles were able to block voltage-gated potassium channels in

vitro, which may lead to unwanted cardiac malformation in mice .

A major nanotoxicity mechanism is the generation of reactive oxygen species (ROS),
such as singlet oxygen, superoxide anion radical, oxygen radical, peroxide ion, hydrogen
peroxide and hydroxyl radical (Figure 1.2. E). ROS generation can occur in different ways. One
way is through one-electron oxidative reactions with transition metals or nanoparticle surface
groups %%, Tt is important to note that a nanoparticle exhibits a relatively large surface area
compared to the particle volume. An increase in surface area is typically accompanied by an
increase in chemical reactivity potentially leading to increased ROS production. Another ROS
generation mechanism is via mitochondrial respiration and subsequent ROS release into the
cytoplasm through pores in mitochondrial membranes created by nanoparticles . In healthy
cells, an equilibrium is maintained between intracellular antioxidants and ROS. However,
intracellular nanoparticles can directly damage mitochondria, causing an increase in
intracellular ROS and oxidative stress 7°. Enhanced intracellular ROS levels may stimulate
further ROS release from mitochondria through a process called ROS-induced ROS release
(RIRR). This process can substantially increase intracellular ROS levels and amplify the
oxidative imbalance 7!. High levels of ROS can cause oxidative stress and damage to cellular
organelles, DNA, cell membranes, ion channels and cell surface receptors leading to adverse

effects and toxicity.
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Metal or metal oxide nanoparticles are used in preclinical and clinical applications, such

2. However, corrosive tissue

as 1imaging, photothermal therapy, and biosensors
microenvironments and lysosomal degradation may disintegrate nanoparticles to release
potentially harmful metal ions (Figure 1.2 E). For many nanoparticles, including Ag, CdSe,
Zn0O, and Fe304 nanoparticles, released metal ions may generate high levels of oxidative stress
and are main sources of nanotoxicity. For example, Ag(I) ions released from silver nanoparticles
can cause DNA damage, ROS generation and cell membrane destruction as reported from cell
culture studies >. We want to emphasize that nanotoxicity results obtained in cell culture studies
do not necessarily recapitulate the nanoparticle toxicity potential in animal models or human
subjects. For example, CdSe quantum dots were found to be toxic in cell culture, but there was

no reported toxicity in animal models 7+-77.

The generation of high levels of ROS and the release of harmful metal ions from
nanoparticles have been reported to affect a variety of cell signaling pathways, such as nuclear
factor kappa-light-chain enhancer of activated B cell (NF-kB), mitogen activated protein kinase
(MAPK), Akt, and Src (Figure 1.2 E) *3! Activation and modulation of these signaling
pathways can affect cell proliferation, differentiation, and cell survival. Nyga et al. reported that
cobalt nanoparticles can stabilize hypoxia-inducible factor (HIF) protein and upregulate HIF
gene expression. HIF pathway activation can affect cell growth, cell survival, apoptosis, and
metabolic adaptation 3283, Importantly, there can be interplay and synergistic effects between
ROS generation, cell signaling modulation, and nanoparticle disintegration. For example,
nanoparticle disintegration may lead to modulation of signaling pathways and/or induce ROS
generation 3*; ROS generation can activate numerous signaling pathways or cause nanoparticle
disintegration; and in turn, different cell signaling pathways can induce ROS generation %’
These mechanisms may cause damage of cell membranes, intracellular organelles and nucleic

acids and eventually lead to cell apoptosis or necrosis (Figure 1.2 F). Loss of functional cells
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may compromise organ function and result in organ damage or inflammatory responses (Figure
1.2 G). Moreover, cell apoptosis, necrosis, and pyroptosis may lead to the release of large
amount of intracellular content to potentially cause local inflammation or systemic immune

responses (Figure 1.2 G) 388,

In addition to the toxicity caused by nanoparticle core materials, surface components
may also contribute significantly to nanoparticle adverse effects and toxicity. For example,
researchers coat nanoparticle surfaces with polymers, such as dextran and poly(ethylene glycol),
PEG, to reduce adsorption of proteins and other biomolecules and to prolong nanoparticle blood
circulation times %>, Thus, PEG is widely used in preclinical and clinical studies for surface
modification of nanomedicines. However, PEG may induce hypersensitivity reactions and

anaphylaxis in human subjects mediated by anti-PEG antibodies 312,

Upon an initial systemic administration of PEGylated nanoparticles, anti-PEG IgM may
be generated by marginal zone spleen B cells (Figure 1.3 A-B). The anti-PEG IgM then target
PEGylated nanoparticles during subsequent administrations causing complement activation via
the classical pathway (Figure 1.3 C) °*%. Upon activation of the complement system,
anaphylatoxins will be released, including platelet-activating factor, histamine, or cytokines,
resulting in hypersensitivity reactions °’. Kozma and coworkers documented the causal
relationship between complement activation by anti-PEG IgM and hypersensitivity reactions in
pig models. Although the study was conducted in pigs, it provides valuable insights into
potential PEG-related toxicity mechanisms in humans °%. Other studies reported that
hypersensitivity to nanoparticles surface components may be induced by complement activation
via alternative pathway. This pathway does not dependent on anti-PEG antibodies and is not
limited to PEGylated nanoparticles *-!%°, More in-depth studies are needed to fully elucidate the
underlying mechanisms of hypersensitivity reactions. In addition to complement activation-

related pseudoallergy (CARPA) reactions, complement independent pseudoallergy (CIPA) is
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caused by anti-PEG IgG (Figure 1.3 C). Mechanistically, a nanoparticle binds to anti-PEG IgG
forming the nanoparticle-IgG complex. This complex can bind to the Fcy receptors on mast
cells, basophils, and neutrophils resulting in the release of platelet-activating factor, histamine,

or cytokines, to induce hypersensitivity reactions 191-103,

Hypersensitivity reactions often occur during second and later stage administration of
PEGylated nanoparticles. However, hypersensitivity reactions have also been observed during
the first dosage in human subjects. A potential explanation for this is the abundance of pre-
existing anti-PEG IgG in humans %2, Tt has been reported that humans who had never received
PEGylated materials and drugs exhibit pre-existing anti-PEG IgG in various amounts 104105,
According to a study by Yang et al., anti-PEG antibodies were detected in 72% of contemporary
human samples, while 56% of historical samples from the past 30 years exhibited anti-PEG
antibodies. A large number of humans exhibit detectable levels of anti-PEG IgG and IgM and
these numbers are expected to increase in the future as a result of human exposure to products
that contain PEG, such as over-the-counter medication, cosmetics, and other everyday consumer
products °7!2, Besides hypersensitivity reactions, complement activation can also directly
attack the lipid membrane of drug-carrying nanoparticles, such as doxorubicin liposomes, to
release encapsulated chemotherapy drugs prematurely. Such premature drug release may affect
the therapeutic effect of nanomedicines and could potentially contribute to additional
nanotoxicity concerns ''*. Anti-PEG immunity may also contribute to the so-called accelerated
blood clearance (ABC) phenomenon (Figure 1.3 C) !5, Upon repeated administration of
PEGylated nanoparticles, anti-PEG IgM opsonization may trigger efficient nanoparticle
phagocytosis. As a result, nanoparticles may accumulate to a large extent in cells and organs of
the mononuclear phagocyte system, including the liver, after their first administration. Besides
the observed decrease in nanoparticle therapeutic efficacy upon ABC, acute and chronic

nanotoxicity of sequestered nanoparticles are of substantial concern.
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Figure 1.3: Anti-PEG immunogenicity induced mechanisms of nanoparticle
pseudoallergic infusion reaction cascade and accelerated blood clearance (ABC)
phenomenon

(A) Anti-PEG immune responses can be stimulated by intravenous administration of
PEGylated nanoparticles. These nanoparticles can stimulate spleen marginal zone B cells and
plasma B cells to produce anti-PEG IgM and IgG, respectively. (B) Anti-PEG IgM and IgG
can bind efficiently to PEGylated nanoparticles. (C,i) The complement (C) activation-related
pseudoallergy (CARPA) mechanism is initiated by anti-PEG IgM binding to the nanoparticle
surface. In a subsequent step, the complement system is activated via the classical pathway.
This activation leads to generation of anaphylatoxins that stimulate different types of innate
immune and blood cells, including macrophages, mast cells, basophils, and granulocytes, to
release secondary mediators of pseudoallergy, such as histamine, TXA2, PAF, Tryptase, LT2-
4, and IL-6. (C,ii) The complement independent pseudoallergy (CIPA) is characterized by anti-
PEG IgG binding to nanoparticles. The anti-PEG IgG Fc fragment can bind to Fcg receptors
on macrophages, mast cells, and basophils, to release secondary mediators of pseudoallergy.
(C.iii) The rapid blood clearance of PEGylated nanoparticles upon repeated administration is
referred to as the ABC phenomenon and is mediated in part by anti-PEG IgM opsonization
leading to efficient nanoparticle phagocytosis and accumulation in cells and organs of the
mononuclear phagocyte system, including the liver.
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1.4 Nanotoxicity Assessment

Toxicity assessments are used to evaluate the safety of nanoparticles. In Table 1.2, we
have summarized examples of commonly used cell culture and animal toxicity tests used for
nanotoxicity assessment. Cell culture studies enable the nanotoxicity evaluation for various
model animal and human cell lines and are beneficial due to their simplicity, scalability, low
cost, and throughput. However, cell culture studies, in contrast to animal models, lack complex
physiology and are limited in their predictive power of nanotoxicity for other species and
humans. Animal model testing allows to account for complex physiological environments
during nanotoxicity assessment but may be limited in predicting toxic responses and adverse
effects in humans. Computational nanotoxicity methods can help to bridge the gaps between
cell culture, animal models, and human subjects and will substantially impact nanotoxicity
modelling and prediction in the future !¢, Computational studies can reduce the need, cost, and
time required for animal and cell nanotoxicity testing ''"-!'°. However, due to the lack of
standardized protocols for nanotoxicity testing, published studies exhibit substantial
heterogeneities in term of nanoparticle characterization, dose metrics, experimental methods,
data completeness, reducing the overall statistical power and accuracy of computational models

for nanotoxicity predictions 20121,
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Table 1.2: Examples of nanoparticle toxicity assessment tools.

Assessment tools Ref.

Cell culture level toxicity tests
Cell membrane integrity LDH assay 122
Cell morphology Microscopy 123

Cell necrosis and apoptosis
Cell viability and cell death
DNA damage

and gene expression
Hemoglobin release
Inflammation

and immune responses

Ion channel disruption
Mitochondrial damage
Protein structure

ROS generation

Flow cytometry 124

MTT assay, live/dead assay, flow cytometry, trypan blue, WST 125

Comet assay with formamidopyrimidine-DNA glycosylase (Fpg)  '?

treatment; gene expression levels monitored by gPCR

Hemolysis assay 127

ELISA 128

Patch-clamp experiment 129

Mitochondrial membrane potential (MMP) measurements 130

CD, DSC, FTIR, cryo-EM 131

DCFH assay, fluorescence lifetime imaging microscopy 132,133

Animal and human level toxicity tests

Biochemistry
Hematology

Histopathology
Pharmacokinetics and
pharmacodynamics
Skin test

Survival studies

Clinical trials (phase I-IV)

Tissue-damaging enzymes (ALP, LDH, ALAT), cytokine analysis 134

Hemoglobin content, total protein, total erythrocytes and '3

leukocytes counts

Tissue sections (hematoxylin/eosin, immunohistochemistry) 134,136

MRI, PET, SPECT, CT, ICP-MS, fluorescence, biodistribution, 3137
clearance, and elimination

Skin penetration and skin allergic reactions

Kaplan-Meier analysis, survival curves, median survival, LCso, %

LDso

Safety and toxicity data on human subjects 138
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1.5 Strategies to Mitigate Nanotoxicity

By understanding the underlying toxicity mechanisms, researchers can start to devise
strategies for mitigating nanoparticle adverse effects and nanotoxicity. While few studies focus
on manipulating the nanoparticle core composition, the majority of reported approaches center
around the modification of nanoparticles surface chemistry and surface properties. For example,
silica coating and polymer encapsulation strategies can be used to control nanoparticle
disintegration and ion release kinetics of metal and metal oxide nanoparticles to mitigate metal

14139-142 * Another popular approach is to passivate

ion induced toxicities and ROS production
the nanoparticle surface with PEG for reducing biomolecular corona formation and for
camouflaging nanoparticles. However, due to the immunogenic potential of PEG, other
nanoparticle surface coating technologies are urgently needed that provide similar camouflaging
properties as PEG but without side effects for patients, including hypersensitivity, allergic
reactions, and anaphylactic shock. A creative approach to addressing this challenge is to wrap
nanoparticles in cell plasma membranes, such as membranes derived from erythrocytes 4. Red
blood cell membrane coated nanoparticles exhibit minimal protein corona formation, toxicity,
and immunogenicity. These strategies can be effective in mitigating the nanotoxicity potential
of engineered nanoparticles to provide safer and more potent nanomedicines in the future and
to use nanoparticles for safe applications in consumer products and industrial processes.
However, it is difficult to apply such strategies to natural and incidental nanoparticles. The
nanotoxicity of these nanoparticles may be mitigated by antioxidant therapy or by reducing

human exposure to these nanoparticles via respiratory protection, including masks and other

protective equipment '3%144,
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1.6 Perspective and Conclusion

One of the most pressing questions in conversations about nanoparticles it whether
nanoparticles are toxic. The answer to this question is not straightforward as nanotoxicity
depends on many parameters. Great caution is required to not generalize nanoparticle safety and
toxicity concerns. At current state, the evaluation of nanoparticle toxicity requires careful case-
by-case assessment, because biological and pathological effects are determined by a number of
variables, including nanoparticle physiochemical properties, exposure route, dose, duration, and
others. This is in line with recent thoughtful editorials, viewpoints, and correspondences on
nanoparticle risk assessment and nanosafety 4-1°°, Nanotoxicity is a highly important and
timely research area, as human exposure to different nanoparticle classes and types will continue

to increase in the future.

One of the main barriers to advancing progress in nanotoxicology is the lack of unified
and standardized procedures of nanoparticle characterization, risk assessment methods, and
reporting 21145151 For example, nanoparticle dose metrics are used and reported differently in
different research studies, including mass-, surface area-, or nanoparticle number-based metrics
18 Tt will be important to standardize nanoparticle dose metrics in experimental design and data
reporting to facilitate data mining and computational approaches, such as the NanoSolvelT
project, that use multi-scale physics-based and data-driven models, including toxicogenomics
and biokinetics, for integrated in silico nanoparticle risk assessment !¢, Modeling and prediction

of nanotoxicity require harmonized and integrated datasets to train the computational models.

These datasets are typically obtained from conventional nanotoxicity studies that are
based on in vitro cell culture studies and/or in vivo animal model experiments. There are
ongoing debates within the research community about the potential and power of these models

for predicting nanotoxicity in humans 7119120134 * A limitation for assessment of potential
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nanoparticle risks in those simplified models is that it is difficult to model chronic long-term
exposure in laboratory animals that exhibit significantly shorter lifespans than humans do.
However, data on chronic low dose nanoparticle exposure might provide valuable new insights
on the long-term toxic effects of nanoparticles. Great attention and care should be placed on
evaluating and understanding the mechanisms of nanotoxicity in biologically and
physiologically relevant models. This may require new models of toxicity evaluation that exploit

152153 machine learning approaches ''7, and the

high throughput screening methods
development of new 3D microfluidic based tissue chips and organoids aimed at better
recapitulating human physiology 416, Such advanced tissue models combined with advanced

157-160

optical imaging and single-cell analytical methods, such as single-cell RNA sequencing

and single-cell elemental quantification could provide powerful tools to assess nanotoxicity at

an individual cell level !,

As nanoparticles may trigger immunogenicity and immunotoxicity, as observed in some
cases with PEGylated nanomedicines, the formulation of non-immunogenic nanoparticles is
required. This may be achieved by coating nanoparticles with PEG-alternatives, such as

zwitterionic polymers or cell derived plasma membranes !'6%163

. Recently, Lazarovits and
coworkers reported a method to create a new class of size- and shape tunable nanoparticles that

are made entirely from patient-derived proteins. These nanoparticles are biodegradable and do

not activate innate or adaptive immunity following systemic administration in animal models

164

Nanotoxicology research will greatly benefit from the convergence of disciplines, such
as materials science, chemistry, engineering, biology, medicine, and toxicology, to answer the
pressing questions if nanoparticles are safe for applications in humans and if yes, under which
conditions. Ultimately, such concerted research will inform regulatory agencies and catalyze the

generation of frameworks to exploit the full potential of safe nanoparticles in humans.
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Chapter 2 Nanoparticle Surface Engineering with Heparosan
Polysaccharide Reduces Serum Protein Adsorption and Enhances Cellular

Uptake

2.1 Introduction

Nanoparticles provide flexible platforms for the development of drug delivery

8,9,44,165-167

technologies, disease diagnostics, and vaccines . Yet, upon exposure to physiological

fluids, proteins adsorb onto the nanoparticle surface to form a layer termed the protein

Corona168,l69

. This protein corona can alter the biological fate and immunogenicity of
nanoparticles'®17!, For example, certain proteins can undergo configurational changes upon
adsorption to nanoparticle surfaces, potentially resulting in nanoparticle aggregation or the

58,63

presentation of novel antigenic sites . To address this challenge, nanoparticle surface

modifications with synthetic polymers are commonly used in nanomedicine to enhance colloidal

stability and reduce the non-specific protein adsorption !436:162172.173,

While the FDA has approved the clinical use of nanoparticles with polymer coatings,
such as poly(ethylene glycol) (PEG) and dextran, these coating agents have been reported in
some cases to impact nanomedicine safety and efficacy adversely 717, These reports have
raised growing clinical concern about anti-PEG immunogenicity, which may be amplified by
the widespread use of PEG in cosmetics, health care products, and over-the-counter medications
104177 Recently, the PEG-coated nanoparticles have been developed as COVID vaccines. The
U.S. Centers for Disease Control and Prevention reported an allergic rate of 11.1 per million
administered doses of Pfizer/BioNTech’s COVID vaccine, and a boosted injection indicated a
mean of 1.78-fold increase of anti-PEG antibodies '°-!!!, The allergic reaction of PEG to the
vaccines carried the high risk of anaphylaxis. Anti-PEG antibodies can bind to PEGylated

nanoparticles, which may induce undesired immune responses, including premature clearance

24



of nanomedicines, allergic reactions, and anaphylaxis 3101104108, 11L178-180 "There s a need to
investigate alternative nanoparticle surface modifications that can address the shortcomings of

PEGylated nanomedicines '8!,

Here, we explored the polysaccharide heparosan (HEP) as a biocompatible nanoparticle
surface modification agent. The HEP polysaccharide is a biosynthetic precursor in the

anticoagulant polysaccharides pathway in animals 82183,

In a previous report, no
immunogenicity was observed when HEP was used as a surface coating agent for drug delivery
liposomes in vivo '8, While some reported studies used HEP-coated liposomes and micelles
184-187 " we demonstrate here the broad applicability of HEP surface modifications for various
inorganic and organic nanomaterials (i.e. gold nanoparticles (AuNPs), silver nanoparticles
(AgNPs), and synthetic liposomes). Using AuNPs as a model system, we systematically

characterized HEP-based surface modifications and quantitatively assessed the associated

biological interactions.

First, we adopted two different methods, salt aging and pH reduction, to efficiently
functionalize the negatively charged HEP on the surface of AuNPs of various sizes. Then,
AuNPs with various HEP surface densities were exposed to serum-containing media, and we
compared the protein corona characteristics to PEGylated nanoparticles. Next, we performed
label-free liquid chromatography tandem mass spectrometry (LC-MS/MS) to study the protein
corona profiles of HEP- or PEG- functionalized AuNPs. We quantified the cytotoxicity,
cytokine release profiles, and the cellular uptake of these HEP- or PEG-coated AuNPs upon
exposure to various cell types. Additionally, we assessed the cellular uptake profiles of HEP- or
PEG-coated AgNPs and liposomes. Our results indicate that HEP polymers may be an effective

surface modification technology for nanomedicines.
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2.2 Materials and Methods

2.2.1 Nanoparticle synthesis (15-nm, 55-nm, or 100-nm AuNPs; 55-nm AgNPs; and
liposomes)

A redox reaction-based bottom-up synthesis approach was used for the synthesis of 15-
nm, 55-nm, or 100-nm AuNPs. Aqua Regia was used to clean the reaction flasks before
synthesis. Aqua Regia is prepared as a 3:1 ratio of hydrochloric acid (Sigma-Aldrich, ACS

reagent, 37%) and nitric acid (Sigma-Aldrich, ACS reagent, 70%).

Based on a protocol published by Turkevich et al., we synthesized 15-nm gold
nanoparticles '3, Briefly, 98.9 mL nanopure water and 1.0 mL of 0.102M sodium citrate tribasic
dihydrate (Sigma-Aldrich) were prepared in aqua regia-cleaned 250 mL Erlenmeyer flask. This
flask was then placed on a hot plate with settings of 300 °C and ~200 rpm. When the mixture
solution in this flask started boiling, 100 pul of 0.25 M aqueous gold (III) chloride trihydrate
(Sigma-Aldrich) was added rapidly, and the stirring speed was increased to ~ 400 rpm. Next, a
7 min timer was set. During this 7 min of reaction, the color of the solution changed from purple
to cherry red. After 7 min, the flask was placed on ice to quench the reaction and then stored at
4°C. To prevent nanoparticle aggregation, Tween 20 (Sigma-Aldrich, Molecular Biology,
Grade) was added with a final concentration of 0.01% (v/v) Tween20. To concentrate and wash,
nanoparticles were centrifuged at 15,000 xg for 90 minutes using a ThermoFisher Heraeus
Multifuge X3R centrifuge. Both DLS and UV-Vis spectrophotometry measurements were

performed for nanoparticle quality assessment.
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To synthesize larger nanoparticles, a seed-mediated synthesis protocol from Perrault et
al. was adopted 3. The 15-nm seed gold nanoparticles were prepared by the previously
described protocol; these ‘seed’ particles were transferred to a new clean flask to synthesize 55-
nm AuNPs. The solutions were added and mixed in the following order at room temperature
and 400 rpm: 93.7 mL of nanopure water, 0.967 mL of 15-mM aqueous sodium citrate tribasic
dihydrate, 0.967 mL of 25-mM aqueous gold (II) chloride trihydrate, 3.35 mL of citrate-
stabilized 2.4-nM 15 nm gold nanoparticles (without the addition of Tween 20), and 0.967 mL
25-mM aqueous hydroquinone (Sigma-Aldrich, ReagentPlus, > 99.0%). The solution turned
from light pink into dark wine-red right after the addition of hydroquinone. After the overnight
reaction, 1 mL, 10% Tween 20 (v/v) was added to this mixture to get a final Tween 20
concentration around 0.1% (v/v). Nanoparticles were centrifuged at 2,000 xg for 120 minutes,
and then the supernatant was discarded. Pellets were washed with 0.1% (v/v) Tween 20 and
0.01% (w/v) sodium citrate tribasic dihydrate solution for 3 times following centrifugation at
2,000 xg for 30 minutes. Nanoparticles were dispersed in 0.1% (v/v) Tween 20 and 0.01% (w/v)
sodium citrate tribasic dihydrate solution, and then both concentration and hydrodynamic
diameter were measured by UV-Vis spectrophotometry and DLS, respectively. The nanoparticle

dispersion was stored at 4 °C until further use.

A modified one-pot method was adopted for the synthesis of 55-nm citrate-capped silver
nanoparticles (AgNPs) 0. Briefly, tannic acid and sodium citrate tribasic dihydrate were added
into 100 mL of boiling nanopure water for final concentrations of 5 mM and allowed to stir
vigorously for 15 minutes. Then, 0.1 mL of 250 mM silver(I) nitrate was immediately added to

the reaction and boiled for 15 minutes.
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Uncoated liposomes and PEG-coated liposomes were prepared based on a published

154 Briefly, uncoated liposomes with a fluorescent tag for imaging were prepared by

paper
adding a stock of 0.44 mg/mL DiO'; DiOC18 (3) (3,3'-Dioctadecyloxacarbocyanine
Perchlorate) in chloroform to solid 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
cholesterol (final molar ratio of 1:1.3:0.9, respectively). PEG-liposomes were prepared by using
0.44 mg/mL DiO'; DiOCI18(3) (3,3'-Dioctadecyloxacarbocyanine Perchlorate) (solvent is
chloroform) dissolved 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, and
phosphatidylethanolamine modified with 2-kDa polyethylene glycol (DSPE-PEG2000) (final
molar ratio of 1:1.3:0.9:0.3). After mixing lipids in the desired ratio, the chloroform was
evaporated by a rotary evaporator. The lipid films were suspended in 600 pL of 37°C warmed
Ix phosphate buffered saline using bath sonication (ultrasonic cleaner Branson CPX8800H at

25°C) for approximately 20 min. The mixture was then extruded through a 100-nm

polycarbonate filter at 60°C for 21 cycles. The hydrodynamic diameter was measured by DLS.

2.2.2 Heparosan synthesis and characterization of OPSS-HEP conjugation

A quasi-monodisperse 13 kDa-heparosan (HEP) polysaccharide (polydispersity Mw/Mn
1.038 +/- 0.005) with a reducing end amino group (HEP-NH2) was synthesized by
synchronized, stoichiometrically controlled chemoenzymatic reaction using an amine-
containing acceptor, UDP-sugar donors, and PmHS enzyme as described previously.!”! This
starting material was employed to create two derivatives: (a) a HEP with a thiol-reactive group
(HEP-OPSS) at the reducing terminus, and (b) a radioactive version of the same polymer tagged
at the non-reducing terminus ([*’HJHEP-OPSS). HEP polymers were quantified using the

carbazole assay with a glucuronic acid standard 2.

The thiol-reactive dithiol-pyridyl (OPSS) group was introduced into the reducing end of

various HEP-NH; polymers using a 31- to 42-fold molar excess of N-succinimidyl 3-(2-
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pyridyldithio)propionate (SPDP) (ThermoFisher) added as 2 or 4 additions in neat DMSO; the
reaction was performed with 6-6.7 mg/mL HEP-NH; and 30-37% DMSO solvent final in 0.1
M HEPES, pH 7.2, 5 mM EDTA, at room temperature overnight. The HEP-OPSS target was
precipitated by the addition of NaCl (0.1 M final) and 4.8 volumes of isopropanol on ice for 2
hours. The resulting pellet was harvested by centrifugation (1,800 x g, 30 min), the supernatant
was aspirated, and the pellet was dried (3 min under vacuum or air-dried for 2.25 hours) before
re-suspension in water at 4°C overnight. The HEP-OPSS was purified from small MW

compounds via either strong anion exchange chromatography or by ultrafiltration.

The HEP-OPSS (~100 mg synthesis scale) was applied to a HiTrap Q strong anion
exchange column (5 mL bed; GE Healthcare) equilibrated in Buffer A (10 mM NaOAc, pH 5.8)
at 2 mL/min and washed with 4 column volumes (cv) of 100% buffer A. A series of linear
gradient steps with NaCl elution (using B buffer = A + 1 M NaCl in steps of 10 cv of 90A:10B,
4 cv of 60A:40B, and then 1 cv of 40A:60B) removed traces of OPSS from the target. The 0.21-
0.5 M NaCl fractions containing the HEP-OPSS target were pooled, precipitated with 2.5
volumes of ethanol (similar process to isopropanol employed above), the pellet suspended in
water, and stored at -20°C. Alternatively, the HEP-OPSS (~200 mg synthesis scale) target was
purified by repeated ultrafiltration (6 cycles with 3 kDa MWCO membrane; Amicon) against
water at room temperature to desalt the sample and to remove any residual SPDP. The presence
of the OPSS group on the sugar chain was verified by reaction with SAMSA (a fluorescent thiol
activated with base per the manufacturer’s instructions; ThermoFisher) and then PAGE analysis
193 A fluorescent band at the appropriate MW was detected, thus indicating the successful

installation of the OPSS moiety onto the sugar chain as described later.

Radioactive forms of the HEP-OPSS were created by first end-labeling 100-200 pg
HEP-NH with 1.1-9 uCi of UDP-[*H]-GIcNAc (PerkinElmer) and PmHS under reactions

conditions similar to nonradioactive HEP-NH; synthesis. The radioactive research was done by
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Dixy Green in Dr. DeAngelis’s lab at the department of biochemistry and molecular biology in
the University of Oklahoma Health Sciences Center !°!; under these conditions only ~1-2% of
the HEP chains (~65 monosaccharide units long) are tagged with a single radioactive sugar thus
not significantly altering the overall MW of the preparation. The purified material was then
reacted with OPSS as above except: (i) a 2,000 to 3,555 molar excess of OPSS was used for 3-
4 hrs, (ii) the final concentration of HEP-NH> was 0.2 mg/mL, and (iii) the target was
precipitated by the addition of NaCl (0.3 M final) and 3 volumes of ethanol at -20°C for 2 hours.
The resulting pellet was harvested by centrifugation (18,000 xg for 0.5-1 hr), the supernatant
was aspirated, and the pellet was then washed in 70% ethanol/0.1 M NaCl and centrifuged again.
The pellet was air-dried, resuspended in water, and then purified by repeated ultrafiltration (6
cycles with 3 kDa MWCO; Amicon) against water. The specific activity of the final [P H]HEP-
OPSS product was measured by liquid scintillation counting and determined to be 93-360

mCi/mmol (7-27 nCi/pg).

Polyacrylamide gel electrophoresis was conducted to ensure the successful conjugation
of OPSS to heparosan molecules. In these tests, 13-kDa OPSS-HEP were reacted with a
fluorescent probe with either (i) a free thiol (activated SAMSA Fluorescein; Cat# A685;
Invitrogen) or (i) a thiol-reactive group (Fluorescein-5-Maleimide; Cat# 62245; Thermo
Scientific) overnight at room temperature. The 13-kDa HEP-NH> without OPSS conjugation
was used for control. SAMSA was activated by 0.1 M NaOH at room temperature for 15 min,
then neutralized with HCI. Samples of the reaction (2 pg of HEP/lane) were compared to control
lanes (13-kDa HEP-NH, without OPSS modification) with free probes on 6% polyacrylamide
gels (Ix TBE, 250 V for 15 min). The gel was first imaged for fluorescence (ChemDoc MP
imager; BioRad) to observe the probes (indicating if the OPSS was still reactive or the OPS had
been lost after processing, etc.) and then was stained with Alcian Blue (cat# A9186; Sigma-

Aldrich) to detect the presence of heparosan.
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2.2.3 Saturation curve of gold nanoparticles

This protocol was based on a published paper '**

. Briefly, a constant surface area to
volume ratio was maintained for every desired PEG (MW 10 kDa, Laysan Bio) surface density
(PEG/nm?); only the surface modification density conditions were varied. The addition ratios of
PEG polymer to nanoparticle surface area were 0, 0.1, 0.25, 0.5, 1, 2 PEG/nm? for 15-nm
AuNPs. Samples were prepared in triplicate by mixing the DI water, PEG solution, and 15-nm
citrate-stabilized AuNPs in order. The vials were vortexed a second time and then left to
incubate at room temperature for 30 minutes. After the incubation period passed, the PEG was
then fully conjugated to the surface of the nanoparticles, which was verified with the Malvern
ZetaSizer using dynamic light scattering (DLS). The DLS measured hydrodynamic diameter,
which consists of the gold core diameter and the layer of hydration from the surface-bound
molecules. Additionally, the success of the effect of the PEG density on the surface charge of
the nanoparticles was qualitatively observed through gel electrophoresis, as described below in

the gel electrophoresis section. The heparosan saturation curve was obtained by a similar

procedure with the use of the salt aging or pH methods as described below.

2.2.4 Saturation curve of heparosan coated liposomes

Naked liposomes were coated with lipid-modified heparosan polymers using post-
insertional modification as in a published paper '37. Briefly, 13-kDa heparosan-dipalmitate
polymers were mixed with uncoated liposomes, then incubated for 90 min at 37 °C; these
conditions result in efficient incorporation of a HEP-coating on the outer leaflet of the bilayer.
The saturation curve was obtained by mixing 9.71 mg/mL heparosan polymer with uncoated

liposome at the percentage of molar ratio of HEP polymer to lipids.
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2.2.5 HEP-AuNPs prepared by the salt aging method

The coating of heparosan by salt aging on 15-nm gold nanoparticles was based on the
Hurst/Zhang method '°>!°%, This method entails increasing the concentration of sodium chloride
(Sigma) to help the heparosan conjugate attach to the gold nanoparticle surface. Briefly, citrate
stabilized AuNPs were obtained that had been prepared as described above. A constant surface
area to volume ratio was maintained for every desired heparosan surface density (HEP/nm?);
only the surface modification density conditions were varied. The addition ratios of HEP
polymer to nanoparticle surface area were 0, 0.25, 0.5, 1, or 2 HEP/nm? for 15-nm AuNPs.
According to a published protocol, different HEP coating density conditions were performed
for 55-nm and 100-nm gold nanoparticles '**: the range was 0, 0.01, 0.1, 0.5, 1, or 2 HEP/nm?,
Triplicates were performed for each condition. Nanoparticle and heparosan solution were mixed
together in DI water and incubated at room temperature for 20 min. NaCl was added in 0.1 M
NaCl increments until the final NaCl concentration reached 0.7 M. Each increment was followed
by a 20 min incubation at room temperature before the next addition of NaCl. DLS was
performed after the final incubation. Agarose gel electrophoresis was performed as described

below in the gel electrophoresis section.
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2.2.6 HEP-AuNPs and HEP-AgNPs prepared by the pH method

The protocol was adapted and modified from a published paper from Liu’s lab '°°. In a
different process from the salt aging method described above, pH 3.0 Citrate-HCI buffer or pH
3.0 HCI without citrate was used as a solvent for the heparosan and gold nanoparticle mixture
instead of using DI water. A constant surface area was maintained for every target heparosan
surface density (HEP/nm?); only the surface modification density conditions were varied. The
addition of HEP polymer to nanoparticle surface reactions were 0, 0.25, 0.5, 1, 2 HEP/nm? for
15-nm AuNPs. HEP surface coating density of 55-nm AuNPs were 0, 0.1,0.25, 0.5, 1, or 2
HEP/nm?. The calculated HEP was added and mixed with acid water, then followed by adding
nanoparticles. After a brief vortex, NaCl solution was added in 0.3-M NaCl increments until the
final NaCl concentration reached 0.6-M. Each increment was followed by a 20 min incubation
at room temperature. DLS was measured after final incubation. Agarose gel electrophoresis was
performed as described below in the gel electrophoresis section. The optimized pH method
shared the same procedure without the addition of citrate to the acid water. The colloidal stability
of the low coating density of HEP was maintained over 390 days with the pH method without

citrate addition.

The pH method without citrate addition was used for coating HEP on AgNPs. To attach
HEP-OPSS or PEG-OPSS to silver nanoparticles, these reagents were first reduced to HEP-SH
or PEG-SH by incubation with Tris(2-carboxyethyl)phosphine hydrochloride (TCEP; Sigma-
Aldrich) at a molar ratio of 1:50 for 2 h. This reduction step was employed as the OPSS group
does not react efficiently with AgNPs in comparison to AuNPs. The hydrodynamic diameter
changes were measured by DLS. Based on the maximum saturation curve we obtained from 55-

nm AuNPs by DLS, we added over 5 polymers per nm? in the silver nanoparticle coating.
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2.2.7 HEP-AuNPs prepared by the vortex method

For comparison, instead of using salt aging and pH routes, an experiment was done to
modify 15-nm nanoparticles with heparosan-OPSS without the salt aging method or pH, similar
to the PEGylation method described above. The main objective of this experiment was to
showcase the effectiveness of heparosan coating without salt aging by comparison of the amount
of heparosan bound to the nanoparticle surface. For this, conditions for heparosan surface
coating reactions were chosen to be 0, 0.1, 0.25, 0.5, 0.75, 1, 1.5, or 2 HEP/nm?. DLS and gel

electrophoresis were performed.
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2.2.8 Quantification of HEP-coatings 15-nm and 55-nm AuNPs using a radiolabeling
strategy

Radioactive heparosan and versions of heparosan-OPSS were mixed in a mass ratio of
1 to 4. This heparosan mixture was used to modify 15-nm or 55-nm AuNPs. By using the salt
aging method mentioned above, different densities of heparosan mixture as input surface
densities (HEP/nm?) were used to modify 15-nm and 55-nm AuNPs. The input surface HEP
densities for 15 nm were 0.2, 0.5, 1.0, 2.0, or 3.0 HEP/nm?. For 55-nm AuNPs, the input surface
coating reactions were 0.1, 0.25, 0.5, 1.0, or 2.0 HEP/nm?. After the conjugation process,
heparosan-modified AuNPs were centrifuged at 4°C for 30 min and centrifuged at either 15,000
xg for 15-nm or 2,000 xg for 55-nm. To remove free heparosan, the pellet volume after
centrifugation was carefully loaded on 25% Percoll (Amersham) and followed by centrifugation
at 4°C (1 h at 15,000 xg for 15-nm or 2,000 xg for 55-nm AuNPs). The radioactivity was

measured by liquid scintillation counting on a Packard Tricarb 2300TR.
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2.2.9 TEM characterization of HEP- and citrate-AuNPs

Samples were loaded and prepared with negative staining by 2% uranyl acetate (Ted
Pella, Inc) on a TEM grid (Ted Pella, Inc) 7. TEM images were taken by a 200-kV field
emission JEOL2010F analytical transmission electron microscope with a DE-12 camera.

Image] (NIH) was used to analyze TEM images '°%.

36



2.2.10 TEM characterization of AuNPs inside of cells
RAW 264.7 macrophage cells (~1 million) were seeded in each well of a 6-well-plate

overnight. Dispersions of 0.3-nM PEG- or HEP-AuNPs were then incubated with the cells for
6 h. Any uninternalized AuNPs were removed by washing the cells thrice with 1X PBS. Cells
were scraped and collected by centrifugation (500 xg, 5 min, 25°C) into a 1.5-mL
microcentrifuge tube. The supernatant was removed, and the cell pellets were fixed with a
freshly made fixative solution containing (2% glutaraldehyde: 4% paraformaldehyde (v/v) in
0.2 M cacodylate buffer) at room temperature for 1 hour. Samples were stored at 4°C until
sectioning and negative staining (3% lead citrate solution, cat. 22410, Electron Microscopy
Sciences). The TEM micrographs were taken with a Hitachi H-7600 Transmission Electron
Microscope at the Oklahoma Medical Research Foundation (OMRF) imaging core facility in

Oklahoma City, OK.
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2.2.11 Agarose gel electrophoresis
Gels with 0.5% (m/v) agarose (Fisher BioReagents) and 0.5x TBE buffer (Sigma-

Aldrich) were used to analyze HEP coating on AuNPs. Nanoparticle samples were concentrated
to ensure visibility and (typically 10 pL/lane) then mixed with 150 mg/mL Ficoll (Research
Products International) in a 4:1 ratio for loading into wells. Gels were run at 50 V for 40 min.

Gel images were taken with an Azure C600 imager using visible light.
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2.2.12 Quantifying HEP desorption upon exposure of HEP-coated nanoparticles to
human plasma

Radioactive heparosan-modified 15-nm or 55-nm AuNPs were incubated with human
plasma or 1X PBS for 12 h, 24 h, or 48 h at 37°C. After centrifugation (15,000 xg, 15 min for
15-nm AuNPs; 2,000 xg, 15 min for 55-nm AuNPs), radioactivity in the supernatants and pellets
was measured with the liquid scintillation analyzer (Tri-carb 2300TR). The percentage of

radioactivity is calculated using the following equation:

radio counts of the pellets

% of radioactivity = x 100%

radio counts in the supernatant + radio counts in the pellets
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2.2.13 Protein corona formation upon nanoparticle incubation in FBS
The protocol followed published papers 2%, Briefly, HEP- or PEG-modified gold

nanoparticles were incubated with fetal bovine serum (FBS, ThermoFisher) at a ratio of 10 uLL
per cm? of nanoparticle surface area. This incubation was at 37°C for 24 hours, performed in
triplicate. To remove unbound FBS, three rounds of washing were performed by 500 uL of 1X
PBS with 5-mM EDTA and 0.05% (v/v) Tween 20 at 18,000 xg for 30 min at 4°C. After the
final wash, the nanoparticles were then measured by DLS and assessed with agarose gel

electrophoresis as described in previous sections.

Similarly, we exposed HEP-, PEG-coated AgNPs, or liposomes to FBS, and measured

the hydrodynamic diameter change by DLS.
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2.2.14 Protein isolation

Samples with 50 ¢m? nanoparticle surface area were prepared for FBS incubation,
followed by the incubation and washing protocol described in the previous paragraph. After the
final wash, resuspend the nanoparticle pellets in the residual solution (15 pL). Next, to isolate
proteins from nanoparticles, 8 pL of the 4x LDS buffer (Invitrogen) and 4 pL of the 0.5-M
dithiothreitol (DTT) solution were added to the vials. The vials were then incubated at 70°C for
60 minutes to strip the proteins bound to the surface of the nanoparticles. After the 60-minute
incubation, the vials were centrifuged at 18,000 xg for 15 minutes to remove nanoparticles.
Around 30 pL protein supernatant was collected from each tube; 6.5 pL was reserved for SDS-

PAGE. The rest of the proteins were processed with clean-up to remove DTT and LDS.
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2.2.15 Protein cleanup

To remove the DTT and LDS in the remaining protein solutions, the trichloroacetic acid

(TCA) / acetone method from published literature was used 2%

. Proteins were precipitated by
the addition of 950 puL 10% w/v TCA(Sigma) in acetone (ThermoFisher) overnight at —80°C.
The next day, the precipitated proteins were collected by centrifugation at 18,000 xg for 15 min
at 4°C, and the supernatant was discarded. The pellets were first dissolved in 500 puL of 0.03%
w/v sodium deoxycholate (Sigma) and then incubated on ice for 30 min after adding 100 pl of
72% (w/v) TCA. The supernatant was removed after centrifugation at 18,000 xg, 4°C for 15
min. The pellets were dissolved in 1 mL of acetone. The 1 mL solution was split into aliquots

of 400 pL for BCA assay and 600 pL for LC-MS/MS and dried in a fume hood. The pellets

were stored at -80°C until LC-MS/MS characterization.
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2.2.16 SDS-PAGE for protein corona characterization
SDS-PAGE gels procedures were based on protocols from Walkey et al. 1>*°. We used

4-12 % NuPAGE™ Bis-Tris precast Protein Gels, 1.0 mm, 12-well (ThermoFisher) with as a
PageRuler™ Plus Prestained 10-250 kDa Protein Ladder (ThermoFisher) standards in a mini
gel tank (ThermoFisher) for SDS-PAGE. The 6.5-uL. samples previously saved (section 11)
were then mixed with 2.5 pL of the 4x LDS buffer and 1 pL of the 500-mM DTT solution and
incubated for 5 minutes at 95°C. Along with 2 pL of the protein ladder, samples were then
carefully injected into the wells on the gel, and the gel was run at 200 V for 55 minutes on ice.
Once the gel was done, it was carefully separated from the case, and the gel was submerged in
the fixing solution (10% (v/v) acetic acid (Fisher Scientific) and 40% (v/v) ethanol
(PHARMCO-AAPER)) in a petri dish overnight at room temperature with gentle agitation. The
next morning, the gel was rinsed with DI water and then stained bylx SYPRO™ Tangerine
Protein Gel Stain according to the manufacturer’s protocol for 60 minutes at room temperature
with gentle agitation (wrapped in aluminum foil to avoid light). Stained gel was rinsed with DI
water and imaged under Azure C600 with an excitation/emission set compatible with the stain
and ladder. ImageJ (NIH) was used to analyze the intensity of each lane on the same SDS PAGE

images '%°.
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2.2.17 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) unless noted

otherwise. Trypsin (TPCK treated) was obtained from ThermoFisher (Rockford, IL).

The protein pellet was solubilized in 15 pL. of 25-mM ammonium bicarbonate. Six M
urea, 200-mM dithiothreitol, and 200-mM iodoacetamide were prepared in 25-mM ammonium
bicarbonate. The protein solution was incubated with 1 uL of 6-M urea and 1 pL of 200-mM
dithiothreitol for 1 h at 37°C for denaturation and reduction. Then the reduced proteins were
incubated with 5 pL of 200-mM iodoacetamide for 30 minutes in the dark at room temperature
for alkylation. After incubation, 5 pL of 200-mM dithiothreitol was added to the solutions
followed by incubation with 3 pL of 0.1-pg/uL trypsin (prepared in 25-mM ammonium
bicarbonate) at 37°C and pH 7 overnight. For both the HEP coating and PEG coating, protein
digest samples containing varying coating densities were prepared in triplicate. All samples

were stored at -20°C until analysis.

The LC-MS/MS work was conducted by Mulin Fang in Dr. Si Wu’s lab at the
department of Chemistry and Biochemistry at the University of Oklahoma. A 15-uL aliquot of
the protein digest was injected onto a custom-packed C18 reverse-phase liquid chromatography
(RPLC) column (75 um i.d., 150 mm length, 2 pm C18 resin) for peptide separation. Mobile
phase A was 0.1% formic acid in HPLC grade water and mobile phase B was 0.1% formic acid
in acetonitrile. The flow was split to result in a flow rate of approximately 0.8 pL/min through
the RPLC column. The LC gradient started with sample loading at 0% mobile phase B for 30
min, followed by an increase from 0% to 35% mobile phase B over 120 min. The mobile phase
B gradient was increased to 90% over 3 min and was held constant for 5 min. Mobile phase B
was then decreased to 0% over 2 min and maintained for 50 min for column re-equilibration.
The eluted peptides were analyzed using an LTQ mass spectrometer (Thermo Fisher Scientific,

201

Hanover Park, IL, USA) with a custom nano-ESI interface <°". The heated capillary temperature
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was 275°C with a spray voltage of 3.5 kV. MS scans were obtained with a normal scan rate and
the m/z range was 350-1350. MS/MS scans were acquired using [ITMS with collisional induced
dissociation (CID) at a normalized collision energy setting of 35%. The ten most abundant
precursor ions were selected for MS/MS. The AGC for MS/MS was 3E4 and the maximum ion
injection time was 50 ms with 3 microscans. The column was washed between sample runs by

injecting a buffer blank and running the same gradient setup.

Peptides were identified using MSGF+ to search the mass spectra from the LC-MS/MS
analysis against the annotated bovine database downloaded from www.uniprot.org (proteome
ID is UP000009136) 22, A decoy database was automatically generated by MSGF+. Peptide
identifications were filtered using a SpecE value cut-off of 1E-10 (i.e., the calculated FDR < 1%

at the unique peptide level).

E Coli digest was used as a quality control in this LC-MS/MS experiment, and the unique
peptide detected should be 1000+. The database search identified 14 proteins for the HEP
coating and 14 proteins for the PEG coating with three replicates, excluding proteins identified
in only a single experimental replicate. Identified proteins with relative abundance (by mass)

less than 0.25% in one coating density were also excluded 200203

. The spectral count of the same
identified protein in each experimental set was normalized using the highest value. The average
normalized spectral counts for the identified protein in triplicate sets are reported in Table S2
and Table S3 for the HEP and PEG coatings. The identified proteins for the HEP and PEG
coatings were clustered using the “clustergram” function in MATLAB. Pearson correlation
coefficient and unweighted average distance were used as a distance metric. The relative

abundance of proteins in the same cluster were summed and plotted as a function of the coating

densities 2%,
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2.2.18 BCA-based protein quantification assays

The commercial BCA (bicinchoninic acid) assay was used to quantify the protein
concentration (cat. 23225, ThermoFisher). The purified protein pellets were dissolved in 40 uL.
of 2% (w/v) SDS dispersed in 1X PBS. 50-uL aliquots of serially diluted concentration of
bovine serum albumin (BSA, Pierce) or 10 uL of each sample were placed into 96 well plates.
Next, 200 pL of freshly made BCA working solution was added to each well, then incubated at
37°C for 1 hour. Absorbance at 562 nm was measured by a plate reader (BioTek Synergy Neo2
Multi-Mode Plate Reader). The protein concentrations were calculated based on the BSA

standard protein curve.
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2.2.19 Cell viability tests

Cell viability assay was performed as previously described 2**. Briefly, cells were grown

in 96-well plates at a density of 3.5 x10” cells/well overnight in the presence of recommended
complete media containing 10% (v/v) fetal bovine serum (cat. 16000-044, Life Technologies)
and 1% (v/v) pen-strep (cat. 15140-122, Life Technologies). After overnight incubation, media
was aspirated, and cells were then treated with either various doses of gold nanoparticles or PBS
at a final volume of 100 pL per well. After 48 h incubation, cells were washed with PBS thrice,
and the cell viability was determined using the XTT assay (2,3-Bis-(2-Methoxy-4-Nitro-5-
Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide, cat. 11465015001, Sigma) according to the
manufacturer’s protocol. The cell viability as a readout of absorbance of formazan in dimethyl

sulfoxide (DMSO) at 570 nm was expressed as a percentage (%) of cells that remained live.
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2.2.20 Hemolysis assays

The hemolysis assay procedures were adopted from published papers 20°-2°¢, Briefly, 100
pL of 10% of washed human red blood cells (2% packed cells final; Innovative research) were
incubated with PEG- or HEP-coated AuNPs (1 nM final in 400 uL volume of 1X PBS) at 37°C
for 3 h. Triton-X 100 and 1X PBS were used for the positive and negative controls, respectively.
Blood-free samples (without incubation of human red blood cells) were also prepared to account
for the intrinsic absorbance of AuNPs. After the incubation, all samples were centrifuged at
10,050 xg for 30 min at room temperature. A 100-pL aliquot of the supernatant was transferred
into a 96 well plate, and the absorbance of hemoglobin at a wavelength of 577 nm was measured.
The values of the blood-free samples were lower than the negative control, thus no interference
from the AuNPs was observed. The hemolysis percentage was calculated according to the

following equation:

(absorbance of sample—absorbance of blank)

% hemolysis = x100%

(absorbance of positive control—absorbance of blank)
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2.2.21 Cytokine release assay

As a measure of biocompatibility, the levels of various proteins known to be involved
in stress and inflammatory reactions were analyzed after treatment with various nanoparticles.
RAW 264.7 macrophages were seeded in 48-well-plates overnight (2E5 cells per well). Then
either 1X PBS (control) or suspensions of 0.06-nM of 55-nm citrate-, PEG-, or HEP-AuNPs
were added to cells for 24 h. The supernatants were collected and washed by centrifuging at
15,000 xg for 15 min twice. Aliquots of the supernatants were incubated with Mouse Cytokine
Array Panel A Detection Antibody Cocktail (Proteome Profiler Mouse Cytokine Array Kit,
Panel A, ARY006, R & D Systems, Minneapolis, MN 55413) for 1 h. The sample/antibody
mixtures were then incubated with the array membranes overnight at 4°C. After washing, the
membranes were incubated with HRP-conjugated secondary antibody for 30 min. For blotting
development, 1 mL of Chemi Reagent Mix was applied to each of the membranes, followed by
chemiluminescence film (BX810, Midsci, St. Louis, MO 63088) exposure for 24 h to get the

optimal images. Blot images were quantified by the Quick Spot image analysis tool.
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2.2.22 Nanoparticle cell uptake studies

The cell uptake protocols follow previously published procedures 4. Briefly, human
endothelial cells (HUVECs), J774A.1, and RAW 264.7 macrophages were purchased from
ATCC, USA. First, a total of 3x10° cells/well were seeded onto a 24-well plate and allowed to
adhere overnight. The cells were washed with sterile 1x phosphate buffered saline (PBS) thrice,
then 1 mL of nanoparticles (0.3 nM final) in the corresponding cell media with FBS were

administered and incubated for 6 h at 37°C (5% CO>) in a humidified tissue culture incubator.

To assess the effect of FBS on cellular uptake studies, after seeding overnight, the cells
were ‘cleansed’ by incubating in cell media without FBS for 30 min at 37°C. Then the cells
were washed with sterile 1X phosphate buffered saline (PBS) thrice, and 1 mL of 0.2-nM
nanoparticles in either complete cell media or FBS-free cell media were added to cleansed cells

for 6 h incubation at 37°C (5% CO,) as above.

After incubation with nanoparticles, cells were washed with 2 mL of 1X PBS thrice to
remove non-internalized nanoparticles. Purified cell samples were then digested by adding 500
uL of Aqua Regia (1-part nitric acid, 3-part hydrochloric acid, v/v) directly into the wells. After
30 min, the acid-digested samples were transferred to 1.5-mL microcentrifuge tubes and placed
in a water bath at 70°C for 1 h to complete the digestion process. Samples were then allowed to
cool and then diluted 40-fold into nanopure water with a final volume of 5 mL. All elemental
analysis measurements for nanoparticle uptake were done using the PerkinElmer NexIlon 2000
ICP-MS on the Prepfast IC Sample Introduction system at the Mass Spectrometry Facility,
University of Oklahoma. To determine the average number of nanoparticles per cell, the
dissolved gold signal was correlated to the magnesium signal from known cell numbers. Cell
samples were then analyzed for both gold and magnesium signals. Iridium was used as an

internal standard. Data was analyzed on GraphPad Prism.
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2.2.23 Confocal laser scanning microscopy studies

DC 2.4 dendritic cells were seeded onto sterile glass coverslips placed into a 6 well-plate
overnight with RPMI 1640 culture media supplemented with 10% fetal bovine serum and 1%
Penicillin-Streptomycin. The next day cell media was removed. 0.2 nM PEG- or HEP-coated
55-nm gold nanoparticles were administrated for a 3 h incubation. Cells were washed thrice
with PBS to remove noninternalized gold nanoparticles. Cells were fixed by 4%
paraformaldehyde (PFA, cat# AAJ19943K2, Thermo Fisher) at room temperature for 10
minutes. Fixed cells were stained with wheat germ agglutinin CF633 (WGA, cat# 29024,
Biotium) and NucBlue DAPI (cat# R37606, Thermo Fisher) according to the manufacturer’s
protocols to label the cell surface or the nuclei, respectively. Confocal images were taken with
a 63x oil immersion objective (1.4 NA) on a ZEISS LSM 880 inverted confocal laser scanning
microscope (CLSM) using photomultiplier tube (PMT) detectors with a 405-nm diode laser and
a 633-nm helium-neon laser for fluorescent channels through a main beam splitter (MBS)
488/561/633 filter. The nanoparticles were imaged using light scattering principles described by
Jiang et al. with a 561-nm diode-pumped solid-state laser and an MBS T80/R20 filter 13207,
Light scattering intensities of the gold nanoparticles were quantified by manually drawing
regions of interest around the cell membranes and measuring the integrated density in the light
scattering channel on ImagelJ. Typical measurements were the result of imaging 25

cells/condition.

Similarly, we studied the cellular uptake of HEP- or PEG-coated AgNPs and liposomes
in RAW 264.7 macrophages. Silver and liposome nanoparticles were incubated with cells
seeded in 96 well-plates. After fixing and staining, cells were scraped down and dropped on
glass slides, then covered by another glass slips to image silver and liposome samples. The same
confocal setup was used for AgNPs. Liposomes labeled with DiO'; DiOC18(3) (3,3'-
Dioctadecyloxacarbocyanine Perchlorate) (DIO, cat# D275, ThermoFisher) were imaged using

a 488-nm laser for the fluorescent channel, but the rest of the procedures were the same.

51



2.2.24 UV-Vis spectrophotometry-based depletion assay

We adopted a previously published protocol to obtain a maximum loading capacity of
10-kDa PEG-OPSS on 15-nm gold nanoparticles °4. Briefly, PEGylated gold nanoparticles
were centrifuged at 15,000 xg for 30 min. The supernatant was separated from gold nanoparticle
pellets and measured at 283 nm by a UV-Vis-NIR spectrophotometer (Agilent Cary 5000). The
absorbance differences between the added PEG and the supernatant were the absorbance of PEG
conjugated to gold nanoparticles. We defined the absorbance of PEG conjugated to gold

nanoparticles as AAb. The point at which AAb does not increase is defined as the saturation

point.

52



2.3 Results and Discussion
2.3.1 Surface modification of nanoparticles with polysaccharide heparosan

We demonstrated in previous studies that orthopyridyl disulfide (OPSS) is an effective
linker to bind OPSS-modified polymers to citrate-coated gold nanoparticles (AuNPs) 364,
Therefore, we covalently attached an OPSS group via an amide bond to a modified HEP
polysaccharide chain containing an amine at the reducing-end terminus to form OPSS-HEP.
Figure S1 depicts the chemical structure of OPSS-HEP. The qualitative characterization of the
successful OPSS conjugation to HEP is shown in Figure S2. We selected 10-kDa OPSS-PEG
as a comparative control for the 13-kDa OPSS-HEP to match the molecular weights of both

polymers.

To modify colloidally dispersed citrate-coated AuNPs with negatively charged HEP
polymers (Figure 2.1 A), we established two different surface modification strategies: (I) an
increase in ionic strength to 0.7 M through the step-wise addition of a saline solution (salt aging
method, Figure 2.1 B), or (II) a single-step pH reduction to pH 3 by addition of an aqueous
hydrochloric acid solution (pH reduction method, Figure 2.1 C). We applied these two methods
to increase surface coating effectiveness by reducing the electrostatic repulsion between

individual HEP polymers !9>-208,
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Figure 2.1: Schematic of gold nanoparticle (AuNP) surface modification with heparosan
(HEP) polymers.

(A) General surface attachment strategy of OPSS-terminated HEP (OPSS-HEP). (B) Salt aging
method: (i) OPSS-HEP is mixed with colloidally dispersed citrate-coated AuNPs. (ii) The ionic
strength of the dispersion is then increased by the step-wise addition of a NaCl solution (denoted
with multiple arrows). (C) pH method. (i) OPSS-HEP is mixed with colloidally dispersed
citrate-coated AuNPs. (ii) The pH of the colloidal dispersion is subsequently decreased to ~pH
3 by the one-step addition of a hydrochloric acid solution.

To establish the feasibility of the salt aging and pH methods for the attachment of OPSS-
HEP onto AuNPs, we used 15-nm AuNPs as a model nanoparticle system. These AuNPs can
be synthesized reproducibly with high yield (typically >80%) and narrow size distribution
(<10% deviation)*. As shown in Figure 2.2 A, simply mixing AuNPs with OPSS-HEP did not
result in substantial increases in AuNPs hydrodynamic diameter, measured by dynamic light
scattering (DLS), which is likely due to the electrostatic repulsion between individual negatively

charged HEP polymers. In contrast, both salt aging and pH methods increased the AuNPs
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hydrodynamic diameters similarly up to ~49 nm as a function of the amount of OPSS-HEP
added per nanoparticle surface area in a coating reaction (Figure 2.2 B). Saturation of the
surface was indicated by a plateau when maximal hydrodynamic size was achieved. These DLS
results were supported qualitatively by agarose gel electrophoresis experiments, where the
migration of the nanoparticles was reduced with an increase in size and HEP surface coverage
(Figure S3). Transmission electron microscopy (TEM) of negative-stained nanoparticles
indicated the presence of a dense surface coating layer around HEP-modified AuNPs and
revealed an average increase in nanoparticle size of ~25 nm (Figure 2.2 C-E). This size increase
is smaller than the hydrodynamic size increase observed with DLS, most likely due to a partial
collapse of the polysaccharide structure during the sample dehydration process required for

TEM imaging.

To determine the HEP coating efficiency on AuNPs, we prepared tritium [*H]
radiolabeled OPSS-HEP polymers and used liquid scintillation counting measurements to
quantify the amount of HEP conjugated to AuNPs (Figure 2.2 F-G). As shown in Figure 2G,
the maximum achievable HEP surface coating density was ~1.1 HEP/nm?. In addition, we
observed that the colloidal stability of HEP-conjugated AuNPs did not change noticeably for
various storage conditions (Figure S4). Collectively, our data confirmed that both salt aging and

pH methods resulted in effective and stable HEP surface coating of 15-nm AuNPs.
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Figure 2.2: Characterization of heparosan (HEP) surface modification using 15-nm
AuNPs.

(A) Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter of
15-nm AuNPs after simply mixing with various amounts of HEP per nm? of nanoparticle
surface area with vortexing (without changes in salt concentration (salt aging) or pH reduction).
The increase in hydrodynamic diameter of only ~3 nm suggests that HEP did not efficiently
conjugate AuNPs. Bars indicate mean = SD (n=3). (B) DLS results of 15-nm AuNPs mixed
with various amounts of HEP per nm? nanoparticle surface area and addition of saline (salt
aging) or subsequent decrease in pH (pH reduction method). The increase in hydrodynamic
diameter of ~49 nm suggests efficient HEP conjugation. Bars indicate mean + SD (n=3).
Statistical tests were performed by two-way ANOVA; n.s. indicates no statistically significant
differences. (C-D) Representative TEM micrograph of 15-nm citrate-coated AuNPs with a
diameter of 14.9 £ 0.6 nm (C) and HEP-AuNPs with a diameter of 24.7 + 1.4 nm (D). Citrate-
coated AuNPs (C) and HEP-AuNPs (D) were stained with 2% uranyl acetate. The light grey
halo around the dark AuNP core corresponds to the coating or shell of the surface conjugated
HEP. Scale bar indicates 50 nm. (E) Size analysis of 15 nm citrate- and HEP-AuNPs by TEM
imaging. The core only is the core size of citrate-AuNPs of panel C (control; red bar). The core
of HEP-AuNPs of panel D is represented by a brown bar. The diameter of the core and shell of
HEP-AuNPs of panel D is represented by a slanted lined brown bar. Bars indicate mean + SD.
Statistical tests were performed by one-way ANOVA (p<0.0001 (****); n.s. indicates no
statistically significant differences). (F) Schematic of AuNP surface modification with
radiolabeled HEP. (G) Radiochemical assessment of HEP coating density: Liquid scintillation
analysis was used to measure the *H radioactivity in comparison to coating density (the addition
of [*H]-HEP per nm?) conjugated to 15-nm AuNPs.
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Next, we expanded this surface modification strategy to larger nanoparticles to
demonstrate the generalizability of our approach. As shown in Figures S5-S8, we used both
surface modification methods to successfully coat 55-nm and 100-nm AuNPs with OPSS-HEP,
resulting in similar overall increases in hydrodynamic diameter (~49 nm) as observed with 15-
nm AuNPs. These results indicate that both surface modification strategies were functional and
consistent across a wide range of nanoparticle sizes. Additionally, we found that the long-term
colloidal stability of AuNPs coated with low HEP surface density (<0.1 HEP/nm?) could be
increased to over one year when using the pH method without citrate (Figure S8). In summary,
both surface modification strategies allowed the successful coating of HEP polymers onto
various AuNPs systems. It is worth mentioning that these surface coating strategies could be
used as effective general approaches to modify nanoparticles with negatively charged polymers,

which is in line with reports by Hurst et al. and Xu et al. for DNA coatings 19208,
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2.3.2 Ability of heparosan to reduce protein adsorption on nanoparticle surface

The hydrophilicity of PEG has been reported to reduce protein adsorption through
repulsion between the PEGylated nanoparticle surface and serum proteins 221, HEP polymers
exhibit a high number of hydroxyl and amide groups ([-4-N-acetylglucosamine-a1,4-glucuronic
acid-B1-],) that render the polymer overall hydrophilic. This hydrophilicity and the overall
negative charge of the polysaccharide may reduce HEP polymer-protein interactions. Based on
this rationale, we then hypothesized that HEP would not only enhance the colloidal stability but
further reduce the serum protein adsorption onto the nanoparticle surface. To evaluate
heparosan’s ability to reduce protein adsorption, we exposed HEP-modified AuNPs coated with
various surface densities to 100% fetal bovine serum (FBS; Figure 2.3 A) as a model serum
168211212 "We qualitatively assessed the serum protein adsorption before and after FBS
incubation on 15-, 55-, or 100-nm HEP-AuNPs with two different methods: (i) by DLS via
changes in hydrodynamic diameter (Figure S9), and (ii) by agarose gel shift experiments via
changes in nanoparticle electrophoretic mobility (Figure S10). After the FBS exposure,
nanoparticles without HEP surface modification exhibited a substantial and consistent DLS size
increase of ~26 nm (Figure 2.3 B) and an overall reduced electrophoretic mobility (Figure S10).
We did not observe significant differences in hydrodynamic diameter for AuNPs modified with
>(.5 HEP/nm? before and after FBS incubation (Figure 2.3 C and Figure S9). To demonstrate
the broad applicability of this HEP surface modification strategy, we additionally synthesized
HEP-coated AgNPs and liposomes 69213214 'We observed no significant changes in
hydrodynamic diameter for HEP-coated AgNPs and liposomes before and after FBS incubation
indicating minimal interactions between the nanoparticle surfaces and serum proteins (Figure
S11). Our findings suggest that the HEP surface modification strategy effectively minimizes
serum protein adsorption onto the surfaces of various nanoparticles, i.e. AuNPs, AgNPs, and
liposomes. We corroborated these findings qualitatively with sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) of isolated proteins from AuNPs surfaces
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(Figure 2.3 E-F; S12). Using a quantitative bicinchoninic acid (BCA) assay, we confirmed that
the observed nanoparticle surface protein adsorption correlated inversely with increasing
surface density of the HEP coating (Figure 2.3 D). This ability to reduce the protein adsorption
of HEP-coated AuNPs was similar for AuNPs that were surface-modified with OPSS-PEG. We
used PEG as a control surface modification due to PEG’s widespread use in nanomedicine
8164215 'We summarized the physicochemical characterization results of PEG-modified AuNPs
in Figure S13. Overall, our findings confirmed that the HEP surface modification effectively
reduced protein adsorption onto nanoparticles, and this effect was more pronounced with

increasing HEP surface coating densities similar to PEGylated nanoparticles.
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Figure 2.3: Nanoparticle surface engineering with heparosan reduces protein corona
formation.

(A) Schematic representation of nanoparticle protein corona formation with and without HEP
coating. (B-C) Dynamic light scattering (DLS) was used to compare the hydrodynamic diameter
differences before and after FBS incubation (slanted lined bars stand for incubation with FBS)
of citrate-coated (B; 0 HEP/nm?) and HEP-coated (panel C)15-, 55-, or 100-nm AuNPs. Bar
graphs indicate mean £ SD (n=3). Statistical tests were performed by two-way ANOVA
(p<0.0001 (****)). (D) Quantitative BCA protein assay results for HEP- or PEG-coated 55-nm
AuNPs created by increasing amounts of polymer added to coating reactions. Results are
presented as mean + SD (n=3). (E-F) SDS-PAGE showing the qualitative biomolecular
composition of the adsorbed FBS protein layer on 55-nm AuNPs with various surface HEP
(panel E) or PEG densities (panel F). The coating densities represent the added amount of
polymers in a coating reaction per nanoparticle surface area.
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2.3.3 Protein analysis of nanoparticle protein corona

Next, we used label-free LC-MS/MS to characterize the adsorbed proteins isolated from
the nanoparticle surfaces (Figure 2.4). Table S1 summarizes the complete list of protein names,
molecular weights, and known biological activities of the 16 detected protein species identified
on the HEP- and PEG-coated AuNPs. The HEP and PEG surface coatings shared 12 proteins
(Figure 2.4 E). Average spectral counts for each identified protein from HEP-AuNPs and PEG-
AuNPs are reported in Tables S2 and S3, respectively. The spectral counts varied with both the
densities and types of surface coating, as summarized in the corresponding heat maps (Figure
2.4 A, C). We performed hierarchy clustering to organize proteins into groups based on the
correlation of relative abundances (Figure 2.4 B, D). We observed that the identified proteins
presented distinct preferential surface adsorption as a function of the nanoparticle surface
coating types and densities. We summarized the similarities and differences between the five
protein cluster groups in a Venn diagram (Figure 2.4 F). Our proteomic analysis showed that
changes in nanoparticle surface coating affect the types and quantities of surface-adsorbed

proteins.
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Figure 2.4: Proteomic analysis of nanoparticle protein corona by LC-MS/MS.

(A), (C) Heat maps and clustergrams of the most abundant proteins isolated from HEP- (panel
A) or PEG-coated (panel C) AuNPs. The dendrogram on the left side of the heat map shows
the hierarchical relationship between proteins in each row across the densities. According to
the correlation in the dendrogram, proteins were clustered into groups a, b, c, d, and e
(represented by colored bars on the right side of the heat maps and colored lines in the
dendrograms). The average amount of each protein was calculated from three independent
experimental replicates. The scale bars on the top of the heat maps stand for the relative
abundance of proteins (min, avg, and max represent the minimum, average and maximum
amount of proteins in the heat map, respectively). Only proteins with relative abundance larger
than 0.25% were included. (B), (D) The number of proteins in a cluster group was reported.
The data points represent proteins amount of the same cluster groups over different densities.
The connections of data points show the trend of protein amount change in each cluster group
along with different densities. (E-F) The proportional Venn diagrams of protein corona isolated
from HEP- or PEG-coated 55-nm AuNPs and the clustered groups. The intersection of proteins
from HEP- with PEG-coated AuNPs (panel E). Proteins from the clustered groups a, b, ¢, d,
and e were intersected (panel F). The cluster groups a, b, c, d, e are defined in panels A and C.
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2.3.4 Biological interaction of nanoparticles with cells

Considering the potential impact of the nanoparticle protein corona on biological
function and toxicity, we then compared the cytotoxicity, hemolysis potential, and cytokine
release profiles of HEP- or PEG-modified AuNPs (Figure 2.5 A-B, S14). On average, we added
about five polymers/nm? to modify AuNPs with HEP or PEG. We evaluated the cytotoxicity for
various nanoparticle doses, nanoparticle sizes, and incubation periods in different cell types
(Figure S15 A-C). We did not observe any noticeable cytotoxicity at the highest nanoparticle
dose tested. In addition, we did not detect any pronounced hemoglobin release upon incubation
of human red blood cells with HEP- or PEG-modified nanoparticles (Figure 2.5 B, S15D). We
analyzed the cytokine release levels in supernatants of RAW264.7 macrophages after 24 h of
incubation with either citrate-, HEP-, or PEG-modified AuNPs (Figure S14). In comparison to
the untreated cell control, no significant changes were observed in this panel of over three dozen
cytokines, interleukins, or factors known to be involved in stress and inflammatory reactions.
These results highlight the biocompatibility of HEP coatings and warrant the future

investigation of HEP for safe and effective nanomedicine coatings.

Since the protein corona molecular composition is critical in governing the
nanoparticles’ biological fate and cellular interactions, we wondered about potential differences
in cell uptake efficiencies between HEP- and PEG-modified nanoparticles. We incubated HEP-
AuNPs or PEG-AuNPs with various healthy and cancerous cell lines, including J774A.1
macrophages, RAW264.7 macrophages, DC2.4 dendritic cells, HUVEC human endothelial
cells, B16f10 melanoma cells, and C2C12 muscle cells. Our nanoparticle-cell incubation
experiments revealed high associations of HEP-AuNPs with certain cell types of the innate
immune system (Figure S16). To prove that the observed nanoparticle-cell interactions were
due to the intracellular uptake of nanoparticles, we conducted confocal laser scanning

microscopy (CLSM) to visualize AuNPs in a label-free manner via light scattering?°’-2!6, Figure
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SE shows intracellular CLSM image sections, which confirmed the substantial uptake of HEP-

coated AuNPs into these cells (Figure S17).

To further confirm the intracellular localization of AuNPs, we performed a gold etching
experiment by exposing cells to KI/I; etchant, a highly effective etchant of gold. Our rationale
for the etching experiment was that any externally located AuNPs, for example, AuNPs attached
to the cell membrane, will dissolve during this etching treatment**2!’. As shown in Figure S18,
quantitative inductively coupled plasma mass spectrometry (ICP-MS) of cells exposed to
nanoparticles revealed no notable changes in the extent of nanoparticle cell uptake after the
etchant treatment. These results suggest that most AuNPs were located inside the cells in line
with our CLSM images. To visualize the subcellular distribution of AuNPs, we performed
transmission electron microscopy (TEM) of cells incubated with AuNPs. The TEM micrographs
shown in Figure S19 reveal the localization of AuNPs in intracellular vesicles. We additionally
confirmed the intracellular uptake of HEP-coated AgNPs and liposomes with CLSM (Figure

$20).

We then used ICP-MS to quantify nanoparticle cellular uptake in various cell types.
Compared with 55-nm PEG-AuNP, we observed up to 230-fold higher 55-nm HEP-AuNPs
uptake in immune cells, including J774A.1 and RAW264.7 macrophages, as well as in DC2.4
dendritic cells (Figure 2.5 C). For B16f10 melanoma cells, C2C12 muscle cells, murine 4T1
breast cancer cells, and human endothelial cells (HUVEC), the uptake results of HEP-AuNPs

were similar to those obtained for PEG-AuNPs. (Figure 2.5 C, S18, S21).

Since our previous LC-MS/MS studies revealed that HEP- and PEG-AuNPs exhibited
different protein corona profiles, we wondered about the role of the protein corona in driving
nanoparticle cell uptake. We performed cellular uptake experiments with and without FBS in
the cell media (Figure 2.5 D and S22). Our results indicate that heparosan’s intrinsic properties

rather than the protein corona determine the observed cellular uptake efficiencies.
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To investigate whether the nanoparticle size mediated the high cellular uptake of HEP-
AuNPs, we incubated RAW264.7 macrophages with 15-nm AuNPs. Interestingly, we observed
a 21-fold higher cell uptake for 15-nm HEP-AuNPs than 15-nm PEG-AuNPs (Figure S18). This
finding confirms that relatively high cell uptake can be achieved even with small HEP-modified
nanoparticles and further suggests that HEP has a specific role in driving cellular interactions.
Further mechanistic studies are needed to determine how HEP-based surface modifications

facilitate the internalization of nanoparticles in cells.

In summary, our data suggest that HEP-AuNPs exhibit no apparent cytotoxicity or
hemolysis, and very interestingly, display relatively high cellular uptake by specific innate
immune cells. There is no correlation between this high cellular uptake and the protein corona
(as shown by controlled FBS incubation experiments), thus suggesting that the uptake behavior
is intrinsic to the HEP polysaccharide. The high cellular uptake of HEP-coated nanoparticles
may increase the effectiveness of macrophage and antigen-presenting cell targeting deliveries
and therapies compared to the existing PEG-coatings. The important translational impacts for
such improved behavior may include higher potency of HEP-modified nanomedicines yielding
drug sparing (i.e. less active ingredient is needed and thus cost savings and more doses per
manufacturing batch become available) and reduced potential side effects due to lowered
bioburden. In future studies, we will investigate the mechanisms involved in the observed

cellular uptake behavior of HEP-modified nanoparticles.
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Figure 2.5: Cytotoxicity, hemolysis, and cell uptake of HEP- and PEG-modified 55-nm
AuNPs.

(A) Cell viability test of RAW 264. 7 or J774A macrophages treated with 1-nM HEP-AuNPs
for 48 h with control groups (cells with PEG- AuNPs or without AuNPs) by XTT assay. Bar
graphs indicate mean = SD (n=5). (B) Hemolysis assay of 55-nm nanoparticles (1-nM HEP-
or PEG-AuNPs final). 1X PBS or 1% Triton-X 100 were used as negative and positive
controls, respectively. Bar graphs indicate mean + SD (n=3). (C) Cell uptake assays: HEP-
AuNPs or control PEG-AuNPs were incubated with B16F10 murine melanoma, C2C12
murine muscle cells, J774A.1 murine macrophages, RAW 264.7 murine macrophages, or
DC2.4 murine dendritic cells. ICP-MS was performed to quantify cell uptake of
nanoparticles. About 70x, 230x, and 45x more HEP-AuNPs were internalized than PEG-
AuNPs in J774A.1 macrophage, RAW 264.7 macrophage, and DC 2.4 dendric cells,
respectively. Bar graphs indicate mean + SD (n=3-4). (D) The effect of FBS (protein corona)
on cellular uptake of HEP-AuNPs with control (PEG-AuNPs) when incubated with J774A.1
murine macrophages, RAW 264.7 murine macrophages, and DC2.4 murine dendritic cells.
ICP-MS was performed to quantify nanoparticles cell uptake. No significant difference was
observed with FBS-treatment as in panel C. Bar graphs indicate mean + SD (n=3-4). (E)
Confocal laser scanning microscopy images of HEP- and PEG-coated AuNPs incubated with
DC2.4 dendritic cells for 3 h. The added coating density of HEP-AuNPs and PEG-AuNPs in
this figure was ~5 polymers/nm?. The scale bar indicates 20 um.
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2.4 Conclusion

We demonstrated that the salt aging and pH reduction methods effectively coated
negatively charged HEP onto various sized AuNPs. Similar to PEG-based modifications,
surface engineering of AuNPs with HEP reduced protein adsorption as a function of HEP
surface density. While HEP coatings exhibited a comparable ability to reduce protein adsorption
as PEG, HEP substantially enhanced cellular uptake in certain antigen-presenting cells, but not
in other tested cell types from various lineages. While we observed some differences in serum
protein corona profiles between HEP-AuNPs and PEG-AuNPs, we found that the high
nanoparticle cell uptake was not affected by serum proteins. We further demonstrated our HEP-
coating strategy's broad applicability for various inorganic and organic nanomaterials. In future
studies, we will investigate the mechanisms for the enhanced cellular uptake of HEP-coated
nanoparticles. This research will guide the translation of HEP-based nanoparticle surface
engineering to enable nanomedicine-based immunotherapies, such as vaccines and CAR-T

therapies, that safely and efficiently target immune cells.
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Chapter 3 Controlling Nanoparticle Uptake in Innate Immune Cells with

Heparosan Polysaccharides

3.1 Introduction

Nanoparticles are versatile devices for the delivery of biomolecules and other payloads
that interact with cells of the innate immune system 2!8220 the first line of defense against
foreign entities and pathogens. Upon entry into the body, antigen-presenting cells of the innate
immune system can recognize such invaders to elicit immune responses 20223, Interactions
between engineered nanoparticles and immune cells can lead to immunomodulation by bridging
the gap between innate immunity and adaptive immunity 76224227, Therefore, understanding
the nanoparticles’ interaction with the innate immune system is critical for the development of

safe and effective nanoparticle-based therapeutics.

In the last decade, multiple nanoparticle surface engineering strategies have been applied
to target cells of the innate immune system 222228-230_ However, the observed high levels of
nanoparticle uptake are not always appropriate for clinical use due to cell or systemic toxicity
231232 There is a need to develop methods to control nanoparticle uptake into innate immune

176,229,233-236 This

cells to engineer desired immune responses approach has the potential to

minimize undesirable side effects of nanomedicines, enabling the development of new

nanoparticle-based immunomodulation, immunotherapy, and vaccine applications !76-229:233-236,

We previously demonstrated that heparosan (HEP) polysaccharide is an efficient
surface engineering technology to create nanoparticles that exhibit a reduction in protein corona
formation with enhanced cellular uptake properties in antigen-presenting cells 2%°. In this report,
we investigated the interactions between HEP-modified nanoparticles and innate immune cells

mechanistically by studying the nanoparticle cellular uptake characteristics and associated
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endocytosis pathways. Considering that surface properties strongly govern nanoparticle cellular
uptake 231232237-239 we investigated the nanoparticle uptake efficiency using competition assays
of various HEP structural analogs, i.e. polymers of the glycosaminoglycan (GAG) family, and
by systematically varying the HEP surface coating density. Our results indicate that nanoparticle
uptake in innate immune cells can we controlled over three orders of magnitude when using
HEP polysaccharides. These finding may enable the development of safe and effective

nanomedicines for applications in immunomodulation, immunotherapy, and vaccine research.
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3.2 Materials and Methods

3.2.1 Gold nanoparticle synthesis (15-nm or 55-nm AuNPs)

A redox reaction-based bottom-up synthesis approach was used for the synthesis of 15-
nm and 55-nm nanoparticles. Aqua regia was used to clean the glass reaction flasks before
synthesis. Aqua regia is prepared as a 3:1 ratio of hydrochloric acid (Sigma-Aldrich, ACS

reagent, 37%) and nitric acid (Sigma-Aldrich, ACS reagent, 70%).

Based on a protocol published by Turkevich et al., we synthesized 15-nm gold
nanoparticles '%8. A solution of 1.0 mL of 0.102 M sodium citrate tribasic dihydrate (Sigma-
Aldrich) and 98.9 mL nanopure water were prepared in aqua regia-cleaned 250-mL Erlenmeyer
flask, and stirred on a hot plate at ~200 rpm. When the solution started boiling, 100 ul of 0.25
M aqueous gold (III) chloride trihydrate (Sigma-Aldrich) was added rapidly, and the stir rate
increased to ~400 rpm for 7 min. During this reaction time, the color of the solution changed
from purple to cherry red. After 7 min, the flask was placed on ice to quench the reaction. To
prevent nanoparticle aggregation, Tween 20 (Sigma-Aldrich, Molecular Biology, Grade) was
added with a final concentration of 0.01% (v/v) before storage at 4°C. Before use, nanoparticles
were washed with 0.1% (v/v) Tween 20, 0.01% (w/v) sodium citrate tribasic dihydrate solution
(NP wash buffer) thrice by centrifuging at 15,000 xg for 90 minutes (ThermoFisher Heraeus
Multifuge X3R centrifuge). Both DLS and UV-Vis spectrophotometry were performed for

nanoparticle size and concentration, separately.

To synthesize larger nanoparticles, a seed-mediated synthesis protocol from Perrault et
al. was adopted.'® The 15-nm seed without Tween 20 gold nanoparticles were prepared by the
previously described protocol above; these ‘seed’ particles were transferred to a new clean flask
to synthesize 55-nm AuNPs. The solutions were added and mixed in the following order at room
temperature with ~400 rpm stirring: 93.7 mL nanopure water, 0.967 mL 15 mM aqueous sodium

citrate tribasic dihydrate, 0.967 mL 25 mM aqueous gold (IIT) chloride trihydrate, 3.35 mL
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citrate-stabilized 2.4 nM 15-nm gold nanoparticles (without the addition of Tween 20), and
0.967 mL 25 mM aqueous hydroquinone (Sigma-Aldrich, ReagentPlus, > 99.0%). The solution
turned from light pink to dark wine-red right after the addition of hydroquinone. After the
overnight reaction, 1 mL 10% Tween 20 (v/v) was added for a final ~0.1% concentration.
Nanoparticles were centrifuged at 2000 x g for 120 minutes and then the supernatant was
discarded. Pellets were washed with 0.1% (v/v) Tween 20, 0.01% (w/v) sodium citrate tribasic
dihydrate solution (NP wash buffer) thrice using centrifugation steps at 2000 x g for 30 minutes.
The nanoparticles were dispersed in NP wash buffer, and then both concentration and
hydrodynamic diameter were measured by UV-Vis spectrophotometry and DLS, respectively.

The nanoparticle dispersion was stored at 4°C until further use.
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3.2.2 Heparosan synthesis

As published in a previous study by our laboratories, a quasi-monodisperse 13-kDa
heparosan (HEP) polysaccharide (polydispersity Mw/Mn 1.038 +/- 0.0046) with a reducing end
amino group (HEP-NH2) was synthesized by synchronized, stoichiometrically-controlled
chemoenzymatic reaction using an amine-containing acceptor, UDP-sugar donors, and PmHS
enzyme as described previously.!”! This starting material was employed to create a HEP with a
thiol-reactive group (HEP-OPSS) at the reducing terminus. HEP polymers were quantified using

the carbazole assay with a glucuronic acid standard.'*?

The thiol-reactive dithio-pyridyl (OPSS) group was introduced into the reducing end of
various HEP-NH; polymers using a 31- to 42-fold molar excess of N-succinimidyl 3-(2-
pyridyldithio)propionate (SPDP) (ThermoFisher) added as 2 or 4 additions in neat DMSO; the
reaction was performed with 6-6.7 mg/mL HEP-NH; and 30-37% DMSO solvent final in 0.1
M HEPES, pH 7.2, 5 mM EDTA, at room temperature overnight. The HEP-OPSS target was
precipitated by the addition of NaCl (0.1 M final) and 4.8 volumes of isopropanol on ice for 2
hours The resulting pellet was harvested by centrifugation (1,800 xg, 30 min), the supernatant
aspirated, and the pellet dried (3 min under vacuum or air-dried for 2.25 hours) before re-
suspension in water at 4°C overnight. The HEP-OPSS was purified from small MW compounds

via either strong anion exchange chromatography or by ultrafiltration.

The HEP-OPSS (~100 mg synthesis scale) was applied to a HiTrap Q strong anion
exchange column (5 mL bed; GE Healthcare) equilibrated in Buffer A (10 mM NaOAc, pH 5.8)
at 2 mL/min and washed with 4 column volumes (cv) of 100% buffer A. A series of linear
gradient steps with NaCl elution (using B buffer = A + 1 M NaCl in steps of 10 cv of 90A:10B,
4 cv of 60A:40B, and then 1 cv of 40A:60B) removed traces of OPSS from the target. The 0.21-
0.5 M NaCl fractions containing the HEP-OPSS target were pooled, precipitated with 2.5

volumes of ethanol (similar process to isopropanol employed above), the pellet suspended in
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water, and stored at -20°C. Alternatively, the HEP-OPSS (~200 mg synthesis scale) target was
purified by repeated ultrafiltration (6 cycles with a spin unit with 3 kDa MWCO membrane;
Amicon) against water at room temperature to desalt the sample and to remove any residual
SPDP. The presence of the OPSS group on the sugar chain was verified by reaction with
SAMSA (a fluorescent thiol activated with base per the manufacturer’s instructions;
ThermoFisher) and then PAGE analysis '°°. A fluorescent band at the appropriate MW was
detected, thus indicating the successful installation of the OPSS moiety onto the sugar chain as

described later.
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3.2.3 HEP-AuNPs prepared by the pH assisted method
The protocol was adapted and modified from a published paper from the Liu group .

Here, pH 3.0 HCI without citrate was used as a solvent for the heparosan and gold nanoparticle
mixture. Unless specified, all HEP-AuNPs in this paper refer to 13-kDa 55-nm HEP-AuNPs
synthesized by adding 5 HEP/nm?. The calculated amount of HEP for 5 polymers/nm? was
added and mixed with acidic water, followed by nanoparticle addition. After briefly vortexing,
a 3.43 M stock of NaCl in water was added in 0.3 M NaCl increments until the final NaCl
concentration reached 0.6 M. Each increment was followed by a 20 min incubation at room
temperature. DLS was measured after final incubation to confirm successful HEP conjugation
as determined by an increase in hydrodynamic diameter compared to control AuNPs (no

addition of HEP).
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3.2.4 Nanoparticle cell uptake study
This protocol was followed by previously published methods in our laboratory 4. RAW

264.7 macrophages were purchased from ATCC. DC 2.4 were provided by Dr. Chen. First, a
total of 2x10° cells were seeded onto a 48-well plate and allowed to adhere overnight. The cells
were washed with sterile 1X phosphate buffered saline (PBS) thrice, then 500 ul of
nanoparticles in the corresponding cell media with FBS were administered and the cells were
incubated for at 37°C (5% CO>) in a humidified tissue culture incubator. Specific incubation
times and nanoparticle concentrations are noted in the figure captions along with each
experiment result. After incubation with nanoparticles, cells were washed with 1X PBS thrice

to remove non-internalized nanoparticles.

Purified cell samples were then digested by adding 500 pul of Aqua Regia (4:1 nitric acid/
hydrochloric acid, v/v) directly into the wells. After 30 min, acid-digested samples were
transferred to 1.5-mL microcentrifuge tubes and placed in a water bath at 70°C for 1 h to
complete the digestion process. Samples were then allowed to cool and then diluted 40-fold into
nanopure water with a final volume of 5 mL. All elemental analysis measurements for
nanoparticle uptake were done using the PerkinElmer NexIon 2000 ICP-MS on the Prepfast IC
Sample Introduction system at the Mass Spectrometry, Proteomics, and Metabolomics Core
Facility, University of Oklahoma. To determine the average number of nanoparticles per cell,
dissolved gold signal was correlated to the magnesium signal from known numbers of cells.
Iridium was used as an internal standard. The data were analyzed on GraphPad Prism with three

or four replicates.
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3.2.5 Real time confocal characterization of nanoparticle cellular uptake

RAW 264.7 macrophages were seeded onto sterile glass coverslips placed into a 6 well-
plate overnight with DMEM culture media supplemented with 10% FBS and 1% Penicillin-
Streptomycin. The next day, cell media was removed and HEP-coated 55-nm gold nanoparticles
(0.2 nM final) were administrated. Cells were stained with wheat germ agglutinin CF488A
(WGA, cat# 29022, Biotium) and NucBlue Live cell Hoechst (cat# R37605, Thermo Fisher)
according to the manufacture’s protocols to label the cell surface or the nuclei, respectively.
Confocal images were taken with a 63X oil immersion objective (1.4 NA) on a ZEISS LSM 880
inverted confocal microscope using photomultiplier tube (PMT) detectors with a 405 nm diode
laser and a 488 nm argon laser for fluorescent channels through a main beam splitter (MBS)
488/561/633 filter. The nanoparticles were imaged using light scattering principles described by

Jiang et al 15%2%7 with a 561 nm diode-pumped solid-state laser and an MBS T80/R20 filter.
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3.2.6 Confocal characterization of nanoparticle cellular uptake in fixed cells

Similarly, RAW 264.7 macrophages or DC 2.4were seeded onto sterile glass coverslips
placed into a 6 well-plate overnight with DMEM culture media supplemented with 10% fetal
bovine serum and 1% Penicillin-Streptomycin. The next day cell media was removed. Cells
were pretreated with inhibitors for 1 hour. Next, 0.2 nM HEP-coated 55-nm gold nanoparticles
were administrated for 4.5 h in the presence of inhibitors. Cells were washed thrice with 1X
PBS to remove noninternalized gold nanoparticles. Cells were fixed by 4% paraformaldehyde
(PFA, cat# AAJ19943K2, Thermo Fisher) at room temperature for 10 minutes. Fixed cells were
stained with wheat germ agglutinin CF488A (WGA, cat# 29022, Biotium) and NucBlue fix cell
DAPI (cat# R37606, Thermo Fisher) according to the manufacture’s protocols to label the cell

surface or the nuclei, respectively. Confocal images were taken as described above.
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3.2.7 Transmission electron microscopy (TEM) imaging of AuNPs inside of cells

For TEM imaging, we adapted a previously published method 2*°. Cells were seeded in
6-well plates (1x10° cells/well) and incubated overnight. Either 0.3 nM PEG- or HEP-AuNPs
were incubated with RAW 264.7 macrophages and DC 2.4 cells for 3 h, 6 h, and 24 h. After
incubation, uninternalized AuNPs were removed by washing with 1X PBS thrice. RAW cells
were scraped off the wells and collected by centrifugation (500 xg, 5 min, 25°C) into a 1.5 mL
Eppendorf tube; DC 2.4 were removed from wells by trypsin-mediated release, and collected
into a 1.5 mL tube by centrifugation. The supernatants were removed, and the cell pellets were
fixed with freshly made EM-grade glutaraldehyde/paraformaldehyde (2% and 4% final in 0.2
M cacodylate buffer) at room temperature for 1 hour. Samples were then stored at 4 °C until
sectioning and staining (3% lead citrate solution, cat. 22410, Electron Microscopy Sciences).
TEM images were taken by a Hitachi H-7600 Transmission Electron Microscope at Oklahoma

Medical Research Foundation (OMRF) in Oklahoma City, OK.
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3.2.8 Energy dependent temperature and transport inhibition experiment

Cells (1.5x10° cells/well) were seeded in 48-well plates overnight to allow adherence.
To investigate the effect of low temperature on cellular uptake, cells were incubated at 4°C for
1 h, then 0.1 nM 55-nm 13 kDa HEP-AuNPs were added for another 1.5 h incubation at 4°C.

Parallel plates of cells were incubated at 37°C for the control.

To investigate the chemical endocytic inhibitors’ effect on cellular uptake, we
followed the method published by Okuyama et al. 2*!. Cells were seeded in 48-well plates
overnight, then next day inhibitors were added to cells for 1 h. Then 0.1 nM of 55-nm 13 kDa
HEP-AuNPs were added to cells for 1.5 h in the continued presence of inhibitors. Cells without

any inhibitors were used as a control.
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3.2.9 HEP structural analog competition experiment

Cells (1.5x10° cells/well) were seeded in 48-well plates overnight to allow adherence.
To investigate the inhibition effect of HEP structural analogs, the next day, competitors were
added to cells for 1 h incubation. Then, 0.1 nM of 55-nm 13 kDa HEP-AuNPs were added to
cells for another 2.5 h incubation (3.5 h and 0.05 nM for dose-response experiment) in the
presence of inhibitors. Parallel plates of cells were incubated at 37°C for the control. 3.2.10

Cytokine release assay
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3.2.10 Multivalent nanoparticle cell interaction

Our previously published pH-assisted conjugation method was used for coating HEP to
AuNPs 2%, A concentration of HEP polymers calculated to obtain a defined coating density was
first added into pH 3 nanopure water, then 55-nm AuNPs were added. The hydrodynamic
diameter and zeta potential were measured by DLS after the final incubation, HEP-AuNPs were
then purified by three cycles with washing nanopure water using centrifugation at 2,000 xg at 4
°C for 30 min. Then, PEG-OPSS was added at a level of 7 PEG/nm? particle were added to the
HEP-AuNPs to backfill any empty surface that was not covered by HEP polymer. AuNPs were
washed thrice with nanopure water to remove free PEG and HEP before DLS characterization
of hydrodynamic diameter and zeta potential. images. Blot images were quantified by the Quick

Spot image analysis tool.
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3.3 Results and Discussion
3.3.1 Uptake behavior of heparosan (HEP) modified nanoparticles over time

In Figure S23, we demonstrated that HEP-coated gold nanoparticles (HEP-AuNPs)
efficiently target antigen-presenting cells, such as macrophages and dendritic cells, which is
consistent with our previous findings ??°. In this study, DC 2.4 dendritic cells and RAW 264.7
macrophages were used as model innate immune cells for further the following studies. As
shown under the light micrographs in Figures 3.1 A and S24, HEP-AuNPs incubated with DC
2.4 dendritic cells and RAW 264.7 exhibited a time-dependent nanoparticle uptake behavior, as
evidenced by a progressively darker color upon brightfield imaging over time. We quantified
the nanoparticle cellular uptake in RAW 264.7 (Figure 3.1 B) and DC 2.4 (Figure S25) by
inductively coupled plasma mass spectrometry (ICP-MS) and observed that the nanoparticle
uptake per cell increased over time, plateauing at ~12 h post incubation. These results indicate
that innate immune cells exhibit a time-dependent cellular internalization process of HEP-coated

nanoparticles.

To further validate the time-dependent cellular internalization, we performed confocal
laser scanning microscopy (CLSM) to monitor the nanoparticle uptake behavior in real-time in
RAW 264.7 up to 7 h post-incubation (Figure 3.1 C-D, S26). The HEP-coated AuNPs (yellow
color) were imaged in a label-free manner via nanoparticle light scattering and were mainly
present surrounding or at the cell membrane surface after 1 h of incubation 22242, Strong
intracellular nanoparticle signals were detected at 4.5 h, 5 h, and 7 h time points post incubation.
To corroborate the intracellular localization, we subsequently visualized the spatial distribution
of nanoparticles in RAW 264.7 at 3 h, 6 h, and 24 h (Figure 3.1 E and S27) and DC 2.4 cells at
3 h and 24 h (Figure S28) post incubation by transmission electron microscopy (TEM). We
observed that the HEP-AuNPs were present in intracellular vesicles and discovered that some

nanoparticles were able to escape from these intracellular vesicles to access the cytoplasm
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(Figure 3.1 E and S29). Our findings reveal that the cellular uptake of HEP-AuNPs in RAW
264.7 macrophages and DC 2.4 dendritic cells is time-dependent with a majority of internalized
nanoparticles present in intracellular vesicles and a smaller fraction of nanoparticles accessing

the cytoplasm.

83



>
o
=
=
vy

# AuNPs/cell (X10%)
ol

Membrane

Figure 3.1: The cellular uptake of heparosan (HEP) modified gold nanoparticles (AulNPs)
is time-dependent.

(A) Representative bright-field light micrographs of HEP-AuNPs internalization in RAW
264.7 macrophages before ICP-MS characterization at 0 h, 1 h, 3 h, and 9 h. 0.05 nM 55-nm
HEP-AuNPs were used (scale bar, 50 um). (B) ICP-MS was used to analyze the uptake of
0.05 nM 55-nm HEP-AuNPs in RAW 264.7 macrophages. The data points indicate the mean
and standard deviation (n = 3-4). (C) Selective real-time confocal laser scanning microscopy
(CLSM) imaging of HEP-AuNP internalization in living RAW 264.7 macrophages. 0.2 nM
55-nm HEP-AuNPs were used (scale bar, 20 um). (D) A representative individual cell image
was selected from panel C. The gold nanoparticle channel was extracted from the left panel
(right panel; scale bar, 10 um). (E) Transmission electron micrographs of 0.2 nM 55-nm
HEP-AuNP internalization in RAW 264.7 after 3 h, 6 h, and 24 h incubation. High-resolution
photographs of the selected field are shown at the bottom right-hand corners (scale bar, 500
nm).
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3.3.2 HEP-AuNPs cellular internalization through the energy-dependent endocytic
pathways

Since the HEP-AuNPs were found in intracellular vesicles, we hypothesized that these
nanoparticles may enter cells via endocytosis by one or more energy-dependent uptake
pathways 24?4 To discern which uptake pathways were involved, we carried out a systematic
endocytosis inhibition study in RAW 264.7 macrophages. First, we confirmed that the uptake
was indeed facilitated via energy-dependent endocytosis by exposing the cells to known non-
specific endocytosis inhibition conditions, i.e low temperature (4°C), or 0.1% w/v sodium azide
245247 'We found that the cellular uptake of HEP-AuNPs was reduced by ~89% and ~22% when
NPs were incubated at 4°C (Figure 3.2 B and S30) or treated with sodium azide, respectively

(Figure 3.2 C and S30), confirming an energy dependent nanoparticle uptake process.

Next, we screened specific endocytosis pathways using established chemical inhibitors
(Table 3.1) that more selectively block certain uptake pathways using concentrations from
published literature reports (Figure 3.2 A). The innate immune cells were pre-incubated for 1 h
with the endocytosis, then the nanoparticles were added and incubated with the cells for an
additional 1.5 h. The cells were imaged using a light microscope and the nanoparticle uptake
was quantified by ICP-MS over time (Figure 3.2 D and S30-31). The ICP-MS results revealed
that the inhibition efficiencies of nanoparticle cellular uptake were ~73%, 12%, 24%, or 8% for
chlorpromazine, chloroquine, cytochalasin D, or imipramine, respectively (Figure 3.2 D).
Under our study conditions, chlorpromazine was the most effective agent. As shown in Figures
3.2 D and S30-31, no reduction in nanoparticle cellular uptake was observed when the cells
were treated with the inhibitors N-ethylmaleimide (NEM), Filipin, Dynasore, or 5-(N-ethyl-N-
isopropyl) amiloride (EIPA). However, our findings suggest that HEP-AuNPs primarily enter
the model innate immune cells through both clathrin-mediated endocytosis and

macropinocytosis/phagocytosis pathways.
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Figure 3.2: HEP-coated nanoparticles enter cells through endocytosis.

(A) Schematic representation of the uptake pathway study: (i) non-specific endocytosis
inhibition to determine whether nanoparticle cellular uptake is energy dependent. (ii-iv) Specific
endocytosis inhibitors for studying (ii) caveolae-mediated endocytosis, (iii) clathrin-mediated
endocytosis, and (iv) macropinocytosis/phagocytosis. (B-D) ICP-MS quantification of the
nanoparticle cellular uptake in RAW 264.7 macrophages at 4°C (B), in the presence of ATPase
inhibitor sodium azide (C), or chemical endocytosis inhibitors of caveolac-mediated
endocytosis, clathrin-mediated endocytosis, and macropinocytosis/phagocytosis (D). Gold NPs
modified with 13-kDa HEP (at 0.2 nM) were used as control without inhibitors at 37°C
(histograms indicate mean = SD (n=3-4); statistical tests used one-way ANOVA (p<0.0001
(F**%); p<0.0021 (**); p<0.0332 (*)).
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Table 3.1: Summary of endocytosis inhibitors

Inhibitors Mechanism of Function* Condition/ Ref.
Action* Concentration
Low temperature Lowers metabolism Non-specific 4°C 245
endocytosis
Sodium Azide Decreases ATP by  Non-specific 0.1% w/v 248
(NaN3) inhibiting endocytosis
glycolysis
N- Inactivates the Caveolae-mediated 0.3 pg/mL 249~
ethylmaleimide =~ ATPase endocytosis 251
(NEM)
Indomethacin Increases Caveolae-mediated 10 ug/mL 252
[arachidonate] to and clathrin-
prevent dependent
plasmalemmal endocytosis
vesicle formation
Filipin Removes Caveolae-mediated 5 pg/mL 253
cholesterol from and clathrin
the plasma independent
membrane endocytosis
Chlorpromazine  Unknown (AP2 Clathrin-mediated 10 pg/mL 252,253
(CP2) inhibition?) endocytosis
Chloroquine Rho GTPase Clathrin-mediated 30 pg/mL 254
inhibition endocytosis
Dynasore Blocks GTPase Clathrin-mediated 25 ug/mL 255
activity of dynamin endocytosis
Cytochalasin D Depolymerizes F-  Macropinocytosis 1 pg/mL 255,236
(CD) actin and phagocytosis
Imipramine Inhibits the ruffling Macropinocytosis 10 pg/mL 257
of plasma
membranes
Amiloride Inhibits Na* Macropinocytosis 10 or 20 258
(EIPA) channels and and phagocytosis pg/mL
Na*/H" exchange,
F-action
reorganization,
pseudopodia
retraction

“Information on the mechanism of action and function was adopted in part from reviews by Sheth et al., Rennick
et al., and Almeida et al. 235260,
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3.3.3 HEP-AuNPs cellular internalization through clathrin-mediated endocytosis and
macropinocytosis/phagocytosis

As schematically shown in Figure 3.3 A, chlorpromazine inhibits clathrin-mediated
endocytosis while cytochalasin D inhibits macropinocytosis/phagocytosis 2°*-26!, These agents
were the most effective HEP-AuNP uptake inhibitors in our screening experiments (Figure 3.2).
To assess the dose response of the inhibitory effect and the cell toxicity of these two agents, we
performed systematic dose escalation studies. Based on previous screening and published cell
viability data 292264 the dose ranges were selected as 0-31.4 uM and 0-3.9 uM for
chlorpromazine and cytochalasin D, respectively. The cell viability assays confirmed that these
inhibitor doses were not cytotoxic under the tested conditions (Figure 3.3 B-C). Using ICP-MS
analysis, we quantified the inhibitory effects for nanoparticle uptake in RAW264.7
macrophages to be ~70% (chlorpromazine) and ~51% (cytochalasin D), respectively (Figure
3.3 B-C). Furthermore, the light micrographs showed an obvious reduction in light extinction
for cells, consistent with a decrease in nanoparticle cellular uptake (Figure S32-33).
Additionally, notably reduced cellular uptake by chlorpromazine (23.5 uM) and Cytochalasin
D (3.0 uM) in RAW 264.7 was confirmed by CLSM imaging (Figure 3.3 D). Reduced
nanoparticle intensity signals were observed in the cell groups treated with the inhibitors

compared to the groups without the inhibitors (Figure 3.3 D).

To test whether the HEP-coated nanoparticles could enter cells through clathrin-
mediated endocytosis and macropinocytosis/phagocytosis in other cell lines, we conducted
similar inhibition experiments in DC 2.4 dendritic cells. As shown in Figures S34, both
chlorpromazine and cytochalasin D reduced HEP-AuNP uptake by ~77% in DC 2.4 dendritic
cells. Additionally, we co-incubated chlorpromazine and cytochalasin D inhibitors with cells to
test if there was any synergistic inhibitory effect. However, co-incubation of these two inhibitors
showed ~71% inhibitory effect, thus a significant synergistic inhibition was not observed with

this inhibitor combination. This finding from DC 2.4 cells was corroborated by the co-
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incubation of inhibitors in RAW 264.7 (Figure S35). No significant cytotoxicity of the inhibitors
was observed at these tested doses (Figure S36). Our results indicate that in the immune cell
types we tested, uptake of HEP-AuNPs occurs in a time dependent manner and involves both

clathrin-mediated endocytosis and macropinocytosis/phagocytosis.
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Figure 3.3: HEP-coated nanoparticles enter cells through clathrin-mediated endocytosis
and macropinocytosis/phagocytosis.

(A) Schematic representation of HEP-AuNPs uptake through clathrin-mediated endocytosis
or macropinocytosis/phagocytosis. (B-C) ICP-MS was used to quantify the nanoparticle
cellular uptake in RAW 264.7 macrophages upon inhibition with different concentrations of
chlorpromazine (B; clathrin-mediated endocytosis) and cytochalasin D (C;
macropinocytosis/phagocytosis). Histograms indicate mean + SD (n=3-4). The statistical
analysis of groups with competitors showed p<0.0001 compared to the no-competitor group
using one-way ANOVA. (D) Confocal laser scanning micrographs of nanoparticle uptake in
the presence of endocytosis inhibitors chlorpromazine or cytochalasin D along with non-
inhibition control group.
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3.3.4 Controlling HEP-AuNPs cellular uptake by structural analogs of HEP

Our experiments strongly suggest that clathrin-mediated endocytosis plays an important
role in the cellular uptake of HEP-AuNPs, indicating that cell surface receptors may facilitate
the cell uptake. We wondered whether various structural analogs of HEP, the
glycosaminoglycans including heparin, hyaluronan (HA), chondroitin sulfates (CS), could
interact with cell surface receptors to compete with and thereby reduce the uptake of HEP-

AuNPs (Figure 3.4 A).

To address this question, we first pre-incubated RAW 264.7 macrophages systematically
with a library of HEP structural analogs (Table 3.2), and then added HEP-AuNPs to the cells.
To quantify the nanoparticles’ cellular interactions, we performed quantitative ICP-MS (Figure
3.4 B and Figures S37-38) and corroborated the results qualitatively with light microscopy
(Figure 3.4 C-E, S37 and S39). The ICP-MS and microscopy data both revealed that CS A (i.e.
CS with mostly C4-sulfo isomers) was most effective at reducing the cellular uptake (~ 43%)
of HEP-AuNPs compared with the ‘no-competitor’ group. We observed 15% weak inhibition
by CS C (i.e. CS with mostly C6-sulfo isomers) and 18% inhibition of heparin (i.e. the
anticoagulant drug that is a highly sulfated HEP); no significant competition with the remaining
structural analogs was observed (Figure 3.4 B, S37-38). The result that HEP itself was not a
good competitor (either the high molecular weight 169-kDa HEP or the 13-kDa HEP used for
the nanoparticle coating) is puzzling, but reproducible. We speculate that the multivalent
interactions of the HEP-AuNPs with cells were too strong to be effectively competed by a

‘monovalent’ free HEP chain.

We next investigated whether the CS A inhibitory effect of HEP-AuNP uptake was due
to a potential toxicity effect of the CS A preparation, which was extracted from mammalian
source. We observed that the CS A material did not affect cell viability at the working

concentrations employed in this study (Figures 3.4 C-E, S37, S39-41).
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Next, we expanded the structural analog competition study to DC 2.4 dendritic cells.
Since the previous study demonstrated that CS A significantly reduced uptake of the HEP-
AuNPs in RAW 264.7 macrophages, we pre-incubated CS A with the DC 2.4 cells for 1 h, then
added the nanoparticles for an additional 2.5-h incubation. The competition effect was then
quantified by ICP-MS and corroborated with light microscopy (Figures S41-42). Non-cytotoxic
doses of CS A resulted in a lower nanoparticle uptake as quantified by ICP-MS, and fewer
nanoparticles were visible than in the no-competitor group using light microscopy (Figures S41-

42).

We further assessed the competition effect of CS A as a function of time and
concentration at noncytotoxic levels. The CS A agent showed a significant competition effect
of HEP-AuNPs’ cellular uptake as confirmed by light microscopy and ICP-MS quantification
(Figures S43-46 and Figures 3.4 F-G). The inhibitory effect of 1 mg/mL CS A persisted
throughout time (Figure 3.4 F). At 2 mg/mL, CS A suppressed cellular uptake of HEP-AuNPs
up to 9-fold, according to our inhibitory dose-response curve (ICso of 0.5 mg/mL, Figure 3.4
G). The GAG analog competition experiments imply that CS A can substitute as a ligand for

HEP for the internalization receptor, but its identity remains unknown.
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Figure 3.4: Evaluation of structural HEP analogs as competitors for HEP-coated
nanoparticle uptake.

(A) Schematic illustration of experimental hypothesis. (B) ICP-MS was used to quantify the
cellular uptake of HEP-AuNPs in the presence of HEP structural analogs: 0.1 mg/mL 1,000
kDa-HA, 160-kDa HA, 169-kDa HEP, heparin sulfate (HS), or heparin, and 1 mg/mL
chondroitin sulfate A (CS A) or chondroitin sulfate C (CS C). The graphs indicate mean + SD
(n=3-4). Statistical tests were performed using one-way ANOVA (p<0.0001 (****); p<0.0021
(**); p<0.0332 (*); n.s. indicates no statistically significant differences). (C-E) Representative
bright-field light micrographs of cellular HEP-AuNPs uptake in the presence of competitors
before ICP-MS analysis. The inserted bar graphs are the ICP/MS quantitative analysis of the
nanoparticle uptake of samples in the light micrographs. The bars indicate mean + SD (n=3-4).
(scale bar, 50 um). (F-G) ICP-MS was used to quantify the CS A competition effect of HEP-
AuNPs cellular uptake over time (F; 1 mg/mL CSA was used) and various concentration (G).
The graphs indicate mean = SD (n=3-4).
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Table 3.2: Summary of structural analogs of HEP for competition experiments

GAG or Average Surface Major Similarity  Difference Ref
Sugar Molecula Receptors Repeat with from
r Weight (Not all Structure  Heparosan Heparosan
(kDa) inclusive)
Heparosan 43.8; 169 [GIcA]-4- - -
beta-
[GlcNAc]-
4-alpha
Hyaluronic  160; CD 44; [GIcA]-3-  same sugar  different 182,26
acid (HA) 1,000 LYVE-1; beta- composition  glycosidic 5,266
HARE; [GIcNAc]- andcharge  linkages
Stabilin-1  4-beta density
Heparan ~12.9 Fibroblast [GlcA]- same ~1-2 sulfates 26726
Sulfate growth [60S- backbone per repeat 8
factor GlcNAc/Gl
receptor cNS]
Heparin ~16.6 Go6b; [2S- similar ~3 sulfates 266,26
Fibroblast IdoA/GlcA backbone per repeat; 7:269,2
growth ]-[60S- some GlcA 70
factor GIcNS] epimer, IdoA
receptor;
FGF2
Chondroiti  ~19.5 CD 44 [GIcA]-3- GAG GalNAc 267,26
n Sulfate A beta-[4S-  family instead of 8,271-
(CS A) GalNAc]- GlcNAc; 273
4-beta different
glycosidic
linkages;
1 sulfate per
repeat.
Chondroiti  ~21 [2S- GAG family GalNAc 274
n Sulfate B GlcA/IdoA instead of
(CS B) ]-3-beta- GlcNAc;
[4,6S- different
GalNAc]- glycosidic
4-beta linkages;
~2 sulfate per
repeat.
Chondroiti  ~45 CD 44 [GlcA]-3-  GAG family GalNAc 2
n Sulfate C beta-[6S- instead of
(CSO) GalNAc]- GlcNAc;
4-beta different
glycosidic
linkages;
1 sulfate per
repeat.
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Chondroiti
n Sulfate D
(CSD)

Chondroiti
n Sulfate E
(CSE)

Unsulfated
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GlcNACc(N-
acetyl-
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same charge
density
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3.3.5 Controlling HEP-AuNPs cellular uptake by varying surface HEP density
Next, we examined if the substantial cellular uptake of HEP-AuNPs is due to a

multivalent nanoparticle/receptor interaction by investigating the effect of HEP coating level
(i.e. surface density) on internalization. Since uncoated AuNPs are prone to substantial protein

corona formation that may affect cellular interactions 836:43-278-280

, we used a backfilling strategy
to cover the entire uncoated nanoparticles surface with poly(ethylene glycol), PEG, after the
initial HEP-coating step (Figure 3.5 A and S23). PEG is known to minimize non-specific
protein adsorption on nanoparticle surfaces and is used in the clinic 248!, The coating process
was characterized by measuring the hydrodynamic diameter and zeta potential using DLS before
and after back-filling with PEG. The data show that with HEP added at 0.5 HEP/ nm? and
greater, there was no significant difference in the hydrodynamic diameter or the zeta potential
values after PEG backfilling. At the added densities of less than 0.5 HEP/ nm?, the
hydrodynamic diameter and the zeta potential increased with the addition of PEG, indicating

that the AuNPs were successfully backfilled (Figure S47 and S49 A-B). These results confirmed

that fully surface-coated AuNPs with various HEP densities were generated successfully.

Next, we exposed these HEP/PEG-AuNPs with various HEP coating densities to RAW
macrophages and evaluated the uptake efficiency of HEP-AuNPs as a function of HEP densities
qualitatively by light microscopy and quantitatively by ICP-MS (Figure 3.5 B-E and S49 C-D).
The gradual nanoparticles accumulation as HEP surface density increased was observed under
a light microscope and showed that the nanoparticle cellular uptake efficiency is HEP surface
density-dependent (Figure 3.5 C-E and S48-49 D). This relationship was further corroborated
by ICP-MS quantification; the nanoparticle cellular uptake can be controlled by more than 3
orders of magnitude via varying the HEP surface density (Figure 3.5 B and S49 C). Overall,
our results suggest that the multivalent interactions strengthen with an increase in HEP surface
density, leading to higher HEP-AuNP cell uptake. Manipulating the surface HEP coating density

could provide a strategy for controlled delivery of nanoparticles to immune cells.
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Figure 3.5: Surface coating of HEP provides multivalent ligands for strong nanoparticles
and cell interaction.

(A) Schematic representation of the process of generating various HEP/PEG ligand densities
of NPs. HEP polymers were added to AuNPs with theoretical surface densities ranging from
0 to 14 HEP/nm? using the pH-assisted method (i). A second conjugation step was followed
with the addition of a constant addition quantity (7 PEG/nm?) of poly[ethylene glycol] (PEG)
to generate HEP/PEG-AuNPs (ii). The addition of PEG was used to backfill the surface of
AuNPs that was not covered by HEP. (B) The uptake efficiency was measured as a function
of surface HEP density by ICP-MS. Nanoparticle concentration was adjusted to 0.06 nM for
comparison. The data points indicate mean + SD (n=3-4). (C-E) Representative bright-field
light micrographs of HEP/PEG-AuNPs in cells before ICP-MS analysis. NPs were observed
as dark substances with accumulation in cells as the increasing HEP surface densities. The
inserted bar graphs display the quantitative ICP/MS detection of nanoparticle uptake of cells
shown in the light micrographs. The data points indicate mean + SD (n=3-4). Scale bar: 50 u
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3.4 Conclusion

In the current work, we studied the cellular uptake behaviors and pathways of HEP-
AuNPs in innate immune cells, i.e. macrophages and dendritic cells antigen-presenting cells.
Our study demonstrates that HEP-AuNPs are taken up by these cells in a time-dependent manner
and are internalized into intracellular vesicles through both clathrin-mediated endocytosis and
macropinocytosis/phagocytosis with some fraction of internalized nanoparticles accessing the
cytoplasm. The nanoparticle cellular uptake is strongly affected by the HEP surface density, and
we found that this nanoparticle uptake can be controlled over three orders of magnitude through
surface coating densities engineering. These control strategies of HEP-AuNP cellular uptake lay
the groundwork for the future development nanoparticles as safe, effective, and efficient

delivery systems for improved immunotherapies.
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Chapter 4 Summary and future directions

We demonstrated the successful coating of polysaccharide heparosan (HEP) on
inorganic nanoparticles of various materials and sizes by the salt aging and pH-assisted
conjugation method and organic nanoparticles by post-insertion. Similar to PEG-based
modifications, surface engineering of HEP on nanoparticles exhibited a comparable ability to
reduce protein adsorption. HEP coating can substantially enhance cellular uptake in specific
antigen-presenting cells but not in other tested cell types. We further discovered the HEP-
AuNPs uptake in the antigen presenting cells is time-dependent and involves clathrin-mediated
endocytosis and macropinocytosis/phagocytosis. Additionally, we controlled nanoparticle
cellular uptake in antigen-presenting cells by utilizing structural analog competition and
changing surface HEP density. Future studies will investigate the applications of HEP-based
nanoparticle surface engineering in immunotherapies, such as vaccines, immunomodulation,

and CAR-T therapies.
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Figure S1: Chemical structure of OPSS-HEP, and OPSS-PEG.

Chemical structures of OPSS-conjugated heparosan (A) or OPSS-conjugated PEG (B).
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Figure S2: Characterization of the OPSS-HEP conjugation.

(A) Characterization of heparosan and its OPSS-derivative by PAGE gel. Alcian Blue-
staining of the gel shows the presence of heparosan polysaccharide (B) Analysis of OPSS-
HEP chemical reactivity via fluorescent probes: Activated SAMSA (a fluorescent group with
a free thiol after deprotection) reactivity and fluorescein-5-maleimide (Fluo; a fluorescent
sulthydryl reactive reagent) reactivity were employed to qualitatively evaluate OPSS
conjugation and degradation (i.e., any loss of the OPS group reveals a free thiol),
respectively. The fluorescent SAMSA reaction product with OPSS-HEP aligned well with the
polysaccharide bands in the Alcian blue gel, indicating that the conjugation of OPSS with
HEP was effective. No fluorescent product was observed in the fluorescein-5-maleimide
reactions indicating the absence of free thiol groups; therefore, no significant degradation of
the OPSS-HEP was detected during handling and storage. Images are cropped and gel lanes
fused as indicated with the dashed lines. Original images are available upon request.
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Figure S3: Agarose gel electrophoresis images of 15-nm HEP-AuNPs.

(A), (C) Agarose gel electrophoresis of heparosan-modified AuNPs by salt aging (A) or by
simple mixing (C). The coating reactions contained various ratios of HEP to AuNPs ranging
from 0, 0.1, 0.25, 0.5, 0.75, 1, 1.5, or 2 HEP/nm?. The addition of HEP chains to the AuNPs
slows migration, possibly due to the increase in hydrodynamic size until a plateau indicates
surface saturation. (B) Agarose gel electrophoresis of heparosan-modified AuNPs by pH
method. The surface HEP densities were 0, 0.25, 0.5, 1, 2, or 5 HEP/nm?. The dashed lines
indicate the position of the wells.
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Figure S4: Nanoparticle colloidal stability of 15-nm HEP-AuNPs.

(A-B) Nanoparticle colloidal stability in buffers with different sodium chloride (NaCl)
concentrations and pH (A) and over 4 days (B). (C) Nanoparticle colloidal stability after
repeated centrifugation and washing by water and PBS. Bar graphs indicate mean + s.d. of
biological triplicates. Statistical tests were performed by Two-Way ANOVA (p<0.0001 (***%);

n.s. indicates no statistically significant differences. (D) Plasma challenging of radiolabeled
HEP-AuNPs with different coating reaction ratios and sizes. For example, 15-3 indicates 15-
nm AuNPs with calculated addition ratios of 3 HEP per nm? of particle surface area in the

coating reaction. The incubation time for 15-3 was 12h, 15-5 was 24 hours, and 15-7 was 48
hours.
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Figure S5: Physicochemical characterization of 55-nm HEP-AuNPs.

(A) Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter of 55-nm
AuNPs after mixing with various amounts of HEP per nm? of nanoparticle surface area by
either the salt concentration (salt aging) or pH methods. Bars indicate mean = SD (n=3). (B)
Radiochemical assay of HEP incorporation onto AuNPs: Various amounts of radiolabeled
heparosan were mixed with 55-nm AuNPs, and after the coating process, free HEP was washed
away. The left y-axis reports the [°H] radioactivity of different HEP coating levels. The right
y-axis represents the actual HEP per nm? calculated from the specific radioactivity of [PHJHEP-
OPSS. (C), (D) Representative TEM micrograph of 55-nm citrate coated AuNPs with a
diameter of 56.5 £ 5.6nm (C) and HEP-AuNPs The light grey halo or shell around the dark
AuNP core (56.0 £ 3.5 nm) corresponds to surface conjugated HEP (panel D; 83.8 = 6.5 nm)
denoted here as the ‘HEP shell’. (E) TEM micrograph image analysis of nanoparticle size. The
x-axis labels are as follows: Core only (citrate coated AuNPs as control from panel C; green
bar); Core of HEP-AuNPs from panel D (Core diameter of HEP-AuNPs in panel D; blue bar);
Core + shell of HEP-AuNPs (Core and shell diameter of HEP-AuNPs from panel D; slanted
lined blue bar). Bars indicate mean + SD. Statistical tests were performed by one-way ANOVA
(p<0.0001 (***); n.s. indicates no statistically significant differences). Scale bars denote 100
nm.
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Figure S6: Nanoparticle colloidal stability of 55-nm HEP-AuNPs.

(A-C) Long-term colloidal stability of 55-nm HEP-AuNPs (A), PEG-AuNPs (B), or Citrate-
AuNPs (C) under different conditions over 11 weeks. Panels A and B share the same legend as
shown in Panel C. (D- (E) Colloidal stability of 55-nm HEP-AuNPs (D) and PEG-AuNPs (E)
after FBS incubation at 37°C for 76 days. Bars indicate mean + SD. Dots represent the
polydispersity index (PDI). (F) Plasma challenging of radiolabeled HEP-AuNPs with different
coating densities, e.g., 5-1 indicates 55-nm AuNPs with the addition of 1 HEP per nm?. The
incubation time was 24 h. (G) Photographs of uncoated AuNPs (left) or HEP-coated AuNPs
(right) before and after incubation in cell media without FBS. The red color indicates colloidal
stability, while the blue color indicates nanoparticle aggregation.
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Figure S7: Characterization of 100-nm HEP-AuNPs and summary of HEP-AuNPs.

(A) Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter of 100-
nm AuNPs after mixing with various amounts of HEP per nm? of nanoparticle surface area by
salt concentration (salt aging) or pH methods. Bars indicate mean + SD (n=3). (B) The
hydrodynamic diameter changes from 0 HEP/nm? to HEP saturated point (2 HEP/nm?)
calculated from dynamic light scattering data. Bars indicate mean &+ SD. Statistical tests were
performed by one-way ANOVA (n.s. indicates no statistically significant differences). (C) The
saturation curves of heparosan on 15-nm, 55-nm, and 100-nm nanoparticles were measured by
dynamic light scattering. Possibly due to a reduction in overall nanoparticle curvature with
increasing nanoparticle size, the maximum achievable HEP surface coating densities of 15-nm,
55-nm, and 100-nm AuNPs were ~1.0 HEP/nm?, ~0.5 HEP/nm? and ~0.1 HEP/nm?,
respectively. Statistical tests were performed by one-way ANOVA (n.s. indicates no
statistically significant differences)
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Figure S8: Optimized pH method for maintaining colloidal stability of 100-nm AuNPs
modified with low HEP densities.

(A-B) Photographs of 100-nm AuNPs coated with 0.01 HEP per nm? using the pH method with
citrate and without citrate after 0 days (A) and 390 days (B). The clear solutions indicate
nanoparticle aggregation when citrate is present. (C) Dynamic light scattering (DLS) was used
to measure the hydrodynamic diameter of 100-nm AuNPs after mixing with various amounts
of HEP per nm? of nanoparticle surface area by pH method with citrate and without citrate. (D)
The hydrodynamic diameter changes of HEP-AuNP with 0.01 HEP per nm? by pH method
without citrate after 390 days. Bars indicate mean + SD. Dots represent PDI. Statistical test
was performed by unpaired T-test (n.s. indicates no statistically significant differences)
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Figure S9: FBS incubation of 15-nm, 55-nm, or 100-nm HEP-AuNPs by salt aging.

(A-C) Dynamic light scattering (DLS) was used to measure the effect of FBS incubation with
controls (without FBS) of AuNPs mixed with different surface HEP densities with AuNPs sizes
of 15-nm (A), 55-nm (B), or 100-nm (C). The increased polydispersity index (PDI) indicates a
broader nanoparticle size distribution during FBS incubation. Bar graphs indicate mean + SD
(n=3). Statistical tests were performed by one-way ANOVA (p<0.0001 (****); p<0.05("); n.s.

indicates no statistically significant differences).
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Figure S10: Agarose gel electrophoresis images of HEP-AuNPs upon FBS incubation.

(A-C) AuNPs of different sizes were compared: 15-nm (A), 55-nm (B), 100-nm (C). Dashed
lines indicate the position of the wells.
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Figure S11: Heparosan coating reduces protein corona formation on silver nanoparticles

and liposomes.

(A) Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter of
heparosan-coated liposomes with various mole percentages of HEP-dipalmitate lipid (added
by post-insertional modification of pre-formed liposomes). (B) Hydrodynamic size and zeta
potential of the uncoated liposome, HEP-liposome, or PEG-liposome preparations were
measured by DLS. (C-D) DLS was used to compare the hydrodynamic diameter differences
before and after FBS incubation (slanted lined bars stand for incubation with FBS) of silver
nanoparticles (panel C; gray) or liposome nanoparticles (panel D; yellow). Bars indicate mean

+ SD.
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Figure S12: Heparosan coating reduces protein corona formation on 15-nm AulNPs.

(A) The qualitative molecular composition of the adsorbed FBS proteins layer on 15-nm
AuNPs with various amounts of HEP in the coating reactions by SDS-PAGE gel. The lanes on
the right side and left side of this image are from the same gel. (B) SDS-PAGE image analysis
of each lane. Data points are normalized to the start point (0 HEP/nm?). Bars indicate mean +
SD.
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Figure S13: Physicochemical characterization of PEG-AuNPs.

(A), (B) and (D) Dynamic light scattering (DLS) was used to measure the hydrodynamic
diameter of PEGylated 15-nm(A), 55-nm(B), or 100-nm AuNPs (D). Bars indicate mean = SD
(n=3). (C) Agarose gel electrophoresis of PEG-modified AuNPs incubation with FBS. Dashed
lines indicate the position of the wells. (E) Dynamic light scattering (DLS) was used to measure
the FBS incubation with control (without FBS) of AuNPs mixed with different surface PEG
densities with AuNPs size of 15-nm. The increased polydispersity index (PDI) indicates a
broader size distribution caused by FBS incubation. Bar graphs indicate mean = SD (n=3). (F)
An UV-Vis spectrophotometry-based depletion assay to quantify the maximum loading
capacity of PEG. Statistical tests were performed by one-way ANOVA (p<0.0001 (****);
p<0.05(*); n.s. indicates no statistically significant differences.
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Figure S14: Assessment of cytokine release levels.

(A-B) Cytokine release levels in the supernatant of RAW 264.7 macrophages after 24 h
incubation with citrate AuNPs, PEG-AuNPs, or HEP-AuNPs were determined using an array
of specific antibodies (A). The signal intensities in panel A were quantified using the Quick
Spot image analysis tool (B). Data points of D11-12 and D15-16 were excluded for analysis
due to the interference of the nearby strong signal. A1-2, A23-24, F1-2 are reference spots;

F23-24 are negative control spots.
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Figure S15: Cytotoxicity and hemolysis tests using HEP- or PEG-AuNPs.

(A-B) Cell viability of RAW 264.7 macrophages treated with different sizes and doses of HEP-
AuNPs or PEG- AuNPs for 24 (A) and 48 (B) hours by XTT. Bar graphs indicate mean = SD
(n=5). (C) Cell viability test on OV90 cells and OVCAR4 cells treated with 0.1-nM HEP-
AuNPs or PEG- AuNPs by XTT assay. Bar graphs indicate mean + SD (n=5). (D) Photographs
of AuNPs incubated with human red blood cells. From left to right: +, positive control; -, PBS
negative control; TH, HEP-AuNPs with blood cells; BH, HEP-AuNPs without blood cells; TP,
PEG-AuNPs with blood cells; BP, PEG-AuNPs without blood cells.
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Figure S16: Light micrographs of different cell types after incubation with 55-nm HEP-
AuNPs.

Either 0.2nM HEP-AuNPs or PEG-AuNPs were incubated with RAW 264.7, J774A.1
macrophages, DC2.4 dendritic cells, BI6F10 melanoma, or C2C12 muscle cells for 6 hours.
Cells were imaged with a brightfield light microscope after removing uninternalized AuNPs.
Scale bars represent 50 pm.
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Figure S17: Quantification of the light scattering intensity of nanoparticles in cells.

Light scattering intensities of the gold nanoparticles in Figure 5 were quantified by manually
drawing regions of interest around the cell membranes and measuring the integrated density in
the light scattering channel on ImageJ.
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Figure S18: Cell uptake quantification of 15-nm HEP-AuNPs and PEG-AuNPs by
ICP/MS in RAW 264.7 macrophages and 4T1 breast cancer cells with and without
AuNPs etching.

The 15-nm HEP-AuNPs or control (PEG-AuNPs) were incubated with 4T1 murine breast
cancer cells and RAW 264.7 murine macrophages. ICP-MS was performed to quantify the cell
uptake of nanoparticles. Around 21x more HEP-AuNPs were internalized than PEG-AuNPs
RAW 264.7 macrophage. True nanoparticle internalization was assessed by insensitivity to the
KI/I; etchant. Bar graphs indicate mean + SD (n=3-4).
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Figure S19: Transmission electron microscopy imaging of the subcellular distribution of
55-nm gold nanoparticles.

After 6 h incubation with 0.3 nM HEP- or PEG-AuNPs, the RAW 264.7 cells were collected
and processed for TEM imaging. In TEM, AuNPs are observed as uniform black dots. Note
that the magnification increases by ~2-fold in each panel from left to right, and the dashed red
lines indicate the field of view selected for the next higher magnification. In the case of the less
obvious signal with the PEG-coated AuNPs (lower rightmost panel), the red arrows indicate
several individual AuNPs. The clusters of HEP-AuNPs are much more abundant.
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Figure S20: Cellular uptake of silver nanoparticles, liposomes, or gold nanoparticles with
various coatings.

(A-B) Confocal laser scanning microscopy images (CLSM) of RAW 264.7 cells incubated with
either silver nanoparticles (A) or liposome nanoparticles (B) for 2 h and 24 h, respectively. (C)
CLSM images of HEP-coated gold, silver, and liposome uptake compared with nanoparticles
with PEG coating and ‘cell only’ groups in DC 2.4 dendritic cell (gold nanoparticles) and RAW
264.7 cells (silver nanoparticles and liposomes).
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Figure S21: Cell uptake of polymer-coated 55-nm AuNPs in HUVEC endothelial cells.

Human endothelial cells were incubated with HEP-AuNPs or PEG-AuNPs. Nanoparticle cell
uptake was quantified by ICP-MS. There was no difference in uptake between the two coated
AuNPs. A T-test was used for statistical analysis (mean SD; n=3-4).
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Figure S22: The effect of FBS incubation on cellular uptake.
Either 0.2nM HEP-AuNPs or PEG-AuNPs were incubated with DC 2.4 dendritic cells with or

without FBS for 6 hours. Cells were imaged with a brightfield light microscope after removing
uninternalized AuNPs. Scale bars represent 50 um.
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Figure S23: Cellular uptake of HEP-coated 55-nm AuNPs in J774A.1 macrophages,
RAW 264.7 macrophages, and DC 2.4 dendritic cells.

The nanoparticle cell uptake was quantified by ICP-MS. About 70x, 230x, and 45x more HEP-

AuNPs were internalized than PEG-AuNPs in J774A.1 macrophage, RAW 264.7 macrophage,

and DC 2.4 dendric cells, respectively. Bar graphs indicate mean + SD (n=3-4).
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Figure S24: Light micrographs of HEP-AuNPs uptake over time.
The HEP-AuNPs (0.05 nM) were incubated with RAW 264.7 macrophages or DC 2.4 dendritic

cells for 0 h, 1 h, 3 h, 6 h, 9 h, and 24 h. The cells were imaged with a bright-field light
microscope after removing uninternalized AuNPs. Scale bars: 50 um.
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Figure S25: The cellular uptake kinetics of heparosan (HEP) modified gold
nanoparticles (AuNPs) in DC 2.4 dendritic cells.

The graph shows results of [CP-MS quantification of 55-nm HEP-AuNPs cellular
internalization in DC 2.4 dendritic cells at 0 h, 1 h, 3 h, 6 h, 9 h, 24 h. Data points represent
mean = SD (n = 3-4).
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Figure S26: Confocal laser scanning micrographs of HEP-AuNPs uptake in real-time via
live cell imaging.

HEP-AuNPs (0.2 nM) were incubated with RAW 264.7 macrophages for up to 7 h. Scale bar:
20 pm.
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Figure S27: Internalization of heparosan (HEP) modified gold nanoparticles (AuNPs) in
RAW 264.7 macrophages.

Transmission electron micrographs of 0.2 nM 55-nm HEP-AuNPs (red box) in RAW 264.7
cells after 3 h, 6 h and 24 h incubation. Control group: PEG-modified AuNPs (blue box).
Note that the magnification increases by 2-fold or 4-fold in each panel from top to bottom,
and the colored boxes indicate the field of view selected for the next higher magnification. In
the case of the less obvious signal with the PEG-modified AuNPs (second column images,
blue box), a blue arrow indicates the location of these nanoparticles.
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Figure S28: Internalization of heparosan (HEP) modified gold nanoparticles (AuNPs) in
DC 2.4 dendritic cells.

Transmission electron microscopy images of 0.2 nM HEP-AuNPs (red box) in DC 2.4.
dendritic cells after 3 h, and 24 h incubation, with PEG-AuNPs (blue box) as control. Inserts
at the bottom right-hand corners show high-resolution images of selected areas.
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Figure S29: HEP-AuNPs escape from intracellular vesicles.

Transmission electron microscopy images of 0.2 nM 55-nm HEP-AuNPs in RAW 264.7 after
6 h incubation. Note that the magnification increases from left to right, and the red box indicates
the field of view selected for the next higher magnification. The red arrows indicate examples
of nanoparticles that appear outside of intracellular vesicles.
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Figure S30: Light micrographs of HEP-AuNP cellular uptake at low temperature, with
sodium azide, or with various other endocytic inhibitors.

Light micrographs of RAW 264.7 macrophages cellular uptake of HEP-AuNPs in the presence
of endocytosis inhibitors. The cells were preincubated with inhibitors of caveolae-mediated
endocytosis, clathrin-mediated endocytosis, or macropinocytosis/phagocytosis for 1 h. HEP-
AuNPs were then added with another 1.5 h incubation. Scale bar: 50 um.
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Figure S31: The lack of an inhibition effect of EIPA on 55-nm HEP-AuNP cellular
internalization.

Light micrographs and ICP-MS quantification results of RAW 264.7 macrophages cellular
uptake of HEP-AuNPs in the presence of 0, 10 or 20 pg/mL EIPA inhibitors. The cells were
pre-treated with inhibitors for 1 h, then HEP-AuNPs were added for another 2.5 h of
incubation. Scale bar: 50 pm.
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Figure S32: Light micrographs showing the effect of chlorpromazine on HEP-AuNPs
cellular internalization.

Light micrographs of RAW 264.7 macrophages cellular uptake of HEP-AuNPs in the presence
0f0.05,0.1, 1, 5,7.5, 10, or 15 ug/mL chlorpromazine (CPZ), a clathrin-mediated endocytosis
inhibitor. The cells were pretreated with inhibitors for 1 h, then HEP-AuNPs were added for
another 1.5 h of incubation. scale bar: 50 um.
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Figure S33: Light micrographs showing the inhibition effect of cytochalasin D on HEP-
AuNPs cellular internalization.

Light micrographs of RAW 264.7 macrophages cellular uptake of HEP-AuNPs in the presence
of 0.1, 0.5, 1, 1.5, and 2 pg/mL cytochalasin D, a macropinocytosis inhibitor. The cells were
pretreated with inhibitors for 1 h, then HEP-AuNPs were added for another 1.5 h of incubation.
Scale bars: 50 um.
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Figure S34: Light micrographs and ICP-MS results of the endocytosis inhibitor effect on
DC 2.4 cells.

Light micrographs and ICP-MS results of HEP-AuNPs cellular uptake in DC 2.4 treated with
an individual inhibitor (chlorpromazine or cytochalasin D) or both inhibitors (CO, co-
incubation with chlorpromazine and cytochalasin D). The cells were pre-treated with inhibitors
for 1 h, and then HEP-AuNPs were added for another 1.5 h of incubation. Scale bar: 50 um.
Data points in lower left corner bar graph represent mean + SD (n = 3-4).
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Figure S35: Light micrographs and ICP-MS results of the endocytosis inhibitor effect on
RAW 264.7 cells.

Light micrographs and ICP-MS results of HEP-AuNPs cellular uptake in RAW 264.7 treated
with an individual inhibitor (chlorpromazine or cytochalasin D) or both inhibitors (CO, co-
incubation with chlorpromazine and cytochalasin D). The cells were pre-treated with inhibitors
for 1 h, and HEP-AuNPs were added for another 1.5 h of incubation. Scale bar: 50 um. Data
points in bar graph represent mean = SD (n = 3-4).
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Figure S36: Cell viability of chlorpromazine and cytochalasin D in DC 2.4 and RAW
264.7 cells.

Results of XTT assays measuring the cell viability of DC 2.4 (panel A) and RAW 264.7
macrophages (panel B) treated with an individual inhibitor (chlorpromazine or cytochalasin D)
or both inhibitors (CO, co-incubation with chlorpromazine and cytochalasin D). Bar graphs
indicate mean = SD (n=3-5). The cells were pre-treated with inhibitors for 1 h, then HEP-
AuNPs were added for another 1.5 h of incubation. Statistical tests were performed using one-
way ANOVA for panel A and an unpaired t-test for panel B (n.s. indicates no statistically
significant differences).
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Figure S37: Light micrographs and ICP-MS results of GAG structural analogs for
competition experiments using RAW 264.7 cells.

The cells were pre-incubated with competitors (1 mg/mL CS B, CS D, CS E, or Chondroitin;
0.1 mg/mL 13.3-kDa HEP) for 1 h, a concentration of 0.1 nM of 55-nm HEP-AuNPs was added
into the well plates followed by another 2.5 h of incubation with cells in the presence of
competitors. The nanoparticle uptake was examined with a light microscope (scale bar: 50 pm)
and quantified by ICP-MS. Statistical tests were performed using one-way ANOVA (n.s.
indicates no statistically significant differences). Bar graphs indicate mean + SD (n=3-4).
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Figure S38: ICP-MS quantification of HEP-AuNPs cellular uptake in the presence of
HEP or GlcNAc.

Either 1.4 mg/mL (32 pM) 43.8-kDa heparosan or 6.6 mg/mL (30 mM) N-acetyl-glucosamine
(GlcNAc) were pre-incubated with RAW 264.7 for 30 min, and then 14-nm HEP-AuNPs (2.0
nM) were added for another 6 h. Bar graphs indicate mean = SD (n=3-4).
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Chondroitin Sulfate C

Figure S39: Light micrographs of 55-nm HEP-AuNPs uptake in RAW 264.7 cells in the
presence of various GAG competitors.

Except for chondroitin sulfate A and C, which were 1 mg/mL, all competitors were dosed at
0.1 mg/mL. The competitors were preincubated with cells for 1 h, and HEP-AuNPs were added
for an additional 2.5 h of incubation in the presence of the competitors. Scale bars: 50 um.
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Figure S40: Cell viability of RAW 264.7 macrophages in the presence of CS A or
heparin.

The XTT assay was used to test the cell viability of 1 mg/mL CS A or 0.1 mg/mL heparin. The
incubation time is 3.5 h. Bar graphs indicate mean + SD (n=4). Statistical tests were performed
using one-way ANOVA (n.s. indicates no statistically significant differences).
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Figure S41: Light micrographs and ICP-MS results of CS A competition experiment
using DC 2.4 cells.

The cells were pre-incubated with 1 mg/mL CS A for 1 h, then 55-nm HEP-AuNPs (0.1 nM)
were added into the well plate followed by another 2.5 h of incubation with cells. The
nanoparticle uptake was examined under the light microscope and quantified by ICP-MS. Bar
graphs indicate mean + SD (n=4). Statistical tests were performed using an unpaired t-test

(p<0.0001 (***%*),
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Figure S42: Effect of CS A on cell viability of DC 2.4 dendritic cells (1 mg/mL; 3.5 h).
The XTT assay was used to test the cell viability of DC 2.4 cells using 1 mg/mL CS A after

3.5 h of incubation. Bar graphs indicate mean + SD (n=5). Statistical tests were performed
using an unpaired t-test (n.s. indicates no statistically significant differences).
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Figure S43: Effect of CS A on cell viability of DC 2.4 dendritic cells (2 mg/mL; 25 h).

The XTT assay was used to test the cell viability after treatment with 2 mg/mL CS A for 25 h.
Bar graphs indicate mean + SD (n=5).
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Figure S44: Effect of CS A on cell viability of DC 2.4 dendritic cells (2 mg/mL; 4.5 h).

The XTT assay was used to test the cell viability after 2 mg/mL CS A treatment for 4.5 h. Bar
graphs indicate mean + SD (n=5).
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Figure S45: Light micrographs of CS A competition effect on HEP-AuNPs cellular
uptake over time.

CS A (1 mg/mL) was preincubated with DC 2.4 cells for 1 h. Then, HEP-AuNPs (0.05 nM)

were added for an additional 3 h, 6 h, 9 h, or 24 h of incubation. The cells were imaged by a
light microscope in bright-field mode after removing uninternalized AuNPs. Scale bar: 50 um.

166



- A‘iﬁ

%

0.25 mg/mL 25 s
‘ro

hdd

2
£y

o

Y , ShPeRy
4’3 _oﬁ"a'{’.‘ "agrae. ‘.J:o;:?? &::
f s X b ? %

Py QD D 2 i ® 50 = 2 %

Figure S46: Light micrographs of CS A competition effect on HEP-AuNPs cellular
uptake.

Various concentrations of CS A were used to pre-incubate DC 2.4 cells for 1 h. 0.05 nM HEP-
AuNPs were added to DC 2.4 for 3.5 h of incubation. The cells were imaged by a light
microscope in the bright-field mode after removing the uninternalized AuNPs. Scale bar: 50
pm.
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Figure S47. The physical characterization of HEP- or PEG-coated AuNPs.

(A-B) Dynamic light scattering (DLS) was used to characterize the hydrodynamic diameter (A)
and zeta potential (B) of HEP/PEG AuNPs. Data points represent mean = SD (n = 4).
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Figure S48: Light micrographs of RAW 264.7 cells incubated with AulNPs possessing
different heparosan (HEP) coating densities.

Bright-field light microscope images of cells incubated with HEP-AuNPs at various HEP
surface densities. The number of HEP densities in a synthesis process (as noted in the images)
shows the quantity of HEP added to a coating reaction. Scale bar: 50 um.
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Figure S49: Effect of HEP coating density on AuNP physical parameters and RAW cell
uptake.

(A-B) Dynamic light scattering (DLS) was used to characterize the hydrodynamic diameter (A)
and zeta potential (B) of various HEP coating densities of AuNPs before and after the back-
filling of uncoated surface area with poly(ethylene glycol), PEG. (C) The nanoparticle cell
uptake efficiencies were measured as a function of surface HEP density by ICP-MS. All
conditions were adjusted to 0.06 nM HEP-AuNPs for the uptake studies. The graphs indicate
mean = SD (n=3-4). (D) Selective bright-field light micrographs of different surface density
HEP-coated AuNPs with RAW264.7 cells after removing the uninternalized nanoparticles
before ICP-MS analysis. The number of HEP densities in a synthesis process (as noted in the
images) shows the quantity of HEP added to a coating reaction. Scale bars: 50 um.
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Appendix B: List of Supporting Figures

Table S1: Summary of proteins identified from LC/MS-MS.

Abbrev  Full Name MW! Biological Process
(Da)
KNGI1  Kininogen-1 71,957 Blood coagulation, Hemostasis,
Inflammatory response
HBBF  Hemoglobin fetal subunit 15,859  Oxygen transport
beta
IBP2 Insulin-like growth factor- 34,015  Growth regulation
binding protein 2
IGF2 Insulin-like growth factor 19,682  Carbohydrate metabolism, Glucose
11 metabolism, Osteogenesis
HBA Hemoglobin subunit alpha 15,184  Oxygen transport
HRG Histidine-rich glycoprotein 44,471  Blood  coagulation,  Fibrinolysis,
Hemostasis
CO4 Complement C4 101,885 Complement pathway, Immunity,
Inflammatory response, Innate
immunity
BPT2 Spleen trypsin inhibitor I 10,843  Protease inhibitor, Serine protease
inhibitor?
FAS5 Coagulation factor V 248,983 Blood coagulation, Hemostasis
THRB  Prothrombin 70,506  Acute phase, Blood coagulation,
Hemostasis
APOC3  Apolipoprotein C-III 10,692  Lipid degradation, Lipid metabolism,
Lipid transport
APOE  Apolipoprotein E 35,980  Lipid transport, Transport
ALBU  Albumin 69,293  Cellular response to starvation,
negative regulation of apoptotic
process
FETUA Alpha-2-HS-glycoprotein ~ 38,419  Acute-phase = response,  negative
regulation of bone mineralization,
positive regulation of phagocytosis
A1AG  Alpha-l-acid glycoprotein 23182  Acute-phase response, regulation of
immune system process
TSP4 Thrombospondin-4 105974 Cell adhesion, Tissue remodeling,

I'MW: Molecular weight. 2 Molecular function.

171

Unfolded protein response



Table S2: LC-MS/MS analysis of surface adsorbed proteins from 55-nm HEP-AulNPs.

Spectral counts of proteins from HEP-AuNPs at different coating densities

(HEP/nm?)
Abbrev | O 0.01 0.1 0.25 0.5 1 3
Cco4 0.15 0.11 0.45 0.64 0.66 0.66 0.54
KNG1 0.76 0.46 0.10 0.00 0.01 0.03 0.02
HBA 0.28 0.64 0.78 0.45 0.32 0.37 0.36
THRB 1.00 0.42 0.77 0.09 0.03 0.00 0.00
IBP2 0.32 0.79 0.67 0.41 0.03 0.01 0.06
APOE 0.33 0.98 0.21 0.00 0.17 0.05 0.00
FETUA | 0.01 0.02 0.40 0.38 0.17 0.02 0.03
HBBF 0.10 0.49 0.64 0.42 0.52 0.36 0.15
BPT2 0.21 0.32 0.69 0.69 0.27 0.48 0.49
IGF2 0.14 0.50 0.62 0.00 0.00 0.00 0.00
HRG 0.43 0.43 0.67 0.00 0.00 0.00 0.00
Al1AG 0.00 0.00 0.67 0.17 0.17 0.00 0.50
ALBU 0.00 0.14 0.68 0.34 0.13 0.03 0.24
TSP4 0.00 0.00 0.07 0.30 0.64 0.31 0.81

Total spectral counts are the average of three or four independent replicates.
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Table S3: LC-MS/MS analysis of surface adsorbed proteins from 55-nm PEG-AulNPs.

Abbrev Spectral counts of proteins from PEG-AuNPs at different coating densities (PEG/nm?)
0 0.01 0.1 0.25 0.5 1 3 5
KNG1 0.75 0.59 0.38 0.09 0.12 0.04 0.11 0.03
HBBF 0.57 0.30 0.67 0.04 0.12 0.34 0.10 0.10
IBP2 0.79 0.51 0.53 0.04 0.00 0.02 0.00 0.00
IGF2 1.00 0.52 0.48 0.00 0.00 0.00 0.00 0.00
HBA 0.44 0.33 0.90 0.24 0.07 0.41 0.22 0.45
HRG 0.83 0.33 0.00 0.00 0.00 0.00 0.00 0.00
CO4 0.20 0.15 1.00 0.00 0.04 0.00 0.00 0.00
BPT2 0.06 0.06 0.55 0.26 0.30 0.38 0.41 0.08
FAS 1.00 0.33 0.67 0.00 0.00 0.00 0.00 0.00
THRB 0.80 0.44 0.88 0.00 0.00 0.02 0.02 0.00
APOC3 0.08 0.17 0.50 0.50 0.50 0.67 0.42 0.42
APOE 0.53 0.19 0.77 0.07 0.06 0.33 0.39 0.09
ALBU 0.05 0.00 0.27 0.02 0.03 0.36 0.35 0.44
FETUA 0.13 0.09 0.47 0.09 0.20 0.48 0.22 0.41

Total spectral counts are the average of three or four independent replicates.
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Appendix C: Abbreviations

HEP Heparosan

PEG Poly(ethylene glycol)

AuNPs Gold nanoparticles

AgNPs Silver nanoparticles

TEM Transmission electron microscopy
CLSM Confocal laser scanning microscopy
LC-MS/MS Liquid chromatography tandem mass spectrometry
ICP-MS Inductively coupled plasma mass spectrometry
MTT Methyl tetrazolium

ALAT Alanine aminotransferase

ALP Alkaline phosphatase

CD Circular dichroism

Cryo-EM cryogenic electron microscopy

CT X-ray computed tomography

DCFH 2'7-dichlorodihydrofluorescein

DSC differential scanning calorimetry

FTIR Fourier transform infrared spectroscopy
LCso Lethal concentration, 50%

LDso Lethal dose, 50%

LDH Lactate dehydrogenase

MRI Magnetic resonance imaging

PET Positron emission tomography

174



qPCR
SPECT
WST
BMI
EDX
EELS
ELISA
L.v.
MRI
N/A
8-OH-dG

ROS

quantitative polymerase chain reaction
Single-photon emission computed tomography
Water-soluble tetrazolium salt

Body mass index

Energy dispersive X-ray spectroscopy
Electron energy loss spectroscopy
Enzyme-linked immunosorbent assay
Intravenous administration

Magnetic Resonance Imaging

Not available
8-hydroxydeoxyguanosine

Reactive oxygen species
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Appendix D: List of Copyrights and Permissions

No permission is needed from Annual Reviews as an author for Chapter 1

Permission Requests link and guideline of the journal of Annual Reviews are attached below
(link: https://www.annualreviews.org/page/about/copyright-and-permissions).

Guideline: Annual Reviews Authors: There is no need to obtain permission from Annual
Reviews for the use of your own work(s). Our copyright transfer agreement provides you
with all the necessary permissions. Our copyright transfer agreement provides:

“...The nonexclusive right to use, reproduce, distribute, perform, update, create
derivatives, and make copies of the work (electronically or in print) in connection with the
author’s teaching, conference presentations, lectures, and publications, provided proper
attribution is given...”
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