ABSTRACT

Evaluating the Cellular Uptake and Translocation of Silver Nanoparticles Using
In Vitro Models

Fan Zhang, Ph.D.

Mentor: Erica D. Bruce, Ph.D.

Nanoparticles (NPs) are used in a wide range of applications for various
characteristics associated with their size and shape. This research evaluated silver
nanoparticles (AgNPs) as a model NP system to evaluate uptake, translocation, and
associated toxicity. This study investigated the influence of capping agents for AgNPs on
the cellular uptake in two epithelial cell lines at realistic exposure levels. In addition, it
also investigated the interaction between soluble proteins and modeled cell membrane
using giant unilamellar vesicles (GUVs) and supported lipid bilayers, at physiologically
relevant protein concentrations. Further, we developed a three-dimensional (3D)
organotypic lung model resembling in vivo conditions, and tracked the translocation of
AgNPs across the modeled lung barrier. Results show that particular capping agent on a
AgNP modulates the extent of cellular uptake into different cell lines. Among the three
investigated capping agents, tannic-acid coating was most efficient in delivering AgNPs
into cells. Although the amount of internalized silver varied, none of the tested AgNPs

resulted in cytotoxicity. Additionally, soluble proteins such as bovine serum albumin,



hemoglobin, lysozyme and fetal bovine serum could induce structural changes in GUVs
due to non-specific protein adsorption onto lipid membranes. The minimum
concentration of proteins required for the onset of adsorption, and the relative affinities of
adsorption, were dependent on the vesicle charge and the dipolar characteristics of a
protein. Furthermore, by engaging human bronchial epithelial cells, microvascular
endothelial cells and macrophage-like cells into a tri-culture, 3D system the overall
structure exhibited similar properties to the alveolar-capillary barrier. Tannic acid-AgNPs
were tested as model NPs, and translocated through multiple cell layers at both 4°C and
37°C. Cytotoxicity of AgNPs in tri-culture was more potent than that monoculture or bi-
culture. The active response from tri-culture was most physiological relevant due to
secretion of pro-inflammatory markers by macrophage like cells. The overall study
highlighted the important role of the physiochemical properties of AgNPs in their
biological fate. The intrinsic proteins aid the cellular internalization of AgNPs by altering
lipid membrane stability and permeability. Physiologically relevant in vitro models can

be a reliable tool in the evaluation of transport and toxicity of NPs.
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CHAPTER ONE

Introduction

The rapid developments of nanoscience and nanotechnology have impacted
diverse areas. Industry and biomedicine are two major areas significantly advanced due
to applications of nanosized materials. With their exceptional physiochemical and
biological properties, nanomaterials have paved a novel path for many commercial fields,
including medicines, cosmetics, food processing, agriculture, energy production and etc.
Globally, 1,814 products have reported use of nanomaterials as of March 2015, and 47%
of those noted at least one nanomaterial component in the composition list. Metal,
carbon, and silicon-containing are three major categories of nanomaterial components
among them, metals and metal oxides comprise the largest composition. The expected
benefits of adding these nanomaterials are mainly to confer antimicrobial protection,
utilizing mostly AgNPs'.

Recently, AgNPs have shown promising features as drug delivery systems and
tumor detection probes”. However, the actual health risks of using AgNP-treated products
remains largely unknown. Both in vitro and in vivo studies support the cellular uptake
and translocation of AgNPs across epithelium linings. Adverse effects of AgNPs on cell
cultures and in animals are found to be dependent on the dosage, specifically to certain
target organs (liver, lung and kidney), and most importantly the physicochemical

. . 3
properties such as size, surface charge and shape’.



Currently, the role of surface coatings on a AgNP’s biological behavior is
relatively less studied, and limited information is present about the translocation of
AgNPs into bloodstream using appropriate models. Moreover, with the emerging
applications of AgNPs in nanomedicine, i.e., nano-biotechnology, looks for affordable
yet reliable in vitro alternative models to guide the design and evaluation of nanosilver
drugs and drug delivery systems. In this regard, it is imperative to characterize the
biological fate of AgNPs following potential exposure pathways, and the parameters that
impact the particle-cell interactions. Investigations on cellular uptake, cytotoxicity, and
translocation potentials of AgNPs through physiological barriers, are particularly urgent
for an in-depth understanding of their potential harmful effects. Additionally, the results
could provide directions for biomedical applications of AgNPs, and opportunities for
novel therapeutics. Furthermore, AgNPs uptake and translocation data provides a means
to model other NP systems for drug delivery.

Based on the limited reports in literature on these topics, it is hypothesized that 1)
cellular uptake of surface functionalized AgNPs is dependent on the capping agent and
cell types; 2) soluble proteins in plasma could induce changes in the properties of
modeled cell membrane and facilitate NPs in the process of cellular uptake; and 3) NPs
could translocate modeled alveolar-capillary barrier following inhalation, and pose
damage to the lung tissue. These hypotheses were tested by investigating the following

three objectives.



Objective One

To develop an understanding of the role of capping agents in the cytotoxicity of
AgNPs to different cell lines at low dose levels and realistic exposure levels, as well as
the extent of cellular uptake and of its relation to observed cytotoxic response

The research background and significance, experimental design, findings and
discussion of this objective are presented in Chapter Three, and were published in the
Journal of Applied Toxicology in 2015, entitled Particle uptake efficiency is significantly
affected by type of capping agent and cell line. First author of the paper is Fan Zhang
who conducted the research, analyzed the data and wrote the manuscript. Co-authors
Phillip Durham and Christie M. Sayes at RTI International characterized the AgNPs at
their facility and compiled that data. Co-authors Boris L. T. Lau and Erica D. Bruce were

the principal investigators of this research

Objective Two

To determine the effect of soluble proteins, at concentrations specific to
physiological levels, on the properties of model cell membranes.

The research background, methods, results, discussion and conclusion of this
objective are presented in Chapter Four, and were published in Soft Matter in 2014,
entitled Non-specific interactions between soluble proteins and lipids induce irreversible
changes in the properties of lipid bilayers. Fan Zhang is the co-first author of the paper,
who contributed equally with Francesca Ruggeri in conducting the experiments and
writing the manuscript. Tania Lind helped with plotting figures from the results of QCM-
D. Drs. Erica D. Bruce, Boris L. T. Lau and Marité Cardenas were the principal

investigators of the research



Objective Three

To develop a novel in vitro organotypic lung culture that resembles in vivo
conditions, and is valuable in tracking the translocation of NPs across alveolar-capillary
barriers and evaluating the resultant toxicity.

Research background, materials and methods, results, discussion and conclusion
of this specific objective are presented in Chapter Five. Manuscript entitled Assessing the
translocation of AgNPs using a novel in vitro co-culture model of alveolar-capillary
barrier, regarding this objective has been submitted to Journal of Toxicology in Vitro and
is currently in review. First author of the paper is Fan Zhang and Dr. Erica D. Bruce is

the principal investigator of the research.



CHAPTER TWO

Literature Review

Nanotechnology and AgNPs

In 1959, the renowned physicist, Richard Feynman, spoke to the annual American
Physical Society meeting at California Institute of Technology, giving a talk entitled
“There’s Plenty of Room at the Bottom”, which seeded the concept of nanotechnology.
In this talk, he brought up the possibilities-in-principle to manipulate and control things
on a small scale. The talk was considered amusing at the time, as the method he described
was not available. It undoubtedly preceded several events 20 years later, including the
invention of the scanning tunneling microscope (STM) in 1981, and the book “Engines of
Creation: The Coming Era of Nanotechnology” written by E. Eric Drexler in 1986”. The
invention of STM boosted the nanotechnology and nanoscience further by allowing the
visualization of individual atoms and bonds, which contributed to the discovery of
Fullerenes in 1985 by Harry Kroto, Richard Smalley, and Robert Curl. Today,
nanotechnology is seen as "the understanding and control of matter at the nanoscale, at
dimensions between approximately 1 and 100 nanometers" defined by the National
Nanotechnology Initiative launched in 2000 in the United States”.

One nanometer is one-billionth of a meter, and many biological materials
naturally occurred at this scale. For example, a DNA double-helix is only about 2 nm in
diameter, and the protein hemoglobin is 5.5 nm in diameter. It is also the scale at which

surfaces and interfaces dominate the properties of materials.



When in nanoscale, a material surface area to volume ratio increases significantly,
providing the new entity greater amount of contact surface with the surrounding materials
(Figure 2.1), thus more reactivity and unique physiochemical properties. With these new
properties of nanomaterials, a wide range of applications have impacted many areas such
as electronics and information technology, sustainable energy, environmental

remediation, as well as medicine and health.

N
N

Side =2 Side =1

Surface=2 x2 x 6=24 Surface=1x1x 6 x 8 =48
Volume=2x2x2=8 Volume=1x1x1x8=8
Surface area to volume ratio = 24 Surface area to volume ratio = 48
+8=3 +8=06

Figure 2.1. Illustration of increased surface area to volume ratio with decreased size.

In 2005, the Nanotechnology Consumer Product Inventory (CPI) was created, by
the Woodrow Wilson International Center for Scholars and the Project on Emerging
Nanotechnology, and for the first time it documented 54 products of nano-enabled
consumer products in the marketplace. Since then, it continuously updated and improved
the inventory list from worldwide sources. In 2010, over 1,012 products from 409
companies were reported. As of March 2015, a new total of 1,814 products from 622

companies in 32 countries claimed incorporation of nanomaterials. Thirty-nine types of



nanomaterials were used in the 846 products with known nanomaterial components,
mainly to serve as an antimicrobial agent (31%), protective coating (15%) or dietary
supplement (11%). AgNPs, with involvement in 207 products, are the leading nano-
components and most popular additives in consumer products'.

AgNPs display special optical properties that differ from their bulk parent. They
absorb and scatter light with high efficiency at a particular frequency of the light due to
the localized surface plasmon resonance (LSPR). According to Mie (1908), who first
modeled the optical properties of NPs, AgNPs can present various colors determined by
the size or shape of the particle. Therefore, AgNPs have been used as aggregate sensors
and local refractive index, as their absorbance spectra shifts when particle size or surface
chemistry changes®. Recently, material scientists have taken advantage of the optical
property of AgNPs, and designed etchable plasmonic probes for tumor detection®.
Fluorescence labelled AgNPs were synthesized with a tumor-penetrating peptide coating.
The penetration of these AgNPs into cancer cells was readily recognized by confocal
microscopy, due to enhanced fluorescence-trackable signals enabled by AgNPs. Injection
of these engineered AgNPs into tumor-bearing mice also showed tumor uptake,
suggesting a novel nanosystem to allow the mapping of tumors in vitro and in vivo™.

Because of their unique thermal and electrical properties, AgNPs have been
commonly added into printable electronics as a conductive layer, and in plastics and
composites to improve electrical conductivity. There have also been uses of AgNPs as
drug delivery vehicles. AgNPs-containing nanocapsules could be activated by remote
controlled sonication, which leads to the rupturing of the nanocapsules into fragments

and releases the encapsulated drug™.



The primary use of AgNPs is in fabrics, wound dressings, food packaging and
medical devices, as AgNPs can slowly dissociate a low level of silver ions and control
bacterial growth and odor. A series of studies have been performed to test the bactericidal
effect of AgNPs. Evidence supported AgNPs as effective biocides against 1) bacteria
such as Escherichia coli and Staphylococcus aureus 2) fungi such as Aspergillus niger
and Penicillium citrinum 3) viri such as Hepatitis B and HIV-17. Despite the large
number of studies investigating the beneficial antimicrobial efficacy of silver
nanomaterials, the mechanisms by which silver nanomaterials exert this activity is not
well described. A few proposed mechanisms include generation of reactive oxygen
species and membrane rupture of the bacteria, both being a result of the released silver
ions from NPs; or simply the enhanced surface area to volume ratio, providing better
contact with the microorganism’. For example, four different gram-positive bacteria, P.
Aeruginosa, V. Cholera, S. Typhus and E. Coli, were treated with AgNPs of various sizes
and shapes, and at the concentration of 75 pg/ml, AgNPs were effective in controlling the
growth of all bacteria®. Scanning transmission electron microscopy demonstrated the
deposition of AgNPs on the cell membrane, and distribution throughout the cell. In this
study, AgNPs seemed to interact with the membrane and the interior of an E.Coli
bacterium by disrupting its membrane permeability and damaging DNA by interacting
with the sulfur and phosphorus groups. The mechanism of AgNPs antimicrobial activities
was quite similar to that of silver ions, implying a significant role of released ionic silver
by NPs in this property®. In light of the antibacterial properties, AgNPs have been used as
a novel therapeutic modality to treat burn wounds. Tian et al. (2007) found that AgNPs

were able to rapidly heal and improve cosmetic appearance in a wound. On top of their



antimicrobial activities, AgNPs reduced the wound inflammation and modulated
fibrogenic cytokines, which all promoted the wound healing process’. Research was also
conducted to evaluate the functionality of repaired skin. Tensile properties of healed skin
were significantly improved and led to better fibril alignments after treatment with
AgNPs. The regenerated skin resembled normal skin, due to remarkable alignment of
collagen deposition by AgNPs'’. These results demonstrated a new therapeutic direction

for the future development of wound treatment.

Synthesis of AgNPs

AgNPs can be prepared in mainly two routes, top-down and bottom-up. Bulk
source materials can be decomposed into NPs by physical forces, and stabilized by
capping agents on the surface of produced particles. The size reduction from the top-
down method is mainly achieved by mechanical grinding, evaporation/condensation, and
more recent technology laser ablation. In bottom-up route, AgNPs can be assembled from
silver salts by chemical reduction, and further stabilized by capping agents against
decomposition or aggregation. The reduction of ionic Ag into a solid phase can be
accomplished in both liquid and gas phases. Recently, several green synthesis strategies
have emerged, including biogenic synthesis of AgNPs by bacteria and fungi, and

naturally occurring reducing agents such as plant extracts and polysaccharides®.

Physical Approach
Mechanical grinding is a simple yet cost-effective and high-yielding synthetic
approach to produce a large quantity of nanomaterials. High energy ball milling has been

used in the synthesis of various nanomaterials, including nanocrystalline magnesium



alloys, and Co,Si, Ni-NiO nanocomposites ''. Nanostructured silver was successfully
obtained by milling Ag,O and graphite using mechanochemical reduction. After 22 hr
milling at a rotation speed of 450 rpm with 20 mm ball bearings, the size of Ag,O
diminished to the range of 10 nm to 50 nm, producing silver powder of 28 nm on
average'~. Mechanical grinding may be efficient in producing a large quantity of nano-
sized materials; this method has one severe limitation which is the significant
contamination from the grinding media. If the containers and grinding balls are stainless
steel, it’s very likely that samples would be contaminated with iron, in particular with the
highly energetic mills'".

Evaporation-condensation utilizes a small ceramic heater in a local heating zone
to evaporate source materials (silver) into NPs in a carrier gas. Because of the steep
temperature gradient on the heater surface, the evaporated vapor could cool rapidly,
forming a high concentration of stable AgNPs between 6-20 nm in geometric mean. This
is an advanced method over conventional tube furnace evaporation/condensation
technique, for its efficient energy and space use, and rapid establishment of thermal
stability"”.

Laser ablation could synthesize NPs by impinging the bulk metallic materials in a
liquid medium. Stable AgNP colloidal solutions were synthesized in pure organic
solvents by 1,064 nm laser ablation of bulk silver'*. The efficiency and characteristics of
the product was dependent on several parameters, including the type of aqueous media,
the wavelength of the laser, frequency of the laser pulses, and ablation duration, presence
of certain surfactants. The process did not need any reducing or stabilizing agents,

allowing green and pure synthesis of NPs without chemical residuals'”.
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Chemical Approach

The most common way to fabricate AgNPs is by chemical reduction of silver
salts. Silver salt precursor such as silver nitrate can be reduced to metallic silver by
organic and inorganic reducing agents. Several types of silver salt have been used to
produce ionic silver. In the review of chemical approaches for nanoparticle synthesis,
almost 83% of the research reported the use of silver nitrate as the salt precursor. The
prevailing use of AgNOs is accredited by its low cost and stable chemical properties
compared to other available salts. Thus, it is reasonable to monitor the environmental
release of AgNPs and NOs™ from a manufacturing facility, since nitrate is classified as a
primary water contaminate by United State Environmental Protection Agency (US
EPA)'’. Reducing agents are chemicals that provide free electrons to silver ions to reduce
its +1 valence state to zero to form silver nucleation. It is known that a strong reductant
such as borohydride, leads to small monodisperse particles, whereas weaker reductants
such as citrate, slowly produce a broader size range of NPs. In the NP synthesis scientific
literature, over 23% of the articles reported using NaBHjy as reducing agent, and around
10% with sodium citrate. Other reducing agents accounted for smaller percentages of the
synthesis in special applications'®. Sodium citrate may not be a critical environmental
hazardous if released into the water bodies as a byproduct, but NaBH4 may lead to water
contamination with borides. The four hydrogen atoms of BH4 could also participate in
the reduction of other elements in nature.

Use of reducing agents, can not only convert ionic silver to solid silver but also
control the growth of solid silver nuclei into desired size and shape. For example, in a

study conducted by Bastus et al., citrate-coated AgNPs were synthesized from silver
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nitrate by a mixture of trisodium citrate and tannic acid'’. The sizes of synthesized
particles are controllable (from 10 nm to 200 nm) by adjusting reaction parameters such
as the concentrations and ratio of the reducing agents. Transmission electron microscopy
images confirmed the narrower size distribution of AgNPs when decreasing the tannic
acid to sodium citrate ratios. The average particle diameter increased from 13.8 nm to 58
nm following concentration change of tannic from 0.025 mM to 5 mM '’

It’s important to protect the dispersive NPs against agglomeration, for the unique
properties of nanomaterials are highly dependent on their size. Selected materials were
chosen as stabilizers and conjugated on the NP surface to prevent agglomeration. Popular
coating materials are, citrate, polyvinylpyrrolidone, amines, amides, sugars,
cetyltrimethylammonium bromide'®. The coated NPs become more resistant to
agglomeration due to electrostatic repulsion or steric exclusion'®. Depending on the
application of the NPs, certain types of stabilizing agent can be used to determine the
stability, reactivity, solubility, size and shape of the particles. AgNPs coated
polynisopropylacrylamide (PNIPAM) could be utilized in surface plasmon and thermal
switching applications, enabled by the temperature-sensitive PNIPAM'®. The commonly
used stabilizers, such as PVP and citrate, usually leave the particles with negative surface
charge; with the use of branched polyethyleneimine (BPEI), AgNPs are positively
charged with enhanced detection of thiocyanate and perchlorate ions using surface-

enhanced Ramon spectroscopy (SERS)".

Biological Approach
Due to the possible residuals of toxic reducing chemicals on synthetic AgNPs,

some biosynthetic methods using biological organism and green reducing agents have
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been reported™. AgNPs were recently synthesized using five plant extracts; Ocimum
tenuiflorum, Solanum tricobatum, Syzygium cumini, Centella asiatica and Citrus sinensis.
The size and species of AgNPs were confirmed and characterized by UV-vis
spectrophotometer, X-ray diffractometer, atomic force microscopy and scanning electron
microscopy. AgNPs reduced from these plant extracts were well dispersed and stable in
the colloidal solution, bearing average sizes between 22.3 nm to 65 nm. Additionally,
these NPs displayed efficient antimicrobial activity against S. aureus (30 mm) and E. coli
(30 mm)*'. Extract from green alga Enteromorpha flexuosa had synthesized AgNPs at
room temperature, which were tested effective against both gram-negative and positive
bacteria, and could be used in wastewater treatment™.

Of the reported AgNPs synthesis methods, 6% of them were achieved with
microorganisms such as bacteria and fungi'®. These microorganisms could grow AgNPs
in the presence of silver ions both intracellularly and extracellularly. A bacterial strain
isolated from heavy metal-containing soil synthesized AgNPs extracellularly at room
temperature. After treatment with 1 mM of AgNOs, within 24 hr AgNPs in 42- 92 nm
range were found around the Bacillus strain™. Exposure of silver ions to fungus
Verticillium biomass resulted in the formation of AgNPs of (25 = 12) nm in diameter
intracellularly. The fungal cells were not harmed by the silver exposure and could

continue to multiply after the treatment™”.

Toxic Effects of AgNPs
Due to the prevalence of AgNPs used as antibacterial agents in consumer and
medical products, AgNPs are likely released into the environment from manufacturing

facilities; in the medical field, AgNPs have been applied to wound dressings, surgical
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instruments, and bone substitute biomaterials, and contact with such materials may lead
to AgNPs absorption into body tissues. With the increasing application of AgNPs in
industrial settings, their potential adverse effects towards environmental and human
health raises significant concern both in the public and science fields. Recently, many
papers evaluated the treatment of AgNPs in fish, rodents and mammalian cells and tissue

3b, 25 . .
*~. Their environmental fate,

using various toxicity endpoints, both in vitro and in vivo
the state of form in physiological conditions and interaction with cells, are determined by
a series of parameters. As a result, the behavior of AgNPs in physiological and
environmental media varies depending on many physicochemical properties such as
particles size, shape, surface charge and functional groups.

When AgNPs are introduced into physiological and environmental media, they
undergo three main changes. First is the rearrangement or displacement of surface
functional groups by the available biological macromolecules or inorganic and organic
ions in the medium. This re-establishment of surface coating materials could lead to NPs
aggregation, if the new coatings consist of smaller and less charged molecules affording
less electrostatic or steric stability. Lastly, exposing the silver core to ambient oxygen
molecules or free hydrogens may lead to surface oxidation or dissolution of silver ions.
Some compounds, such as sulfide species, dissolved oxygen and chloride, have been
shown to have strong affinity for silver atoms and ions, and could transform AgNPs into
highly aggregated precipitates, limiting their mobility and bioavailability in biological
and environmental media®.

In the aquatic environment, AgNPs have been reported to have an effect on the

fitness and population densities of many vertebrate animals. The main route of AgNPs
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entering a fish body is via the gills*’. When zebrafish were exposed to starch or bovine
serum albumin coated AgNPs (TEM size 5-20 nm), they experienced a drop in heart rate,
delayed hatching and higher mortality rate. AgNPs were retained in brain, heart, yolk and
blood of the embryos after 48 hr treatment at 25 mg/L, determined by TEM imaging®".
Scown et al. (2010) treated rainbow trout with AgNPs of various sizes for ten days. They
found accumulation of AgNPs in gills, liver and kidney, with significantly decreased liver
weight*®. Similar findings were reported by Farkas et al., that PVP and citrate coated
AgNPs accumulated the most in the gills and caused cytotoxicity towards gill
epithelium®.

For individuals, several major exposure routes have been discussed in the
literature, including inhalation through respiratory tract, ingestion through gastrointestinal
tract, dermal contact and intravenous injection. AgNPs can be taken up by many types of
cells following these exposure scenarios; it has become a major concern in toxicological
studies of AgNPs. Recent research supports cellular uptake and toxicity of AgNPs relying
on several parameters, including the physiochemical properties of the particles, such as
size, shape, surface charge and coatings, as well as the exposing conditions, for example,
the duration and concentration of exposure scenarios. Gliga et al. exposed BEAS-2B cells
to AgNPs of various sizes and various coatings. Uncoated 50 nm AgNPs were found
most efficient in cell penetration. Citrate-coated 40 nm AgNPs had more cellular uptake
than 10 nm citrate-AgNPs. After 24 hr, 10 nm citrate-AgNPs had close to 25% silver ions
fraction, which was the only cytotoxic AgNPs among the group’. Results from this study
imply that cellular uptake extent may not be an appropriate index for cytotoxicity, as

demonstrated by uncoated 50 nm AgNPs with the least toxicity but greatest intracellular
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extent. In another work, A549 cells exposed to silver nanowires (100-160 nm in
diameter), spherical AgNPs (30 nm), and silver microparticles (< 45 um), responded
differently. Due to the direct contact with the cell membrane rather than cell penetration,
nanowires resulted in the strongest cytotoxicity and immunological responses in A549
cells®®, Negatively charged AgNPs, due to electrostatic repulsion with the negatively
charged cell membrane, were thus less likely taken up and induced less toxicity compared
to positively charged NPs’'. Uptake of AgNPs by human mesenchymal stem cells was
found in a concentration-dependent manner, mainly through clathrin-dependent
endocytosis and macropinocytosis. AgNPs were found primarily in the endo-lysosomal
structures, while larger agglomerates typically occurred in the perinuclear region®”.
Recently, an emerging entity known as the “protein corona” has been considered
as a key at the nano-biointerface™. When AgNPs enter a biological environment, a layer
of assorted biomolecules such as proteins, lipids and peptides adhered to the surface of
NPs, forming a NP-protein corona. The composition of protein corona is dependent on
the physicochemical properties of NPs, such as the size, surface charge, coatings and
shape, and it also correlates to the physiological environment. Due to the formation of
protein corona, AgNPs in the new identity with modified surface chemistry have been
reported to interact with cells in different manners. For example, protein corona
containing albumin or high-density lipoprotein, reduced the cellular uptake and
cytotoxicity of AgNPs by activating a cell surface receptor’*. Hence, physiologically
available proteins are particularly important in the biological response towards AgNPs

and providing information for related safety concerns.
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Toxicity of AgNPs has been observed at both cellular and organic levels, as
AgNPs could penetrate cells and translocate to other organs through bloodstream. The
toxic effects of AgNPs have been proposed by many studies to be related to the
dissolution of ionic silver. Historically, metallic and ionic silver are renowned
antimicrobial agents and have been used since the ancient Greek and Roman Empire.
Park et al. proposed a Trojan-horse type cytotoxicity mechanism, that AgNPs were
phagocytized by cultured RAW?264.7 cells in particulate form, and activated cellular
apoptosis by ionizing inside the cells®.

In another study, human lung epithelial cells A549 were treated with AgNP
suspensions of two silver ion fractions. When higher concentrations of silver ions were
present, there was significant decrease of viability in A549. AgNPs-free supernatant
displayed the same toxicity with AgNPs suspensions when carrying the same fraction of
silver ion in solution, which was concluded that silver ions in AgNPs played the major

. . . . 25
role in causing toxic effects on mammalian cells™

. AshaRani et al. proposed another
mechanism of toxicity™®. In their study, AgNPs toxicity was not differentiated by forms
of silver. After internalization by either endocytosis or passive diffusion, AgNPs induced
mitochondrial dysfunction, resulting in an elevated level of reactive oxygen species. Cells
undergo oxidative stress, and lead to oxidation of cellular proteins and DNA, along with
malfunctions of antioxidant enzymes. The interaction between silver (both particulate and
ionic forms) and sulfur-containing macromolecules is particularly important in the

toxicity mechanism of AgNPs, due to the strong affinity silver has over sulfur. Apart

from these deleterious effects, AgNPs have also been reported to alter the membrane
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permeability of mammalian cells’’, deplete glutathione level and trigger the generation of
inflammatory markers®.

There have been a few studies that evaluated the chronic effects of AgNPs
following inhalation and ingestion using in vivo models. In 2007, Ji et al. published a
work testing inhalation toxicity of AgNPs in Sprague-Dawley rats following 28 days
exposure. With 1.32 x 10° particles/cm’ (equivalent to 61 pg/m’) per day, there were no
distinct histopathological changes, nor hematology and blood biochemical values
difference resulted from AgNPs>®. However, when similar experiments were extended to
90 days, the health of Sprague-Dawley rats was significantly affected by 18 nm AgNPs.
Both the male and female rats had a dose-dependent increase in bile-duct hyperplasia in
the liver. Mixed inflammatory cell infiltration, chronic alveolar inflammation, and small
granulomatous lesions were also noted in the histopathological examinations. More
AgNPs accumulated in the lungs and liver than other organs following inhalation
exposure, and a no observable adverse effect level NOAEL) of 100 pg/m’ was
recommended based on their evaluation®®. In another 90-day sub-chronic inhalation
study, the genotoxicity of 18 nm AgNPs was evaluated in male and female Sprague-
Dawley rats. After the last exposure routine, rats were sacrificed to collect bone marrow
cells for micronucleus examination. No significant changes were found in the
micronucleated polychromatic erythrocytes compared to the control group, indicating no
genetic toxicity of AgNPs to rat bone marrow in vivo™®. Subchronic oral toxicity of 56 nm
AgNPs was tested in F344 rats over 90 days. Rats were given AgNPs at 30 mg/kg, 125
mg/kg or 500 mg/kg daily. At the end of the oral exposure, rats experienced significant

drops in body weight, and changes in alkaline phosphatase and cholesterol levels. Again,
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bile-duct hyperplasia increased dose dependently, with occasional necrosis, fibrosis, and
pigmentation in treated rats. AgNP accumulation was found in all tissues examined, but
two-fold higher accumulation were observed in the female rats' kidney compared to the
male kidney®’. In the most recent oral subchronic exposure study completed by Garcia et
al. (2016), 20-30 nm PVP coated AgNPs were given orally to male Sprague-Dawley rats
at 0, 50, 100 or 200 mg/kg/day over 90 days. It was found that silver was mostly excreted
in animal feces, but accumulation still occurred in the ileum, liver, kidneys, brain, thymus
and spleen, suggesting translocation of AgNPs through GI tract barrier into other tissues.
Also, administration with AgNPs could alter the concentration and distribution of zinc
and copper in the brain, kidney, and thymus. Although there was no change in organ
weights or mortality, the increased binucleated hepatocytes, proliferating cells and the
altered metal homeostasis in various tissues, pointed out the necessity of further chronic

studies on the toxicity of AgNPs after oral exposure®'.

Current in Vitro Methods to Study the Translocation of AgNPs

While cellular uptake and acute local toxicity have been routinely evaluated by
classical in vitro models, a monoculture system lacks the insight and understanding of
particle-cell interactions involving the interplay of several cell types. Little information
about the efflux or translocation of AgNPs through biological barriers could be gained by
monoculture systems*’. Animal systems, on the other hand, are more valuable in the
prediction of the effects to be affected. Several in vivo models have noted the distribution
and accumulation of NPs following exposure via inhalation, ingestion, dermal contact
and intravenous injection. Depending on exposure conditions and the physiochemical

properties, NPs could cross the pulmonary, gastrointestinal tract, skin, placenta and brain
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barriers, and circulate through the body in the bloodstream. While these animal studies
provide information on systemic effects of NPs, the use of animal models has to be
reduced. Due to the ethical issues, it is impossible to test all nanomaterials of interest
through in vivo models. In this regard, several novel in vitro co-culture models have been
established recently to track the translocation of NPs through biological barriers. With
their unique three-dimensional architectures, these models have the advantages of being
physiologically relevant as in vivo conditions, time and cost efficient for fast screening of
toxicities, as well as offering insight on both local and systemic effects at cellular and
intracellular levels. Since co-culture models typically only engage cells originated from
the human source, they are expected to be more predictive than animal models that
typically use rodents.

These in vitro co-culture models are commonly constructed with the support of a
porous membrane insert. Cells can be grown on both sides of the membrane inserts, to
encourage cell-cell communication and simulate important physiological barrier
properties. So far, the literature supports the development and usage of such models in
the study of NP translocation across the lung barrier, intestinal barrier, skin barrier, and
placental barrier. Only limited types of nanomaterials have been studied the translocation
potency due to the short development of co-culture models. Therefore, the following
review will focus on the relative more established lung and gut models, but not be

restricted to AgNPs studies alone.

Lung Barrier Models
The lungs have been one of the major target organs for NPs exposure. They have

an overall 100 to 150 m” surface area, contributed by the hundreds of millions of end
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structures alveoli. Alveolar-capillary region is the major site of gas exchange. With
effective thickness only 400 nm to 2 um, the alveolar-capillary barrier is likely to play a
vital role in the absorption of inhaled NPs into systemic blood circulation®. Therefore,
several in vitro models mimicking lung-blood barrier (alveolar-capillary barrier) have
emerged. The most commonly used pulmonary epithelial cell lines are A549, Calu-3,
H441 and 16HBE140-. Among these cell lines, A549 and H441 are not able to form tight
junctions**. Besides differences in cell types, in vitro lung barrier models also differ in
the culture conditions, submerged or at the air-liquid interface (ALI). Submerged models
are less realistic than ALI models mimicking the inhalation exposure. However, they
could produce more reproducible data due to relatively more stable and controlled
experimental conditions than at the ALI*.

Co-culture models containing more than one cell type are usually started with
lung epithelial cells, and developed into co-culture by adding different cell types. These
additional cell types are typically endothelial cells that mimic the microvascular
endothelium lining; activated macrophages and mast cells that provide an immunological
response to foreign particles in the lung; fibroblasts and dendritic cells that are present at
the base of the alveolar epithelium. Only limited types of NPs have been tested on these
models, and they are titanium dioxide NPs, quantum dots, polystyrene NPs, cerium
dioxide NPs, gold NPs, silica NPs and single-walled carbon nanotubes™.

Rothen-Rutishauser and coworkers (2005) have been actively using A549,
macrophage and dendritic cells for their pulmonary tri-culture models. Human alveolar
type II epithelial cells A549 are seeded on the apical side of membrane inserts with

macrophage cells, and dendritic cells are seeded on the bottom of the inserts. Both
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macrophage and dendritic cells are vital elements of the airway epithelial barrier. After
the tri-culture has been constructed, the formation of a polarized epithelium is confirmed
by the expression of a tissue-specific protein, E-cadherin. However, the tri-culture system
failed to develop high transepithelial resistance (TEER), an indication of a poor
intracellular tight junction complex. Polystyrene particles with 1 um in diameter were
administered to the system. After 24 hr, particles were found in all types of cells,
although dendritic cells on the bottom of the inserts were not directly exposed to these
particles. TEER of the tri-cultures was not decreased upon the exposure to polystyrene
particles, suggesting no changes in the properties of tight junctions™,

A more physiologically relevant tri-culture model was recently published by
Dekali et al. In their research, human bronchial epithelial cells Calu-3 were used as the
basis of the model, for their high TEER values developed on the membrane inserts.
Differentiated Thp-1 macrophage-like cells are cultured together in the apical region of
the inserts, and microvascular endothelial cells were grown on the basolateral side. After
9 days in co-culture, the model produces >1000 Q-cm” TEER readings, demonstrating a
robust and tight alveolar-capillary barrier. Fluorescent polystyrene nanobeads (primary
sizes of 51 and 110 nm, non-functionalized and aminated) were then introduced to the
system for the assessment of translocation. All tested nanobeads were detected at the
basolateral side of the system, and this translocation has been found to be affected by
both the size and surface chemistry. However, no cytotoxicity was observed by any

nanobeads in the tri-culture system™*.
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Gut Barrier Models

In vitro gut models have been focusing either on the transit of ingested NPs
through the dynamically changing gastrointestinal (GI) tract conditions, or on the uptake
and translocation of NPs by cellular models. The translocation of NPs through the
gastrointestinal wall involves multiple steps. First is the diffusion through the mucus
lining, and having contact with epithelium, before finally taken up by cellular or
paracellular transport. Human epithelial colorectal cells, Caco-2, are the most commonly
used cell type in gut barrier models. To overcome the potential drawback of lacking a
mucus layer in Caco-2 monolayers, they are often co-cultured with HT29-MTX cells.
The mucus layer in the small intestinal poses a physical barrier to NP deposition. It
contains mucin glycoproteins that form viscoelastic gels, and could hinder the selective
passage of materials, entrapping NPs at the small intestine and protect Caco-2 from direct
exposure to lumen content stimulants®. Brun et al. (2014) revealed 5-fold higher TiO2
NPs in the Caco-2/HT29-MTX model than Caco-2 monoculture. These NPs were found
mostly by the microvilli lacking HT29-MTX cells, in the cytoplasmic vesicles located
close to the apical membrane*’. NPs that are orally ingested experience various gastric
fluids in the GI tract, which could alter their surface chemistry and interaction with cells.
It is reasonable to include in vitro gastrointestinal digestion of the NPs in the study of
intestinal translocation. When polystyrene NPs (PS-NPs) were pre-digested in an in vitro
gastrointestinal digestion model, translocation for positively and negatively charged NPs
were 4-fold higher and 80-fold higher respectively, compared to the pristine (un-digested)

particles. The change in translocation efficacy was possibly due to shifts in the
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composition of protein corona of PS-NPs. The digestion decreased the presence of high
molecular weight proteins and replaced with low molecular weight proteins®®.

Human intestine microfold (M) cells have been co-cultured with epithelial
monolayers for their important role in the uptake and translocation of particulate matters.
Co-culture of Caco-2 cells and human Raji B lymphocytes trigger the partial conversion
of Caco-2 cell into M-cells. AgNPs ranging from 20 nm to 113 nm induced a series of
stress responses in intestinal epithelium, including oxidative stress, endoplasmatic stress
response and apoptosis®. The observed gene expression changes were comparable
between AgNPs and silver ions, and it was suggested that the toxic effects of AgNPs
were contributed by the dissociated silver ions. Translocation of 20 nm and 30 nm
AgNPs did not differ significantly to AgNOs, and the epithelium integrity was not

compromised by this process either™.
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CHAPTER THREE
Particle Uptake Efficiency is Significantly Affected by Type of Capping Agent and Cell

Line
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Abstract

Surface-functionalized AgNPs (AgNPs) are the most deployed engineered
nanomaterials in consumer products because of their optical, antibacterial and electrical
properties. Almost all engineered NPs are coated with application-specific capping agents
(i.e., organic/inorganic ligands on particle surface) to enhance their stability in suspension
or increase their biocompatibility for biomedicine. The aim of this study was to
investigate the contribution of the selected capping agents to their observed health
impacts using realistic dose ranges. AgNPs capped with citrate, polyvinylpyrrolidone
(PVP), and tannic acid were studied with human bronchoalveolar carcinoma (A549) and
human colon adenocarcinoma (Caco-2) cell lines and compared against exposures to Ag
ions. Cellular uptake and cytotoxicity were evaluated up to 24 hr. Tannic acid capped
AgNPs induced higher cellular uptake and rate in both cell lines. Citrate-capped and
PVP-capped AgNPs behaved similarly over 24 hr. All three of the capped AgNPs

penetrated more into the A549 cells than Caco-2 cells. In contrast, the uptake rate of Ag
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ions in Caco-2 cells (0.11 + 0.0001 pg/hr) was higher than A549 cells (0.025 + 0.00004
pg/hr). The exposure concentration of 3 mg/L is below the EC50 value for all of the
AgNPs; therefore, little cytotoxicity was observed in any experiment conducted herein.
Exposure of Ag ions, however, interrupted cell membrane integrity and cell proliferation
(up to 70% lysed after 24 hr). These findings indicate cellular uptake is dependent on
capping agent, and when controlled to realistic exposure concentrations, cellular function

is not significantly affected by AgNP exposure.

Short Abstract

AgNPs (AgNPs) capped with citrate, PVP and tannic acid were studied with
human bronchoalveolar carcinoma and human colon adenocarcinoma cell lines to
investigate the contribution of capping agents to their observed health impacts at realistic
dose ranges. Results showed higher cellular uptake and rate from tannic acid capped
AgNPs in both cell lines, and no observed toxicity from any type of the AgNPs treatment.

Similar doses of silver ions, however, significantly altered cellular functionality.
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Dosimetry, low dose, A549, Caco-2, kinetics, cytotoxicity

Introduction
Silver is the dominating nanomaterial used in consumer products due to its
growing popularity as an antibacterial agent’’. According to Project on Emerging
Nanotechnologies (2014), more than 20% of nano-enabled consumer products are
incorporated with silver, including personal care, household and medical products

(http://www.nanotechproject.org/cpi). Current production of AgNPs (AgNPs) in US is
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estimated to be as high as 20 tons per year’' and is expected to grow significantly in the
coming years. Consequently, exposures to AgNPs are likely to increase in proportion to
their production and applications. The novel properties which enable AgNPs to be
beneficial may also underlie potent toxic effects, which have created a public debate
about the health effects and environmental impact of exposures to AgNPs.

It is estimated that approximately 14% of nanotechnology products could release
particles into the air during use®. Studies also revealed that these airborne NPs (NPs) can
be easily inhaled and deposited in lungs or other organs, posing potential risk on health>.
In additional to respiratory exposures, NPs may enter the gastrointestinal (GI) tract via
contaminated water or food. Inhaled NPs trapped in the mucus of the respiratory tract can
also translocate to GI tract™.

One of the major health concerns is the possible uptake of AgNPs into cells.
Studies have shown that NPs can be imported into cells via endocytosis for smaller
particles that are less than 120 nm™. Previous studies have suggested that biological
activities such as cellular uptake and health effects of NPs, are greatly affected by their
size, shape®, and surface charge’’. Researchers explore novel synthesis methods to
control these surface properties by using different capping agents (i.e., selected organic or
inorganic materials to serve as stabilizers during the synthesis of engineered AgNPs, also
known as stabilizers, coatings, surface functionalization) to gain desired characteristics.
Recently, studies on the influence of capping agents on aquatic organisms and

50, 58
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mammalian cells have been publishe . For instance, 300 nm vitamin E polyethylene

glycol succinate (TPGS)-coated polymeric NPs were internalized by Caco-2 cells, 1.4

58d

times more than 260 nm polyvinyl alcohol (PVA) NPs™™". Toxicity induced by AgNPs is
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also dependent on the coating material. Citrate, gum arabic (GA), and PVP-AgNPs (7
nm, 6 nm, and 10 nm respectively) induced significantly different toxicities to Japanese
medaka (Oryzias latipes)**®. Both citrate coated (6 nm) and PVP coated AgNPs (10 and
50 nm) impaired neural cells (PC-12, rat adrenal medulla), but the different potencies and
outcomes were combined functions of particle size, coating and release of Ag ions”*.
Different capping agents enable distinguishing behaviors of AgNPs, and therefore,
studies of AgNPs with modified surfaces are relevant and imperative. Moreover, many
studies have evaluated acute toxic effects of AgNPs at a relatively high concentration.
These concentrations may be less relevant when extrapolating to in vivo results in risk
assessments, etc. It is thus encouraged to evaluate cellular response to AgNPs at realistic
doses for meaningful results, as AgNPs may be trapped in target organs and develop
prolonged internal exposure™.

The overall objective of this work was to develop an understanding about the role
of capping agent on the cytotoxicity of AgNPs to different cell lines at low and realistic
exposure levels as well as the extent of cellular uptake and of its relation to observed
cytotoxic response. We conclude that cellular response after exposure to surface
functionalized silver NPs is dependent on the capping agent and vary between cell lines.
To examine the effects of uptake by capping agents, AgNPs of same size, shape and
concentration, with diverse capping agents, were tested on in vitro models with human
colon adenocarcinoma (Caco-2) cell line and human bronchoalveolar carcinoma (A549)
cell line. Potential toxic effects due to AgNPs exposure were evaluated by checking on
several toxicity endpoints including cellular viability, lactate dehydrogenase (LDH)

release, and proliferative activity.
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Materials and Methods

Description of NPs

Spherical AgNPs (with a core diameter of 50 nm + 4 nm, based on TEM
measurements by the manufacturer) capped with citrate, PVP, and tannic acid in a stock
concentration of 1.0 mg/ml (NanoComposix Inc., San Diego, CA, US) were used in this
study. Capping agents were chosen based on their commercial availability and their
different levels of stability (critical coagulation concentrations are 2.1 mM, 4.9 mM, and

3.7 mM CaCl, respectively)®.

Characterization of NPs

Transmission Electron microscopy (TEM). Imaging of the particles were
performed as described by Berg et al®'. Briefly, samples were prepared at 3 ppm in
ultrapure (18.2 mQ/cm?) water. Five (5) uL of the suspension was deposited onto a
copper grid and evaporated before imaging at 100 keV (Hitachi 7000 Analytical Electron
Microscope). Average particle diameter was determined using image analysis and ImagelJ
software by analyzing 250 particles within 20 images.

Dynamic Light Scattering and Zeta-Potential. Measurement of the particle size

and electrophoretic mobility were performed as described by’

. Briefly, samples were
prepared at 3 ppm in DMEM/F12 (media) or ultrapure (18.2 mQ/cm?2) water and
incubated at 37°C on an orbital shaker. Samples were analyzed at 0 and 24 hr on
Zetasizer Nano ZS (Malvern Instruments, UK). Media samples were analyzed utilizing

the diffusion barrier method (i.e., a method in which electrophoretic mobility is

minimized in order to produce a more reliable reading) with phosphate buffered saline
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(PBS) in clear disposable zeta cells at 37°C®. Zeta potential determinations of AgNPs
samples suspended in media were obtained at 15V, while AgNPs samples suspended in
ultrapure water were measured using 150V. All measurements were conducted in triplet.
While performing size and charge measurements in culture medium simulates the
physiological conditions where AgNPs interacts with the cell, it is important to note that
the techniques do not offer differentiation between “background” particles in the medium
and AgNPs. The hydrodynamic diameter and zeta potential values listed in Table 1 were

interpreted under the assumption that they represent only the size and charge of AgNPs.

Cell Culture

Human bronchoalveolar carcinoma (A549) and human colon adenocarcinoma
(Caco-2) (HTB-37TM) cell lines were obtained from American Type Culture Collection,
Manassas, VA (ATCC) and cultured in Dulbecco’s modified eagle media nutrient
mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. They were both reported to retain similar properties to type 11
pulmonary epithelial cells and intestinal epithelial cells®, respectively, and have been

used in numerous toxicological studies as standard in vitro models.

Cell Culture Conditions and Doses

Cells were grown in a humid atmosphere with 5% CO, at 37°C until 95%
confluency was reached, during which medium was changed and cell health and
morphology were examined each day. Cells were then inoculated with AgNPs stock
solution to achieve a final concentration of 3 mg/L. Incubation was followed until

sampling or assay. The concentration used in this study was derived from a model,
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estimating proper particle dose for in vitro toxicology studies, where surface deposition
of particles ranges from 0.185 to 10.69 pg/cm™ in a scenario close to interest **, and 1.0
pg/cm™ (equivalent to 3 mg/L at 95% confluency) is applied in this work for easy

visualization and representation.

Sampling

Samples were collected every 8 hr, for a 24 hr time period. Four flasks of cells
were processed in each sampling period, including three replicates and one control for
each test condition. First, the media was removed from the flask and kept in a centrifuge
tube, which contained the portion of AgNPs that was not taken up by cells. Then, PBS
was used to wash the cell surface. Three washes were performed and kept in a fresh
centrifuge tube to evaluate the portion of AgNPs adsorbed onto the surface of the cells.
Finally, 350 pl cell lysis buffer (Sigma-Aldrich Co., St. Louis, MO, USA) was added,
and cells were incubated for 15 minutes, after which culture was scraped from the flask,
and transferred to a separate centrifuge tube. The flask was then rinsed three times with
PBS and the eluent was added to the same tube, to evaluate the AgNPs internalized by
cells. Flasks were evaluated under a microscope following this treatment to ensure cells
were completely removed from the flask. Approximately 2 to 2.5 million cells were
collected from each sampled flask. Samples were stored in dark at room temperature.
Additionally, 100 pL of nitric acid (67%-70%) was added to sample solution to reserve

the silver.
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ICP-MS Analysis

Digestion. Samples were subject to digestion with 5 ml of concentrated nitric
acid (67-70%) and heated at 105°C for 12 hr to completely dissolve the particulate silver.
After digestion, samples were diluted by a factor of 12 with Milli-Q water (18.2 mQ/cm?)
at 25°C, (Millipore Corporation, Billerica, MA, USA) to minimize the matrix
interference when analyzed by ICP-MS (PerkinElmer SCIEX, ICP Mass Spectrometer
ELAN 9000).

Centrifugation. To differentiate ionic and particulate Ag in test conditions,
samples were directly centrifuged without digestion, using an ultra-performance
centrifuge Beckman-JA25.50 (Beckman Coulter, Inc., Brea, CA, USA) at 20,000 rpm for
30 min, and supernatant were collected carefully without disturbing the pellet. The

supernatant was then diluted and analyzed for ionic silver by ICP-MS.

Toxicity Tests

Viability. 5-Carboxyfluorescein Diacetate, Acetoxymethyl Ester (5-CFDA, AM,
Molecular Probes®, Invitrogen) was dissolved in DMSO to a stock solution of 4 mM,
which was further diluted 1000 times in ACAS medium (phenol red free, serum free) as a
working solution (4 uM). Following 24 hr of incubation at 37°C with the test AgNPs, the
medium was removed and cultures were washed twice with PBS (with CaCl,). 5-CFDA,
AM working solution (100 pL/well) was added to cells. After 30 min of incubation at
37°C, medium was replaced, followed by two washes with ACAS medium to remove the
excess dye. Finally, fluorescence was measured at 485 nm excitation/535 nm emission

using a fluorescence plate reader (Fluoroskan Ascent FL Microplate Fluorometer,
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Thermo Scientific). Assay was verified with 5% DMSO dosing as positive control and
Milli-Q water as negative control.

Lactate Dehydrogenase (LDH). Cell membrane integrity was evaluated by
measuring extracellular LDH activity (OPS Diagnostics, Lebanon, NJ). Cells were
exposed to AgNPs the same way as for the viability assay mentioned previously. After
incubation with the indicated AgNPs for 24 hr, cell culture medium was collected for the
quantification of LDH in the supernatant using LDH reagents. Briefly, 150 pl of LDH
reagent and 50 pl of culture medium were mixed in each well followed by subsequent
incubation for 5 min at room temperature. Fifty (50) pl of LDH stop solution was then
added to each well. Optical intensity was then read at 490 nm on a microplate reader
(ELx800, Biotek). Assay was validated using 2% Triton-X solution as positive control
and Milli-Q water as negative control.

Proliferation. Proliferative activity of AgNPs-treated cells was evaluated using
Janus Green B dye (Sigma-Aldrich, St. Louis, MO). This is an exclusion dye, which only
stains mitochondria and nuclei of damaged cells. Cells were prepared and treated the
same way as viability assay. For the assay, culture was washed twice with PBS, followed
by one minute fixation with absolute ethanol. Culture was then subjected to one minute
staining by Janus Green B dye solution and twice PBS wash to remove the excess dye.
Then the encapsulated dye from these cells was extracted with absolute ethanol, and an
additional part of water was added to each well to maintain samples. Optical intensity
was then read at 630 nm on a microplate reader (ELx800, Biotek). Janus Green gives

intensive staining of the nuclei with light staining of the cytoplasm, thus outlining cells
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clearly. Therefore, morphologic changes of cells were screened after the assay using an

inverted microscope (Axio Observer Al, Zeiss).

Results

Characterization of AgNPs

When examined under TEM, all AgNPs were homogeneous and roughly spherical
within the anticipated size range (Figure A.1). Only PVP-AgNPs showed a bimodal
distribution with small particles attached on the surface of the large particles (Figure
A.2). Citrate-AgNPs were found to have diameters of 49.1 + 5.5 nm, very similar to the
reported size from manufacturer. Both PVP- and tannic-AgNPs were smaller in size from
in-house measurements, compared to manufacturer reported measurements (Table 3.1).
AgNPs in original suspension range in pH from 7.3 to 8.5, but when mixed in culture
medium, they were immediately neutralized by the vast medium body of pH 7.25 to pH
ranging from 7.3-7.5 (Table 3.1). Aggregation behavior of AgNPs in test medium was
also affected by capping agents. PVP-AgNPs were close to the initial hydrodynamic
diameters (HDD) both in ultrapure water and medium after 24 hr incubation. Citrate- and
tannic-AgNPs formed aggregates (HDD 190 nm) in medium, significantly larger than the
primary NPs, while their HDDs remained almost unchanged in ultrapure water. Unlike
the highly negative zeta potential (-55.6 £ 1.04 mV) reported by the manufacturer, citrate-
AgNPs were found to be the least negative (-37.2 £ 0.8 mV) in zeta potential among three
tested AgNPs. Zeta potential of AgNPs became significantly more negative in water
compared to medium (-40 mV vs -10 mV). Over time, surface charge tended to become

weaker in both water and medium.

34



Table 3.1. Characterization of AgNPs by manufacturer and measured in-house.

Characterization reported by manufacturer

Capping agent Citrate PVP Tannic Acid
Primary particle diameter 49.1£4.5 53.4£5.0 53.5+4.1
(nm)
Zeta potential (mV) -55.6 £ 1.04 -30.6 £0.57 -54.7+ 1.5
pH in aqueous solvent 7.8 8.5 7.3
Characterization measured in-house
Capping agent Citrate PVP Tannic Acid
Primary particle diameter
+ + +
measured by TEM (nm) 49.1+5.5 454+6.3 498 +5.7
pH in media 7.3 7.5 7.3

Diameter measured by

DLS (HDD, nm) Water Media Water Media Water Media

54.1+ 120.1 + 72.0 £ 67.1 + 58.8 % 1339+

0 hr 0.8 1.8 2.0 2.3 1.1 10.3
24 hr 54.6 = 1945 643 + 69.2 + 56.2 189.6 =
1.9 7.7 3.6 1.3 1.9 9.0
Zeta potential (mV) Water Media Water Media Water Media
0 hr -37.2+ -10.5 ¢ -43.5+ 95+ -48.3 -11.2 £
0.8 0.6 0.9 0.5 2.1 0.7
24 hr -26.6 £ 99+ -42.9 + -9.6 £ -323+ -10.4 +
3.7 0.4 2.4 1.2 1.4 0.6

Data are presented as mean =+ standard deviation of three replicates.

Cellular Uptake of AgNPs

The internalization of three types of AgNPs within A549 and Caco-2 cells was
measured up to 24 hours of exposure and the results are shown in Figure 3.1. The uptake
rate was only determined at 24 hr using linear regression model.

When A549 cells were exposed to these AgNPs, up to 2.6 pg (11%) of total silver
was found intracellularly in the first 8 hr of exposure (Figure 3.1 A). In the next 16 hr,
two distinct scenarios were observed. While intracellular citrate- and PVP-capped AgNPs
levels remained constant, tannic-AgNPs were constantly internalized by cells, and
resulted in an overall 25 + 0.51 % of AgNPs internalized by A549. The uptake rate for

tannic-AgNPs was 0.2495 pg/hr, two times faster than citrate- and PVP-AgNPs at 0.0871
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and 0.0986 pg/hr respectively. Agions were able to cross cell membrane steadily at
0.0238 pg/hr, with a final uptake of 2.4 + 0.06 % at 24 hr.

When Caco-2 cells were exposed to AgNPs, differences in uptake extent and rate
were observed (Figure 3.1 B). Tannic-AgNPs were internalized faster than other AgNPs
in the first 16 hours. They were constantly internalized by Caco-2 cells, until the last 8 hr
of exposure, when the net Ag concentration remained unchanged with an uptake rate of
0.935 pg/hr. Citrate- and PVP-AgNPs behaved similarly in this condition. They were
slowly but continuously internalized by Caco-2 cells for the first 16 hr, and the net uptake
was similar to tannic-AgNPs at 24 hr at rates 0.078 and 0.0622 pg/hr (citrate- and PVP-
AgNPs respectively). Interestingly, all type of AgNPs showed a slower and lower uptake
(as much as 15%) in Caco-2 cells than A549 cells, with the exception of Ag" where silver
content kept climbing over the experimental period, and close to 11% of ionic silver was
found intracellularly at an uptake rate of 0.1045 pg/hr, faster and higher than both citrate-
and PVP-AgNPs.

To further explain the uptake results, spatial distribution of AgNPs in the culture
system at 24 hours is shown in Figure 3.2. Across the three types of AgNPs, as much as
70% to 85% of the particles remained in the media, and the amount of AgNPs in media
corresponded well with the uptake data. For instance, tannic-AgNPs had the highest
cellular contents of all tested AgNPs, and they were the least abundant in the cell media.
On average, 4% of AgNPs were found to be adsorbed on the cell membrane, and the
extent did not change significantly over time regardless of capping agent (Figure A.3). It

seems that they had reached an equilibrium right after the contact of AgNPs with cell
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membrane, and the amount of adsorbed AgNPs did not differ. The remainder 8§ to 25% of

AgNPs was identified to be internalized by cells.
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Figure 3.1. The cellular uptake kinetics of AgNPs with three capping agents by (A) A549
and (B) Caco-2 cell lines during 24 hr exposure. Data were presented as mean values +
SD. p values indicate statistical significance, where * p < 0.05 when compared to 8 h
same type of capping agent. See Figures 2 and A.3 for significance between different
capping agents at the same testing time. Significance between particulate and ionic silver
is not shown.
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Figure 3.2. Spatial distribution of AgNPs in (A) A549 and (B) Caco-2 at 24 h. Data were
presented as mean values + SD. p values indicate statistical significance, which was
accepted when p < 0.05. Significance between particulate and ionic silver is not shown.
Determination of lonic Silver

Although AgNPs are stabilized by capping agents, when in cell culture media and
contact with cells, many factors may disrupt their stability and lead to

aggregation/dissolution. To differentiate the form of silver and understand the role of

ionic silver in cellular toxic effects, A549 samples collected at 24 hr were subjected to
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centrifugation prior to analysis. Both intracellular and extracellular ionic silver were
presented in Table 3.2. Overall, greater proportion of AgNPs dissolved into ions in the
media than those presented inside the cells. Among the tested AgNPs, PVP-AgNPs was

more susceptible to dissolution in media.

Table 3.2. Ionic silver in A549 cells at 24 h.

Intracellular Extracellular
Ag'/Total Ag (%)
Tannic 7.07 £ 0.868 169 £2.12
Citrate 10.8 +0.333 14.6 +£ 0.812
PVP 9.99 + 0.955 21.1+0.353

Data are presented as mean =+ standard deviation of three replicates.

Toxicity Assays

Several toxicity assays were performed to evaluate the potential hazardous effects
elicited by the internalized AgNPs. One of the routinely used approaches to probe cellular
viability is the CFDA-AM assay, which is a quantitative fluormetric assay. Living cells
have the essential cytoplasmic milieu that is needed to support the conversion of the non-
polar, nonfluorescent CFDA-AM to the polar, fluorescent dye, carboxyfluorescein
(CF)®. The cell viabilities after 24 h exposure to tested materials were shown in Figure
3.3. In both cell types, cell viability slightly decreased by 2% when treated with citrate-
AgNPs, and increased by 5% with PVP-AgNPs, though none of the changes were
statistically significant. Overall, no significant deduction of viability was observed post
24 hr exposure with AgNPs (Figure 3.3). Treated cells were similarly viable as control
cells. Though the uptake rate and extent differed among AgNPs, they did not alter

cellular viability to a significant level. However, cells treated with Ag" were significantly
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damaged. Ag ions were more potent in reducing cellular viability of A549 cells than

Caco-2 cells, despite of the fact that Caco-2 cells had greater uptake.
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Figure 3.3. Viability for A549 and Caco-2 using CFDA, AM fluorescence dye. Student t-
test was applied for statistical analysis. Data were presented as mean values = SEM
(standard error of mean). p values indicate statistical significance, where * p < 0.05.

LDH is an enzyme in the cytosol. It is released when a cell dies and membrane
integrity fails. The amount of released LDH can be used as a parameter to monitor cell
death and disruption. When cells were treated with AgNPs, LDH activity was not
detected in the culture medium. Regardless of cell types and treatment, cell membranes
were capable of maintaining LDH intracellularly, indicating negligible cell death and
membrane disruption (Figure 3.4). Cell membrane integrity in both A549 and Caco-2 was
compromised by Ag ions, and A549 to a larger extent.

Cellular growth activity after AgNPs treatment was assessed by Janus Green
proliferation assay. Cells were exposed to all tested AgNPs as well as Agions for
comparison. After 24 hr exposure, cell population of AgNPs-treated groups did not

decline compared to control groups irrespective of cell type, indicating negligible impacts
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of AgNPs on cell proliferation. In contrast, Agions inhibited cell growth pronouncedly.
Cell population was significantly reduced by nearly 40 and 70 % in A549 and Caco-2,

respectively (Figure 3.5).
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Figure 3.4. Extracellular LDH activity in A549 and Caco-2. Student t-test was applied for
statistical analysis. Data were presented as mean values + SEM. p values indicate
statistical significance, where * p <0.05.
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Figure 3.5. Proliferation for A549 and Caco-2 using Janus Green B dye. Student t-test
was applied for statistical analysis. Data were presented as mean values = SEM. p values
indicate statistical significance, where * p < 0.05.
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Cell morphological changes usually lead to changes in function; in turn functional
changes affect cell structure and morphologies®®. Hence, cell morphology was examined
at the end of proliferation assay, when cells were stained by Janus Green B dye and
individual cells were clearly seen (Figure 3.6). In accordance with the findings from
previous toxicity tests, AgNPs-treated cells looked similarly to control group,
irrespectively of cell or capping agent type. Cell body was stretchy but full, with well-
defined membrane and sharp boundaries between each other for A549 cells. In contrast,
cells treated with Ag ions had dark round nuclei in the center, with blurry boundaries
between cells. Cells were shrunk and light in the cytosol, while some of the membranes
were not intact. Caco-2 cells were most lysed after treated by Ag ions, cell debris

attached on the well, and no sight of intact cells.

Figure 3.6. Images of A549 (A1 to A3) and Caco-2 (B1 to B3) after Janus Green B stain
of the proliferation assay. Al and B1 are images of control cells. A2 and B2 exemplify
images of AgNPs treated cells. A3 and B3 are images of cells treated with Ag ions.
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Discussion

Silver Nanoparticle Characterization

Once introduced into the biological environment, NPs encounter bio-
macromolecules and changes in pH and salinity, which may alter their surface
characteristics and affect the stability®’. For NPs like PVP-AgNPs, they are more likely to
stay in suspension and interact with cells due to their small size. Those tending to
aggregate like citrate- and tannic- AgNPs, they have less mobility. Therefore, the rate and
extent of aggregation of AgNPs greatly affect their distribution in the system and
availability for cellular uptake. HDD results in Table 3.1 are generally in agreement with
literature findings that citrate is a relatively weak capping agent in maintaining AgNPs
size’’, and PVP is a stronger capping agent.

Both citrate and tannic acid provide AgNPs stability by electrostatic forces. PVP
provides stability for the NPs by electrosteric forces °°. The stronger stability of PVP-
AgNPs could be explained by the steric repulsion from the large (average molecular
weight 10 kDa), non-charged PVP polymers®”. When in medium, AgNPs have weaker
negative charge than in water (with the exception of citrate-AgNPs), possibly because of
the effects of charge screening/neutralization by the ionic strength of the medium (199
mM) and the concentration of serum proteins in the medium (10% FBS)6Ob.

Interestingly, PVP-AgNPs showed a bimodal distribution, with small particles
(approximately 10 nm in diameter) attaching on the surface of large particles (Figure
A.2). Ruling out the possibility of contamination during synthesis by manufacturer, other

research have shown evidence of a mechanism that over time, Ag ions dissociate from
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the particle core and re-deposit over time in an equilibrium manner onto the surface of

the parent particle as a polar body®.

Cellular Uptake

As the incorporation of capping agents can change the surface chemistry (e.g.,
surface charge, hydrophobicity and chemical functionality) of AgNPs which can exert
variable biological impacts, we compared the effects of three types of AgNPs (citrate,
PVP, and tannic), on cellular uptake kinetic, extent and potential toxicity using human
lung and colon epithelial cell lines.

A549 are type II pulmonary epithelial cells that can secrete pulmonary surfactant,
a complex mixture consisted of 90% lipids and a small portion of proteins (10%),
pulmonary surfactant associated proteins (SPs): SP-A, -B, -C and -D "°. It seems to
indicate that the higher uptake level observed from A549 (Figures 1 and 2) was perhaps
due to the presence of pulmonary surfactant, since it would be the first biological surface
AgNPs encountered on the alveolar epithelium. Ruge et al., found that SP-A treated
magnetite NPs (110 - 180 nm) had increased cellular binding and uptake, indicating SP-A
forms a more effective protein coating on NPs and associates NPs to cell membrane for
subsequent translocation’'. This finding could also help explain the differential uptake
extents exhibited by AgNPs with different capping materials. The surface chemistry
greatly affected the extent and composition of protein adsorption, which in turn affected
the SP-A efficacy in bringing AgNPs to cell membrane. For instance, although highly
negative in surface charge, the three types of AgNPs possess different stability in media.
Regardless of its smaller molecular weight (189 g/mol) and easier displacement by other

molecules in the media, citrate-AgNPs internalized similarly to PVP-AgNPs possibly
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due to the similar composition and/or quantity of protein coating that camouflaged
AgNPs, to be recognized equally by cells. The layer of proteins on AgNPs surface could
have also influenced on other particles characteristics, such as aggregate size and surface
charge which minimized the distinction between the two AgNPs.

Unlike the impotent uptake of AgNPs in Caco-2, Ag" vigorously crossed cell
membrane, and was lastly more abundant than most of the AgNPs, and three times of that
in A549 (Figures 3.1 and 3.2). The greater Ag" extent in Caco-2 cells could possibly due
to the presence of finger-like microvilli structures on the apical side of Caco-2 cells,
which prominently enlarged the surface area and enhanced ion absorption across the

membrane®®.

Toxicity Tests

To date, many studies have evaluated acute toxicity effects of AgNPs and
provided evidence that AgNPs, in a range of sizes, are highly toxic to mammalian cells,
causing cellular damage including reactive oxygen species generation, inflammatory
response, cell membrane rupture and DNA/RNA damage. Previous study of PVP-coated
AgNPs on A549 cells (human bronchoalveolar carcinoma) showed dose-dependent
cellular cytotoxicity, including early apoptosis, mitochondrial damage and DNA
damage’. Similar results were obtained when researchers examined the cytotoxicity and
genotoxicity of starch-coated AgNPs on human lung fibroblast cells and human
glioblastoma cells’>. The uptake of citrate-coated AgNPs by rainbow trout gill cells was
observed, and significant reduction in viability in terms of membrane integrity and
oxidative stress were detected®’. Additionally, in-vitro studies have documented

toxicological effects, with AgNPs being reported to be toxic to rat liver (BRL 3A) cells
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by increasing the formation of reactive oxygen species” and to be genotoxic to human
lung fibroblast cells (IMR-90) and human hepatoma cells (HepG2)"*. Though many of
these toxic effects were striking, they were evaluated in acute toxicity tests at relatively
high doses. The safety of AgNPs remains to be tested at a more realistic dose. In this
study, internalized AgNPs were identified and carefully quantified in both cell lines,
demonstrating that even at low dose exposure scenario; AgNPs can enter the cells
regardless of cell type and surface. Interestingly, although the uptake amount varied,
cellular viability, extracellular LDH activity, proliferation and morphology were all
normal compared to control groups (Figures 3.3 to 3.6), indicating no observable adverse
effects resulting from AgNPs treatment over 24 hours. The negligible cell damage may
be due to the low dosage (3 mg/L) used in the study, since the toxic effects of AgNPs
have been observed in a dose-dependent manner (0-20 pg/ml) ** and EC50 values of
tested AgNPs range from 40 to 240 pg/ml (Figure A.4). Other than the minor effects of
AgNPs reported here, Foldbjerg et al. observed cytotoxicity and genotoxicity of citrate-
and PVP-AgNPs starting at 2.5 pg/ml in A549. One possible reason that could account
for the opposite effects is the size and shape of AgNPs in the two studies. Foldbjerg et al.
used AgNPs of TEM size 69 + 3 nm, described as less spherical with slightly elongated
shape, and our particles, as previously mentioned, were 50 + 4 nm and spherical in shape.
This highlighted the significant role of size and shape of AgNPs in biological activities.
The toxic effects of AgNPs were proposed to be related to the release of ionic
silver. Limbach et al., suggested AgNPs acted in a “Trojan-horse” like mode where cells
internalize particulate silver, and the subsequent intracellular liberation of Ag ions

contributed to the dysfunction of cells °. Beer et al. also revealed ionic silver contributed
Yy
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most of AgNPs toxicity when the Ag" fractions were more than 5.5 % of AgNPs
suspension, indicating important toxicity role of ionic silver **°. Accordingly, dissolution
activity of each type of AgNPs in A549 was examined to facilitate the explanation of
minor damage expressed by cells. The detected Ag™ fractions were over 5.5% of total
silver in all three AgNPs (Table 3.2), but it did not affect cell function to a significant
level at the concentration used in this study. Since the uptake of Agions was as little as
2.4 £0.06 %, and all AgNPs had higher concentration of ionic silver (15-20%, Table
3.2), it seems that majority of the free Ag ions found intracellularly were likely to be
liberated from the internalized AgNPs, as described by Limbach et al. While a small
amount of Ag ions were able to pass through membrane, uptake of silver was mainly in
the form of particulates.

Overall, we concluded that at the tested doses, AgNPs can enter the two cell lines
(A549 and Caco-2), and the efficiency is greatly affected by type of capping agent of the
particles. Although they differ in surface chemistry when manufactured, AgNPs can
behave similarly, interacting with cells possibly through proteins formed on the surface
of AgNPs. AgNPs do not elicit cytotoxic effects. Cellular viability, LDH release and
proliferative activity were not compromised after treatment of any of the tested AgNPs.
In contrast, same dose of Ag ions greatly violated cellular functionality, and was lethal to
both A549 and Caco-2 cell lines. These data suggested that AgNPs may not induce
adverse effects on living cells despite the minor internalization at occupational and
incidental exposure levels. In light of our findings, we also suggest that researchers
discreetly choose the experimental doses for future in vitro toxicological studies that

represent the exposure levels of humans to NPs for appropriate risk evaluation. Future
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investigation on surface protein characterization will enable a better understanding of

cell-NP interactions.

Supplementary Data
Additional figures including TEM images of AgNPs, spatial distribution of
AgNPs at 8 hr and 16 hr, as well as dose response toxicity tests are presented.

Supplementary data are available online at http://toxsci.oxfordjournals.org/.
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CHAPTER FOUR
Non-Specific Interactions between Soluble Proteins and Lipids Induce Irreversible

Changes in the Properties of Lipid Bilayers

This chapter published as: Ruggeri, F.; Zhang, F.; Lind, T.; Bruce, E. D.; Lau, B. L. T_;
Cardenas, M., Non-specific interactions between soluble proteins and lipids induce
irreversible changes in the properties of lipid bilayers. Soft Matter 2013, 9 (16), 4219-
4226.

Abstract

Soluble proteins in the extracellular matrix experience a crowded environment.
However, most of biophysical studies performed to date focus on proteins concentrations
within the dilute regime (well below mM range). Here, we systematically studied the
interaction of model cell membrane systems (Giant Unilamellar Vesicles and Supported
Lipid Bilayer) with soluble globular proteins, Bovine Serum Albumin, Hemoglobin and
Lysozyme at physiological relevant concentrations. To mimic the extracellular
environment more closely, we also used Fetal Bovine Serum as a good representative of
biomimetic protein mixture. We found that regardless of the protein used (and thus of
their biological function), the interactions between a model cell membrane and these
proteins are determined by their physico-chemical characteristics, mainly their dipolar
character. In this paper we discuss the specificity and reversibility of these interactions

and their potential implications on the living cells.
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Introduction

The extracellular matrix is a crowded environment where a wide variety of
biomacromolecules coexist, including collagen, fibronectin and proteoglycans’®. Earlier it
was shown that increasing the protein concentration by using crowding agents can
dramatically affect the mobility’’ and folding’® of proteins. Despite of this, dilute
conditions are often used in biophysical and biochemical studies precisely in the aim of
avoiding intermolecular interactions for simpler data interpretation. For instance,
monolayer saturation of globular proteins (e.g., Bovine Serum Albumin, BSA) on solid
surfaces typically occurs at ~ 50 nM”’ and thus little attention has been paid to interfacial
processes occurring at higher protein concentrations (> mM) where non-specific*
protein-protein and protein-lipid interactions may take place. This is quite surprising
given that both Fetal Bovine Serum (FBS) and BSA are commonly used in cell culture
medium or as blocking agent for molecular diagnostics®' at a concentration of 1-10
volume%™. Therefore, there is a need for deeper understanding of protein-lipid behavior
in experimental systems that mimic physiological conditions more closely®. The mM
concentration regime for soluble proteins is of high biological relevance given that in
plasma, a good example of biological medium, the concentration of albumin and
Hemoglobin are ~ 0.75 mM** and 0.15% - 2.0 mM®® respectively.

In this work, we focused on determining the effect of soluble proteins at

concentrations closer to their physiological levels on the properties of model cell
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membranes. These chosen protein concentrations were close to the dilute to semi-dilute
regime limit for small globular proteins in solution, which occurs at ~ 19 mM to 81 mM
(3.4-5.5 nm in diameter), and thus we expect stronger effects due to inter-protein
interactions. The semi-dilute regime for a polymer starts at a critical concentration
defined as the monomer concentration that is smaller than the solvent concentration but
higher than the overlapping concentration®’. As model proteins, we used the most
abundant protein in plasma (BSA) and two other globular proteins® that either carry
similar net charge (Hemoglobin)® or opposite charge (Lysozyme)’ to BSA (for physical
chemical properties of the proteins used see Table 4.1). We also used FBS since it
represents a good model of native extracellular protein mixture.

As model cell membranes system, we used either giant uni-lamellar vesicles
(GUV) or supported lipid bilayers (SLB). Using Fluorescence Microscopy and GUV, we
assessed major changes in the vesicle structure and/or permeability against a soluble
dye” while Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) and SLB
allowed us to follow protein adsorption and the degree of binding reversibility. We used
two different types of lipid membranes that were either negatively charged (containing
both 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC, and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol, POPG) or neutral (containing POPC only) at
pseudo-physiological conditions (pH and salt concentration). Our results indicate that
soluble proteins can induce major rearrangement on model cell membrane at relatively
high protein concentrations mainly due to partially reversible binding of proteins to the
lipid bilayers at high bulk protein concentrations. In this paper we discussed the

specificity and reversibility of these interactions and their potential implications on the
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living cells. We show initial data suggesting that glycosylation in lipids have the
additional role of restricting unspecific protein binding or at least limits the protein non-
specific binding effect on the permeability of lipid bilayers.

Table 4.1. Characteristics of proteins in terms of molecular weight, zeta potential
and average hydrodynamic diameter.

Protein used in this work MOleCElklil)ra\]Velght Zeta-potential [mV] g?:éi?gfﬁﬁ?
BSA 66.5 -11.37 £ 0.96 6.8”
Hemoglobin 64.5 -2.14£0.90 55"
Lysozyme 14.3 2.59 +0.30 427
FBS NA -9.05 + 0.99 NA

*BSA, Hemoglobin and Lysozyme were measured at | mM, and FBS 1% in PBS
solvent. Zeta potential data were reported as average + standard deviation of six
replicates.

Results

Effect of Proteins Co-addition on the Permeability of Giant Unilamellar Vesicles
Wide-field fluorescence microscopy experiments were performed to characterize
the effect of various proteins on the permeability of lipid membrane against eventual
leakage of the soluble dye (Alexa 488) encapsulated in the GUV’s lumen. The vesicles
carried either a neutral (POPC only) or a net negative charge (POPC/POPG).
Furthermore, any major change in the conformation of the lipid bilayers was visualized
using DilC,g(5) as a lipid dye. Table 4.2 presents the minimum protein concentrations
required to induce contained dye leakage in at least 5% of the vesicles within one hour
upon exposure to the proteins. Figure 4.1 A exemplifies the leakage events occurred for
negatively charged vesicles in the presence of Hemoglobin. It is clear that all the proteins
were capable of inducing leakage from vesicles regardless of their net charge, except for

BSA at neutrally charged vesicles. However, the minimum concentration required for dye
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leakage in 5% of the vesicles significantly differed among both the proteins studied and

the net charge of vesicles.

Table 4.2. Minimum concentrations needed to induce vesicle
leakage in 5% of the imaged vesicles.

GUV composition/protein POPC POPC/POPG
BSA NA* 10 uM
Hemoglobin 10 uyM 1 uM
Lysozyme 100 pM 10 yM
FBS 1% 0.1%

*NA refers to no observable leakage up to a total protein

concentration of 1 mM. Experiments were repeated at least

three times.

All proteins showed higher affinity against negatively charged than neutral GUV.

For BSA, leakage events were observed for negative vesicles starting from 10 uM, while
no leakage events were recorded for neutral vesicles up to 100 uM. Similarly,
Hemoglobin was more efficient in affecting the permeability of lipid bilayers than BSA
regardless of the vesicle charge: one-fold higher concentration was needed to observe dye
leakage for 5% of the charged vesicles while dye leakage occurred at 10 uM for the

neutral ones. These results are in agreement with previous studies for

Hemoglobin™, where small unilamellar vesicles aggregated and presented peroxidative

decomposition in the presence of Hemoglobin.

As expected from its overall positive charge Lysozyme was more efficient in
increasing the permeability against the soluble Alexa dye for the negative vesicles than
their neutrally charged counterpart (one-fold increase in concentration was necessary to
affect the permeability of the neutral bilayers). However, the net Lysozyme
concentrations required to induce leakage was one order of magnitude higher than for
Hemoglobin, even though the latter carried a net negative charge (Table 4.1). This
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suggests that there are other mechanisms besides the electrostatic interaction of proteins
and lipids that contributed to the enhanced capability of Hemoglobin to change the
permeability of lipid bilayers.

FBS was very reactive against the GUV: Leakage events were observable already
from 0.1% dilution for negative vesicles and from 1% dilution for neutral ones. Finally,
at the protein concentrations used, no further modification on the vesicle structure (in
terms of bridging, fusion, or vesicle collapse) was observed besides simple content
leakage of Alexa dye except for the case of Lysozyme for which vesicle bridging and
fusion occurred (Figure B.1), in accordance with the recent findings by Al Kayal et al.”.

The kinetics of leakage events was recorded for single vesicles and representative
data are shown in Figure 4.1 B. When neutral vesicles were exposed to Hemoglobin and
Lysozyme, the fluorescence intensity of Alexa dye was fairly stable for ~ 6 and ~ 8 min
respectively until it dropped sharply (1-2 min) to gradually level out at minimal levels.
Thus, there seems to be a time threshold for significant dye leakage to occur in the
presence of these proteins. However, vesicles dye leakage occurred immediately after the
injection of FBS -although the overall process occurred rather slowly- until reaching 80%
of the initial dye intensity (after ~ 10 min of mixing). At this point, an abrupt decrease in
intensity occurred and, within 1 min, the signal reached minimal levels where it remained

stable. In contrast, the dye intensity of vesicles incubated with BSA (at least up to 1 mM)

remained constant throughout the experiment.
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Figure 4.1. Fluorescence microscopy results for the effect of soluble proteins on GUV
permeability against a soluble dye. A representative image for a single vesicle leakage
event is given in A. Representative leakage rate of individual vesicle expressed as the
ratio of real time intensity and initial intensity, I/y, versus elapsed time on GUV carrying
either a neutral charge (B) or a net negative charge (C) upon exposure to Lysozyme,
Hemoglobin, FBS or BSA. The protein concentrations used in B and C are those reported
in Table 4.2.

Interestingly, the negative vesicles were more susceptible to the disruption by
these proteins despite the electrostatic repulsion expected for the negatively charged BSA
and Hemoglobin (Table 4.1): not only were the minimum protein (BSA, Lysozyme,

Hemoglobin and FBS) concentrations required for leakage in general one order of

magnitude lower (Table 4.2), but the intensity drop due to leakage at the individual
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vesicle level occurred sooner (Figure 4.1 B, C) in this case. Moreover, all proteins
presented two kinetic regimes (slow and fast) during dye leakage. In the slow regime, the
initial dye intensity dropped by 20% (expanding over 3-8 min depending on the type of
protein). In the fast regime, an additional 60% intensity drop occurred within 1 min for
all proteins used except Hemoglobin for which only a total of 40% of intensity drop

occurred.

Adsorption of Proteins to Lipid Bilayers

We used QCM-D to measure the interfacial properties of proteins at negatively
and neutrally charged SLB. For comparative studies, protein adsorption on bare silica
substrate was also performed. Silica carried a negative charge at the ionic conditions used
(~ 0.25 e/nm” for Si0,”° as compared to ~ 0.54 ¢’/nm” for the negative GUV as
estimated from the nominal composition and average mean molecular area for a lipid on a
SLB”"). Figure 4.2 summarizes the measured change in frequency (AF) and dissipation
(AD) for neutral and negative SLB exposed to various protein concentrations. We started
by exposing the SLB to the concentrations reported in Table 4.2 for which dye leakage
reported was observed by fluorescence microscopy. For negative bilayers, no adsorption
was observed for Lysozyme and Hemoglobin, while only a small AF (-5 Hz) and AD
(+1.25 x 10®) was observed for BSA and FBS. These AF and AD values correspond to ~
50 weight% of a full protein monolayer (of the size of BSA™) on top of the SLB or ~ 77

ng/cm? based on the Sauerbrey equation (Am = - C*Af,/n)"*".
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Figure 4.2. Net absolute changes in Frequency (AF) and Dissipation (AD) upon addition
of proteins to POPC (neutrally charged) or POPC/POPG (negatively charged) SLB. The
Figure includes the steady state values upon dilution or extensive rinsing with buffer after
exposure to | mM BSA and Hemoglobin. Red and Blue correspond to neutral or negative
SLB respectively. The QCM-D AF and AD signals typically varied by 2 Hz or 2 x 10
dissipation units respectively upon replicating the experiments. Examples of the
individual experiments are given in Figures B.3-16.

For neutral membranes, on the other hand, a more pronounced effect was
measured for 1% FBS where a steep increase in AF (-11 to -14 Hz) was observed.
Exposure to 100 uM Lysozyme induced a more complex behavior (see Figure 4.3) than
just simple adsorption (decrease in AF and increase in AD), where substantial adsorption
(AF decrease and AD increase) was followed by mass removal (AF increase and AD
decrease). Upon reaching steady state conditions, the net AF and AD values were larger
than those for the lipid bilayers prior to Lysozyme addition thus indicating that more wet
mass than a full lipid bilayer remained bound to the surface. Recently, similar QCM-D
responses were obtained for the unfolded equine Lysozyme (> 3 uM) at negatively
charged fluid SLB (80% PC, 20% PG) while no such effect was observed for native

equine Lysozyme up to 10 pM”, in agreement with our results. Indeed at protein
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concentration < 3 uM, titration of unfolded equine Lysozyme lead only to adsorption and
no film rearrangement. Thus, there is here in this case also evidence for a threshold

surface protein concentration required for major rearrangement of the lipid bilayer.
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Figure 4.3. QCM-D signals (AF and AD in blue and red respectively) for the adsorption
of 100 uM Lysozyme against time (sec) on neutral SLB. Upon adsorption, a sudden
change in the direction of frequency shift indicates the onset of mass removal at t =500 s
after which steady state conditions were reached under continuous flow at 0.1 mL/min.
Overtones shown: 5-7-11. The small overtone spreading indicates the formation of
relatively compact and homogeneous layers.

Interestingly, upon increasing protein bulk concentration a certain critical point is
reached where proteins adsorbed on the SLB regardless of the membrane composition or
the type of protein as typically expected for non-specific protein binding. The higher the
protein concentration, the larger the AF and AD measured (Figure 4.2). Indeed, upon
reaching the mM regime (and at comparable concentrations than in blood plasma) the AD
was quite dramatic and there was a considerable spreading of the overtones (Figure B.4).
The observed AD and AF are not related to changes in viscosity of the bulk solution since

the exposure of the same solutions to a bare-SiO; interface gave considerably different

results (see Figure 4.4) with Hemoglobin having a larger capability to self-associate and
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form multilayers at the SiO; surface since almost twice larger change in frequency was

observed in this case.
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Figure 4.4. Net changes in Frequency (AF) and Dissipation (AD) upon addition of I mM
BSA or Hemoglobin to a bare-SiO, surface. The Figure includes the steady state values
upon dilution with excess buffer.

Extensive rinsing with buffer after exposing the lipid bilayers to 1 mM BSA
(Figures B.4,7) or Hemoglobin (Figures B.11,12) was performed to assess the strength of
such non-specific protein-lipid binding, see Figure 4.2. There was complete protein
removal from neutral SLB since both AF and AD signals returned to their values prior to
protein addition, while only partial removal was achieved for the negative bilayers (the
net frequency change after protein removal was -3 Hz) and SiO, (Figure 4.4). The
remaining AF (-34 and -7 Hz for BSA and Hemoglobin respectively on SiO,) and the
relative low D values corresponded well with the reported values for monolayer
formation on SiO,, at least for BSA (typically for a small globular protein as BSA a full
monolayer is 160 ng/cm” or a F change of -45 Hz)*®. However, less than a full monolayer

remained on the negative bilayers (Figure 4.2). Thus, even though relatively similar
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extent of protein adsorption seems to occur upon reaching the mM range on lipid
bilayers, the reversibility of the adsorption is hampered on the negative charged bilayers
but correspond to lower values than a full monolayer (assuming that lipids are not
removed during the washing step).

Since only small AF and AD were found for BSA on SLB at the conditions for
which dye leakage occurs from the vesicles (compare Table 4.2 and Figure 4.1), we used
commercially available fluorescently labeled (Alexa Fluor® 647) BSA to corroborate the
occurrence of BSA adsorption on negatively charged vesicles (Figure 4.5). One hour after
GUVs exposure to 1 uM labeled-BSA, it was possible to observe an Alexa 647
fluorescent signal around the vesicle membrane, thus suggesting that the Albumin indeed
adsorbed around the lipid membrane. Note that this very same BSA concentration was
below the threshold to induce leakage and thus non-specific protein adsorption to lipid
bilayers occurs readily before any lipid bilayers restructuring occur. This seems to be in

agreement with the two-step mechanism observed for leakage events.

I 1 l

0,0 pm

Figure 4.5. Determination of the effect of labeled BSA on negative GUVs by wide field
fluorescence microscopy one hour after protein addition. Alexa 488 (green) was used to
visualize the membrane vesicle aqueous lumen. Vesicles were exposed to 1 uM Alexa
647-labeled BSA. These results are representative of three different replicates.
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Discussion

All proteins studied affected the permeability of giant unilamellar vesicles
regardless of the charge of the lipid membrane, except for BSA at neutral vesicles (Figure
4.1, Table 4.2). The change in permeability is related to protein adsorption onto lipid
membranes, as measured by QCM-D (Figures 4.2 - 4.4) and Fluorescence Microscopy
(Figure 4.5 for BSA only). However, the concentration required for onset of adsorption
(Figure 4.1, Table 4.2) as well as the extent of adsorption (Figure 4.2) was not only
dependent on the type of protein but also on the vesicle charge. The relative affinities in
terms of extent of adsorption (net AF, Figure 4.2) and concentration required to induce
content leakage from 5% of the total vesicles imaged (Figure 4.1, Table 4.2) was not
correlated with the zeta potential or apparent surface charge densities of the proteins at
the conditions used (Table 4.1). More intriguingly, higher affinity in terms of the
concentration needed to induce vesicle content leakage was found for similarly charged
proteins (Hemoglobin) and vesicles (POPG-containing) than for the oppositely charged
Lysozyme (Table 4.1) and vesicles (POPG-containing). This seems counterintuitive and
surprising due to the overall negative charge of Hemoglobin. However, both BSA and

88-89

Hemoglobin possess a highly heterogeneous surface charge distribution™ ", that gives

them a dipolar character with positive patches across the domains (for an extensive recent
review on effects of charge patches in protein interactions see ref *). These positive

patches are likely to be attracted by the negative charged head group of the lipids. Indeed,

101

BSA was recently shown to possess affinity towards negatively charged objects ~ and to

form a full monolayer on SiO, at around 1 pM?’. Finally, BSA forms a full monolayer at

102

the air-water interface at bulk concentrations around 10 uM ™ thus suggesting that
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hydrophobic interactions also contribute to protein-surface interactions although short
range interactions are known to be more important for the dissociation than for

193 BSA, on the other hand, presented similar affinities than

association constant
Lysozyme regardless having a more negative zeta potential than Lysozyme (Table 4.1).
At the same time, BSA presented lower affinity than Hemoglobin that could be explained
based on the differences in zeta potential between these two proteins (Table 4.1) related
to the difference in the protein isoelectric point, 6.8 and 4.7 for Hemoglobin and BSA
respectively'**.

A closer look at the kinetics of dye leakage indicates that leakage occurs in a two-
step mechanism: 1) slow kinetics where no or small change in permeability occurs and 2)
fast kinetics where most of the dye intensity leaks within one or two minutes (Figure 4.1
B, C). This suggests that protein adsorption occurs readily upon contact with the vesicles
leading to some degree of lipid rearrangement, but a critical surface density threshold for
the proteins is needed prior to major leakage occurs. Indeed, the use of labelled BSA
corroborated that protein adsorption occurs prior to any onset of vesicle leakage (Figure
4.5). Thus leakage may be related to pore formation via protein penetration into the lipid
bilayers'® or local changes in membrane curvature due to protein adsorption as suggested
earlier for NP-lipid interactions’””, while the kinetics could be dependent on the effects of
both vesicle composition and protein properties, as the rate of leaking was only observed
in POPC/POPG vesicles.

We measured vast changes in AD and AF values upon protein exposure to the

lipid bilayers that could be related to the formation of soft protein multilayers due to non-

specific protein-protein and protein-lipid forces. Interestingly, the lipid membranes were
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less prone for protein adsorption than the pristine SiO; surface since the net AF and AD
was larger in the later case. In this respect, non-specific inter-protein interactions were
detected for a transferrin coated NP incubated in blood plasma, for which a soft corona of
proteins was identified by fluorescent correlation spectroscopy'*’. Within this soft corona
protein exchange occurred in the time scale of two minutes and faster, showing the highly

196 Indeed, the existence of

dynamic nature of such inter-protein non-specific interaction.
such soft protein corona arises from typical non-specific protein-protein interactions in
the crowded protein environment induced by the up concentration of proteins at the
interface between the solution and any surface. Our results suggest that such reversible,
dynamic and “soft” protein-protein interactions occur also in the close vicinity of lipid
bilayers and together with non-specific protein-lipid interactions may indeed have an
irreversible effect on the lipid bilayer structure, in terms of their permeability against
soluble dyes and the colloidal stability of the vesicles.

Lysozyme presents quite a distinct behavior: not only it induces dye leakage from
the vesicles’ lumen (Figure 4.1), but also vesicle aggregation (Figure B.1). Moreover,
initial Lysozyme adsorption on SLB was followed by a regime of desorption (Figure 4.3)
and thus a more complex phenomenon than just protein adsorption in this case.
Previously, Lysozyme was thought to unfold in contact with lipid membranes upon
induction of vesicle fusion’ while it was also reported that lipid bilayers could induce
refolding of denatured Lysozyme”. The QCM-D responses presented in Figure 4.3 are
indeed typical responses for lipid bilayer restructuring for instance due to molecular

insertion and mixed micelle formation'”’. Interestingly, unfolded Lysozyme due to

complexation with oleic acid was found to induce a similar restructuring effect on
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negative SLB but such effect was not observed for native Lysozyme below 10 pM”’.
Thus, it is clear that the protein concentration is critical since the same mechanism for
unfolded Lysozyme is reported here for native Lysozyme at 100 uM.

Even though all three proteins tested have very different biological functions, they
all presented similar behavior around lipid bilayers in terms of dye leakage and extent of
adsorption once a certain protein concentration was reached which was close to the mM
range or the semi-dilute regime for small globular proteins. In particular, BSA binds to
lysolipids and diacyglycerol'®, Hemoglobin can induce peroxidation of unsaturated
lipids at physiological conditions'”” and Lysozyme is a proteolytic enzyme. The latter
was also shown recently to induce fusion in negatively charged liposomes at pseudo
physiological condition”. In particular, Lysozyme is aggressive against Gram-Positive
Bacteria cell membrane and this is mainly associated to its anti-bacterial function. ''° The
antibacterial function of Lysozyme could, in the light of present results, be indeed related
to actual destabilization of the lipid membrane. Overall, the effect of Hemoglobin, BSA
and Lysozyme on the structure of the lipid bilayers does not seems to be related to their
structure but rather to their colloidal properties, mainly in terms of their surface charge
density distribution. All proteins are charged and carry a permanent dipole, thus
explaining their higher affinity for negative lipid membranes than for neutral ones.
Although relatively similar extent of adsorption occurred upon reaching the mM
concentration range at least for similarly charged membranes (Figure 4.2), the
reversibility of the non-specific protein adsorption was hampered on the negatively
charged bilayers only, at least for BSA and Hemoglobin (Figures 4.2 and 4.4). Thus, the

stronger electrostatic interactions between the proteins and the lipids also induced non-
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reversibility effects. Thus, it is clear that besides favorable electrostatic interactions
between the charged patches of the proteins and the lipid bilayer that drive the protein-
lipid binding there are other short range interactions (van der Waals, hydrogen bonds,
hydrophobic interactions and salt bridges) that decrease the protein dissociation from the
lipid bilayers. This is a typical behaviour observed for proteins and polyelectrolytes in
general as profoundly revised recently by Kayitmazer et al'”’.

For FBS, on the other hand, leakage events were observable starting from 0.1%
dilution for negative GUVs and from 1% dilution for neutral GUVs (Table 4.2, Figure
4.1). The concentration commonly used''" in cell culture study is 10% dilution in volume
of this media, and thus FBS addition should induce protein adsorption on cell membranes
given that conditions are kept similar to the ones hereby used (cell versus vesicle
densities). However, FBS or BSA addition does not induce cell lysis in cell cultures.
Indeed, we used protein concentrations close or within their physiological values. Thus,
none of these proteins should be able to affect the cell membrane structure in vitro or in
vivo. Therefore, the cell must possess other mechanisms to protect itself from the action
of soluble proteins in the mM concentration regime. The head groups of glycosylated
lipids are highly hydrated and are known to actively protect lipid membrane from
desiccation''* and peroxidation'"®. We hypothesize that glycolipids have yet another
biological function''* related to the hindrance of soluble protein binding. This hypothesis
is supported by the fact that sugars are used in surface coating for preventing non-specific

protein binding'"

. Indeed, preliminary experiments show that the use of phosphatidyl
inositol (PI) instead of phosphatidylglycerol (PG) at the same molar ratio (and thus same

surface charge density) decreases the effect of protein binding on the permeability of
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lipid membranes since no leakage event was recorded for titration with up to 50 uM
BSA, see Figure 4.6. However, further experimentation with various conditions is needed

to corroborate this hypothesis as a general effect for other proteins.

Figure 4.6. No significant leakage was observed by wide field fluorescence microscopy
upon exposing negative GUVs made of phosphatidylinositol (25 mol%) one hour after 50
uM BSA addition. Alexa 488 (green) was used to visualize the membrane vesicle
aqueous lumen. Vesicles were exposed to 1 pM Alexa 647-labeled BSA. These results
are representative of three different replicates.
Experimental

Materials

POPG, POPC and 1, 2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-cap
biotinyl (DOPE-Biotin) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL)
while 1,2-dipalmitoyl-phosphatidylinositol (DPPI) was purchased from Larodan Fine
Chemicals AB. All lipids were used without further purification. The dyes DilC;g(5)

(1,1'-dioctadecyl-3,3,3",3'-tetramethy-lindodicarbocyanine perchlorate) and Alexa Fluor®

488 hydrazide (Alexa) were used as received from Invitrogen (Paisley, UK). Alexa
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Fluor® 647 conjugate was purchased from Invitrogen (Paisley, UK), dispersed in PBS to

a concentration of 100 uM, and stored at -20 °C until use.

Preparation and Characterization of Vesicles

Two types of GUV were prepared by mixing the two lipids, POPG and POPC, at
the molar ratios of 1:3 and 0:1, respectively. Based on the pKa of the head groups at
physiological pH, POPC/POPG vesicles carried a negative charge, while POPC carried a
net charge of zero. ''® Additionally, DPPI was mixed with POPC at a molar ratio of 1:3
to give vesicles with the same charge as those made using POPG but carrying an inositol
instead of a glycerol.

For the leakage studies, both types of vesicles contain 1% molar ratio of the lipids
dye DiIC;5(5) and 0.5% molar ratio of DOPE-biotin, to tether the vesicles to the surface
of sample chamber. The lipids were dissolved in chloroform at appropriate ratios and the
solvent was evaporated under vacuum for at least one hour. The films were then
rehydrated with 10 uM Alexa 488 hydrazide in sorbitol solution, followed by overnight
water bath incubation at 37°C. This procedure enabled the vesicles to carry DilC;g(5) in
the lipid bilayers while the soluble Alexa 488 is confined in the vesicle lumen. The final
vesicle solutions were stored at 4°C and used within a week.

For QCM-D experiments, small unilamellar vesicles (SUV) were prepared at the
same molar ratios of two lipids as stated above. However, the vesicles did not contain
DilC,3(5) or Dope-biotin in this case. The POPC/POPG vesicles were rehydrated in 2
mM CaCl, to facilitate the formation of the supported lipid bilayer by bridging the

negatively charged vesicles with the SiO, surface, while POPC were simply rehydrated in
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Milli-Q water. Vesicles were subjected to two to five minutes of sonication until the

solution was clear and transparent before use.

Preparation and Characterization of Proteins

Bovine serum albumin (BSA) with a purity of above 98%, human blood
hemoglobin (Hemoglobin), fetal bovine serum (FBS) and chicken egg white lysozyme
(Lysozyme) were purchased from Sigma-Aldrich (Denmark) and used without further
purification. The proteins were first dispersed in phosphate buffer saline (pH 7.4, ionic
strength 127 mM) and diluted further in the same buffer to the experimental
concentrations. In this study, protein concentrations for BSA, Hemoglobin and Lysozyme
ranged from 1 uM to 1 mM, while FBS was studied at 0.1%, 1% and 2% volume ratios.
The zeta potential of each type of protein was determined by electrophoretic mobility
measurements using a Malvern Zetasizer NS (Worcestershire, U.K.), see Table 4.1. In
this case, the samples were prepared by dispersing the proteins in PBS for a final
concentration of 1 mM, FBS was diluted in PBS to 1% by volume; and six measurements

were performed on each sample at 25°C.

Description of Microscopy Experiments

The sample chambers were incubated with 1.0 g/l BSA-biotin/BSA solution
(1:10, volume ratio), 0.025 g/l streptavidin and PBS, respectively, at ambient temperature
for 10 minutes, plus rinsing with PBS five times. Fluorescent vesicles were added to the
chamber to achieve a final concentration of 0.01 mg/ml. The vesicles were allowed to
settle and stabilize at the bottom of the chamber for 30 minutes before injection of

proteins into the solution. After exposure to proteins, the behaviors of GUVs were
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monitored for up to 60 minutes on a Leica AF6000LX wide-field microscope (Wetzlar,
Germany). For each dye leakage experiment, 10 to 15 locations were imaged with
approximately 20 vesicles in each location, which made up to 200 to 300 vesicles in
every study. The fluorescence of Alexa was excited at A=488 nm with an argon laser and
emission was captured at A=491-563 nm. The lipid dye, DilC;5(5), was excited at A=633
nm and recorded at A=640-700 nm. A mercury lamp with filter cubes EGF cube 49002
ET, ECS5 cube 49006 ET (Chroma Technology Corp, Bellows Falls, USA) were used to
excite Alexa and DilC,3(5) respectively. For each experimental setup, illumination,
intensity and exposure time were optimized for signal collection. The integrity of vesicles
was checked in buffer solution during control experiments, without exposure to proteins,
to ensure their stability against mechanical stress, and no sign of dye leakage was

observed. Each set of experiments was repeated at least three times.

Description of QCM-D Experiments

QCM-D (quartz crystal microbalance with dissipation monitoring) is an acoustic
technique for measuring 1) the change of wet mass per unit area by sensing AF of a
quartz crystal resonator and 2) the viscoelastic properties of the adsorbed film by sensing
the energy dissipation (D). A decrease in resonance frequency is an indicator of an
increase in adsorbed mass on the sensor surface while an increase in dissipation is related
to a decrease in rigidity of the adsorbed film. In this study, we used a Q-Sense E4 system
(Gothenburg, Sweden). All SiO, sensors were soaked in 2% hellmanex for 10 minutes
and washed by 15 rinsing cycles of water and 96% ethanol, followed by an UV-0zone
cleaning process for another 10 minutes to remove any possible contamination layer on

the sensor surface. Each measurement was performed at 25 °C when the frequency
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changes were within 0.5 Hz. 5% of sodium dodecyl sulfate (SDS) was applied for
cleaning, and 96% ethanol was used to remove bubbles in the tubing when necessary.
Upon obtaining a stable signal, a vesicle solution (200 pg/ml) was injected at a rate of
100 pl/min. After the formation of SLB, PBS was pumped into the system to wash off
excess lipids before the injection of proteins. A series of protein titrations were then
performed, starting from 1 uM to 1 mM for all proteins except FBS for which 0.1% to

2% of FBS was used.

Conclusions

Non-specific protein adsorption has now been studied in view of its effect on the
structure of lipid bilayers in terms of vesicle colloidal stability and lipid bilayers
permeability. We found that all proteins studied (bovine serum albumin, chicken egg
lysozyme, bovine hemoglobin and bovine fetal serum) were able to induce leakage from
lipid vesicles regardless of their surface charge (negative or neutral) expect for albumin
on neutral vesicles at least up to 1 mM. The protein concentrations required for leakage to
occur were well above the pM range where strong inter-protein interactions occur. At the
same time, this is the concentration regime that is physiologically relevant. Evidently,
vast soluble protein adsorption on the cell membranes does not occur in vivo. We propose
that the cell possesses other mechanisms to defend itself from this type of non-specific
protein adsorption among which the glycosylated coatings introduced by lipids and

membrane proteins could be a major parameter in play.
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CHAPTER FIVE
Assessing the Translocation of AgNPs Using an in Vitro Co-Culture Model of Alveolar-
Capillary Barrier
(In review, Toxicology in Vitro)
Abstract
As the lung is a major targeted organ for NP exposure, the authors have
developed a novel in vitro co-culture model of the alveolar-capillary barrier to track the
translocation of NPs for potential drug delivery. Human bronchial epithelial cells Calu-3,
differentiated Thp-1 and microvascular endothelial cells EA.hy926 were grown on apical
and basolateral sides of microporous membrane supports in a two-chamber system. Calu-
3 cells, with high TEER development, enabled a robust and tight barrier similar to in vivo
conditions. AgNPs were used as a model nanoparticle (NP) system. AgNPs of 50 nm in
diameter with tannic acid coating were monitored after being introduced to the co-culture
models. Movement of AgNPs across the modeled barrier and any resultant cytotoxicity
were quantitatively evaluated. Results revealed the ability of AgNPs to translocate
through multiple layered barriers at both 4°C and 37°C, indicating cellular uptake via both
passive diffusion and active transport. Cytotoxicity of AgNPs was observed in cells from
both compartments in tri-culture models regardless of concentration or temperature. This
differs from the response of these same cells in monoculture or bi-culture. The sensitive
response from tri-culture models was most representative of in vivo conditions, due in
part to secretion of pro-inflammatory mediators by macrophage-like differentiated Thp-1

cells upon AgNPs exposure. To evaluate the permeability of microporous membranes,
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the particle retention was evaluated for AgNPs into the basolateral region of the system.
Altogether, the chosen cell lines interacted and presented a functional alveolar-capillary
barrier that is more physiologically relevant for nanoparticle translocation studies. This

novel tissue model provides researchers with a system for evaluating translocation,

cellular trafficking, uptake, and novel drug delivery systems.

Key Words

Co-culture, organotypic, thp-1, calu-3, translocation, alveolar-capillary barrier

Introduction

Nanomaterials, with significantly increased surface to volume ratio in the
nanoscale, display many unique physiochemical properties compared to their bulk parent.
These new properties have led to the novel applications of engineered nanomaterials in
energy production, medical therapeutics and diagnostics, food packaging and
cosmetics''’. A primary metal material used in nanotechnology is silver. Nanoscale silver
comprises roughly one-quarter of the presently available commercial nano-enabled
products, mainly as an antimicrobial agent'. In light of their antimicrobial, optical and
thermal properties, AgNPs have also been used in several platforms in nanomedicine.
Tian et al. revealed that AgNPs were a novel therapeutic modality to treat burn wounds
with rapid healing ability and improved cosmetic appearance in a wound’. Fluorescence
labelled AgNPs appeared about one magnitude brighter when taken up by cells, showing
great potentials in tumor detection™. AgNPs containing nanocapsules could also be
externally activated by sonication for controlled drug targeting and delivery™. As the

increasing influx of silver-based nanomaterial into the commercial market and medical
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fields, it is imperative to evaluate whether contact with AgNPs will result in adverse
effects in workers, consumers and patients.

One major exposure route for AgNPs (AgNPs) is inhalation. Animal studies
demonstrated pulmonary toxicity of inhaled AgNPs and their accumulation in other
organs. Treated rats experienced asthma-like symptoms including pulmonary
eosinophilic and neutrophilic inflammation, as well as bronchial hyper-responsiveness
after 7 days' exposure to citrate-capped and PVP-capped AgNPs''®. Aggregated forms of
AgNPs were found in the spleen and kidney in adult mice following intranasal exposure

119

for 7 days . Multiple in vitro studies have reported cellular uptake of AgNPs into both

30,120

normal and cancer lung cell lines . The internalized AgNPs can trigger generation of

reactive oxygen species, and further cause membrane rupture and DNA damage®® '*°.
Cell inflammation was also observed as part of the body’s immunological response to
this foreign material®*.

When NPs are inhaled, they can deposit deep in the lung, specifically, in the
alveolar region'?'. Pulmonary alveoli are located at the terminal ends of the respiratory
system and represent 70 to 90 m* of the pulmonary surface area. Around each alveolus,
there is a net of capillaries; together it is the region for gas exchange. To allow sufficient
oxygen diffusion, the alveolar-capillary barrier is a thin-wall structure (0.1 um to 0.2 um
thick ), and consists of pneumocytes that line the alveolar wall, endothelial cells of the
capillaries, basement membrane between the two linings and macrophages that defend

121-122 . . . . Co . .
. This barrier is difficult to access in in vivo studies

the lung from foreign materials
due to the complexity of multilayered tissues which limits the insight into process of

particle-cell interaction™.
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Recently, several in vitro models have been developed to evaluate the
translocation of NPs through the alveolar-capillary barrier. However, these models either
fail to show acceptable barrier properties due to choice of cell types or lack controllability
and reproducibility of the experimental conditions due to complexity of the system. This
hampers the ability to provide the most physiologically relevant cellular response to the
translocation process. For example, Rothen-Rutishauser et al. designed a triple co-culture
using alveolar epithelial cells A549, dendritic cells and macrophages that mimic the
human respiratory tract. The constructed barrier only developed less than 200 Q-cm” of
transepithelial electrical resistance (TEER), indicating higher epithelium permeability
than physiological condition*®, and potentially over-estimated translocation of NPs due to
possible concurrent paracellular transport. Lung barrier simulation was'* also attempted
at the air-liquid interface. With advantages of this method being more realistic to
inhalation exposure and limited interference from culture medium, researchers experience
problems maintaining constant temperature and humidification of the system, resulting in
less reproducible results®.

In the present study, the authors introduce a three-dimensional, organotypic co-
culture model that mimics the alveolar-capillary barrier, by assembling bronchial
epithelial cells, microvascular endothelial cells, and macrophage-like cells in a two-
chamber system. Cellular uptake of AgNPs, their translocation through the barrier and
resultant acute toxicity were examined using this model. Tannic-coated AgNPs were used
as a “model” particle and tested on established bi-culture and tri-culture systems. These
AgNPs were previously determined highly penetrative through human epithelial models

. . . . 3
compared to other commercially available silver nanomaterials®’.

75



Methods

Silver Nanoparticles

Spherical AgNPs (with a core diameter of 50 nm + 4 nm, based on TEM
measurements by the manufacturer) capped with tannic acid in a stock concentration of
1.0 mg/ml (NanoComposix Inc., San Diego, CA, US) were used in this study. Choice of
this type of AgNPs was based on our previous study where tannic acid-AgNPs of same
production line exhibited the most efficient penetration efficacy through cell membranes
compared to two other coated AgNPs used in that study®’. Characterization of particle
size and surface charge were performed using TEM and DLS, described in the previous

study’’.

Cell Lines and Culture Media

Human micro-vascular endothelial cells EA.hy926 (CRL-2922), human bronchial
epithelial cells Calu-3 (HTB-55) and human acute monocytic leukemia Thp-1 (TIB-202)
were obtained from American Type Culture Collection (ATCC, Manassas, VA).
EA.hy926 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5
g/L glucose (4.5 g/L) and 0.584 g/L L-glutamine. Calu-3 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with 1.0 g/L and 0.292 g/L L-glutamine.
Thp-1 cells were cultured in Roswell Park Memorial Institute (RPMI)1640 medium with
4.5 g/L glucose and 2.383 g/LL HEPES. Sodium bicarbonate, sodium pyruvate, 1%
penicillin-streptomycin and 10% of heat-inactivated fetal bovine serum were added to all
media. Cell culture was routinely incubated at 37°C in humid air with 5% CO; until the

desired confluence.
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Co-culture Model

In this study, two or three types of cells were grown and developed on the
opposite sides of a porous membrane in a two-chamber system. To assemble a bi-culture
unit, porous membrane inserts (1.0 pm pore size, 12 mm diameter, polyester, Corning
Incorporate, NY) were inverted in a petri dish, bottom side facing up. Endothelial
EA.hy926 cells were then seeded onto the basolateral membrane in the volume of 200 pl,
at a density of 2.5 x 10" cells/cm’. These membrane inserts were then covered in the petri
dish and carefully transferred to the incubator, allowing cell attachment for 2 hr in
standard culture conditions. The excess medium on the bottom side was then removed by
gentle aspiration, and rinsed with fresh medium twice to remove any loose cells. Inserts
are then righted and placed into receiving wells (medium volume: 1.5 ml). Cell
attachment on the basolateral side of the membrane can be confirmed under a light
microscope. Epithelial Calu-3 cells were subsequently added to the apical side of the
membrane in a volume of 0.5 ml to achieve cells density at 5.0 x 10* cells/cm®. The tri-
culture model can be further developed by introducing Thp-1 monocytic cells into apical
side of the inserts when bi-culture TEERSs have exceeded 1000 Q-cm?. To do so, medium
in the apical region needed to be removed and replaced with DMEM high
glucose/RPMI1640 mixture (mixed media) in the ratio of 9:1, containing 1.0 x 10* Thp-1
cells. After seeding, PMA was added into the apical medium (PMA concentration in the
medium = 100 ng/ml) and incubated for 48 hr to induce differentiation of the Thp-1 cells.
At the end of incubation, PMA-containing medium was discarded and replaced with fresh

mixed media. Cells rested here for another 48 hr to reach the optimal differentiation
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status. Differentiated Thp-1 cells will attach to the apical region of Calu-3 cells (Figure

5.1).

W%Eﬁ
g

Basolateral seeding of endothelial
cells EA.hy 926 on permeable

Additional apical seeding of
macrophage-like THP-1 cells
membrane inserts (pore size 1 pm) on bi-culture

Apical seeding of epithelial
cells Calu-3 on inserts

=&~ EAhy926 <«@» Calu-3 5> THP-1

Figure 5.1. Schematic drawing of the steps to assemble bi-culture and tri-culture using
endothelial, epithelial and macrophage-like cells.
TEER Measurements

Transepithelial electrical resistance measurements were conducted on both bi- and
tri-culture systems using an EVOM Voltohmmeter (World Precision Instrument, Inc.
FL). Blank control, TEER(, was measured on cell-free inserts. The TEER value of cell
layers is calculated by the following formula:

TEER = (TEER. — TEER() x A

where TEER_ is the preliminary reading directly from the Voltohmmeter, TEERy is the
value of blank control, and A is the surface area of the membrane insert (1.12 cm?).
TEER measurements were collected daily after co-culture units were assembled, to

monitor formation of epithelial tight junction and barrier integrity.
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Cellular Uptake and Translocation of AgNPs

The uptake and translocation of tannic-AgNPs were evaluated at 3 mg/L and 30
mg/L during a 24 hr exposure period. When desired TEER was achieved in co-cultures,
AgNPs were added into the system from the apical side of the inserts. The lower
concentration 3 mg/L was chosen as this dose was determined to be non-lethal to
pulmonary cells and more environmentally relevant from the previous work *’. The
culture was incubated for 24 hr at either 4°C or 37°C. Next, cells grown on apical and
basal sides were separated from the inserts. To do so, medium from the upper chamber
(the inserts) and lower chamber (the receiving wells) was extracted first, PBS buffer was
added to wash both sides of the membrane to remove any unattached AgNPs. Trypsin
was then added and incubated to dislodge the cells, followed by another PBS rinse to
ensure cells detachment. In bi-cultures, the upper chamber samples contain only Calu-3,
for tri-culture, it is a mixture of both Calu-3 and Thp-1 cells, as they were harvested
simultaneously and analyzed collectively. Samples were then combined with 5 ml of
concentrated nitric acid (67-70)% and subjected to heat digestion at 105°C for 6 hr,
before quantitative analysis by inductively coupled plasma mass spectrometry (ICP-MS,
PerkinElmer SCIEX, ELAN 9000). Rhodium (atomic weight 103) was used as an internal

standard throughout the measurements of silver in all samples.

Acellular Translocation Test

Tannic Acid-AgNPs were dispersed in the same medium that was used to culture
cells, at a concentration of 30 mg/L. In an empty membrane insert (polyester, pore size 1
um), 0.5 ml of the AgNPs dispersion was added to the upper chamber, and 1.5 ml of the

same medium in the lower chamber. The authors then incubated the AgNPs in these

79



inserts at 37°C regular culture conditions for 24 hr, after which, samples from both upper
and lower chambers were collected and subjected to acid digestion and ICP-MS analysis
as described in the previous text. After removal of AgNPs-containing medium, the
membrane from each insert was cut off and visually checked for particle accumulation.
The same test was also performed with 0.4 um and 3 um sized porous polyester

membrane inserts for comparison.

Cytotoxicity Measurements

Lactate dehydrogenase is an intracellular enzyme found in healthy cells, its
leakage into the extracellular environment can be used as a viability probe. In this study,
LDH in co-culture medium was measured to gain information about cytotoxicity induced
by AgNPs. Assay was performed as previously described in Zhang et al.”’. Breifly, 50 pl
cell medium was mixed with 150 ul LDH reagents, and samples were analyzed on a
microplate reader (ELx800, Biotek) for optical intensity. Cytotoxicity evaluated in terms
of LDH leakage was evaluated in monocultures, bi-cultures and tri-cultures. When
measuring LDH in co-cultures, the media in the inserts and in the receiving wells were

separately determined for independent cytotoxicity from each type of the cell line.

Results

TEER Measurements

In order to compare properties of co-culture barrier to those of monocultures,
membrane inserts seeded with EA.hy926 only, Calu-3 only and both cell lines were
prepared on the same day. Post-seeding, beginning at 24 hrs, the TEER of each culture
was followed until it reached over 1000 Qxcm®. The development of TEER in these
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individual cultures is presented in Figure 5.2. On day 1, EA.hy926 and Calu-3 cells each
possessed a resistance value of (14 + 5.57) Q-cm” and (49.33 + 5.51) Q-cm” respectively,
both significantly lower than that in bi-culture (98.67 + 7.23) Q-cm®. Endothelial cells
EA.hy926 did not gain significant resistance after day 7, showing rather stable values
between 14 Q-cm”to 23.67 Q-cm?. TEER of epithelial Calu-3 cells, on the other hand,
continuously increased from day 1 to day 7, similar to those observed in bi-culture. At the
end of day 7, Calu-3 and bi-culture each possessed TEER of (876.67 + 75.64) Q-cm”and

(1352.00 + 110.27) ©Q-cm?, which is 13-16 times more electrical resistant than day 1.

Addition of Macrophage-like Cells on Bi-culture

Thp-1 monocytes were added into bi-cultures at day 7 post-seeding. The
monocytes were then differentiated by 100 ng/L PMA in situ on the apical side of Calu-3
cells. Interestingly, instead of increasing the resistance further, TEER readings of the
highly developed bi-culture drastically decreased upon the attachment of differentiated
Thp-1 on Calu-3. A decrease of 78.3% in the TEER readings was noted on day 8. As the
Thp-1 continued to differentiate on Calu-3 cells, the resultant tri-culture increasingly
regained electrical resistance after the initial drop, until day 12 post-seeding, when it
rebounded to (1267 + 142.08) Q-cm*(Figure 5.3). Prior to the experiments, the toxicity of

PMA on Calu-3 cells at the concentration used was confirmed (Data not shown).
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Figure 5.2. TEER development in monocultures and bi-culture of Calu-3 epithelial cells
and EA.hy926 endothelial cells. Monocultures of EA.hy926 and Calu-3 cells were
represented by dotted and dashed curves, respectively, and bi-culture by the solid curve.
Data represent the mean + SD of three independent samples.
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Figure 5.3. Changes of TEER in tri-culture when Thp-1 were differentiated and added

into bi-culture system. TEER was measured daily to follow the development of tri-culture
over five days. Data represent the mean + SD for three independent samples.

82



Cellular Uptake and Translocation of AgNPs in Co-culture

Bi-culture. The amount of silver in the tissue culture was analyzed by ICP-MS, a
sensitive yet reliable quantitative analytical instrument for detection of metals that allows
for low detection (part per trillion). After cellular exposure to 3 mg/L for 24 hr, the
majority of AgNPs were found in the upper chamber medium where the NPs were added,
however, a significant amount of silver had interacted with cells. Approximately 6% of
silver was internalized by Calu-3 cells at 37°C, similar to (5.8 £ 0.1%) of that found in
Calu-3 at 4°C. Although the initial cellular uptake by epithelial cells was equivalent for
both temperatures tested, 3 times more silver (0.148 ng) was detected in the endothelial
cells at 37°C compared to 4°C. Only 1% and 4% of that was found in the lower chamber
medium for 37°C and 4°C respectively (Figure 5.4 A). The total mass recovery of silver
from this method was 82% and 106%, among which more than 17% (37°C) and 13%
(4°C) of the AgNPs translocated from upper chamber medium into the tissues or lower
chamber medium.

For both temperatures, there was a ten-fold increase in silver that was transported
by cells in the bi-culture system when exposed to 30 mg/L of AgNPs. Again, over 50% of
the silver was found in the upper chamber medium.

Interestingly, the distribution pattern and amount of silver within the bi-culture
system were similar at 37°C and 4°C. More than 1 pg of silver was found intracellularly
in Calu-3 at 37°C, and 0.934 £ 0.118 pg at 4°C, both over one magnitude higher than the
intracellular concentrations observed at 3 mg/L. More than 17% of total silver, penetrated
the Calu-3 cells and was transported by EA.hy926 into the lower chamber medium at

37°C, accounting for 61% of the silver that interacted with cells. Although the
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translocated silver at 4°C and 30 mg/L, in lower chamber medium, was less, (11.9 +
1.2)%, it was still three times higher than that in 3 mg/L. The total recovery of silver at
30 mg/L, however, was not as good as 3 mg/L. At 37°C and 4°C, only 61% and 47% of
silver, respectively, was collected from the entire system, leaving a question regarding
the membrane retention.

Tri-culture. The cellular uptake and translocation of tannic-AgNPs was evaluated
in tri-culture systems. Shown in Figure 5.5 A, nearly 73% and 90% of silver was
recovered from tri-culture upper medium incubated at 37°C and 4°C (Figure 5.5 A).
Differentiated Thp-1 and Calu-3 cells had a combined uptake of 9.2% of silver at 37°C,
slightly higher than the 7% found at 4°C. Overall, 17% of total administered silver
(equivalent to 0.256 pg in mass), was translocated through the tri-culture tissue at 37°C,
compared to 14% (0.21ug) at 4°C. The cellular uptake by EA.hy926 was three times
higher at 37°C, but the silver in basolateral medium was 83% lower than 4°C. The overall
recovery of silver in tri-culture was above 90% for both temperatures.

When a concentration equal to one magnitude more silver was introduced to the
system at 37°C, 20 times more of it actively interacted with cells and was found either
intracellularly or present in the lower chamber medium (Figure 5.5 B). Approximately
15% of silver (2.2 pg), was found concurrently in the apical side mixed cells and lower
chamber medium. At 4°C, less silver was detected throughout the system, however,
uptake and translocation did occur. Collectively, 63% (37°C) and 43% (4°C) of silver
were recovered from the tri-cultures, similar to the extent in bi-cultures exposed to 30

mg/L silver.
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Figure 5.4. Cellular uptake and translocation of AgNPs in bi-culture. (A) depicts the mass
of silver distributed in each component of the bi-culture system at 3 mg/L. of AgNPs, and
(B) at 30 mg/L. Data are presented as mean = SD of three samples.
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Figure 5.5. Cellular uptake and translocation of AgNPs in tri-culture. (A) depicts the
mass of silver distributed in each component of the tri-culture system at 3 mg/L of
AgNPs, and (B) at 30 mg/L. Data are presented as mean + SD of three samples.

86



Acellular Translocation of AgNPs

AgNPs were added into acellular dual chambers systems, exactly the same as the
chambers used in these experiments, to evaluate the retention of particles by permeable
membranes of various pore sizes. After 24 hr, significant amounts of NPs were found in
the lower chambers for all membranes tested. The medium pore size membrane (1 pm),
surprisingly, had the most Ag detected in the lower chambers, averaging (44 * 8)% from
the three replicates. Approximately 41% of AgNPs successfully translocated through 3
pm membranes, and less than 20% through the 0.4 pum membranes (Figure 5.6 A).
Although significantly different in pore size, the 3 pm and 1 um sized porous membranes
exhibited similar NP permeability, only 1.6% of the silver was in the upper chamber
medium. In addition to the loss of AgNPs during sample preparation and analysis, over
50% of silver was unaccounted from each experiment condition. The dissected
membranes shown in Figure 5.6 B, displayed varied degrees of discoloration compared to
the blank control. This is considerable evidence of accumulation of silver particulate
over time. Those trapped and retained by the membranes account for most of the

unaccounted for AgNPs.

Cytotoxicity of AgNPs

Monoculture. The evaluation of potential adverse effects due to AgNPs exposure
in monocultures of epithelial cells, endothelial cells, and macrophage-like cells was
performed in a 96-well plate using the LDH assay. Triton X dilution, a cell lysis buffer,
was used in the experiment as a positive control and all data were normalized to a blank
control. Among all types of cells, epithelial, Calu-3 cells are the most tolerant to AgNP
exposures. Regardless of culture temperature or concentration administrated, the cell

87



membrane was not disrupted or damaged compared to blank control at 4°C and 37°C,
indicating negligible cellular stress (Figure 5.7). Differentiated Thp-1 cells were the next
tolerant cells among those tested. A concentration-dependent toxic response to the
AgNPs was observed. Cells remained intact at the lower dosage but failed to contain
LDH intracellularly upon a higher dosage. When incubated at 37°C, Thp-1 membrane
exacerbation was about 28% higher than that of 4°C. The same pattern was noted with the
Triton-X positive control in all three monocultures, where the cellular response was more
intense in the warm (37°C) medium compared to cold (4°C) conditions. EA.hy926,
endothelial cells, were significantly injured after AgNPs treatment. LDH activity in both
3 mg/L and 30 mg/L wells at 4°C was almost equivalent to that seen in positive control,
indicating potent membrane disruption from AgNP exposures at the lower temperature.
Warmer medium, because of its physiological relevance, appears to be more protective of
cells, as observed with endothelial cells exposed to 3 mg/L. of AgNPs at 37°C. There was
no statistically significant reduction in viability observed 24 hr post exposure.

Bi-culture. When bi-cultures (Calu-3 and EA.hy926) were established (TEER >
1000 Q-cm®), the toxicity of AgNPs in each cell line was evaluated separately for LDH
release after 24 hr exposure. This experiment aimed to understand if the toxicity observed
from monocultures was altered due to the addition of another type of cell. When in bi-
culture, EA.hy926 cells exhibited different response patterns upon AgNP treatment. At
4°C, regardless of concentration administered, LDH leakage was not significantly
increased, cellular response was similar to those in the control group. However, cells
incubated at 37°C were more responsive towards AgNPs treatment. At both 3 mg/L and

30 mg/L, the cell membrane was significantly damaged, producing elevated amounts of
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LDH (67% and 104% more, respectively), in a dose-dependent manner. A similar toxic
response was also observed in Calu-3 cells in the upper chambers. For both temperatures
and concentrations tested, increasing amounts of LDH were detected in medium; except
for 3 mg/L at 4°C, where LDH leakage was minor and negligible.

Tri-culture. When in tri-culture, the lower incubation temperature was no longer
as protective as was observed in bi-culture for EA.hy926. In fact, all treated cells showed
some injury, and those at 4°C displayed significant cellular stress. Approximately 15%
and 65% more LDH, was found in the endothelial cell medium at 3 mg/L and 30 mg/L,
respectively, compared to 10% and 25% at 37 °C. A similar toxic response was also
observed in the tissue co-culture of Thp-1 and Calu-3 cells in the upper chambers. The
toxicity observed was less severe when the exposure was conducted at 37°C than 4°C,

although the damage was still significant.

Discussion

Barrier Properties

To mimic the human alveolar-capillary barrier in vivo, the lung model has to
display acceptable pulmonary barrier characteristics, such as epithelial tight junctions, the
presence of alveolar macrophages, pulmonary surfactant, and endothelium of blood
micro-vessels**. Many researchers have tried to establish these models by engaging
A549, a type of alveolar type II cell line extracted from human lung carcinoma, for their

46, 124 . . .
=", However, it has been discussed in

relevant origin and ultrastructural characteristics
recent manuscripts that A549 are not suitable for NP translocation studies, due to their

suboptimal formation of tight junctions and poor control of macromolecules passing
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through the epithelium** '*. Calu-3 cells, on the other hand, are able to develop high
TEER values on porous membranes in this study, both alone (876.67 + 75.64 Q-cm?) and
with other cells (1267 + 142.08 Q-cm?). The models express a similar formation of tight
junctions as required for an alveolar epithelium. Therefore, Calu-3 were chosen to replace
A549 and co-cultured with PMA-differentiated Thp-1 macrophages, EA.hy926
microvascular endothelium to simulate the alveolar-capillary barrier in vivo. When stable
bi-cultures were further extended by adding differentiated macrophages to the apical side
of Calu-3, TEER drastically dropped within 24 hr. This decrease is similar to that
observed by Klein et al. (2013) who also reported higher permeable pulmonary tri-culture
after adding activated Thp-1 to the system'*°. Luyts et al. (2015) found that PMA-
activated macrophages impaired the bi-culture barrier functionality by 1) secreting TNF-
a, a cell signaling protein primarily secreted by activated macrophages when in systemic
inflammation; and 2) simply the macrophages having direct contact with the

epithelium'*’

. Dekali et al.(2014) also further demonstrated morphological changes of
Calu-3, including length reduction and disappearance of microvilli structures when Thp-1
macrophages deposited onto their apical side™. Interestingly, despite the 78.3% decrease
in TEER in the first 24 hr, it continuously regained the electrical resistance, continuing
for another 4 days. When TEER readings were over 1000 Q-cm?, this indicated the
impairment of the barrier was temporary and reversible, and the resultant tri-culture again
exhibits the same appropriate barrier properties. To the best of our knowledge, this is the
first time the rebound of TEER, in a tri-culture for 5 days after an initial drop, has been

reported in literature. Other investigators have only documented the decreased TEER

occurring for up to 24 hrs.
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Figure 5.6. (A) AgNPs found in the upper and lower chambers after 24 hours of
incubation. Membranes bearing pore sizes 3 um, 1 pm and 0.4 pm were exposed to 30
mg/L of AgNPs, acellularly. Data are presented as mean + SD of three samples. (B)
Images of permeable membranes with various pore sizes treated with 30 mg/L. AgNPs for
24 hr. Blank refers to membranes that were not exposed to AgNPs which represents the
natural coloring of the material. Samples shown in (B) each was a stack of three
membranes from replicate experiments to improve the visual effects. All membranes are
made with polyester.
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THP-1 differentiated cells
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Triton X 1%

Figure 5.7. Cytotoxicity of AgNPs in three monocultures. Each monoculture was exposed

to both 3 mg/L and 30 mg/L AgNPs for 24 hr at either 4°C or 37°C. Medium was then

exacted for LDH content evaluation. Data are presented as mean values + SEM. p values

indicate statistical significance to the control, where * p <.05.

92



LDH m Calu-3

me@ium

LDH in EA .hy926 medium

o) [}
w =2 o
g8 ¢
2> o
p£582
2 2<sE
= <d 35
@) o T8 ®
~ 1323
B Mm < o O
SN E-
Pt
2 -ZSd
=022 ®
=R
OR o o°Q
o eym
= 80 =23
S ESE ST
o 0O 8 X.E
w2 O
o STEZS
o) - B2 X2
> Rl S
= H.HGMV
< RLEsS
ah A~
o 25
> & =157
- CZSEw
= e 8§ H
n mfe Q
< o 2
5] L ta
d =
= PgMun
s £ 45%%s
a S PREsE
— g ETZ R
o & =
> S ESTS
o532
C/.lwn
=S BB 5 o
SES2ES
S S S S S = <= 2 en % 8
S %0
y.tusr
Cmsaa
o0 Owa
ﬁﬂemD
rbe.mn
BHES3 O
oL o>
— .E o E=

*p<.05.

=~

to the control, where

93



5 &
on H <
e £8A
5282
5<38 o
Cmb | r/U-L\mt
o o~ & O S @
< <+ o WH = a9
] 7} edecm
S s OB o O
E 2 5558
& S 859
T DD ®
n IR
o 2 << =89
No) <= E oo RE
2\ = 9= 8§ 2%
—~ 9 =
> 1m %MmWJS
= < © 5392
S~ e B
g5 EREN T, 3&8
> 88 = O =]
> m — Domyn
< © @) =T oRw
4 °c z.x &2
= O > o) =2 s 2
D wn O Cmpa
T < : e, molwv
l E2E %
7 (D] =)
— =] an Eh) ()
- < ADQLUQ_JdS
° A oz 2 E 2
. ke
_ S5 t8§g
5025 2
N N N N N N N N N N g5 8 % E
S S S S ) S =) S S ) mgees
= % = @ = % = A S ER o 8
Co*¥ o3
! 30% 1 30 % x P E 3=
.....
v £EE 3
B8 2 E
.Wcﬂowwm
— & EER

94



Uptake and Translocation of AgNPs

Cellular uptake of AgNPs and their migration through epithelial barriers have
been frequently reported, yet many of these results were achieved by microscopy imaging
and lack adequate quantitative evaluation. To help fill the gap in knowledge in this
particular area in literature, the authors quantitatively described the spatial distribution of
silver using ICP-MS. Further, each component of the co-culture system was specifically
evaluated for their roles in transporting AgNPs through the modeled alveolar-capillary
barrier. To explore the mechanism of this process by cells, experiments were conducted
at both 4°C and 37°C at two AgNPs concentrations. Overall, the uptake and movement of
AgNPs are concentration and energy dependent. When 30 mg/L of AgNPs were
administered to bi-cultures at 37°C, Calu-3 cells had one magnitude greater uptake, and
the combined transported Ag, including that which was intracellular and that present in
lower chamber medium, were approximately 16 times the amount of those in 3 mg/L.
Similar observations were noticed in tri-cultures, where the uptake and translocation of
Ag was both one magnitude higher at 30 mg/L. It is hypothesized that the cell membrane
was significantly compromised at 30 mg/L, and allowed more silver to passively
translocate. Although less Ag was translocated at 4°C, the occurrence of this event
indicates that Ag was able to passively diffuse into and be released by cells even when
ATP synthesis is paused'*®. Generally, 22% to 265% more silver interacted with the co-
cultures at 37°C, suggesting active transport by cells that requires energy. The reduced
rate of uptake at 4°C is in accordance with recently published work by Betzer et al.
(2015) ' (Betzer et al. 2015) and earlier research completed by Tedja et al. (2012)'*"

139 who both noted significantly less cellular uptake of NPs in energy depleted conditions.

95



Although the exact pathway for cells to internalize particles is still not clear, many
researchers support the theory that both passive and active transport contribute to the
processm'm.
Alveolar macrophages are tissue-resident, and they play an important role in the
clearance of foreign materials in the alveolar space'”’. The macrophage characteristics of
Thp-1 cells is determined by the contact cells, and the co-culture with Calu-3 epithelial
cells will enable some phenotypes of alveolar macrophages in Thp-1 macrophages.
Cellular uptake and translocation of AgNPs was significantly enhanced at 37°C for tri-
culture, implying activated and functioning alveolar like macrophages on site. This
phenomenon has been observed by Kim and Choi'**, Mukherjee et al.'** and Geiser et
al."**. Furthermore, when incubated in cold (4°C) temperatures, the tri-cultures showed
no significant uptake over the bi-cultures. It has been shown that phagocytic uptake by
macrophage-like cells requires energy and is therefore not activated at 4°C'>>,
Choice of Permeable Membrane Supports

While permeable supports are available in several materials and pore sizes, co-
culture experiments typically use polyester (PET) with 0.4 um, 1 pm and 3 pm pore
sizes. PET provides the best optical property, thus enhanced cell visibility and monolayer

formation. While 0.4 pum and 1 pm are recommended for studies of drug transport or

those requiring fully differentiated monolayers, 3 pm are good for cell invasion and

136 The authors found

motility studies, as cell migration does not occur with smaller pores
that 0.4 um porous membrane have been extensively used in the field, perhaps due to the

optimal formation and attachment of monolayers on both apical and basolateral sides™"

127137 There is increasing discussion; however, about this smaller pore membrane
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limiting the passage of particulates from apical to basolateral sides, and thus a good
amount of research had been conducted using 3 pm porous supports'*®. Only a few
manuscripts have quantified the exact transported or retained particles by the membrane
of their choice. In the present study, for the first time in literature, all three sizes of
polyester membranes available for co-culture, were quantitatively evaluated for the
retention of AgNPs to validate the permeable supports chosen for this study. Further, this
allowsfor elucidating the loss of silver observed in Figure 5.4 B and Figure 5.5 B. In fact,
in this study all the tested permeable supports hindered the passing of AgNPs at 30 mg/L.
Although less than 2% of silver was found in the I pm and 3 pm inserts, significant
amounts of silver was embedded in all the membranes. AgNPs aggregate when having
contact with physiological fluids, and the aggregated size will further mitigate their
passage through the pores. Previously, the same tannic acid- coated AgNPs were shown
to have a hydrodynamic diameter of 189.6 + 9.0 nm after 24 hr in media at 3 mg/L,
indicating the presence of aggregated silver particles (primary size by TEM 49.8 £ 5.7
nm ) in culture’’, and potentially larger aggregates when in higher concentration'*’.
Therefore, the loss of silver in the retention experiment (Figure 5.6) and the
uptake/translocation experiments (Figures 5.4 and 5.5) is most likely a result of trapped,
aggregated silver particles. Our study revealed that the 0.4 pm sized membrane is the
least acceptable for NP transport studies as approximately 25% of silver was retained in
the inserts, and the pores were significantly clogged by aggregated AgNPs (see Figure
5.7). Since this study experienced repeated problems seeding and maintaining EA.hy926
on basolateral 3 um membranes due to the relative big pore size, it was conducted on 1

pum permeable membranes for their comparable filtering ability and improved formation
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of stable and functional bi-culture barriers. In light of these findings, the authors strongly
suggest future transport and permeability studies include membrane retention testing to
select the most appropriate membrane supports and limit the interference of particles with

the membranes.

Toxicity

Many cytotoxicity assays have been used in literature to evaluate the harmful
effects of NPs. LDH leakage was chosen in this study because the procedure is non-
invasive to cells. Samples can be collected without having direct contact with the culture,
providing a significant advantage over other assays when handling co-cultures especially.
In the meantime, media can be extracted and evaluated separately for distinct cytotoxicity
from each component in the modeled barrier. Extracellular LDH content indicates failure
of membrane integrity or a compromised cell due to disrupted energy production

catalyzed by LDH in cells'*’

. When comparing cytotoxicity observed in the tri-culture, to
bi-culture model or monocultures, it is clear that with the number of cell types growing in
the system, the culture becomes more responsive to AgNPs treatment. Physiologically

relevant co-cultures are more reactive to AgNPs due to the activated Thp-1 macrophages.

Napierska et al. (2012) evaluated cytokine production by co-cultures when exposed to

Si0,-NPs. They found elevated levels of TNF-a, IL-8 and IL-6 only in the Thp-1

1242 TNF-q, as mentioned

containing co-cultures following exposure to 5 pg/cm” NPs
earlier, is a pro-inflammation molecule mainly secreted by macrophages, which activates
further production of more pro-inflammatory mediators by other cells. Further, it has

been reported that TNF-o can increase the permeability of epithelial barriers'*'. There is

evidence to support that inflammatory mediators, including TNF-a, IL-6 and IL-8
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contribute to the development of pulmonary fibrosis and many other chronic pulmonary
diseases'**. Therefore, activated Thp-1 macrophages in tri-culture, play the central role in
providing a physiological relevant response to NPs exposure. Often, the cytotoxicity of
AgNPs correlates to the amount of uptake by cells. With less silver in co-culture at 4°C,
significant cytotoxicity was constantly observed. This is hypothesized to be due to
changes in permeability of cell membranes. Cell membranes tend to have higher
permeability at 4°C'*®, and with the additional exposure to AgNPs, it is likely that the
toxic effects of AgNPs was further augmented in this condition. This was consistently

observed as more LDH in extracellular matrix.

Conclusion

Recently, the possibility of nanomaterials translocating through epithelial barriers
into the bloodstream has raised concern for the public. Both workers and consumers are
susceptible populations to such exposure and are potentially affected. Tracking the
movements of nanomaterials from an epithelial barrier, and reaching the endothelial
lining, is typically resolved using in vivo studies. However, this approach can be lengthy
and expensive, with the limitation of insights into the pathobiological pathways at the
cellular level. Therefore, a physiologically relevant 3D model, engaging multiple cell
types, is a reasonable alternative to mimic in vivo conditions, while delivering cost-
effective and high throughput results. In this study, the authors present a novel co-culture
model that carries similar alveolar-capillary barrier properties to that of in vivo conditions
by engaging Thp-1 differentiated cells (macrophages), Calu-3 cells (epithelium), and
EA.hy926 cells (endothelium) in a two-chamber system. The authors further validated the

high sensitivity of this model to track the translocation of AgNPs across the pulmonary
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barrier and its resultant toxicity. It has been observed that by engaging Calu-3 and Thp-1
macrophages in the tri-culture, the constructed barrier displays representative characters
of the alveolar barrier in vivo, and provides a physiologically relevant response to
AgNPs. This response differs to that observed in conventional monoculture and further
illustrates the improved model system. With its unique three-dimensional setup, the
authors not only confirmed the AgNP translocation through the alveolar-capillary barrier,
but also quantified the spatial distribution of Ag within each component of the barrier for,
to the best of our knowledge, the first time in literature. Cytotoxicity in tri-cultures was
more sensitive when compared to bi-culture or monoculture, due to the central role of
activated Thp-1 macrophages. Additionally, the authors quantitatively evaluated the
retention of AgNPs by commonly used porous membranes, and revealed that all tested
membranes retained some aggregated AgNPs. The authors concluded that 1 um and 3 pm
sized porous membranes have better permeability and thus are more suitable for transport
studies of macromolecules, however the 3um pore size membranes may not offer the
tight junctions needed to establish satisfactory TEER readings. The significance of this
model is that it physiologically resembles the alveolar-capillary barrier, and provides
insight into the translocation of AgNPs through the barrier with a more sensitive and
reliable response. With these properties, this novel system can be a valuable tool for
nano-biotechnologies in the evaluation of the transport, distribution and toxicity of nano-
sized therapeutics, and the design of more specific targeting and delivery systems, as well
as more biocompatible and safer nano-drug delivery systems. The implications of this
model for developing and testing novel nano-delivery systems for use in multiple

capacities are significant.
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CHAPTER SIX

Conclusion

AgNPs are one of the leading nanomaterial used in industry for the benefit of their
enhanced antimicrobial efficacy andthermal and optical properties as compared to the
bulk size parent. Consequently, questions were raised about how they interact with
environmental and biological matrices after being released from manufacturing sources
and consumer products. Many in vivo and in vitro models have thus been used to simulate
exposure scenarios and evaluate the resultant toxicity in biological receptors ranging
from microorganisms, to mammalian cells and tissue. The behavior of AgNPs is found to
be greatly dependent on the physicochemical properties, such as particle diameter,
morphology, and surface net charge. Therefore, three sets of experiments were conducted
to expand the understanding of the role of another import physicochemical property of
AgNPs, capping agents, in particle-cell interactions using in vitro models.

Findings from research conducted for Objective One, revealed that surface
functioning group, not only provide different levels of stability to AgNPs, but also affects
their biological fate. NPs of different capping agents, exhibited different cell penetration
efficacy across human lung and intestinal epithelium. This is hypothesized to be an
influence of protein corona, a layer of selective proteins adsorbed to the surface of
AgNPs when present in physiological matrices. Research conducted for Objective Two
supports the hypothesis by showing irreversible changes on model cell membranes

induced by soluble proteins present in concentrations near physiological levels. The
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induced rearrangement of membrane bilayers then opened opportunities for entry of other
macromolecules (i.e. AgNPs) into the cells. This work highlighted the critical role of the
protein corona whose composition is dependent on the specific capping agent, in
engaging the NP and cell membrane and the process of subsequent cellular uptake. A
novel three dimensional co-culture was developed for Objective Three, and was used to
track the movement of AgNPs across the alveolar-capillary barrier. By carefully choosing
the cell types to assemble the co-culture system, this study was able to demonstrate
exceptional barrier properties similar to that in in vivo conditions. AgNPs were found in
all spatial units of the system, including the capillary region. The fact that the particles
could still translocate into the capillary region without energy support, demonstrates that
this process is a combination of both passive and active transport. Monocultures used in
Chapter 3 and the 3D-tri-culture system used in Chapter 5, reacted differently when
exposed to the same physiologically relevant concentration. Cytotoxicity observed from
the sophisticated 3D-tri-culture underlined the critical role of alveolar macrophages in
providing reliable and physiologically relevant responses. Furthermore, the tri-culture
model introduced in Chapter five is highly applicable as an in vitro alternative method
and serves the rapidly expanding field of nanomedicine in the evaluation of safety,
specificity and biocompatibility of novel nano-therapeutics.

Future experiments will extend the research in Chapter four, examining structural
changes in model cell membrane by AgNPs with the protein corona formation. A
specification of the exact composition of the protein corona, and investigation of the
impact of the major proteins on model cell membranes will be helpful in elucidating the

important characteristics of capping agents on particle-cell interactions. Ongoing research
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using the 3D- tri-culture lung model is aimed at improvement of the model by adding
more physiological relevant components, such as pulmonary surfactant (i.e. chemically
defined pulmonary surfactant) and immune cells (i.e. neutrophils), for an enhanced
response upon NP exposure. Co-culture models simulating other critical biological
barriers, including blood-brain barrier, blood-placenta barrier, can also be created using
similar methodology and design approach, which in combination will advance the
assessment of nanotoxicology, inform risk management of nanomaterials and guide the
growing bio-nanotechnology field in the development of novel, safe therapeutics.
Furthermore, the data collected using these types of models can also inform other types
of nanodelivery systems such as specific pesticide delivery, water disinfectant regimes,

and chemically responsive (i.e. pH sensitive) delivery of compounds.
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APPENDIX A

Supplementary Data of Chapter Three
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Figure A.1. Representative TEM images (100 keV; Hitachi 7000 Analytical Electron
Microscope) of the three tested AgNPs: silver-1, citrate-AgNPs; silver-2, PVP-AgNPs;
silver-3, tannic-AgNPs.
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Figure A.2. Zoomed in TEM image of PVP-AgNPs with bi modal distribution. The line
arrow points to the smaller particle-type while the block arrow points to the larger

particle.
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Figure A.3. Spatial distribution of AgNPs in (A) A549 and (B) Caco-2 at 8 hr and 16 hr.
Data were presented as mean values + SD. p values indicate statistical significance,
which was accepted when p < 0.05.
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Figure A.4. Dose response toxicity study of AgNPs with A549 and Caco-2.
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APPENDIX B

Supporting Information for Chapter Four

POPC/POPG

Figure B.1. Progress of vesicles fusion caused by Lysozyme. Arrows indicate vesicles
that were in the process of fusing with others.
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Control BSA FBS

POPC

POPC/POPG

Figure B.2. Microscopy images of GUVs leakage induced by proteins studied BSA,
Hemoglobin, Lysozyme and FBS. Arrows indicate the same vesicles before and after dye
leakage.
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Figure B.3. QCM-D responses for the adsorption of 1 mM BSA (s=600) on silica
surfaces and washed with PBS (s=1900).
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Figure B.4. QCM-D responses for the adsorption of 1 mM BSA (s=600) on POPG
surfaces and washed with PBS (s=1900).
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Figure B.5. QCM-D responses for the adsorption of 10 uM BSA (s=400) on POPG
surfaces.
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Figure B.6. QCM-D responses for the adsorption of 100 pM BSA (s=400) on POPC

surfaces.
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Figure B.7. QCM-D responses for the adsorption of ImM BSA (s=600) on POPC
surfaces and washing with PBS (s=1400).
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Figure B.8. QCM-D responses for the adsorption of 0.1% FBS (s=1300) on POPG
surfaces.
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Figure B.9. QCM-D responses for the adsorption of 1% FBS (s=0) on POPC surfaces.
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Figure B.10. QCM-D responses for the adsorption of 10 uM Hemoglobin (s=500) on

POPG surfaces.
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Figure B.11. QCM-D responses for the adsorption of ImM Hemoglobin (s=600) on
POPC surfaces and washing with PBS (s=1400).
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Figure B.12. QCM-D responses for the adsorption of ImM Hemoglobin (s=600) on
POPG surfaces and washing with PBS (s=1400).
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Figure B.13. QCM-D responses for the adsorption of ImM BSA (s=600) on silica
surfaces and washing with PBS (s=1400).
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Figure B.14. QCM-D responses for the adsorption of 100 uM of Hemoglobin (s=400) on
POPG surfaces.
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Figure B.15. QCM-D responses for the adsorption of 10 uM of Lysozyme (s=400) on
POPG surfaces.
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Figure B.16. QCM-D responses for the adsorption of 100 uM of Lysozyme (s=600) on
POPC surfaces.
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