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Engineered Nanoparticles are increasingly becoming a part of our daily lives due to
their presence in an overwhelming majority of consumer products. Potential health
risks due to chronic exposure to such particulate matter have not been properly eval-
uated. A multiscale, mechanistic, toxicodynamic model was developed as part of
this dissertation, for studying the impact of inhaled nanoparticles on lung function
in mammalian biological systems. The biologically-based model was developed in
a modular fashion, with separate consideration given to NP distribution in the en-
tire organism as well as various mechanisms at the cell, tissue, organ, and organism
levels. Specifically the effect of inhaled nanoparticles on pulmonary function is evalu-
ated and estimated based on resultant surfactant dysfunction. Pulmonary surfactant
depletion is explicitly modeled by incorporating dynamics of surfactant constituents

such as phospholipids and various lipoproteins. Various nanoparticle transformation
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processes such as agglomeration, dissolution, diffusion, and lipid adsorption inside bi-
ological systems, are explicitly considered and their effects on surfactant modification
assessed. The model relates pulmonary mechanics at the organ level with cellular
level surfactant dynamics in the lung, both of which are affected by nanoparticle in-
halation. The model was evaluated with data from in vitro and in vivo measurements
of surfactant levels, cell counts, and overall dynamic impedance in rodent lungs. The
model was also extrapolated to adult humans and prediction of changes in pulmonary
tissue resistance and elastance in humans are presented based on comparable one-
time nanoparticle exposure. This is the first instance of a comprehensive modeling
framework integrating research and mechanistic information regarding nanoparticle-
biosystem interactions at multiple scales and linking pulmonary mechanisms and pro-
cesses due to interaction with particulate matter with pulmonary function in human

subjects.
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Chapter |

Background and Importance

.1 Background

At the beginning of the last decade, nanotechnology emerged as a new paradigm,
which promised new and revolutionary properties in commonly known chemicals and
substances. Particles with at least one dimension ranging from 1-100 nm generally
come under the purview of nanotechnology [1]. Nano-sized particles have always
been present in nature as dust, pollen, or other bio-aerosols or have been produced
by human activities such as combustion, mining, construction, etc. Nanotechnology
has led to a different class of particles which could be called Engineered Nanoma-
terials (ENMs) and comprise nanospheres, wires, needles, tubes, fibres, etc. [2] in
the nanometer size range which have been manufactured for diverse industrial or
consumer applications. The innovations in nanotechnology were possible due to ad-
vanced precision machinery and instruments which could manipulate physical, chem-
ical, and electrical properties at the nano-scale. ENMs have been defined in technical
standards [3] as “intentionally manufactured and/or engineered” as different from
naturally-produced nano-sized particles. These nano-sized metal or non-metal parti-
cles could be engineered to perform a host of functions in a far more efficient way than
possible in the macro-scale. The huge promise the field offered was soon justified as

newer products emerged over time and more and more manufacturers started using



innovations at the nano-scale to make their products better and more efficient. It has
been amply pointed out that research into novel applications of ENMs far exceeds
our ability to predict their possible risks to human health or the environment [4, 5].
There is a clear disparity between animal or cellular toxicological models for ENMs
and effective safety regulations concerning use and disposal of these ENMs. While
multiple toxicological studies [6, 7, 8, 9] have predicted high levels of biotoxicity from
ENMs, these results could not be translated into effective safety regulations or policy

concerning the use and disposal of ENMs.

1.1.1 Environmental burden and risk

Nanotechnology started offering greener alternatives for the same processes and in
general made processes more efficient, requiring less energy and producing lower lev-
els of emission to the environment. Because of their size, nanoparticles (NPs) offer
a larger surface-to-volume ratio than other bulk chemicals and tend to enhance pro-
cesses whose rates are a function of surface area. All physico-chemical processes
involving chemicals consist of surface reactions or electrical interactions at the par-
ticle surface. By greatly enhancing the available surface area per volume of chemi-
cals, ENMs make the reaction kinetics faster. As a result of this, ENMs have found
widespread applications in the fields of catalysis, electrochemistry, food processing,
medicine, and biomedical engineering. Today ENMs can be generated with relative
ease and are currently used in diverse industrial applications from electronics, phar-
maceuticals, biomedicine, consumer products, to environmental remediation. The
Project on Emerging Nanotechnologies (formerly known as the Woodrow Wilson Cen-
ter) [10] compiles a list of nanotechnology-enabled products manufactured worldwide
and lists over 1300 products in commercial use today, which use ENMs in some form.
Figure 1.1 shows the rapid increase in the number of ENM-containing products in

the US over the years. The increased use of these novel materials is resulting in an



ever-increasing environmental burden of ENMs, whose bio-degradability and environ-

mental life-cycle is still a matter of debate [11].
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Figure 1.1: Numbers of ENM containing consumer products in the US over the years
as reported by the Project on Emerging Nanotechnologies [10] (Figure reproduced from
Royce et al., Journal of Nanoparticle Research, 16(11), 1-25, 2014, Figure no. 1(a), with
kind permission from Springer Science and Business Media.)

The unique properties of ENMs that lead to their wonderful abilities, however, also
create unpredictable scenarios once they enter the environment and living systems.
This led to the emergence of a new field of study called “Nanotoxicology”, to deal
with specific biological toxicity mechanisms which are unique to nanoparticles [12].
It was recognized that the unique properties of these particles such as their small
size, large surface area per unit mass, and the various surface modifications were
key determinants in understanding nanotoxicology [13, 14, 15]. The potential impact
of ENMs on the environment and on living beings was first discussed in detail by
Colvin [16]. Colvin [16] highlighted the uncertainties surrounding a comprehensive
environmental and biological risk assessment of these new materials. Since then, a
number of researchers [17, 18, 19, 11, 20, 5] have attempted to characterize the amount
and form of ENMs distributed across the environment and inside living organisms
and their potential impact. The major problems faced in conducting an in-depth risk

characterization of ENMs are summarized below:

e ENMs are very different in their physico-chemical properties from the same bulk



materials and hence safety regulations and safety data-sheets based on the bulk

material can only provide a limited guideline to acceptable levels of exposure

(16, 4, 21]

e There is an absence of comprehensive, detailed reporting on the part of manu-
facturers with regards to ENMs and products containing ENMs in some form,
thus making accurate assessment of environmental burdens or potential expo-

sures difficult [11, 22]

e Existing toxicological studies in animals often employ large ENM doses and
involve select cell cultures, which cannot give realistic estimates of biological

risk to humans based on daily low-level exposures [2]

1.1.2 Biological effect of ENMs

Interactions of various toxic chemicals have been studied within the physiological
system under the purview of toxicology. However, the methodologies developed for
assessing biological risk for these “traditional” toxic chemicals are seriously deficient
when used for ENMs [2]. Traditional toxicological approaches are based on dose-
response relations that relate the mass concentrations of a chemical in the dose to
the corresponding biological effect measured by cell death, or various cellular toxicity
biomarkers such as ROS, LDH, etc. [2]. However, in the case of ENMs a very
small mass concentration of the original constituent material might be associated
with a very high particle surface area and lead to high surface reactivity. Other
properties like shape, particle number, aggregation state, and surface chemistry are
all critical parameters affecting biological reactivity [19], and so traditional mass-
based approaches for assessing biological effect would not be able to capture the
relationship between ENM properties and resultant biological impact. There are
increasing concerns that ENMs lead to adverse effects in biological systems [21, 23, 22,

including cardiovascular effects. Though there has been a lot of research looking into



ENM interaction with biological systems in the last several years, a comprehensive
risk assessment framework which combines dose-to-effect analysis of ENMs along with
its relation to their pertinent physico-chemical properties has been seriously lacking.
Maynard et al. [14] in a seminal publication, pointed out five “grand” challenges
in the development of safe nanotechnologies through scientific research and the third
challenge called for models for predicting ENM behavior in the environment and inside
the body. This thesis attempts to tackle this important issue for inhaled ENMs in
particular by developing a multiscale approach at understanding ENM-interactions

inside the body.

1.2 Human exposure to Engineered Nanoparticles

Exposure to engineered nanomaterials (ENMs) may be classified into 2 types: inten-
tional and non-intentional [24]. Intentional exposure results from the use of specially
designed nanoparticles as drug-delivery vehicles and for imaging, which enter the hu-
man body in well-known dose and frequency. Unintentional exposure results from
nanoparticles in occupational and home environments and from use of products con-
taining ENMs. It is expected to be a function of human activity, time of day, age
group, and product usage patterns across the population. Nanosilver (nAg) is the
most widely used among nano materials used in various consumer products, as is
evident from Figure I.1. Silver is a known anti-microbial and so silver nanoparticles
(nAg) are used as anti-microbial coatings in medical devices and as anti-microbial
agents in cosmetics, personal care products, and home electronics [19]. Silver nanopar-
ticles are used extensively in fabrics and textiles of all kinds, especially those prone
to sweaty conditions to prevent bacterial growth [25]. Table 1.1 lists some examples

of nAg based product categories and their potential exposure routes.



1.2.1 Potential exposure routes

Three possible routes of exposure to nAg are ingestion, dermal, and inhalation.
Nanosilver in colloid form (also called colloidal silver) has some medicinal benefits
and they are sometimes consumed in small quantities as dietary supplements [26].
Hence, ingestion exposure to nAg is mostly voluntary and, within limits, is considered
a safe practice. Dermal exposure is also another significant route of exposure to silver
ENMs. nAg has been incorporated into products where dermal exposure is frequent
(e.g. clothing, cosmetics, appliances). The other probable route of exposure to nAg is
inhalation. nAg has been used as an active ingredient in a number of spray products
[27]. A consider amount of nAg is released during the product usage and remain sus-

pended in the air, providing a direct risk of inhalation exposure to consumers [28, 27].
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Figure 1.2: Nanoparticle distribution across various product categories and nanomaterials

Inhalation exposure

In this thesis, primary focus is ultimately given to modeling the risks due to inhala-
tion exposure to ENMs. Inhalation exposure is one of the most important routes of

exposure to ENMs. This is because ENMs are extremely small in size and can remain



Table 1.1: Examples of nanosilver containing consumer products and concentrations

Categories nAg function Potential Concentration
exposure
route(s)
Appliance disinfectant none N/A
Coating antibacterial, anti- | dermal 100-2000 ppm
biofilm
Clothing antibacterial, antifun- | dermal, inhala- | 14.6 ppm
gal tion
Cosmetic, per- | antiviral, disinfectant | dermal, inhala- | 6 ppm
sonal skin care tion
Dietary supple- | antiviral ingestion 10-30 ppm
ment
Electronic, com- | facilitate electric and | none N/A
puter thermal conduction
Household clean- | disinfectant dermal, inhala- | 32-1000 ppm
ing tion

airborne once they are released into the environment both during manufacturing pro-
cesses and during their use in consumer products. Many of the consumer products
containing ENMs are in the form of sprays and powders resulting in a considerable
risk of inhalation exposure during use. Nazarenko et al. [27] have estimated inhalation
exposure from use of consumer sprays containing ENMs, using mannequins within
controlled spray chambers. Nanoparticle inhalation has been implicated as a signif-
icant cause behind a number of respiratory and cardiovascular diseases [30, 31, 32].
Moreover, people with existing lung diseases, such as asthma, bronchitis, and chronic
obstructive pulmonary disease (COPD) are more susceptible to such effects. Inhala-
tion exposure also presents one of the most direct routes for xenobiotics to reach the
blood stream in the body [33, 34]. Unlike for oral exposure, where xenobiotics have
to pass through the liver to reach the blood and for dermal exposure, where they have
to pass through multiple layers of skin, for inhalation the pathway to circulation is
significantly easier. Inhaled particles are not detoxified by the liver, nor excreted via

feces, thus making inhalation exposure one of the high risk scenarios possibly leading



Particle
Characteristics

Local and Systemic
Responses

Source Characteristics Disease

Exposure Routes

i Physico-Chemical Characteristics Emphysema H
1 Morphology/Aggregation State Host Factors Asthma;
\ Surface Chemistry H P etc.”
Emissions (Exposure Biology) ‘

1 Magnitude
i Duration
v Timing

Transport/Transformation Altered Structure/Function

5 Dispersion Inflammation E
+ Settling Allergic Response 3
+ Coagulatin
+ Distributions
+ Meteorology Environmental Early Biological Effect:

Characterization Biomarkers

Molecular }
Biochemical |
Cellular }
Organism !
Toxicokinetics:

Exposure +
P Biomarkers

i Duration Blood :
+ Frequency Tissues |
+ Magnitude

MENTOR DORIAN
Modeling ENvironment P Abobed DOse Response Information
for TOtal Risk studies H ‘:fe'?:;l : ANalysis system

E Biologically Effective }

Figure 1.3: Schematic representation of framework structure for comprehensive source-
to-dose-to-effect analysis for environmental chemicals (adapted from Georgopoulos [29])
with the series of biological dose-to-effect steps separately identified

to disease effects in normal and susceptible populations.

1.3 Integrated Modeling of Xenobiotic Dose-to-Effects

The primary focus of this thesis is on developing an integrative multiscale computa-
tional modeling framework which integrates information and mechanisms for multiple
biological scales (molecular, cellular, tissue, and organism) and data types (in vitro
and in vivo) to support risk studies for inhaled ENMs in humans. This approach fol-
lows the biologically-based DOse Response INformation ANalysis system (DORIAN)
developed byGeorgopoulos [29]. DORIAN (shown circled in figure 1.3) is a part of the

comprehensive MENTOR-DORIAN source-to-dose-to-effect framework for assessing



risk due to xenobiotics by assessing the entire gamut of processes from exposure to dis-
ease due to environmental toxicants. The proposed new biologically-based modules of
DORIAN will incorporate a novel, customized, population-balance based (rather than
mass balance alone) description of physiologically-based particle biokinetics and tissue
toxicodynamics, explicitly accounting for particle properties such as shape, surface
charge, aggregation state, etc., that critically affect particle-biosystem interactions.
The biokinetic processes to be integrated in a framework similar to DORIAN will
include biophysical processes such as mucociliary movement, macrophage phagocyto-
sis, surfactant secrection, interstitial translocation, lymphatic drainage, and immune
processes. It will translate and incorporate state-of-the-art knowledge regarding rele-
vant biological mechanisms affecting particle-biology interactions and current in vitro
and in vivo findings from collaborating groups. Figure 1.4 represents a brief outline of
the framework proposed to understand the relation between particle inhalation and

disease outcomes.

.3.1 Integration of biological information from multiple sources

The overarching aim for this thesis is to demonstrate a framework to integrate biolog-
ical toxicity information form multiple sources in order to formulate a comprehensive
risk framework for ENMs. As pointed out earlier, nanotoxicity mechanisms are com-
plicated due to multiple nanoscale interactions with biomolecules and also the various
tunable properties of ENMs which makes their behavior harder to predict. Unlike
bulk chemicals, fate and toxicity of ENMs cannot be scaled across dose, particle-type,
or species in a simple manner. Traditional dose-response based paradigms of toxicity
focus on developing appropriate in vitro cellular models to test toxicological doses and
outcomes, which are then scaled to animal models, and finally scaled to human sub-
jects using appropriate physiological scaling. However, toxicological assessment for
ENMs in in vitro and in vivo models have produced widely varying results [35, 36],

which have prevented the formulation of an unifying biological risk framework for



10

Human)

ﬂ

Toxicokinetics
(whole body)

Invivo
\_measurements /

) Organlsm
Chemical (nAg) [ Exposure (Rodents,

Toxicodynamics
(Respiratory)

i Xmouse%(Human) ) |

\ measurements

mgasu(ements >

Physico-chemical
transformation
(agglomeration, dissolution,

sedimentation)

‘/ In vitro Incubated a
measurements NPs « /

Figure 1.4: Brief outline for research accomplished in the thesis, with integration of relevant
in vitro and in vivo information from multiple sources and for multiple biological scales

ENMs. Both in vitro and in vivo assays have their unique advantages and are critical
for understanding biointeractions of ENMs. In wvitro systems involving mammalian
cell cultures are important for understanding key cellular mechanisms such as up-
take, phagocytosis, production of inflammatory markers, apoptosis, etc., all of which
are induced due to ENM exposure. In wvitro studies allow the investigation of a se-
lect pathway or few interrelated pathways without the complication of multiple cell
types and biomolecules [37, 38]. In witro studies also allow one to investigate NP
transformation mechanisms in various chemical media in order to postulate possible
transformation mechanisms in living systems [39, 40, 41, 42]. In vivo studies generally
involve laboratory animals (mostly rodents) and allow one to study organism-level
changes due to ENM exposure [43]. While all these methods provide useful informa-

tion necessary for assessing biological risk from ENMs, these alone cannot provide a
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comprehensive understanding necessary to formulate a biological risk framework. In
addition to information from these sources, there is the need for in silico models com-
prising computational models which would provide the necessary platform in order to
integrate information from diverse sources and predict biological outcomes resulting
from ENM exposures [44, 45]. The 2007 report of the National Research Council
(NRC) supported the increased use of high-throughput methods of toxicity screening
which involved increased use of in silico models along with targeted in vitro and in
vivo studies [45]. Figure 1.5 shows the interaction between these diverse methods
of investigation and how they can come together and share information in order to

develop an overarching risk assessment framework.
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Figure 1.5: Schematic representation of data integration and interaction between in vitro,
in vivo, and in silico models, including information flow between different models (Figure
reproduced from Mukherjee et al. [44] under Creative Commons Attribution License).
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Figure 1.4 shows a schematic outline of how the stated goal of utilizing diverse
sources of information to produce a predictive, bio-toxicity framework has been
achieved for silver ENMs in this thesis. The thesis describes a step-wise, multiscale
approach to model the biological impact of inhaled silver ENMs. The thesis has also
developed and demonstrated approaches that translate the knowledge of in vitro and
in vivo effects of ENMs into a comprehensive risk analysis and assessment framework.
The model framework considers all important properties of the ENMs explicitly and
so can be extended to other types of ENMs with different surface properties. Diverse
types of metals and non-metals such as gold, silica, zinc, carbon, titanium dioxide,
etc., are used as ENMs in various consumer products. The modeling framework
demonstrated in this thesis can be implemented for any of these ENMs, provided
their physico-chemical properties are accounted for. ENMs are also used as novel
drug-delivery vehicles for improving delivery of therapeutic agents to target organs,
tumor cells, or pathogens [46]. The model framework demonstrated here can be used
to assess pharmacokinetics of novel drug formulations and can assist in optimization
of surface properties of these ENMs to enhance bioavailability. The model developed
here in its entirety can be envisioned as a “hypothesis generator” that will allow
formulation and preliminary testing of various hypotheses regarding the mechanisms
underlying the biokinetics and toxicodynamics of ENMs, thus allowing in the future
to optimize the collection of additional data and the design of further in vitro and in

vivo studies for a wider range of ENMs.

1.4 Main objectives, aims, and tasks

e Objective 1: Understanding nanoparticle distribution in the animal body us-

ing computational models

— Specific aim 1: Physiologically Based Toxicokinetic (PBTK) modeling at

a whole-body scale using silver nanoparticles (nAg) in rats as an example
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— Specific aim 2: Implementation of the PBTK model for inhalation ex-

posure to estimate pulmonary tissue dosimetry in rodents and humans

e Objective 2: Nanoscale Particokinetic modeling (ADSRM), to quantify particle-

biomolecule interactions at the particle scale

— Specific aim 1: Nanoparticle agglomeration, diffusion, sedimentation,

reaction modeling (ADSRM) in in vitro media

— Specific aim 2: Extension of the ADSRM framework to the pulmonary
alveolar lining to quantify nanoparticle transformation after inhalation ex-

posure

e Objective 3: Pulmonary Toxicodynamic (TD) modeling of NPs, considering

functional interactions at both tissue and cell level in the lung

— Specific aim 1: Modeling and parameterization of multiscale effects for
NP-surfactant interaction and changes in surfactant dynamics at the tissue

level using lung lavage measurements in mice

— Specific aim 2: Scale up of the Pulmonary TD Model in mice to rats and

incorporating differences in pulmonary physiology between rats and mice
— Specific aim 3: Scale up of the TD Model to adult humans to estimate

tissue level changes due to inhalation exposure in humans

e Objective 4: Alveolar mechanics model in multiple species to link surfactant

dysfunction to organism-scale lung function
— Specific aim 1: Modeling alveolar recruitment/derecruitment in rodents
based on normal breathing pressure cycle

— Specific aim 2: Aim 2: Linking bronchoalveolar factors modeled in tissue

level model to organism scale alveolar R/D model
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— Specific aim 3: Formulate human lung function changes based on inhala-

tion exposure
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Chapter Il

Organism Scale Biodistribution

1.1 Background

This section focusses on developing a whole-body toxicokinetic model for silver nanopar-
ticles (nAg) to estimate tissue and blood distribution of particles and ions for different
exposure routes. The Physiologically-Based Toxicokinetic (PBTK) model has been
developed for rats and compared with in vivo measurements available in the litera-
ture [47]. PBPK modeling of NPs in general has not received much attention, mainly
due to the lack of reliable physiological and biochemical data. PBPK modeling of
nanoparticles faces various challenges, some of which are summarized in Table II.1, in-
cluding the lack of appropriate physiological and biochemical data. A major problem
in this regard is the fact that properties of NPs are a function of their size and sur-
face characteristics. The NPs used in various commercial applications are generally
of various sizes and are endowed with unique properties. This makes physiological
and pharmacokinetic modeling of NPs a function of particle properties [48] and also
the ultimate application for which the NP was manufactured. The varied types of
commercial applications of these NPs also make the the modes of human exposure
widely varying. However, there have been a number of recent articles on the physi-
ological modeling of NPs. Li et al. [24] have reviewed PBPK models of NPs which

were developed prior to 2010. There have been modeling efforts for quantum dots



(QD) [49, 50|, carbon NPs [51], and also nAg [47].
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Table 11.1: A partial list of challenges in NP toxicokinetic modeling (compared with “tra-
ditional” physiologically-based toxicokinetics)

Toxicokinetic “Traditional” . .
Processes PBTK Modeling Nanoparticle PBTK Modeling
opsonization (protein binding) in the
ABSORPTION | diffusion and blood; cellular recognition and
. internalization (endocytosis,
(local) active transport : )
phagocytosis); physical property
changes; size dependent
size dependent; distribution via blood
influenced by blood vessel endothelium
o (more effective in fenestrated and
DISTRIBUTION | primarily blood . . . .
. : . discontinuous endothelium); increased
(systemic) circulation . .
importance of lymphatic system; role
of reticuloendothelial system; olfactory
nerve path to brain
METABOLISM enzymatic ' enzymatic d'egradatlon processes may
transformation depend on size, shape, coating, etc.
ELIMINATION | excretion clearance; renal and biliary (size

dependent)

1.2 Modes of human exposure

Silver ENM finds its way into a large number of consumer products of daily use

and consequently humans are exposed via different routes. An accurate estimate of

total exposure to nAg would entail a detailed analysis of the daily activities of an

individual. The current work focusses on developing a comprehensive PBPK model

for nAg considering all possible modes of exposure and different exposure scenarios.

Each mode of exposure requires focus on a specific mechanism in the physiological

system.
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11.2.1 Dermal exposure

The most common mode of exposure to nAg appears to be dermal exposure [19], due
to the wide array of textiles, cosmetics and medical products that contain nAg, that
remains in contact with the individual’s skin for varying durations of time. A number
of different varieties of branded socks have nAg in their fabric to prevent the growth
of odor-causing bacteria [25]. For this mode of exposure, the required parameters are
the duration of contact with the particular product, the concentration of nAg in the
product and the rate of transport of nAg into the skin from the product. Absorption
of nAg through burnt skin has been studied for nAg coated wound dressings [52, 53].
However, it is unclear from these studies whether silver ions or silver nanoparticles
were actually absorbed into the body. After dermal absorption, particles are generally
collected in the lymphatic system and the regional lymph nodes [54]. Kohli and Alpar
[54] have tested latex particles of various sizes permeating through pig skin. Larese
et al. [55] have estimated sub-cutaneous delivery of nAg, measuring Ag concentrations
in various sub-cutaneous layers of human skin. Schneider et al. [56] have estimated
various rates of dermal penetration of particles of various sizes. Kreuter et al. [57]
investigated the systemic distribution of PMMA NPs in rats, after sub-cutaneous

ingestion.

11.2.2 Oral exposure

Silver ENM formulations are used in toothpastes, food-storage containers, and uten-
sils, leading to the possibility of oral ingestion [19]. For oral exposure, the most
important phenomena is the absorption, metabolism and excretion of the particles in
the gut, followed by hepatic metabolism. Gut absorption of colloidal silver has been
studied by Mirsattari et al. [58] and Chang et al. [59]. Mirsattari et al. [58] reported
a case of regular daily ingestion of a colloidal silver suspension by a subject which

finally proved to be fatal. They analyzed tissue and plasma accumulation of Ag in
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the subject post-mortem [58]. Kim et al. [60] did an oral toxicity study in Sprague-
Dawley rats with 60 nm nAg, in which they quantified the total accumulation of Ag in
various tissues and blood 28 days after oral dosage. The in vivo tissue accumulation
data from Kim et al. [60], as well as the data from Mirsattari et al. [58] may be used to
find values of parameters like gut absorption, fecal excretion, and urinary filtration,
by optimization and parameter estimation. However, direct investigation of the rate
constants of gut clearance or fecal excretion has not been carried out till date. Since
it is known that nAg is not metabolized to any appreciable extent in the gut [61], the
intestinal kinetics are functions of particle size rather than the functional properties
of the particles. So intestinal transport rates of other similarly sized NPs can be used
to provide a rough estimate of these parameters. Hillyer and Albrecht [62] performed
a study in mice with gold NPs and evaluated amounts of NPs in various tissues in-
cluding stomach, and small intestine. The study also involved a range of sizes which
can help in formulating size-dependant parameter functions for the various intestinal
processes. It is also known that some substances are absorbed from the intestine into
the lymphatic system. Hussain et al. [63] have reviewed the uptake of particles of

various sizes across gastro-intestinal lymphatics.

1.2.3 Inhalation exposure

Humans are unintentionally exposed to nanomaterials produced by industrial and
mechanical activities as well as ENMs present in various consumer products in aerosol
form, which are primarily taken up by the inhalation route. Inhalation exposure to
ENMs results from the use of products such as cleaning sprays, cosmetic sprays (e.g.
sunscreen), and coatings in surgical masks and artificial breathing devices. Cosmetics
in powder form can also lead to potential inhalation exposures depending on the
point of application. There are a number of nAg sprays in the market which are
used as disinfectants or room-fresheners. Exposure to environmental airborne NPs

also occurs primarily through inhalation. This route of exposure also presents the
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easiest route for NP entry into the body due to the large lung surface area and the
minimal anatomical barriers limiting access to the body [64]. As opposed to other
routes of exposure, inhalation of nanoparticles has been considered as a potential
cause of adverse health effects and may have a strong influence on the pulmonary and
cardiovascular systems, leading to increased cardiovascular morbidity and mortality
[65]. MacCalman et al. [34] have developed a detailed PBPK model for NPs with
inhalation exposure, validating the model with data for iridium and nAg. For the case
of inhalation exposure, deposition in various regions of the airway and dynamics of
blood-alveoli distribution is important. The particles are carried along with inspired
air along the airway before they reach the alveoli. A fraction of particles are deposited
at various locations along the airway and are trapped by the muco-ciliary apparatus.
Particles trapped in the mucus layer are transported by the muco-ciliary elevator to
the pharynx where a fraction goes to the gut through the GI tract. The rest of the
particles in the pharynx are excreted as various mucus secretions during coughing
and sneezing. A fraction of the particles reaching the alveoli are taken up by alveolar
macrophages by phagocytosis and the rest end up in the pulmonary interstitial space.
Many of the inhaled substances are absorbed through the alveoli into blood and
also end up in lymph nodes as the lung is conspicuously supplied with lymphatic
vessels. Data for systemic absorption of nAg from lungs in rats have been collected
by Takenaka et al. [33], and Ji et al. [66]. In vivo data from Takenaka et al. [33]
were used by MacCalman et al. [34] for their PBPK model. There is an additional
pathway by which inhaled NPs reach the brain directly. The presence of this olfactory-
nervous pathway has been confirmed by Takenaka et al. [33], who found inhaled
nAg in the olfactory nerve and brain of rats, thus presenting a route bypassing the
blood-brain barrier. Takenaka et al. [33] have also evaluated Ag concentrations in
various tissue compartments: lung, liver, blood, lymph nodes and brain. However,
MacCalman et al. [34] have not considered pulmonary airway deposition in detail. For

an inhalation exposure model, the rates of NP deposition in various parts of the airway



20

Regional deposition in upper airways Regional deposition in lower airways

—@—Bronchi

—@—Alveoli | ]

Deposition (%) of inhaled particles
5

. .
Deposition (%) of inhaled particles
=

107k —@— Head 10k
—@— Larynx
—@— Trachea
0% 2 4 6 8 o 1% 2 a 6 8 10
Aerodynamic dia (um) Aerodynamic dia (um)
(a) Upper airway (b) Lower airway

Figure I.1: Regional ultrafine particle deposition in mice (based on data from Raabe et al.

[72]).

for various sizes of particles is a critical determinant [67, 68, 69]. Inhalation dosimetry
is well studied in humans, mice, and rats ([70], [71], [72]). The Multiple-Path Particle
Dosimetry (MPPD) model [71], originally developed jointly by the Chemical Industry
Institute of Toxicology (CIIT, currently The Hamner Institutes for Health Sciences)
and the Dutch National Institute for Public Health and the Environment (RIVM),
provides estimates of fractional deposition of inhaled sub-micrometer particles at
different sections of the airway in rats and in humans. The MPPD software [71] is
used to estimate inhalation dosimetry in rats and humans. For mouse, the fractions
calculated by [72] for ultrafine particle deposition in the airway are taken (shown
in figure I1.1). Figure I1.2 compares fractional pulmonary deposition in mice, rat,
and humans. It can be observed that larger animals have more efficient pulmonary
clearance mechanisms and have comparatively smaller fraction of inhaled particles

reaching the critical alveolar region.

1.2.4 Injected dosage

Injected dosage is not a common mode of exposure unless the exposure is intentional

and the nanoparticles are injected as drug-delivery vehicles or as sensors for imaging.
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Figure 11.2: Comparison of percentage deposition of ultrafine (1 - 20 nm) particles for
four different sections of the pulmonary airway in three different species (Data for mice
from Raabe et al. [72]; for rats and humans from MPPD [71]).

However, it is a common mode of dosage for in vivo bio-distribution studies, as it
removes the complications of the other modes of exposure described above. Such
dosage is important primarily to estimate blood-tissue distribution of nanoparticles
and is frequently used in in vivo studies involving laboratory animals. The PBPK
model by Lankveld et al. [47] considers injected dosage regimens in rats and estimates
blood-tissue partition coefficients for various tissue compartments. The model by
Lankveld et al. [47] was first successfully implemented in this thesis and the partition

coeflicients were incorporated for the detailed PBPK model developed later.

11.2.5 Metabolism

Despite the fact that there exists ample evidence of NP distribution to the liver,
there is no data on the metabolism of the NPs in the liver or elsewhere in the body.
It can be assumed that nanoparticles would be taken up by macrophages like the
Kupffer cells [24] in the liver and then metabolized. However, not much information

is present in the literature on the rates of metabolism. Colloidal silver is known to
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be metabolized in the human body [73]. Other than biochemical transformations, we
also need to consider any other physical change which can transform particle size and
charge of the nanoparticles. The ADME (Absorption, Distribution, Metabolism, and
Elimination) of silver nanoparticles is a strong function of their size, charge, and level
of aggregation. Recently, Stebounova et al. [74], studied nanoparticle transformations
in simulated biological media and their data may be used to estimate conversion of
nAg to silver ions. Ho et al. [75], have estimated the oxidative dissolution of silver
nanoparticles in biological fluids. Such oxidative processes are known to take place

in the hepatocyte.

11.2.6 Excretion

Fecal and biliary excretion are both predicted to be important routes of nanoparticle
elimination from the body [19], however definite rates have not yet been measured in
animal studies. It was reported that treatment of burn wounds with nAg containing
wound dressings (Acticoat) lead to detectable levels of silver in urine of the patient
[52]. However, it is plausible to conclude that a large portion of the silver in urine
might be due to silver ions rather than nAg since nAg are not known to be soluble
in water and also because the glomerular endothelial cells have fenestrations which
are 70-90 nm in diameter. Choi et al. [76], showed that a cut-off size of < 5.5 nm
exists for Qdots, with respect to glomerular filtration, which ensures efficient and
complete renal clearance. Kim et al. [60], showed that in rats after an oral dosage
of 60 nm nAg, there is an appreciable and dose-dependent accumulation of silver in
the kidney which is more than the accumulation noted in other tissues. This might
be due to insufficient renal excretion of the particles. Renal clearance of larger-sized
nanoparticles could thus be very slow but still possible [77]. So the renal excretion
of silver nanoparticle would depend on the size of the particles, unless the particles
are metabolized to silver ions, which are readily soluble and may be excreted, again

showing that the rate of transformation of nAg to silver ions is very important and
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needs to be estimated in any toxicokinetic model. Biliary excretion of nAg has not
been studied, however Furumoto et al. [78], studied biliary excretion for polystyrene
microspheres in rats, and in the absence of data specific to nAg, such data can be

used to estimate the biliary excretion rates.
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Figure I1.3: Steps in the development of a multi-exposure silver nanoparticle PBPK model,
block A being the core part, with blocks B,C, and D adding on in the case of dermal,
inhalation, and oral exposures respectively

1.3 PBPK modeling approach for nanosilver

PBPK models for silver nanoparticles were developed in the recent past by Lankveld
et al. [47] and by Bachler et al. [79]. The model by Lankveld et al. [47] is a sim-
ple model using 5 tissue compartments: liver, kidney, spleen, blood, and remaining
tissues in rats. It considers elimination as a lumped process including renal and fe-
cal elimination and metabolic processes. Bachler et al. [79] has developed a detailed
PBPK model for nAg and ionic silver, considering dermal, oral, and inhalation ex-

posure routes. However, the uptake of nAg from each of the exposure routes was
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approximated using a single absorption fraction. For NPs, size, shape, and coating
chemistry affect the rates of these processes and they need to be separately con-
sidered to understand the risk from different particle sizes. Considering individual
elimination processes also allows one to utilize biomarker measurements. Processes of
agglomeration, disintegration and dissolution also need to be considered in the case

of nAg.

1.4 Development of a multi-chemical, multi-exposure PBPK

model for silver nanoparticles and ionic silver

As summarized in section II.1, exposure to nAg can occur from a wide array of con-
sumer products which can result in oral, inhalation, and dermal exposure. Prediction
of tissue biodistribution of nAg requires simulation of realistic exposure scenarios.
A multiscale, multi-route PBPK model has been developed which considers NPs of
multiple sizes and also ionic silver for a complete understanding of the fate of the
material inside the animal body. The model has been developed using published
mechanistic data and information from literature concerning tissue and cellular dis-
tribution and metabolic reactions within them. PBPK models traditionally assume
tissue:blood equilibrium and estimate chemical biodistribution by equilibrium parti-
tion coefficients (PC). However, for NPs which are 1-2 orders of magnitude larger in
size than traditional chemicals, assumption of equilibrium might not be correct. Be-
sides, cellular uptake, there are other important particle-specific mechanistic processes
(particle adhesion, phagocytosis, etc.) which need to be considered for nanoparticles
[48]. The PBPK model developed here considers the major partico-kinetic processes
which are considered important over multiple scales of the whole body, tissue and the
cells.

The development of the PBPK model has been accomplished in modular fashion,

due to the multitude of mechanisms occurring at every level. Figure 1.3 shows the
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essential parts of the multi-route PBPK model. Block A represents the biodistribution
of chemicals among tissues and blood. This module helps analyze the blood-tissue
exchange without the complications created by gut absorption or inhalation. Block
A is also used to compare and parametrize the model with in vivo measurements, in
most of which the dosage form is intra-venous injection. Blocks B, C, and D represent
the various complications due to multiple routes of exposures. Block A is the core
of the PBPK model, with the other blocks adding on various complexities depending

on the mode of exposure.

11.4.1 Tissue-blood particokinetics

The assumptions and mechanisms true for small molecules cannot be used for nanopar-
ticles. Their size and nature make them unique with respect to transport, absorption
and metabolism. With respect to size, they are similar to biomolecules or drug
molecules, which are delivered to target tissues. However, with respect to chemical
characteristics they behave like xenobiotics and are attacked and phagocytosed by
macrophages in the blood and tissues. Unlike large macromolecules such as proteins
and carbohydrates, they are not recognized by cell receptors which are responsible
for internalizing essential macromolecules. So their tissue uptake depends on many
possibilities and cannot be described by simple flow-limited or diffusion-limited ap-
proaches. Table I1.3 shows the various modeling approaches in the current literature
regarding cellular uptake of particles circulating in blood. The various particle-specific
processes which affect tissue distribution of nanoparticles are summarized below. The

individual processes have been discussed in detail in subsequent sections.

e Lympho-osmotic exchange between vascular and interstitial compartment of

tissues
e Cellular endocytosis of particles

e Particle adhesion and dissociation at blood vessel walls
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Table 11.3: Various approaches to modeling the blood-tissue exchange of chemicals

Modeling Mechanism Critical factors Particle tvpe | References
methodology | considered & processes M
Vascular Theoretical D.epl.e tion layer, General parti-
) binding to vascu- Shah [80]
transport modeling cles
lar wall
Flow-limited | In wvivo mea- Eartltlon coefhi- Qdots Lee et al. [50]
model surements cients
silver
Diffusion- Data-fitting Zero-order coeffi- nanoparti- Lankveld
- cient et al. [47]
limited cles
model Molepular dy- lefu81on coeffi- | General parti- Li et al. [24]
namics cient cles
. . Distribution co- .
Hill equation officient Qdots Lin et al. [49]
Two-pore Datafittin Fluid filtration, | Monoclonal Davda et al.
model & | lymph flow rate | antibodies [81]
Active trans- Experlmegt Positive charge, | Silica  parti- Orr et al. [82)
port and modeling | cellular motors cles
Darcy’s Law,
Particle adhe- | Deterministic | Force  balance, | General parti-
: ) : Su et al. [83]
sion & Stochastic | Brownian  mo- | cles
tion
Particle Endocytosis A@_ect 'ratlo, General parti- Decuz'm and
internalization critical radius cles Ferrari [84]
Phasocytosis Clathrin media- | Xenobiotics, Conner and
80y tion virus Schmid [85]

e Phagocytosis of particles in tissues, blood, and lymph

e Dissolution of silver nanoparticles into ionic silver

Tissue uptake of nanoparticles

PBPK models traditionally use flow-limited or diffusion-limited tissue uptake models
for small chemical molecules. The transport of molecules from the blood stream in
capillaries to the cells in tissues takes place through the lipid-bilayer of cell membranes
through passive diffusion through the pores or by active transport which is generally

receptor-mediated. Generally, the pore-size of cell membranes is of the order of 0.3-0.5
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nm [86]. Lipid soluble molecules of larger sizes can enter cells simply by dissolving
in the lipid bilayer. Small chemical molecules such as metals, or other inorganic
chemicals can enter cells by passive diffusion through the pores. Bio-molecules which
are generally larger in size are transported into the cells with the help of active
transporters or receptors. The uptake of nanoparticles, which are mostly bigger than
1 nm is not clearly understood. However, it is clear that their transport cannot be
described by flow-limited passive diffusion. To elucidate the mechanisms of particle
permeation in cells and the effect of size, shape and charge, various macro and micro-

scale approaches have been described in the literature.

Transport from vascular to interstitial space

Flow-limited models have traditionally been successful for small chemicals but their
application to nanoparticles is problematic. Flow-limited models assume a fast equi-
librium to be attained between blood in the capillary endothelium and tissue inter-
stitial space. The equilibrium concentrations are given by partition coefficients (PC)
which are generally estimated based on the lipophilicity of the chemical and that
of the tissue [87]. Lee et al. [50], applied the flow-limited assumption with limited
success for a PBPK model for Qdots of various sizes. However, the model predic-
tions did not match the measured levels in many tissues, mostly for the early time
points. More recently, Lankveld et al. [47], used flow-limited assumptions but to
match the observed slower in vivo kinetics, they used a parameter called flow-limiter
to make the tissue blood flows limiting. This assumption seems very artificial and
is similar to using a diffusion-limited approach with a first-order diffusion constant.
So, despite the fact that partition coefficients are used, this model actually uses a
diffusion-limited approach. It is also difficult to capture the effects of size, shape and
other physical characteristics of NPs, in a single parameter, i.e. the partition coeffi-

cient. So, a diffusion-limited approach has been replicated here. Lin et al. [49] have
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argued that particle transfer processes might be saturable and have used a time de-
pendent, saturable, distribution coefficient (DC) modeled based on the Hill equation.
Nanoparticle extravasation is dependent on capillary fenestrations which are different
for different tissues. Capillaries may be relatively continuous (as in brain, muscle,
lung, etc.) or fenestrated (as in kidney) or discontinuous (as in liver and spleen) [49].
Lin et al. [49], considered these factors when designing distribution coefficients. All
these models have considered the transport of the chemicals from the vascular blood
supply to the interstitial space, but have not included the flow inside the intersti-
tial space, which is regularly drained by lymphatic circulation. Davda et al. [81],
considered a two-pore model for simulating the delivery of monoclonal antibodies in
rats and also combined lymphatic circulation draining the interstitial space between
cells in their model. They considered capillary fenestrations of 2 sizes and different
flux rates through the fenestrations. In this model, the two-pore model of Davda
et al. [81] has been used to simulate the transport of particles from the vascular to
the interstitial space. The model takes into account the different sizes of capillary
fenestrations in different tissues which can be a limiting factor in particle transport.
It considers both convective and diffusive transfer through large and small pores and
also osmotic recirculation between blood and interstitium. The relevant equations for

this section are described in Appendix A.

Cellular uptake from the interstitial space

All published models described in the previous section, have considered transport
from vascular to interstitial space and have assumed the intracellular space to be in
equilibrium with the interstitial space. However, for uptake of NPs, the pores in the
cell membrane might be a limiting factor. Cells have active transport mechanisms to
deliver various substances into the cell. Sometimes NPs based on their shape, size or
charge mimic the characteristics of these substances [88] and might be actively trans-

ported into cells. Some cells, especially alveolar cells have been suggested to have
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active transport mechanisms for uptake of inhaled NPs using the actin machinery
[82]. The process of cellular uptake might be considered as composed of two pro-
cesses: the adhesion of the particles to the cells and the ultimate internalization by
the cell. Due to the cell being a biological entity with its own mechanisms, the latter
process seems to be a biological process which depends on the type of cell. However,
the first process of adhesion to a cell surface is largely a physical process depending
on the mutual surface properties of particle and cell and also on the rate of fluid flow
around the cell. Nanoparticles are large enough to be considered as discrete particles,
rather than a homogenous solution and hence the mechanism of particle adhesion to
cells from the surrounding interstitial fluid may be considered as a physical problem
described by physical theories concerning particle dynamics immersed in a fluid. It
might be modeled as a deterministic problem considering all the forces acting on a
particle immersed in a flowing fluid [83] or as a stochastic problem considering prob-
abilities based on binding kinetics and Brownian motion [80]. Such models have been
developed but not applied in the context of a PBPK model because of the multiple
scales involved. Particle internalization by cells happens generally by endocytosis or
phagocytosis depending on the type of cell. Phagocytosis would be considered for
macrophages like the Kupffer cell of the liver or WBCs in blood, which are known
to treat nanoparticles as foreign agents and capture them for removal from the body

85).

11.5 Results of the PBTK model

Figure 11.4 shows the comparison of model prediction and in vivo measurements for
injected doses of 23.8 g of 20nm nAg in rats on the 1st, 3rd, and 5th days (In vivo
measurements in rats from Lankveld et al. [47]). Figures I1.5 shows the comparison
between model prediction and measurements for nAg amounts in liver, kidney, lung,

and spleen for the same multiple dose at the 1st, 3rd, and 5th days. The figures show
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Figure I1.4: Blood concentrations of 20nm nAg, for 1, 3, and 5 day after bolus injection
doses at the beginning of 1st, 3rd, and 5th day. Comparison of model prediction (black

line) and measurements from Lankveld et al. [47] (in red)
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Chapter Il

Nano Scale Transformation

111.1 Background

Engineered Nanomaterials (ENMs) differ from other conventional chemicals in the
number of independent nanoscale properties, which results in complex particle-particle
and particle-media interactions with all chemical and biological media. Properties of
ENMs (such as size, shape, chemical composition, surface area, zeta potential, na-
ture of coating) and media properties (such as density, viscosity, pH, etc.) affect the
dynamic transformation of the ENMs involving agglomeration, dissolution, diffusion,
and sedimentation. All of these processes lead to a change in size, shape, and chem-
ical composition of the ENMs and are liable to affect their dispersion and toxicity
in biological and ecological systems. Hinderliter et al. [41] showed that the actual
amount and form of the NPs reaching the cells over time are markedly different when
NP diffusion and settling area are taken into account. Limbach et al. [89] studied the
effects of NP transformation on cellular uptake in vitro and found agglomeration to
be a key mechanism controlling cellular uptake.

Physicochemical transformation of micro and nano-sized particles has been stud-
ied widely in relation to both environmental exposure and biological toxicity. Math-
ematical modeling of dynamics of particles in fluids has been studied widely [90].

Researchers have employed the aerosol general dynamic equation (GDE) to model
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transformation of particulate matter in environmental and biological systems [67, 91].
Models like the Aerosol GDE are very complex equations and can be solved using
suitable simplifying assumptions and with the help of computational techniques. The
ISDD (In witro Sedimentation, Diffusion and Dosimetry) model developed by Hin-
derliter et al. [41] models the major particokinetic processes for nanoparticles in a
differential equation-based framework for use in in wvitro dosimetry. However, the
ISDD model only considers non-interacting particles and does not include dynamic
agglomeration or dissolution which would be expected to occur simultaneously for
nAg, along with the other processes. Further, the use of event-based stochastic models
is more amenable for modeling event-based phenomena like agglomeration [92]. More
recently, Liu et al. [93] developed a direct simulation Monte Carlo (DSMC) model
which included dynamic agglomeration along with the other processes included in the
ISDD model in a stochastic framework. However, like the ISDD model, it also did not
consider NP dissolution. Prediction of biological toxicity will be rendered incomplete
without a simultaneous quantification of silver ion production by dissolution as the
“Trojan-horse mechanism” is widely known to play a critical role in cellular toxicity
due to nAg [94].

Particle size, shape, and surface properties which change dynamically in any me-
dia also affect in wvitro cell cultures differently [95]. The model developed in this
section mechanistically describes the complete set of processes involved in the in-
teraction between ENMs and their environment and includes the entire gamut of
transformational processes important for nanoparticles, including aggregation, diffu-
sion, sedimentation, and dissolution of nanoparticles in a predictive and mechanistic
framework, which is applicable to environmental as well as biological systems. The
model is first implemented in an in vitro medium for comparison with in vitro mea-
surements, and then later extended to an in vivo system to predict nAg particokinetics

in the alveolar lining fluid.
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111.2 Modeling transport of particles in medium

Mathematical description of particle transport in fluids (diffusion, advection, and
gravitational settling) has been available for almost a century [96]. In biological
and environmental media, the processes of gravitational sedimentation, diffusion, ag-
glomeration, and dissolution occur simultaneously. Each process has been separately
modeled using well-known mechanistic rate equations and each rate has been incor-
porated in a stochastic framework utilizing a Direct Simulation Monte Carlo (DSMC)
scheme.

Gravitational sedimentation of NPs can be described mathematically by Stokes’
Law [97], which describes the sedimentation rate (V') of particles in a solution, as
a function of medium viscosity (i), the densities of particles and media (p,, p),
diameter of the particles (d), and the acceleration due to gravity (¢g). The ISDD
model of Hinderliter et al. [41] modeled gravitational settling using Stokes’ Law and
Sterling’s modification of Stokes’ Law for agglomerates. For single particles, Stokes’

Law is given by:
9(py — po)d’

V =
18u

(I11.1)

Equation III.1 defines the sedimentation velocity for single particles. The agglomerate

sedimentation velocity can be described by Sterling’s equation [98] as:

Vi = Lo — PO (”aigg m ) o= g (I1L.2)

Here, effective agglomerate density, p,.. and effective agglomerate diameter, d,,, are

agg

properties of agglomerates which can be estimated from individual particle properties
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according to Sterling [98] as:

i. d,

N
agg d E

d Fp—3
H gy =1— (f) (111.3)

1. Pagg = (1 - 8agg)pp + Cagels

In equations I11.2 and II1.3, the parameters F, and F}, stand for packing factor and
fractal dimension respectively. Agglomerates are not homogenously packed units but
have a fractal structure [98]. The fractal dimension, F}, generally varies between 1
and 3, with a F}, of 3 representing a perfect sphere with no fractal structure. Packing
factor, Fy varies between 0 and 1, and reflects the ratio of solid volume and total
volume of an agglomerate, with a F} of 1 reflecting total absence of pore space in the

agglomerate. ¢,,, is the effective porosity of the agglomerate and n is the number of

agg
primary NPs in the agglomerate.
The Stokes-Einstein equation describes the rate of diffusion (D) as a function of

particle diameter (d), medium viscosity (u), and temperature (7'), as:

kT
~ 3drp

(I11.4)

Here kg is Boltzmann’s constant.
Advection (transport due to fluid motion) has not been considered here, as it
is negligible in most in vitro and in vivo toxicological systems. However, advection

needs to be included for most environmental media and biological fluids such as blood.

111.3 Modeling dynamic agglomeration of NPs

Aggregation of NPs in solution is a complex phenomenon because it is affected by dif-

fusion of the individual particles and agglomerates and by the attractive and repulsive
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forces acting between each other. Aggregation of NPs in a medium can be modeled
using the Smoluchowski equation [99]. Smoluchowski modeled the fast coagulation
of non-interacting particles using a convection-diffusion equation and developed a
population-balance equation (PBE) for the development of aggregates of k particles
by the collision of aggregates with ¢ and j particles (where i + j = k). The PBE

developed by Smoluchowski can be described as:

dn 1 i >

dtk — 5 Z 61J7”LITLJ - nk Z /Bikni (1115)
i=1;5=k—i i=1

Here n; is the particle number concentration of the i** agglomerate, and f;; is the

agglomeration rate constant between the i** and the j*™ agglomerates. The agglom-

eration rate constant (3; is given by:

(ri+ rj)(% + i) (I11.6)

Here, 7, and r; are the effective radii of the 2 colliding agglomerates, the effective
radii being calculated from equation II1.3 based on the number of primary particles
constituting them. Smoluchowski’s equation does not consider inter-particle attrac-
tive or repulsive interactions. The PBE equation developed by Smoluchowski can
be modified to include such inter-particle interactions using the DLVO (Derjaguin-
Landau-Verwey-Overbeek) theory. This involves replacing the agglomeration rate
constant, § in equation IIL.5 by the modified agglomeration rate constant, k, where
k = B/W, W being the stability ratio. The stability ratio is defined by the ratio
of the total number of collisions between particles and the number of collisions that
result in agglomeration [99] and is a measure of the stability of the particle dispersion.

McGown and Parfitt [100] used the DLVO theory to formulate an expression for W,
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the stability ration for the ™ and j™ agglomerate pairs, as follows:

oo _B(s)
—oy2-a.exp(dr;/KT).ds
M/ij _ f2 (s+2)2 ( J/ ) (IH?)

I;O (Sﬁ-igz))2 'a'exp(¢A,ij/kT).ds

The denominator numerator in equation III.7 represents the number of collisions
that result in agglomeration and is a function of ¢, ;;, the attractive Van der Waal’s
electric potential while the numerator represents the total number of collisions and
is a function of ¢y ;;. The total interaction potential, ¢ is the sum of the attraction
potential, ¢, ; and the electric repulsion potential, ¢y ;; for the pairs of agglomerates. s
is a dimensionless distance between the pair of agglomerates given by: s = 2R/(r,+r;),
where R is the distance between the centers of the 2 agglomerates, and r;, r; are the
radii of the agglomerates estimated by equation II1.3. The stability equation (equation
I11.7) integrates the interaction potential over the entire range of distance from infinite
distance of approach to collision, which is represented by s = 2. The attractive Van
der Waal interaction potential is given by the expression proposed by Gregory [101]

that accounts for the electromagnetic retardation effect:

Aryr; bh A

Here, h is the distance between the surfaces of the agglomerates, A is the Hamaker
constant, b is a constant with a value of 5.32, and X is the characteristic wavelength
for the reaction = 100 nm.

The repulsive interaction potential between the agglomerates can be expressed by
the electric double layer (EDL) interaction potential, the expression for which was

developed using the Linear Superposition Principle by Gregory [102] as:

dn(h) = 128em (k—T>< ik >v2exp(—/<;h) (I11.9)

Ze T+ T

Here, € is the permittivity of the medium, Z is the valence of ions in the medium,
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e is the elementary charge, x is the Debye-Hiickel parameter, and ~ is the reduced

surface potential which is a function of the surface zeta potential  of the particles

A
v = tanh(4k€§) (I11.10)
B

and is given by:

The Debye-Hiickel parameter, k is expressed in terms of the ionic strength, I of the

2N, Ie?
=4/ III.11
" ekgT ( )

where, N, is the Avogadro’s number. Then the agglomeration rate constant, k

medium as:

agg,ij
can be calculated as:

kagg,ij = /Bij/mj (11112)

111.4 Modeling nanoparticle dissolution

NP dissolution processes depend on the particular chemistry of the NP and the ions
present in the media. The model developed here has been demonstrated for citrate-
stabilized silver NPs (nAg) and so the chemical equations described here are based
on the particular chemistry of nAg and citrate. However, the model development is
generic and any other NP-media combination can be modeled, provided the details
of the particular chemistry are available. nAg is oxidized by dissolved oxygen (DO)
in the media and the reaction is also influenced by the protons (H") in the media.
The chemical reaction for the oxidation of Ag in solution can be expressed as [103]:

1 1
Agis) + 702(aq) + Higgy < Agag) + 520, (I11.13)

(aq)
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111.4.1 Chemical equilibrium

The chemical equilibrium for the reaction can be assessed using Nernst equation, as:

. RT [ [Ag]
B, =E" — n—Flog<m) (IIL.14)

Here, R is the Universal Gas constant, T' is the temperature of the reaction media,
F' is Faraday’s constant, and n is the difference in the number of molecules between
reactants and products based on reaction stoichiometry. FE, is the standard reaction
potential (at 25°C') for the reaction whose value is 0.47 volts [104]. E,. is the net
free energy released by the reaction and needs to be negative for the reaction to
proceed. The forward reaction given by equation I11.13 stops when chemical equilib-
rium is reached, i.e., when F,. becomes positive. Anions present in the media, like
phosphate or sulfide ions, would increase the rate of silver oxidation by precipitating
the produced Ag' ions as their respective salts and shifting the equilibrium to the

rightward in equation ITI.13.

I11.4.2 Nanoparticle surface reaction

According to the stoichiometric equation, the release rate of Ag* ions can be expressed

by an ordinary differential equation as:

d[Ag*]
dt

— k[Ag][O.)* [H*] (I1L.15)

Here, [Ag™], [Ag], [O,], and [H*| represent the concentrations (in mol/L) of Ag ions,
solid Ag, DO, and protons respectively and k is the reaction rate constant. For
reactions involving NPs, the size and surface area of the NPs becomes a limiting
criteria, as the reactions would depend on mutual collisions with the other chemical
agents in the system [105]. Thus the reaction rate would be limited by the surface

area of the NPs in the solution rather than by the concentration of solid Ag. So [Ag]



42

in equation IT1.15 would be replaced by wd?.[AgN P], where, [AgN P] represents the
number concentration of AgNPs. The reaction rate constant k would also depend on
the temperature (7), and the activation energy (F,) of the chemical reaction. Based

on the hard sphere collision theory, the rate constant can be expressed as [105]:

8ksT

™m

k= A, fA<7rd2)[AgNP]< )1/2 0,0 [Hﬂexp(_%‘) (IIL.16)

Here, R is the Universal Gas Constant and A, is a scaling factor. f, is the fraction of
the NP surface area that is exposed and available for reaction. Due to the presence
of coatings and stabilizing agents, the entire surface area of the NPs might not be
exposed to reaction. Estimation of the available surface area is dealt with in the next
section. [H'], the concentration of hydrogen ions in the solution, can be related to
the pH of the solution as: [H*] = 107", [O,] represents the concentration of dissolved
oxygen (DO) in the solution which is the primary oxidizing agent. DO is responsible
for the oxidation of ENMs and their coatings in solution. Presence of DO needs
to dynamically accounted for not only in in wvitro systems but also in in wvivo and

ecological systems, for modeling the dynamics of ENMs.

111.4.3 Citrate stabilization

The oxidation of Ag to Ag* is also affected by other chemicals present in the media.
ENMs are usually coated or stabilized by a chemical which acts as a reducing agent
and prevents the oxidation of Ag. In this study, a specific example of citrate-stabilized
nAg has been demonstrated, where the citrate ions act as a reducing agent. Citrate
ions are oxidized by DO in the media and the reaction can be formulated as:

1 1 1 1 1
EC’A?’_(aq) - ZOg(aq) — BCOQ(G/Q) + EHCOg(aq) + EHQOZ (I1.17)

where, C' A3~ represents the trivalent citrate ion CgHsO32~. The rate constant for the

oxidation of citrate ions can be estimated from the average ion release rates measured
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by Zhang et al. [103]. Presence of citrate ions as a stabilizing agent around the NPs
protects them from oxidation and dissolution in the medium. To quantify the extent
of the protection, a variable F.,,, can be defined as the ratio of the total moles of

citrate adhered to the NPs to the total surface area of the NPs.

_ Total moles Citrate adhered to NPs  ng;

. — 111.1
oo Total SA of NPs in medium SA,; ( 8)

The fraction of NP surface area that is available for reaction, f, can be estimated as:

Co/SAx Cow 1

Ja=1 O[S A ! Y SALF,

(I11.19)

Here, Cg;, is the concentration of citrate ions. The value of f, calculated here is used
in equation II1.16. f,, is the value of f, at the start of the reaction and is dependent
on the pH of the medium. Lower pH leads to higher protonation of the citrate ions
and leads to greater surface area of NPs exposed to oxidation. f, changes dynamically
with time as citrate ions are oxidized in the medium according to equation II1.17. F?
is the value of F,,,, at the start of the reaction and reflects the saturation adsorption

of citrate ions on nAg. F.,.. changes over the course of the reaction due to citrate

oxidation and also due to aggregation and sedimentation of the NPs.

111.4.4 Effects of dissolved oxygen

DO is depleted from the system due to both the reactions represented by equations
I11.13 and III.17. Like the present system, which has been simulated here, reaction
systems exposed to ambient air get dynamically replenished by oxygen from the air.

The mass transfer of O, from the air can be represented as [103]:

= Kou(Cs — Cho) (I11.20)
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Here, K, is the mass transfer coefficient for oxygen from air to media and Cy is the
saturation concentration of DO in the media at the ambient temperature. Zhang
et al. [103] measured the initial DO concentration in their medium to be 7.8 mg/L
and also estimated the mass transfer coefficient of oxygen Ko, to be 6.01 gmol/L /hr.

All relevant parameter values have been summarized in Table II1.2.

1.5  Modeling NP behavior using Direct Simulation Monte

Carlo (DSMC) method

Modeling dynamic phenomena in dispersed systems involving particle transport and
transformation processes has been carried out in the past using the aerosol general
dynamic equation (GDE) [67]. The GDE is a population-balance equation similar
to the Smoluchowski equation (Eq IIL.5), which is in principle, an integro-differential
equation and can be solved by appropriate discretization in time and space. How-
ever, the GDE is a deterministic equation, with process descriptions modeled entirely
using pre-determined rate laws. In contrast, stochastic methods such as Monte Carlo
(MC) capture the underlying probabilistic nature of the processes and simplifies the
programming effort considerably [106]. Event-based processes like agglomeration are
generally well suited to be modeled using MC schemes. MC methods enable the in-
clusion of multiple particle transformation mechanisms in a straightforward manner
[92] and also records the history of particle populations, thus providing for a way
to visualize the evolution of a particular nanoparticle population in media. Particle
transport processes can also be treated in a stochastic manner and included seamlessly

into the MC simulation scheme [107].

I11.56.1 System geometry

The modeling scheme used here employs a Direct Simulation Monte Carlo (DSMC)
method which is a time-driven algorithm [92]. Liu et al. [93] used the DSMC method
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to model nanoparticle agglomeration and diffusion where they used a constant-number
MC method. The constant number DSMC has been used here according to Liu et al.
[93], but critical modifications have been made to capture the realistic nanoparticle
scenarios in vitro and in wvivo. Unlike a cubical control volume used in Liu et al.,
the control volume used here (shown in figure III.1) reflects the geometry of the
Eppendorf® tubes used for the in vitro measurements [39]. The model can also be
modified for other geometries based on the particular system it simulates. Also, a
critical requirement for dosimetry assessment for in wvitro studies, is to quantify the
fraction of NPs settling at the bottom of the system with time. Tracking the amount
of NPs settled with time necessitates replication of the exact geometry of the system
as settling is affected by shape and size of the vessel and also by the height of the
fluid. Dissolution is a critical aspect of toxicological studies with nAg because of the
importance of ionic silver in cellular toxicity [19]. The model described here includes
dissolution using a particle-based surface area limited reaction mechanism, involving

all chemicals and ions in the system.

111.L5.2 Steps in the Monte Carlo process

The modeling scheme represented in Figure III.1 shows the control volume (CV)
(shown as 1 in Figure I11.1) and the actual tube (shown as 2 in Figure II1.1), with the
actual tube used for measurements shown inset. The CV has been selected to contain
10000 particles, initially all being monomers and uniformly dispersed in the medium.
The diameters of the particle population are randomly selected from the Particle
Size Distribution (PSD) corresponding to the study. The steps in the MC process
are schematically expressed in Figure II1.2. The 10000 NPs in the CV are randomly
distributed along the vertical height of the CV such that the position z; of the i*" NP
is randomly selected from the uniform distribution, U(0, L), where L is the height
of the CV. The agglomeration rates (K

agg

) and transport rates (Diffusivity, D, and

sedimentation velocity, V') for the NPs in the CV are computed using equation III.1
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Figure I1.1: Schematic diagram showing the implementation of the DSMC method in the
in vitro system from Leo et al. [39], with the control volume (CV)and the actual tube
labelled as 1 and 2 respectively along with an image of the actual Eppendorf tube used for
the in vitro measurements. Nanoparticles, dissolved oxygen (DO), hydrogen and citrate
ions are represented in the system. Total length, L and diameter, D are 4 cm and 1.4 cm
respectively based on the actual Eppendorf tube used for measurements. L,, the length
of the cylindrical portion of the tube is 0.47 of the total length of the tube. (Diagram
not drawn to scale and is representative only) (Figure reproduced from Mukherjee et al.,
Journal of Nanoparticle Research, 16(10), 1-16, 2014, Figure no. 1, with kind permission
from Springer Science and Business Media.)
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and III.12. In this implementation of the model, 100 agglomeration events have been

considered (N, = 100) at every time step. Then the time interval to the next step is

2N Vo
2 Kagg

the 100 agglomeration events are selected by MC selection based on their mutual rates

calculated using the formula: At = . In the next step, the NPs participating in
of agglomeration. The method employed is a sampling procedure proposed by Kruis
et al. [106]. In this procedure, the agglomeration rates for all possible pairs of NPs in
the CV are sequentially added, until the sum exceeds the value of a randomly sampled
number. The mass of the newly formed agglomerate is the sum of the masses of the
pair of NPs undergoing agglomeration and the agglomerate diameter is calculated
using equation III.3. Subsequently, the diffusion and settling distances, z,; and zg;
respectively are calculated based on respective transport equations. zg; is given by
zs; = —vs,;.At, where vg; is the particle’s Stokes’ settling velocity given by equation
II1.2. The distance travelled due to diffusion, z,; is estimated using the approach
of Liu et al. [93], based on a random number sampled from a normal distribution
such that zp; ~ N(0,2D,At), where D, is the Brownian diffusivity for the particle
calculated from equation II1.4. Thus the total vertical distance travelled by the **
particle would be given by: AZ = z,; + 2s;. NPs which attain a vertical position

2z, < 0 are considered to have settled.

111.56.3 Replacement of particles in the control volume

The DSMC modeling scheme implemented here is a constant number Monte Carlo
method and the number of NPs in the CV have to be maintained constant. Accord-
ingly, the particles lost due to settling or agglomeration with other particles need to
be replaced continuously. Liu et al. [93] used the initial PSD to replace particles in
the CV. However, since the particles outside the CV have also been incubated for the
same time as the particles inside the CV, the external particles would be expected to

be in a similar state of aggregation. Replacing particles from the original PSD would
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Figure 111.2: Schematic showing the steps of the Direct Simulation Monte Carlo method
implemented in this study (Figure reproduced from Mukherjee et al., Journal of Nanopar-
ticle Research, 16(10), 1-16, 2014, Figure no. 3, with kind permission from Springer
Science and Business Media.)

undermine the time evolution of the system as a whole and will introduce virgin par-
ticles into the CV. Accordingly, in this DSMC scheme, replacement of particles has
been carried out from the PSD of particles within the CV, based on the assumption
that the PSD of particles within and external to the CV would be similar because of

them being part of the same continuous system.

111.5.4 Inclusion of reaction within the DSMC scheme

The surface area based oxidation reaction mechanism has been implemented in the
DSMC scheme using a particle-based approach, where each particle and agglomerate
suffers oxidation based on their exposed surface area. The oxidation of citrate and
the accompanying decrease in citrate-stabilization is assumed uniform over all the
particles in the CV. Dissolution of Ag leads to a decrease in the diameter of the
NPs. All individual component particles in an agglomerate are assumed to contribute

equally to the dissolution based on their surface area. The diameter of an agglomerate
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is calculated by equation III.3. Similarly, the change in diameter of an agglomerate

can be calculated based on the changes in diameter of all constituting NPs as:

n I/FD
Ad,y, = Ad. ( (I11.21)
P

Simultaneously, the reactions of all other chemicals (citrate, oxygen, and hydrogen)

are calculated and their individual amounts are updated.

Table 111.1: Properties of in vitro medium for citrate-stabilized nAg study

Property Value Comments

Basic medium | DI water

Density 1000 kg/m? Density of water

Viscosity 0.001 Pa-s Viscosity of water

pH 3,5,7 Maintained constant by sodium per-

chlorate buffer

Ionic strength

0.0463,0.0445,0.041

Calculated for in vitro system

mol/L
Zeta potential | -18.2,-22.5,-32.5 Estimated by Leo et al. [39]
Temperature | 37°C Constant temp.
Initial DO 0.28 mol/m?® Based on satd. conc. in water
Rel. permit- | 80 Based on water at 20°C
tivity
Valence of | -1 Based on medium used
ions

111.6 Results and discussion

111.6.1 Aggregation of nAg

Aggregation of citrate-stabilized AgNP was simulated using the model developed in
this work, and model predictions were compared with in vitro measurements from Leo
et al. [39] for citrate-stabilized AgNP incubated for 7 days in a sodium perchlorate
buffer. The values of the parameters pertaining to the incubation medium are sum-
marized in Table IT1.2. Values of other parameters used in the implementation of the

model are also shown in Table II1.2. Figures II1.3(a), (b), and (c) show comparisons
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Figure I11.3: Comparison of model prediction for 1, 2, 5, & 7 days and in vitro measure-
ments for AgNP size distribution after 7 days of incubation at pH (a) 3, (b) 5, and (c) 7.
(Figure reproduced from Mukherjee et al., Journal of Nanoparticle Research, 16(10), 1-16,
2014, Figure no. 4, with kind permission from Springer Science and Business Media.)
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Table II1.2: Parameter values used in the in vitro nanoparticle transformation model

Parameter Value Reference

Hamaker Con- | 37x10*" J Huynh and Chen [108]

stant

Permittivity of | 8.854x 10" farad/m

vacuum

Characteristic 100 nm Gregory [101]

wavelength

Parameter b 5.32 Gregory [101]

Activation  en- | 33x10% J Zheludkevich et al. [109]

ergy

Rate  constant | 1.235x107° Estimated from Zhang et al. [103]
for citrate oxida- | mol/m?®/sec

tion

Mass  transfer | 1.67x10° Estimated by Zhang et al. [103]
rate of O, mol/m?/sec

Saturation conc. | 8.96 mg/L Zhang et al. [103]

of O,

Standard oxida- | 0.47 V Zhang et al. [103]

tion potential, E,

between the measurements from Leo et al. [39] (black dots) with model predictions
for 1, 2, 5, & 7 days. The system with the medium at pH = 3 shows the largest
increase in diameter followed by the system with medium at pH = 5. At a pH = 7,
which is the same as distilled water, the agglomeration is negligible at 7 days. The
model in general predicts faster agglomeration than what is observed in the in vitro
system. This might be due to additional stabilization by the citrate ions, which pre-
vents aggregation of NPs. There is large uncertainty in the quantification of citrate
coating and surface coverage, as direct measurements were not carried out in the spe-
cific medium. The observed difference between model predictions and measurements
might also be due to the difference in the estimation of agglomerate diameters be-
tween model and measurement. For the in vitro measurement technique, the average
of two largest dimensions of NPs was recorded [39] as the estimate of diameter. The
model however, estimates the effective spherical diameter (or the hydrodynamic di-

ameter) from Equation II1.3, which might be different from the measured diameter in
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vitro employing the above technique, since NPs tend to form elongated strands due to
agglomeration [39]. However, the change in diameter is comparable to that observed
by Zhang et al. [103] in the linear growth phase. Decrease in pH is accompanied by
an increase in ionic strength, as shown in Table II1.2, which leads to a compression
of the electric double layer, thus increasing inter-particle interaction [110], leading
to increased agglomeration. Particle agglomeration is affected by the surface zeta
potential, ¢, which alters with change in medium pH and ionic strength, /. The
variation of ¢ with pH and [ is modeled using measurements from Leo et al. [39] and
Salgin et al. [111]. The details of the functional modeling expressing ¢ with pH and
I are included in the SI. pH is known to have a stronger effect [112] on particle ¢
and for values of pH higher than the isoelectric point (pI), a decrease in pH shifts
the value of ¢ closer to zero and leads to greater agglomeration. Figures I11.4(a) and
(b) show the size and number distribution respectively of the NPs in the CV at 1,
2, 5, 10, and 14 days after incubation. The figures show that the size and number
distributions in the CV become progressively broader and move towards larger sizes
as time progresses. Figures I11.4 (¢) and (d) show the changes in NP diameter mean
and standard deviation of the NP population in the CV for different values of pH. A
pH of 3 leads to much greater agglomeration resulting in larger mean diameter and
also larger variation is diameters across the population. The difference between the
plots for pH = 5 and pH = 7 is minor because the effect of higher pH is reduced due
to decreased dissolution at higher pH. While a lower pH of 5 causes more agglom-
eration than a pH of 7, increased Ag dissolution at a pH of 5 (shown in dissolution
results) causes reduction in the agglomerate diameters thus cancelling the effect due

to increased agglomeration.

111.6.2 Settling of nanoparticles

Figure II1.5(a) shows the fraction of NPs settled at the bottom of the tube for different

values of pH. It shows the mass fraction of NPs settled and also the number fraction of
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Figure I1l.4: Model simulation results of change in NP agglomeration state over the
span of 14 days incubation time; panels (a) & (b) depict NP diameter distributions and
distributions of number of primary NPs in an agglomerate in the model CV as it changes
over 1, 2, 5, 10, and 14 days of incubation in a medium of pH = 3; panels (c) & (d)
depict dynamic changes in NP mean diameter and SD of NP diameter in the CV over 14
days of incubation in different pH. (Figure reproduced from Mukherjee et al., Journal of
Nanoparticle Research, 16(10), 1-16, 2014, Figure nos. 5 & 6, with kind permission from

Springer Science and Business Media.)
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primary NPs (monomers) settled. Gravitational settling depends on the height of the
liquid level above the bottom of the vessel, since the particles have to travel downwards
at the Stokes’ settling velocity given by Equation I11.2. However, since the population
of NPs inside the CV forms a representative sample of the entire population of NPs,
the fractions settled would be the same for the NPs inside the CV as for the rest of
the NPs. Figure III.5(a) shows that there is a difference between the mass fraction
settled and number fraction settled (thick and thin lines) and that the difference
increases with time. This is due to the faster settling of the higher mass aggregates,
leading to a higher total mass of the settled population. Acidic pH (pH = 3) leads to
higher settling due to the formation of larger agglomerates. Lower pH also promotes
increased protonation of the citrate ions which are used to stabilize the AgNP. Higher
rate of citrate removal shifts the NP (-potential closer to the isoelectric point, thus
reducing the inter-particle repulsion and promoting aggregation and settling. Figure
II1.5(b) shows the estimated numbers of NPs settled in the CV. The thin line depicts
the number of primary NP monomers settled, i.e. the total number of monomers
settled irrespective of their state of aggregation. The bold line depicts the number
of agglomerates settled. The increasing divergence of the 2 lines shows that the
agglomerates that are settling have an increasing number of constituting monomers,
i.e. the larger agglomerates tend to settle preferentially. Settling of NPs is important
for estimating dosimetry for n vitro toxicological studies, where NPs are incubated
with cell cultures generally located at the bottom of the vessel. The actual exposure of
cells is to the settled population of NPs and not to the entire population [41]. Figure
I11.5(c) shows the change in size distribution of the settled NPs at the bottom of the
vessel. The size distribution shifts to the right with time, which shows that the bigger
agglomerates are preferentially settled. This also demonstrates increased spread due
to the variety of particle sizes being settled. Size distribution and agglomerate status
of the settled NP population can help in producing more accurate predictions of in

vitro cellular toxicity. Smaller NPs can cross cellular membranes easily whereas larger
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agglomerates tend to produce an increased immune response in phagocytic cells like

macrophages.

111.6.3 Dissolution of nAg

Dissolution of citrate-stabilized AgNP was simulated using the model developed for
this study and model predictions were compared with in vitro measurements by Leo
et al. [39]. The properties of the medium used by Leo et al. are summarized in
Table II1.2. The model simulation was performed using DSMC for 14 days, for a
population of 10,000 particles in the control volume and for 3 different pH values - 3,
5, and 7. The oxidation of Ag is dependent on the fraction of exposed surface area
and is affected by the pH of the medium. Lower pH will lead to higher protonation of
citrate resulting in higher exposed surface area available for oxidation. Figure I11.5(d)
shows a comparison between model predictions and wn vitro measurements over 14
days for pH 3, 5, and 7. The model predictions agree well with the measurements and
capture both the initial high rate of dissolution and the later steady dissolution due
to the decrease in reactive surface area of the NPs, as well as the decrease in DO. The
reaction kinetics are dependent on the exposed surface area of the NPs; reduction in
surface area due to agglomeration and settling causes a reduction in the dissolution

rate.

11l.7 ADSRM implementation for alveolar lining

Nanoparticle (NP) transformation has been modeled by multiple researchers using
physical theories to assess cellular dosimetry. However, most of these studies have
been performed for in wvitro systems to estimate particle dosimetry to cell cultures.
The model described in this section extends the ADSRM framework developed for in
vitro systems, to an in vivo setting, enabling the assessment of ENM interactions with

various fractions of lipids and surfactant proteins which are present as constituents
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Figure 111.5: (a) Model results of fraction of NPs settled with bold line representing the
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NPs. (b)Model results of numbers of NPs settled; bold line represents the number of
NP monomers which have settled irrespective of their state of aggregation and the thin
line represents the number of NP agglomerates which have settled. (c) Model results

of distributions of settled NP diameter over time (pH = 3). (d) Comparison of model

prediction of nAg dissolution and in vitro measurements over 14 days with citrate-stabilized

nAg from Leo et al. [39] in media for 3 different pH. (Figures (a) and (b) are reproduced
from Mukherjee et al., Journal of Nanoparticle Research, 16(10), 1-16, 2014, Figure no.

8, with kind permission from Springer Science and Business Media.)
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Figure 111.6: Schematic representation of salient processes and mechanisms of transport
and transformation of inhaled ENMs at the pulmonary alveolar lining layer. (Diagram not
to scale)

of pulmonary surfactant. The alveolar fluid lining the alveolar surface is an exten-
sion of the mucus layer that covers the entire surface of the airways. However, the
depth and composition of the liquid changes remarkably from the proximal airways
to the more distal parts [113]. One of the most important features of the airway
fluid in the alveolar region is the presence of surfactant lipids, which are responsible
for reducing surface tension and preventing the collapse of the smallest airways [114].
Alveolar fluid is composed of about 80-90% lipids, primarily DPPC (Dipalmitoylphos-
phatidylcholine), with the remaining 10% composed of surfactant proteins [115]. Four
surfactant proteins, SP-A, SP-B, SP-C, and SP-D, have been identified in the pul-
monary alveolar fluid. SP-B and SP-C are known as surface-active proteins and are
closely associated with surfactant lipids, assisting in the formation of lipid bilayers at
the air-liquid interface [116]. SP-A and SP-D help in immune response by attaching
themselves to foreign particles and identifying them for phagocytosis [115]. These
critical components, i.e. phospholipids (PL) and the four surfactant proteins, have
been individually considered in this model implementation, as all of them interact

with inhaled particulate matter and affect their relevant toxicodynamics.
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Mechanisms of toxicodynamic response at the cellular scale are affected by the
form, size, and surface area of the ENMs [117]. It is well known that NP uptake
by alveolar cells depends on NP size, surface area, and their surface chemistry, par-
ticularly adsorption of lipids and proteins on their surface [118]. Consequently, any
analysis of the residence time distribution, clearance and biological response of NPs in
any tissue system requires a detailed characterization of their form, size and surface
reactivity, as these change dynamically with time. The ADSRM model developed
earlier in in wvitro systems, follows a population of ENMs over time and characterizes
their dynamic transformation in chemical media, considering NP-NP and NP-media
effects. Researchers have quantified NP transport, uptake, and clearance in the res-
piratory system [34, 38] but have not considered dynamic changes in the form and
size of the NPs. Processes like lipid adsorption are known to affect NP agglomeration
and dissolution [119]. Lipid adsorption and formation of protein corona on NPs is
known to affect their uptake and ultimate fate in the body [120, 118], and so in-
clusion of these key mechanisms is essential for any toxicodynamic model for NPs.
Blank et al. [121] attempted to recreate an alveolar air-liquid interface in vitro along
with alveolar epithelial cells. However, to date, there have been no published mod-
els quantifying ENM transformation in vivo. It is almost impossible to realize the
exact composition and dynamics of in vivo structures and functions in vitro. This
necessitates detailed in silico frameworks that will aggregate and integrate relevant in
vitro and in vivo information to produce estimates of in vivo toxicodynamic effects.
The model described here extends modules from the ADSRM framework ( developed
earlier) to an in vivo setting (the pulmonary alveolar lining) by adding mechanisms
of surfactant lipid and lipoprotein adsorption onto the ENMs. The model described
here uses modules from the ADSRM model for diffusion, agglomeration, and reaction
and introduces separate modules for adsorption of proteins and lipid vesicles, for its
applicability to systems containing lipid and protein molecules, which are known to

induce additional transformation mechanisms for the ENMs. The model uses a direct
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simulation Monte Carlo (DSMC) scheme and estimates various critical kinetic rates
pertaining to ENM transformation in the respiratory airway, which can be used to
better quantify pulmonary toxicodynamics of ENMs. The approach described here
is the first of its kind to include NP-lipid and NP-protein interactions, along with
dynamic NP transport and transformation in vivo, to predict NP dosimetry in the

mammalian respiratory system.

111.8 Surfactant lipid adsorption on ENMs

Inhaled particles interact with surfactant lipids from the instant they are deposited
on the alveolar surface. By the time the particles arrive at the surface of alveolar
cells, they have been modified by adsorption of lipids and proteins present in the
alveolar fluid layer. Bakshi et al. [122] and Schleh and Hohlfeld [123] have reported
the formation of lipid bilayers on NPs immersed in lipid emulsions, and have found
the thickness of this layer to be approximately 4 nm. Detailed kinetic models for
these processes are missing in the literature because it is difficult to quantify such
mechanisms in vivo. Adsorption of lipid on to solid surfaces has been traditionally
described using Langmuir kinetics [99]. However, due to the nanometer size range of
ENMs, simple Langmuir kinetics of adsorption is only an approximation [99]. Mornet
et al. [124] investigated the formation of lipid bilayers of silica NPs and found lipid
“patches” on the NPs a few minutes after incubation. They also observed SUVs or
liposomes adsorbed on the surface of the NPs, which later underwent deformation
and rupture to form lipid bilayers on the NPs. Mornet et al. also found that the sizes
of these SUVs were in the 10-100 nm range, which makes them comparable in size to
ENMs. Interaction of these SUVs with ENMs would be influenced by their mutual
surface areas of interaction, their diffusion and their surface charge distribution, thus
making the process inherently heterogenous, non-uniform and affected by diffusion of

the particles and lipid vesicles.
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111.8.1 Monte Carlo simulation of lipid vesicle adsorption

Lipid vesicle diffusion and adsorption on solid supports has been investigated exten-
sively, due to the wide application of “supported lipid bilayers” or SLBs in simu-
lating cell membranes. Zhdanov and co-workers [125, 126] have used dynamic MC
algorithms to simulate lipid vesicle diffusion, adsorption, deformation, and rupture
on solid silica wafers immersed in lipid solutions. Their algorithm describes the solid
substrate as a square grid and randomly simulates vesicle attachment to grid locations
based on the vesicle size and available space on the solid grid. Zhdanov et al. [125]
also consider inter-vesicle interaction and deformation of vesicles leading to rupture.
It is not possible, computationally or otherwise, to implement all the complexities
of the algorithm for multiple ENMs in solution, with each having random motion in
the system. So, this model employs a simpler version of the algorithm employed by
Zhdanov et al. [125], in which adsorption of vesicles on to ENMs is based on the sizes
of the interacting vesicle and ENM and also on available area on the ENM. Lipid
vesicles are also assumed to deform and rupture immediately after adsorption. The
adsorption probability for a random vesicle on to a random ENM is calculated using

an exponential equation based on Zhdanov et al. [125].

d2
P, = emp( - a.$> (I11.22)
' ERTEN

Here, d,., is the lipid vesicle diameter, dgyy is the ENM diameter, and fs, is the
fractional exposed (not covered by lipids) surface area of the ENM. The eventual
likelihood of adsorption is affected by diffusion of the vesicles and ENMs and also
by the probability of successful adsorption. Zhdanov et al. [125] characterized the
probability of an ENM and a vesicle colliding due to random diffusion as P,z = 0.001
based on a diffusion coefficient of D = 8.7 x 10" m®/sec [127]. An adsorption

attempt is considered successful if a randomly selected number between 0 and 1 is

Pag

less than
Paa+Paie

. The particular steps in the DSMC scheme for lipid adsorption are



61

implemented as follows:
1. A random ENM is selected from the population in the control volume (CV)
2. A random lipid vesicle is selected based on the size distribution of vesicles

3. P, is calculated such that if the selected ENM has zero exposed surface area,
then P, =0, else P, is given by Equation II1.22
4. A random number p is generated between 0 and 1

Pad
Poq+Paig

5. Adsorption is considered successful if p <

6. If adsorption is successful, the relevant properties of the particular ENM are

updated with the changed fs, and mass

7. If the maximum number of adsorption steps has not been reached, then the

steps are repeated from Step (1)

Gross and Narine [128] found mouse BAL fluid to be composed of 9% ‘ultraheavy’
large aggregates, 48% ‘heavy’ fraction with large vesicles and some tubular myelin,
and 43% ‘light’ fraction consisting of small unilamellar vesicles (SUVs). SUVs in
alveolar fluid have been reported to vary in size between 20-50 nm [115]. Large
vesicles (LUVs) which constitute the heavy fraction are between 50-500 nm [115].
A size distribution is constructed for lipid vesicles by fitting a normal distribution
within these reported size ranges (limits of the ranges are taken to be the upper
and lower 95 percentiles of the distribution). SUVs and LUVs are randomly selected
based on their relative fraction in alveolar fluid. Adsorbed lipid vesicles are assumed
to rupture after adsorption, and form a lipid bilayer based on the surface area of the
initial vesicles. Nordlund et al. [129] found only about 1% of the adsorbed vesicles
to be intact at the end of adsorption on silica NPs. Various properties of surfactant

and its constituent lipids are summarized in Table III.6.
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111.8.2 Surfactant protein adsorption on ENMs

Adsorption of proteins on solid surfaces has been investigated for a number of practical
applications. Proteins are part of all biochemical media and any foreign particle
entering the body gets coated with a protein corona, thus affecting its eventual uptake
and/or excretion. Uptake of silver ENMs by pulmonary cells has been shown to be
affected by protein corona formation on the particles [130]. The mechanism of protein
adsorption surfaces is known to be composed of the following steps [131]: (1) diffusion
of proteins to the surface, (2) actual adsorption on to the surface, and (3) subsequent
conformational changes in the protein structure. In the present model, the first two
steps are explicitly considered. Modeling conformational changes in protein structure
would require a detailed proteomics model which is beyond the scope of this work.
Zhdanov and Kasemo [132] have described a Monte Carlo (MC) model for protein
adsorption on solid surfaces, which has been extended here for ENMs in solution.
Two separate cases are considered: Protein adsorption under (a) diffusion-controlled
regime and (b) under adsorption-controlled regime. The model algorithm selects the
case based on the slower or limiting process based on the conditions of the system at
any given time. Under adsorption-limited regime, the adsorption probability is given
by:

Py =2R*C,k,, (I11.23)

where R is the radius of the particular protein headgroup, C, is the concentration
of the protein in solution, and k, is the adsorption rate for the particular protein.
The time step associated with the adsorption process is given by At = P%Ad. Under

diffusion-limited regime, the adsorption probability is given by:

Py = 2R’C VDI, (I11.24)
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where D is the diffusivity of the protein in the solution and ¢ is the system time. In
this case, the time step associated with the process is given by At = @, where A
is the protein headgroup area. Adsorption of proteins is however not irreversible and
is actually a net result of adsorption and desorption [126]. Furthermore, adsorption of
proteins cannot be independent of adsorption of other chemical species, as the charged
headgroups of proteins are liable to interact with charges already present on the ENM
surface. Lipid bilayers are known to interact with proteins through electrostatic
interaction and thus affect the adsorption and clustering of protein molecules [133].
Electrostatic interaction and the number of charged-groups in contact would affect
adsorption and the subsequent desorption of proteins from surfaces [126]. Zhdanov
and Kasemo [126] modeled protein adsorption and desorption on solid surfaces in the
presence of lipid bilayers and measured adsorption rates k,, and desorption rates ki,
for various values of surface coverage by lipid bilayers. Adsorption and desorption of
surfactant proteins have been considered in this model as a function of ENM surface
coverage. A power-law model was fitted to measurements by Zhdanov and Kasemo

[126] to estimate k, and k, as:

k.= k°.(1+ B,.6") (111.25)

ko = K2.(1+ B,.0m), (I11.26)

where, k,, k, are the adsorption and desorption rates for the proteins on to ENMs, ¢
is the fractional surface coverage of ENMs by lipids, S and n are fitted parameters for
adsorption and desorption. Details of the estimation of these parameters for different
SPs are included in Appendix B. A net rate defined as k/ = k, /k, was used in Equation
I11.23 to simulate adsorption so that the effects of both adsorption and desorption
could be simultaneously taken into account in the DSMC framework. Pulmonary
surfactant is composed of four types of proteins: SP-A, B, C, and D. The first three

types of proteins have been investigated considerably, but relatively little information
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is available for SP-D. SP-A is the most abundant protein in pulmonary surfactant,
accounting for 5% by weight of surfactant, followed by SP-B and SP-C which together
account for 1.5% by weight [115]. Detailed properties of the protein molecules have

been summarized in Table I11.7.

111.8.3 ENM transport in alveolar lining fluid

Nanoparticle diffusion and settling have been modeled by Hinderliter et al. [41] (ISDD
model) and also recently for silver ENMs by Mukherjee et al. [42] (ADSRM model)
for in wvitro media. As shown in both articles, gravitational settling has a major
effect on ENM settling and eventual dosimetry for in wvitro cell cultures. However,
it has been shown that, for nano-scale particles in vivo, the forces of surface tension
exerted by the surface-active alveolar lining layer are 2-3 orders of magnitude greater
than gravitational forces [134]. Accordingly, gravitational forces have been replaced
by surface tension for the in wvivo implementation of the model. For the in wvitro
implementations shown earlier, gravitational settling has been modeled using Stokes’
law in a manner similar to Hinderliter et al. [41]. Surface forces acting on small
particles in the alveolar lining were mathematically analyzed by Schurch et al. [134].
The net force which causes the immersion of the particles into the alveolar fluid is
calculated as [134]:

F. = 2w Ry.sin(¢).sin(0 + ¢), (I11.27)

where R is the particle radius, v is the surface tension at the alveolar air-liquid
interface, # is the contact angle at the particle surface, and ¢ is the angle formed
between the contact point and the axis of the particle. The surface force F, can be

equated to the drag force in the medium using Stokes’ law to obtain:

v = %sm(gb)sm(@ +¢) (I11.28)
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Schurch et al. [134] found that for low values of surface tension (v = 30 dyn/cm) such
as those experienced at the alveolar lining, the contact angle 8 would have a value of

20° and that the value of ¢ would be about 160°.

111.8.4 ENM agglomeration

ENM agglomeration has been modeled in a fashion similar to that done earlier for in
vitro systems, by considering modified versions of Smoluchowski’s equations. How-
ever, lipid adsorption on the ENMs causes surface modification which has been found
to dissuade agglomeration in silver ENMs [39]. This has been taken into account by
using the values of zeta potential estimated by Leo et al. [39] for DPPC-adsorbed
silver ENMs. Zeta potential has been considered as a weighted function of surface

coverage by phospholipids as:

C=0G.0+¢(1—0), (I11.29)

where (, is the zeta potential of the ENM without lipid adsorption, (; is the reduced
zeta potential due to lipid adsorption, and @ is the fractional surface coverage of the
ENM by lipids. The reduced zeta potential (;, due to lipid adsorption is estimated
from the data of Leo et al. [39], where zeta potentials of silver NPs were measured
with and without addition of DPPC. ENM agglomeration is also known to be affected
by steric effects due to the presence of coating molecules. Leo et al. [39] reported
that despite a reduction in zeta potential, addition of DPPC maintained the dispersed
state of NPs and did not promote agglomeration due to steric effects of the coating
molecules. There was no such effect in the results of Nordlund et al. [129], where
addition of lipids led to increased agglomeration. This phenomenon was also observed
by Kendall et al. [120] for particulate matter. This has been reconciled in this model
by introducing steric effects for coating molecules which would produce additional

repulsive interactive forces. Damodaran [135] modeled repulsive interactions due to
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steric effects in proteins, by considering a repulsive energy due to steric effects, that

can be represented as:
E, = (kTn,L/s).[(2L/d)*** — (d/2L)"™], (I11.30)

where k is the Boltzmann constant, 7" is the absolute temperature, n,, is the number
of coating molecules per unit surface area of the ENM, L is the chain length of the
coating molecule, s = \/1/—nm is the mean distance between coating molecules, and d
is the mean distance between interacting ENMs. The steric repulsive energy (details
in Appendix B) is included in the calculation of repulsive interactions as part of
Smoluchowski’s equations which consider both attractive Van der Waals’ forces and

repulsive electrostatic forces of interaction.

111.9 Results and Discussion

The Direct Simulation Monte Carlo (DSMC) algorithm is implemented in a constant
number mode. A population of 100 ENMs is selected and a control volume (CV) is
defined which contains these ENMs based on the concentration of the system. At
all times during the simulation, a number of internal and external coordinates of the
system of ENMs are recorded. Internal coordinates of ENMs refer to various dynamic
properties of the particles such as position, diameter, surface coverage by lipid, ad-
sorbed proteins, and agglomeration state. External coordinates refer to parameters
of the medium such as lipid and protein concentration, ENM number concentration,
temperature, density, viscosity, etc. Results of the ADSRM model implementation for
ENM transport and transformation are presented next, in two parts. The first part
concerns model implementation in vitro and estimation of key parameters pertaining
to ENM agglomeration and lipid adsorption. The model has been implemented for
wn vitro lipid solutions and simulation results are compared with measurements re-

ported by Leo et al. [39] for silver NPs and Nordlund et al. [129] for silica NPs. In
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the second part, the model has been implemented for the human alveolar lining layer
and predictions of the model are presented for in vivo ENM transformation. Various
critical kinetic rates are also estimated based on the in vivo results.

Table I11.3: Properties of alveolar surfactant lipids

Lipid species Conc.* Mol.Wt.(kDa)**
PC 78 760.076

PE 3 471.609

PS 5 547.17

PG 7 787.383

SM 2 646.505

CL ) 400.637

* From Lung Surfactants, Notter, 2000 [115]
** From Avanti Polar Lipids, [136]

111.9.1 In vitro implementations

The ADSRM model described in the present article was implemented for an in wvitro
system based on the works by Leo et al. [39] and Nordlund et al. [129]. Some features

of model implementation were exclusively applied for the in vitro cases as follows:

e Lipid concentration is considered to vary dynamically from their initial values
in solution. Vesicle diffusivity was appropriately modified. For in vivo systems,
levels of lipid in alveolar lining are maintained relatively constant by alveolar

cells via constant secretion and removal.

e DPPC vesicle size distribution and concentration has been considered based
on the commercially available formulations used in the relevant studies rather
than on properties of actual biological surfactant, whose composition tends to

be radically different.

e Gravitational settling has been considered rather than surface-active transport,
unlike the situation in the actual alveolar lining, where surface tension aided

transport far outweighs gravitational transport (discussed in Section I11.8.3).
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Figure 111.7: Comparison of model predictions of silver ENM mean diameter (shown as
stars) with in vitro measurements (shown by bars) from Leo et al.[39] for citrate-coated
silver ENMs (initial mean diameter = 20 nm) incubated with and without DPPC for 7

days
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Figure 111.8: Comparison of model predictions of percent Ag dissolved in solution with
in vitro measurements from Leo et al.[39] for citrate-coated silver ENMs (initial mean

diameter = 20 nm) incubated with and without DPPC for up to 14 days
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Table 111.4: Parameters used for model implementations

Parameters Leo et al.,, | Nordlund et | In vivo imple-
2013 [39] al., 2009 [129] | mentation

System Eppendorf tube | NR Alveolar lining

System vol. 4 ml NR 10 ml/kg
BW/[137]

ENM type Ag NP Silica NP Ag NP

ENM coating type Citrate(C) None Citrate(C), PVP

Coating mol. wt. 258 None 258 (C), 10000
(PVP)

Initial ENM dia. (nm) | 20 600 20, 110

ENM density (g/mL) | 10.49 2 10.49

ENM conc. (mg/L) 25 3000 NA*

Ionic strength (mM) 0.1 100 245 [113]

pH 3,5, 7 74 7.28 [113]

Initial ENM zeta po- | -18.2, -22.5,-32.5 | -25 [138] 325

tential (mV)

Dissolved O, | 8.96 8.96 8.96

(mg/L)**

Temperature 37°C 22°C 37°C

Adsorption probabil- | 0.004 0.001 0.004

ity, o

Steric Factor, s 2.35 1 235 (C), 10.6
(PVP)

*in vivo dosage was simulated as inhaled aerosolized ENM present in consumer products [28].

** Saturated O, conc. for solutions exposed to atmospheric pressure [103].
Values unless otherwise referenced, are from the original studies.
NR = Not Reported

Leo et al. [39] used citrate-coated silver NPs (AgNPs) in solution (with and with-
out DPPC) at varying values of pH and followed the change in particle size and
silver dissolution over a span of 7 days. Values of various ENM and media proper-
ties were appropriately selected to mimic the in vitro system used by Leo et al. [39],
and these are summarized in Table II1.4. Figure III.7 shows comparisons between
model predictions and in vitro measurements from Leo et al. [39] for mean diameter
of AgNPs in solution after 7 days of incubation in media of different pH, with and
without addition of DPPC. Mean diameter has been calculated considering the en-

tire particle population from in vitro measurements reported by Leo et al. [39] and
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taking the number-weighted mean of the particle diameters. The model captures the
phenomenon of increased agglomeration due to lower values of pH reasonably well.
The measurements of Leo et al. [39] also demonstrate decreased agglomeration due
to DPPC despite the lowering of surface zeta potentials due to lipid adsorption. This
has been attributed to the influence of steric factors. Accordingly, a steric factor has
been included in the estimation of repulsive interaction energies for coated ENMs
(Equation B.24). Appropriate modulation of values of the adsorption probability o
(Equation II1.22), and the steric factor, s (Equation B.24) allows the model results
to match the in vitro measurements. The final values of the estimated parameters
are summarized in Table II1.4. Figure II1.8 compares model predictions and in wvitro
measurements for dissolution of AgNPs in media with and without DPPC. The model
shows reduced dissolution when DPPC is added due to increased surface coverage of
the ENMs by DPPC molecules, which reduces the rate of silver oxidation and dis-
solution from the AgNP surface. Furthermore, the inhibitory effect of DPPC on Ag
dissolution increases with time, as AgNP surface coverage increases. It is also seen
that the effect due to lipid adsorption is much less than the effect of pH, most proba-
bly due to gravitational settling. AgNPs with large amounts of adsorbed DPPC have
a greater tendency to settle and are thus removed from the solution.

Nordlund et al. [129] used silica NPs (SiNPs) (without coating) to study lipid ad-
sorption from a solution of DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine). DOPC
has a similar zwitterionic polar headgroup as DPPC with oppositely charged amine
and phosphorus groups next to each other [136]. Interactions between DOPC molecules
and negatively charged SiNPs are expected to be similar to those between DPPC and
citrate-stabilized AgNPs. However, as reported by Leo et al. [39], the presence of
citrate groups might add to steric effects, which is absent in the case of SiNPs. In
fact, Nordlund et al. [129] reported that the SiNPs have an increased tendency to

agglomerate in the presence of DOPC, which suggests lesser steric effects than for
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Figure 111.9: Comparison of model predictions (red line) of fraction of NPs with adsorbed
lipids after 1 hour of incubation, with in vitro measurements (black squares) from Nordlund
et al.[129] for different values of surface area ratios of lipid vesicle to particle

NPs with coating. The ADSRM model was implemented for the in vitro system cor-
responding to the study with SiNPs, and with different values of lipid to NP ratios
as performed by Nordlund et al. [129]. However, in that study the SiNPs were incu-
bated with DOPC vesicles for 1 hour, accompanied by stirring. This would prevent
settling of particles and, accordingly, settling was not considered here. Appropriate
parameter values required for this implementation are summarized in Table I1I1.4.
In the study by Nordlund et al. [129], DOPC was mixed with fluorescin and the
associated fluorescence on the SiNPs due to adsorbed DOPC was measured by flow
cytometric analysis. Figure II1.9 compares model predictions of fraction of particles
with adsorbed DOPC and in vitro measurements from Nordlund et al. [129] for ten
values of A, /A, which represent the initial surface area ratios of vesicle to NP. Figure
II1.10 compares predicted average amount of DOPC adsobed on SiNPs in solution
with in vitro measurements of average fluorescence from Nordlund et al. [129]. The

results have been normalized by the value of mean fluorescence with no DOPC added
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Figure I11.10: Comparison of model predictions (red line) of times change in amount of
adsorbed lipids with adsorbed lipids after 1 hour of incubation, with in vitro measurements
(black squares) from Nordlund et al.[129] for different values of surface area ratios of lipid
vesicle to particle

to correct for fluorescence produced by SiNPs themselves. This model implementa-
tion has been carried out along with appropriate selection of values for adsorption
probability a (Equation 111.22), and the steric factor, ns (Equation B.24). ns has a
lower value than that in the earlier implementation due to the absence of coating
on the SiNPs. Figure II1.11 compares model predicted average diameter of SiNPs in
solution with measurements of fluorescence with increasing vesicle to particle surface
area ratios. Average diameter has been calculated by considering the entire particle
population from in vitro measurements reported by Nordlund et al. and taking the

number-weighted mean of the particle diameters.

111.9.2 In vivo implementation

The ADSRM system developed here is finally implemented for the human alveolar
lining layer, simulating ENM dosimetry after inhalation exposure. This formulation
specifically helps to estimate key kinetic parameters of ENM transformation and

transport in the alveolar lining, which can inform toxicodynamic models relevant to
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Figure I11.11: Comparison of model predictions (shown as stars) of average size of silica
NPs (initial mean diameter = 600 nm) after 1 hour of incubation with in vitro measure-
ments (shown as bars) from Nordlund et al.[129] for different values of surface area ratios
of lipid vesicle to particle

Table 111.5: Properties of silver ENMs used in the model implementations

NP Coating | Core Density Mol. Wt Coating Zeta Poten-
material | (g/cm?®) Mol.Wt tial (mV)
L20 Citrate | Ag 10.49 108 258 -39.2
N600 None Si0, 10.49 108 258 -39.2
C20 Citrate | Au 10.87 115.3 258 -44.3
P20 PVP Au 10.87 115.3 10000 -38.2
C110 Citrate | Au 10.49 108.04 | 258 -45.2
P110 PVP Au 10.49 108.04 | 40000 -31.6

Source: Properties for L20 from Leo et al., 2013 [39]; Properties for N600 from Nordlund et al.,
2009 [129]; Properties for C20, P20, C110, P110 from Wang et al., 2014 [43] and Mukherjee et al.,

2014 [42]

the human pulmonary system. The following modifications were incorporated in the

model to reflect conditions relevant to the in vivo system:

e ENM dose to the alveolar region is based on an inhalation dose for an adult

human.

e Airway dosimetry of ENMs based on alveolar deposition, is estimated by the

software MPPD [139].
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e Gravitational settling is replaced by surface-tension assisted transport of parti-

cles towards the cellular layer.

e Concentration of lipids and proteins are considered constant due to homeostasis

maintained by constant secretion from alveolar cells.

Table I11.6: Properties of the airway alveolar lining layer

Property Value Reference

BALF density 1.04 g/ml Shelley, 1975 [140] (study based on male
New Zealand rabbits)

Lipid conc. 328 pg/ml Shelley, 1975 [140] (study based on male
New Zealand rabbits)

Protein conc. 212 pg/ml Shelley, 1975 [140] (study based on male
New Zealand rabbits)

BALF vol. 10 ml/kg Meyer et al. [137] (study based on young
humans)

PL density 1.108 g/ml Woodka et al. [141] (based on DPPC)

Ionic strength 245 mM Song et al. [113] (study based on 6-8 week
CD1 mice)

pH 7.28 Song et al. [113] (study based on 6-8 week
CD1 mice)

Viscosity 8.79x10* Stroumpoulis et al. [127] (based on DMPC

kg/m-s solution)

Thickness 0.2 pm Bastacky et al. [142] (based on DMPC so-

lution)

BALF': Bronchoalveolar Lavage Fluid, PL: Phospholipid, DMPC: Dimyristoyl Phosphocholine

Various parameters of the airway and the alveolar lining layer are summarized in
Table II1.6. ENM dose is considered to be delivered by a single breath by an adult
human, breathing in an ENM cloud with a reference concentration of 0.14 mg/m?.
The reference concentration is obtained from Royce et al. [28], and is based on the
maximum concentration in the immediate breathing zone after spraying of a bathroom
cleaner containing silver ENMs in an indoor residential microenvironment. The mass
concentration is converted to number concentration based on the size distribution of
the ENMs used, and the ENMs are all considered to be monomers initially. Four
types of silver ENMs are used in this implementation to test the effect of ENM and

coating type, specifically 20 and 110 nm silver ENMs with citrate and PVP (Poly
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Vinyl Pyrrolidone) coatings. Wang et al. [43] used these four types of NPs to test
their dosimetry in cell culture plates. The ENMs are referred to as C20, C110, P20,
and P110 respectively and their properties are summarized in Table II1.5. Human
airway dosimetry modeling is performed using the MPPD software package [139],
which considers age-dependent changes in airway morphology to calculate particle
deposition based on particle size and density in different regions of the lung. The
entire population of ENMs reaching the alveolar region is divided by the known air-
exchange area of alveoli (70 m® [123]) in an adult human lung. Various parameters
of the mammalian alveolar lining layer are summarized in Table II[.6. The ADSRM
model is implemented through a constant number DSMC algorithm consisting of the

following steps:

e A constant number (N = 100) of ENMs is selected and the associated alveolar

area is calculated.

e Volume of the starting control volume (CV) is calculated based on a uniform

average thickness of the alveolar lining layer.
e The ENMs are initially all considered to be deposited at the top of the CV.

e ENMs are considered to be monomers as there is negligible chance for agglom-

eration in the airway before coming in contact with a surface.

e Diameters and all other internal coordinates of the ENMs in the CV are esti-

mated.

e Various modules of the model - agglomeration, transport, adsorption, desorp-

tion, and reaction are successively implemented as described in detail before.
e Time is advanced by At based on the slowest step among all processes.

e New CV is established based on the constant number N.
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e ENM and media property values are saved and the steps are run again from the

fifth step described above.

Table I11.7: Molecular properties of surfactant proteins present in alveolar surfactant

Protein | MW (kDa)* | Length | Dia. Density Conc. D (10
(om)* | (nm)* | (gfem’) | (ug/m)** | m? /sy
SP-A 32 20 20 1.41 132.5 0.093
SP-B 9 7.9 3 1.48 19.93 0.5474
SP-C 3.8 3.4 2 1.5 19.93 0.796
SP-D 42 92 92 14 39.64 0.0206

* From Lung Surfactants, Notter, 2000 [115]

+ From Fischer et al. [143]

** Based on percentage composition from Notter [115] and total protein conc. in pulmonary
alveolar fluid from Shelley, 1975 [140]

++ Diffusion coefficient estimated using Svedberg equation [144] (Details in Appendix B)

The model simulation stops when the concentration of ENMs in the alveolar lining
layer drops to 1% or less of its initial concentration. Since the transport of ENMs
through the alveolar lining layer is a relatively fast process, compared to the earlier
implementations for in vitro media, the model involves a relatively small number of
steps to complete. The bottom of the alveolar lining and the location of the alveolar
cellular surface is considered the bottom of the CV and where the ENMs settle. The
current model implementation predicts the state, number, and condition (adsorbed
surfactant lipids and proteins) of ENMs present at the bottom of the lining layer
after inhalation, which would ultimately affect their uptake by the alveolar cells and

macrophages.

Estimation of kinetic parameters

Implementation of the ADSRM model for an actual in vivo system allows one to test
the interplay of various parameters that have been estimated from in wvitro studies.
The results allow the estimation of average kinetic rate constants, which can then

be used for higher level (tissue and organism level) models. Figure I11.12 shows the
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Figure 111.12: ADSRM model simulation results of change in mean ENM diameter (times
initial mean diameter) for four different types of silver ENMs
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Figure 111.13: ADSRM model simulation results of fractional distance covered by ENMs
across the alveolar lining thickness (a value of one represents the bottom of the lining
layer at the cellular surface and a value of zero represents the top of the surfactant layer)



78

change in ENM diameter for the different types of ENMs considered, due to agglom-
eration. Larger ENMs (C110 and P110) seem to have a higher rate of agglomeration
than the smaller ENMs. This might be counter-intuitive since most studies [43] have
demonstrated smaller particles to have a higher tendency to agglomerate than larger
particles. However, such tissue-level studies compare particles based on identical mass
doses of different particles. Equal mass doses of larger and smaller particles would
result in significantly larger numbers of the smaller particles resulting in far higher
number concentration, which would enhance the number of probable collisions be-
tween the particles per unit time. On a per particle basis, a larger ENM would have
a higher van der Waals’ force of attraction than a smaller ENM, which explains the
observed higher rates of agglomeration for C110 and P110. Among ENMs of the same
size, PVP coated ENMs have a slightly lower rate of agglomeration due to increased
steric stabilization (quantified by the parameter 7y) by PVP molecules as compared
to citrate molecules. The results shown in Figure I11.12 are used to estimate an aver-
age rate of agglomeration as increase in diameter per time unit. However, the model
being stochastic, there are random variations in the results. The ADSRM model is
run 10 times for each ENM and various kinetic parameters are estimated for each
run. The means of the estimated values are summarized in Table II1.8. Due to ENM
transport across the alveolar lining being driven by surface tension, there is no dis-
cernible difference in the transport rates among the different types of ENMs. So the
average transport velocities for the different ENMs across the alveolar lining layer
(Table II1.8) are identical. Figure II1.14 shows fractional surface coverage of ENM
surface due to surfactant phospholipid (PL) adsorption. Smaller ENMs seem to be
coated with lipids faster, due to the fact that a single interaction between a vesicle
and a smaller ENM might completely cover the smaller ENM, while for a larger ENM
this might require multiple interactions. Table II1.8 shows the rates for PL adsorp-
tion which has been normalized by the surface area of the ENMs to cancel the effect

of size. PL adsorption rate has been quantified as amount of PL adsorbed per unit
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surface area per time and is estimated based on the fractional surface coverage and
considering a uniform PL bilayer of 4 nm on the ENMs. Comparison of the values
shows that P20 has a slightly lower value (even lower than P110) of adsorption rate
which might be due to higher number of coating molecules per unit surface area (Ta-
ble B.11 in Appendix B) on P20 than on P110. Figure III.15 shows the number of
protein molecules adsorbed per ENM. SP-B and SP-C have a higher prevalence due
to their close association with surfactant lipids. Also larger ENMs (C110 and P110)

have higher tendency to attract surfactant proteins due to larger available surface

area.

Table 111.8: Estimated parameter values for ENM kinetics in vivo
Parameter C20 C110 P20 P110
Agglomeration rate | 5.423x10° | 3.483x10° | 5.82x10° 3.986x10°
(nm/sec)

Transport rate (m/sec) 7.481x10° | 7.481x10° | 7.481x10° | 7.481x10°
Dissolution rate (per sec) 4.25x10™ | 6.375x10° | 5.525x10** | 9.52 x10™**
Phospholipid (PL) adsorp- | 1.053x107 | 1.304x107" | 9.06x10°® 1.166x 107
tion rate (ng/nm?/sec)

Surface active (SA) | 3.36x10* | 1.61x10™" | 3.233x10"® | 1.29x10™"

protein  adsorption rate

(nmol/nm?/sec)

Collectin  (C) adsorption | 2.66x10"® | 1.55x10" | 3.737x 107 | 8.472x10*
rate (nmol/nm?/sec)

.10 Summary

The work described in this chapter, presents the development of the ADSRM frame-
work and its extension to the pulmonary alveolar lining layer. Generally toxicokinetic
or toxicodynamic models for nanoparticles [145, 34, 146] approximate various physio-
logical compartments via well-mixed compartments and mechanisms by linear, first-
order kinetic rates. However, due to the size and unique properties of ENMs, their
interactions with various biochemical molecules and cells often cannot be described

by simple kinetic equations. This chapter describes a stochastic, DSMC algorithm to
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Figure 111.14: ADSRM model simulation results of mean fractional surface coverage of
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model interactions of ENMs with each other and with biological agents in the alveo-
lar lining layer, which forms a critical first line of defense against inhaled particulate
matter. The model considers agglomeration, transport, and reaction of ENMs as
treated in the earlier version of the model [42], but also considers surfactant lipid and
protein adsorption on ENMs. Surfactant adsorption has been identified as a critical
mechanism which regulates particle toxicodynamics and affect further uptake and
clearance of the ENMs. Surfactant proteins have multiple roles including promoting
surface activity (SP-B, SP-C) and inducing immune response (SP-A, SP-D). All four
protein types have been separately identified and their adsorption on the ENMs is
modeled here using the DSMC scheme. The model was first implemented for in vitro
systems in order to parameterize the extended formulation utilizing published data.
The model was subsequently applied to the human alveolar lining layer, considering
an inhalation dose of four types of ENMs, to investigate effects of size as well as
surface coating type.

In vivo toxicodynamics of nanoparticles consist of multiple interactions between
the particles themselves and also with cells and biochemical molecules. The model
described here considers the most important interactions and mechanisms relevant to
particle toxicodynamics in the alveolar lining layer. The model utilizes mechanistic
information available in the scientific literature and also relevant in wvitro studies to
simulate a phenomenon for which at present, there are no in vivo measurements. In
viwo characterization of particokinetics in the pulmonary regions is nearly impossible
due to the small size and time scales, which prevent an accurate and quantifiable
description. The model described here will be utilized, in later chapters, to inform

and improve tissue-scale pulmonary toxicodynamic models involving ENMs.
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Chapter IV

Tissue Scale Toxicodynamics

IV.1 Background

This chapter describes the development and evaluation of a tissue scale computational
model of the toxicodynamic response of the mammalian pulmonary system due to
silver nanoparticle (nAg) exposure. It has been pointed out earlier that surfactant
dysfunction leading to altered pulmonary mechanics is one of the toxicodynamic re-
sponses of particulate matter inhalation [147, 148]. The tissue scale model described
here utilizes nano scale information from the previous chapter and models multiple
processes in the pulmonary alveolar sub-system, including surfactant dynamics, cel-
lular processes, and surfactant regulation. The development is accomplished in two
stages. First a simpler version of the model is developed and implemented for mice
and model predictions compared to in vivo measurements of mouse lung lavage from
collaborators Dr. Andrew Gow and Danielle Botelho at the School of Pharmacy, Rut-
gers University. The model is subsequently improved by consideration of additional
biological mechanisms and the inclusion of nano scale particokinetic estimates from
the previous chapter. The model is then extended and implemented for Sprague-
Dawley and Brown-Norway rats followed by comparison of model predictions with in

vivo measurements of rat lung lavage from collaborators at the National Heart and
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Lung Institute of the Imperial College, London. The model is then extended to hu-
mans and model predictions are presented corresponding to nAg inhalation exposure
for adult humans.

This toxicodynamic model developed here considers the effects of nanoparticle
inhalation on various biochemical and biological agents in the lung. The entire alve-
olar system has been “separated” into functional modules and each module has been
separately analyzed. Figure IV.1 shows a schematic representation of the modular de-
composition of the functional modules and the interaction between various processes

and variables. Module I (shown separately in Figure IV.2) considers the binding of
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Figure IV.2: Detailed schematic of compartmental model for Modules | & IlI considering
surfactant binding with NPs and NP uptake by alveolar Type | and Type Il cells and
macrophages. (Figure reproduced from Mukherjee et al. [145] under Creative Commons
Attribution License)

surfactant to nanoparticles once they reach the alveolar surface, which results in sur-
factant depletion and affects lung function. Module II (Figure IV.3) considers the
balance of surfactant in the system considering surfactant secretion by cells, adsorp-
tion to the interface and surfactant recycling. Module III considers particle uptake

by type I and type II cells and macrophages lining the pulmonary alveolar wall.

IV.2 Model development

IV.2.1 Modeling surfactant kinetics - Module Il

The compartmental model developed here, along with the various tissue compart-
ments and cells involved in the model, are shown in Figure IV.3. Pulmonary sur-
factant is composed of 90% of phospholipids, and about 10% of lipoproteins [115].
The lipoproteins present in pulmonary surfactant are generally classified into 4 types:
surfactant proteins (SP) A, B, C, & D. SP-B and SP-C are lipophilic proteins which
are involved in modulating the surface-active function of pulmonary surfactant. They
have been represented in the model as surface-active proteins, SA. SP-A and SP-D are

associated with immune response of the pulmonary system to xenobiotics and have
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Figure IV.3: Detailed schematic of compartmental model for surfactant dynamics con-
sisting of surfactant components phospholipids (PL), surface-active lipoprotiens (SA),
and collectins (C). Physiological compartments considered are alveolar type Il cells (T2),
lamellar bodies (LB) within type Il cells, alveolar macrophages (Mph), alveolar fluid (AF),
alveolar air-liquid interface (Int), and surfactant loss to airways (Loss); (Figure reproduced
from Mukherjee et al. [145] under Creative Commons Attribution License)

been represented as collectins, C. Pulmonary function and response to inhaled par-
ticulate matter occurs as an interplay between these various components [114]. The
various steps involved in the processing of pulmonary surfactant in the mammalian

lung, can be summarized as:

e Secretion of surfactant components SA, C, and PL into lamellar bodies (LB)

within alveolar Type II cells [149, 114]
e Exocytosis of LB and release of surfactant into the alveolar fluid (AF)
e Processing of surfactant into tubular myelin

e Migration of tubular myelin from the AF to the alveolar air-liquid interface

(Int) [150]
e Formation of the surfactant layer at the interface
e Collapse of surfactant layer at the interface

e Recycling of surfactant components into type II cells
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Surfactant secretion

Surfactant components are secreted by alveolar type 11 cells (AT2) into lamellar bodies
(LB) [151]. The process of secretion of the surfactant components is considered to
occur in two steps - the secretion of the chemicals into LB and the exocytosis of
LB into the AF. There is considerable debate in published literature on the exact
secretory pathway of SP-A. Some researchers [152] have shown most SP-A to be
secreted constitutively independent of LB. However, Fisher et al. [153] have shown
that secretion of SP-A into LB precedes its secretion into the hypophase. But there
is increasing evidence that both pathways are involved in the secretion of SP-A [154].
So, both pathways have been considered to be valid for collectins. The lamellar
bodies are exocytosed from the type II cells and the secreted surfactant components
released. The rate of LB exocytosis has been estimated from Martini et al. [151] to
be 239 nmol/h/g lung. Surfactant components are also known to be recycled back
into the type II cell [155, 149]. In addition to these processes of removal of surfactant
components, macrophages ingest some surfactant and some amounts are lost via
the airways [149]. Macrophage uptake of surfactant components has been studied
by Gurel et al. [156] and the rate constants have been estimated from their work.
Pettenazzo et al. [157] and others have found airway loss of surfactant to be limited
to 3% over 24 hours. Accordingly, an appropriate fractional loss term is included
for loss of surfactant to the airways. Details of parameter estimation are included in

Appendix C.

Surfactant adsorption

The surfactant components in the alveolar fluid form concentrated film-like structures
called tubular myelin [149] which are then adsorbed onto the alveolar air-liquid inter-
face. These processes have been modeled by a single adsorption process, where the 3

surfactant components adsorb at different rates onto the alveolar surface lining. The
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rate of adsorption is influenced by surfactant concentration in the sub-phase (AF)
and also by the concentration in the pre-existing alveolar surface film [158]. Adsorp-
tion rate of PL, R,4p. is estimated as: Rygp. = CyKyq(Coey — C,), where, C, is the

bulk concentration of PL, C; is the surface concentration, and C.., is the equilibrium

seq
surface concentration estimated from the normal level of PL at the interface. The
adsorption rate constant is estimated using data from Walters et al. [158]. Protein
and lipid components of surfactant are separated during adsorption into the surface
layer [149]. Since they are part of the same tubular myelin when they get adsorbed
into the interface, the adsorption and depletion rates of SA and C are considered to
be identical to the adsorption rate of PL but the equilibrium concentrations, C.., for
each component would be different. The surface film also splits during the breathing

cycle and the surfactant components are returned to the hypophase [159], which is

modeled by a desorption term.

Regulation of surfactant dynamics

The various components of pulmonary surfactant do not function independently. The
surfactant proteins are involved in various functions in the regulation of secretion,
adsorption and recycling of phospholipids in the alveolar sub-phase [149]. SP-A binds
strongly to PL and promotes the formation of the tubular myelin and the interfacial
surfactant film [160, 115]. SP-B and SP-C promote adsorption of PL to the alveolar
surface and aid in surface tension reduction by helping spread the lipids [161]. SP-
A has also been found to inhibit the secretion of PL by Type II cells [155] and to
promote the recycling of PL back into Type II cells (Chapters 4 and 7 in [162]). The

regulation of these processes has been quantified using results from published studies.

Model equations

The mathematical model for Module II, considers the dynamics in the alveolar lining

fluid and involves five compartments, namely type II cells (AT2), lamellar bodies
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(LB), alveolar fluid (AF), alveolar air-liquid interface (Int), and a purely mathematical
compartment called ‘Loss’, which considers the net loss of surfactant from the system.
The module with its constituent compartments is schematically depicted in Figure
IV.3. The mass balance equations involving the five compartments are shown below.
M represents the amount of a particular species in pmol, and K stands for the rate
constant for a particular process in min'. The subscript ‘i’ represents the three

surfactant components considered - PL, SA, and C.

dM T2,i
d; - = RGen,i - (KSec,i + KDSec,i)'MATQ,i + KRe‘MAF7i (IVl)
dM, g,
d;B’ - KSec,i-MATz,i - KLB-MLB,i (IV?)
dMAF,i
dt = KLB'MLB,i + KDSec,i'MAT2,i + KDes'MInt,i - (KRe + KDeg)'MAF,i
- KAd,iMAFJ(MIeI?t’i - Mlnt,i) (IV3)
dMInt,i eq
dt = KAd,iMAF,i(MInt,i - Mlnt,i) - KDep'MInt,i - KAW,i‘MInt,i (IV-4)
dM 0S8, 1
d; - = KAW,i-MIm,i + KDeg'MAF,i - RGen,i (IV5)

Here Gen stands for generation, Sec for secretion, DSec for direct secretion, Re for
recycle, LB for exocytosis of lamellar bodies, Ad for adsorption, Des for desorption,
Deg for degradation, and AW for airway loss. Kpg.. is the rate constant for direct
constitutive secretion into the alveolar fluid, which is known to happen for collectins
[154] and does not exist for PL or SA. So K., is zero for PL and SA. There are a total

of 5 x 3 = 15 differential equations for the mass balance of surfactant components.

The regulatory kinetics of surfactant components on the various surfactant delivery
processes as described above are mathematically described in the equations below.
K° stands for the rate constant without the regulation effect, K stands for the rate

constant with regulation, and k! represents the regulatory rate constant of species
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j on process i. C represents the concentration of the particular component in the

alveolar fluid in pmol/ml.

Kuarr = Ko (14 kS .Coa + k.Co) (IV.6)
Koy =K',(1—k,.C.) (IV.7)
KiepL = K{;C’PL(l + k:gc.(}c) (IV.8)

Table IV.1: Steady-state values of PL, SA, & C in various compartments (in pmol/g lung)

Type II cell | Lamellar Body | Alveolar fluid { | Alveolar interface
PL 107 1.141 0.0818 1.46%
SA 0.175% 1.995x10 tt 0.0035 0.0301 ¢
C 1.7848 *x 6.8x10° 0.0146 0.0151 ¢

T Meyer et al. [137] (young humans)

I Martini et al. [151] (pigs)

o Possmayer et al. [163] (Bovine surfactant)

11 Oosterlaken-Dijksterhuis et al. [164] (rats)

x Considering identical proportion of SA with respect to PL as in LB
x+ Considering identical proportion of C with respect to PL as in AF

Parameter estimation

The estimation of the rate constants described in the above equations has been carried
out using results from published in vitro and in vivo studies. Physiological parameters
for mice were estimated from the literature and, wherever unavailable, were scaled
from other species using body weight (Table C.2 in Appendix C). The rate constants
whose values were explicitly estimated from the literature are summarized in Table
C.4in Appendix C. Only Ky.., Kp.,, and Ky were not readily available in the litera-
ture and were estimated based on a steady-state analysis. The pulmonary surfactant
sub-system maintains the levels of the various surfactant components steady at a
physiological level to maintain the functions of surfactant in the lung. The steady-
state values of various components in the physiological compartments are summarized

in Table IV.1. The steady state in AT2 is maintained explicitly in the mathematical
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model by considering the generation term as: Rg., = M3, ;

— Myrs;. The lamellar
body (LB) is a transient entity and is constantly forming and dividing and there
cannot be any biological steady state for it. So the steady state analysis considers
a steady state in the alveolar fluid (AF) and alveolar interface (Int). Accordingly
based on Equations IV.3 and IV.4, the steady state for PL and SA (Kpg.. = 0) can
be represented as:

KLB'MLB,i + KDes-MIm,i - (KRe + KDeg)-MAF,i - KAd,iMAF,i(Meq - Mlnt,i) =0 (IV.9)

Int,i

KAd,iMAF,i<Meq - Mlnt,i) - KDep'MInt,i - KAW,i'MInt,i =0 (IVlO)

Int,i

The two unknown parameters K., and K., are estimated for PL and SA using the
steady state equations IV.9 and IV.10. For C, the equation for alveolar fluid would
be different because of the direct secretion pathway of C. Equation IV.9 would be

modified as:

Kig - My i+ Kosee ;- M i+ Kpew Minei— (Kot Kpeg ) Map ;= Kaai Map (Mg, — M) = 0

(IV.11)
Kps.. is estimated from Equation IV.11 assuming the value of K., for C to be equal
to that of PL and SA and K., for C estimated from [156].

The parameter values estimated from the literature are based on in vivo studies
and hence implicitly include the regulatory effects. However, since the effects of
regulation are explicitly considered in the model, the process parameters K need to
be considered separate from the regulatory parameters k. The parameter values are
optimized using the fmincon subroutine in Matlab, using the literature values of K
and k as initial estimates. The final optimized parameter values (along with the

initial estimates) are summarized in Table C.5 in Appendix C.
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IV.2.2 Nanoparticle interaction with surfactant - Module |

Nanoparticles, like other xenobiotics, are arrested by the interfacial surfactant layer
after reaching the terminal airways and are coated by a layer of surfactant. Presence
of particles on the alveolar surface might cause surfactant dysfunction by two mech-
anisms: direct and indirect [115]. Inhaled NPs bind to a fraction of the surfactant
making it unavailable for adsorption and spreading on the alveolar interface and thus
limiting the capacity of the alveolar to reduce surface tension [122]. Besides the di-
rect interaction, presence of nanoparticles in the alveolar hypophase is liable to cause
increase in the production of collectins (SP-A, SP-D) to counter the xenobiotics at
the cost of the secretion of phospholipid (PL) or other surface-active (SA) proteins
(SP-B, SP-C). Increase in oxidative stress and lipid peroxidation leads to pulmonary
inflammation, which can change the surfactant composition drastically and cause sur-
factant dysfunction [123]. Pulmonary inflammation is in itself a complex process and
has been discussed later in this chapter. Module I, as well as Module III, are shown
schematically in Figure 2. The binding of phospholipids (PL) with NP is estimated
using results from [118]. The process is modeled using Michaelis-Menten kinetics
which depends on the surface area A of the particles and the available amount of

surfactant at the alveolar interface. The depletion of PL is given by:

dM,, V, A
- _ M, V.12
dt K,+A ™ (IV.12)

where M is the amount (in pmol/ml) of PL, and A denotes the surface area of
nanoparticles per ml of fluid (in m?/ml). The estimated Michaelis-Menten parameters
for the NP-surfactant binding are summarized in Table C.7 of Appendix C. The loss
in free PL due to binding to NPs also leads to loss in free surface area of the NPs.
The loss in area and loss in PL are related as: dmgp;, = (1000hp)dA, where h is the
thickness of surfactant coating formed on the surface of particles (estimated to be

4nm [122]), p is the density of surfactant (estimated to be 1040 mg/ml by Shelley
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et al. [140] = 1439.6 pmol/ml), and the factor of 1000 is included to account for the
conversion between ml/m* and nm. V, and K, are the Michaelis-Menten parameters
estimated using results from Kendall et al. [118]. The nanoparticle balance equations
in Module 1 calculate the number of NPs in different compartments, the number

bound to PL, and the number which is free of PL.

ANy, 1\ dA

dtl = (W d2) i Ep - Nine (IV.13)
AN ar 1 \dA
dN

thF = k- Ning (IV.15)

Here, N denotes the number density of NPs (in number per ml) in various com-
partments and Ng denotes the NPs coated with surfactant. The NPs coated with
surfactant are considered to be transported into the alveolar fluid (AF) instantly
because of the cyclical surfactant exchange during every breathing cycle, whereas a

fraction of the naked NPs are transported to the AF, the fraction given by kyp.

IV.2.3 Nanoparticle interaction with cells - Module 11l

NPs are taken up by alveolar cells via endocytosis or phagocytosis. This phenomenon
plays a critical role in estimating exposure and fate of NPs in the biological system
as the alveolar epithelial cells form the gateway to the circulatory system and hence
to the entire body. Lai et al. [165] showed that charcoal NPs are significantly taken
up by Type I cells, Type II cells, and macrophages. Cellular uptake of particles is
influenced by particle type, size and surface charge [83]. The process of cellular uptake
has been considered to be composed of two processes: delivery and adhesion of NPs
onto the cell and uptake of NPs by the cell via endocytosis or phagocytosis. Adhesion
of NPs onto cell surface is a function of particle size, surface zeta potential, and by

the type of cell. Adhesion probability, k; is modeled according to Su et al. [83] as:
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ke, = k:inone%, where, € is the tissue porosity for the particular cell type, d. is the
cell diameter, k. is a cell type dependent parameter, 7,,n., are the relative affinities
of particle adhesion to the cell due to their size and surface potential respectively.
Details of the estimation procedures have been included in Appendix A. Values of
porosity and cell diameter for the alveolar cells are summarized in Table IV.2. n, is
a function of NP diameter d, and the relation has been obtained for alveolar Mph
from Oberdorster et al. [38] and for other cells from Su et al. [83]. 7. is a function of
surface zeta potential of the NPs ( and the relation has been obtained for alveolar
Mph from Tabata and Ikada [95] and for AT1 and AT2 cells from Su et al. [83]
and Harush-Frenkel et al. [166]. Type I and Type II cells also differ intrinsically in
their particle uptake properties due to different distribution of cationic and anionic
binding sites on their surfaces [167]. Kemp et al. [168] compared particle uptake
in Type I and Type II cells for both positively and negatively charged particles.
The cell dependent parameter k, for AT1 and AT2 has been estimated using in vitro
results from Kemp et al. [168]. Original NPs and NPs bound to surfactant would have
different adhesion with cells. Ruge et al. [169] reported that the surface zeta potential
of NPs after binding with PL and SP-A is -39.2mV. Endocytosis and phagocytosis
processes are modeled by Michaelis-Menten kinetics. Michaelis-Menten parameters
for NP endocytosis by AT1 and AT2 were estimated from Chithrani et al. [170] where
endocytosis of gold NPs by HelLa cells is reported. NP phagocytosis rate parameters

were estimated from Beduneau et al. [171]. The uptake of NPs by cells is given by:

dN
% = _RATI - RAT2 - RMph (IV16)
V.N V.N
Where, RATl,ATQ = k’f’nm; RMph = kﬂmm (IVl?)
1—
and, k;; = ki( 2 NN, Where, n, = f(d,),n. = f(C) (IV.18)

ed,
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Table 1V.2: Parameter values for estimating cellular uptake for various alveolar cells [145]

Parameter AT1 cells AT2 cells Mph
Cell porosity, €* 0.04 0.97 0.99
Cell diameter, d, (um) TH** 10%* 11.2F

* Values estimated from Clegg et al. [172]
** From Chen et al. [173]
1 From Morgan and Talbot [174]

IV.2.4 Cellular immune response

One major aspect of cellular interactions with particulate matter is cellular immune
response due to the entry of the xenobiotic [175]. The inflammatory response system
in mammals consists of a series of cascading events facilitated by several types of
cells and protein mediators such as cytokines and chemokines [176]. The major types
of lung cells involved in the inflammatory response system are macrophages (Mph),
dendritic cells, alveolar epithelial type I and type I (AT1 and AT2) cells, and the var-
ious inflammatory cells such as poly mono-nuclear neutrophils (PMNs), lymphocytes,
eosinophils, etc. [177]. Xenobiotics can trigger cytokine and chemokine production
when in the local milieu and once inside the cell. On release, these chemical mediators
signal the influx of more macrophages and inflammatory cells into the lung from the
blood circulation, inducing further a cascade of events which comprise an inflamma-
tory response, leading to removal of the nanoparticles (NPs) due to phagocytosis and
endocytosis by the inflammatory cells [178]. Such a response is expected to restore
homeostasis after removal of the xenobiotic chemical and replenishment of the dead
cells. Under normal circumstances, an inflammatory response is tightly controlled by
release of both pro- and anti-inflammatory mediators [179]. However, in some cases,
the response might be unable to revert to homeostasis, leading to tissue sepsis [179].

In the early stage of inflammation, elimination of the xenobiotic (e.g. NPs) by
phagocytosis is the priority of the response system [180]. Macrophages (Mph) play a
major role in the phagocytic removal of NPs, after which they migrate to the lymph

glands through the lymphatic and blood circulation system, or may be transferred
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Figure IV.4: Cellular interaction, migration, and cytokine secretion of four cell types in the
pulmonary alveolar sub-system for a proposed in vivo toxicodynamic model - macrophages,
alveolar type | and type Il cells, and immune cells, including cell-cell regulatory and sig-
naling pathways. R1, R2, etc. are the basal kinetic rates of the various cellular processes;
Ri-j is the rate of regulation of process Ri by the cell or chemical in CID j. All process
and compartment IDs are listed on the right. [The diagram follows the standards of
the Systems Biology Graphical Notation (SBGN); see www.sbgn.org] (Reproduced from
Mukherjee et al. [44] under Creative Commons Attribution License)
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to the throat via the mucociliary clearance system and swallowed or expectorated.
NPs are also endocytosed by other cells of the alveolar region. Inside the cells, large
quantities of reactive intermediates (reactive oxygen and nitrogen) are produced in
the early stage to set up an appropriate response and neutralize the xenobiotics [181].
However, production of excess of reactive intermediates also triggers secondary mecha-
nisms which might lead to cellular apoptosis [178]. As mentioned earlier, the presence
of NPs signals the influx of more phagocytic cells to the alveolar region for removal of
NPs, partly involving release of cytokines and chemokines, which are produced by cells
such as Mph, immune cells (Imm), comprising neutrophils, and lymphocytes in vary-
ing amounts [182]. As inflammation progresses, there is an increase in the cell count
of the system due to influx of Mph and Imm and also an increase in concentration of
the chemical mediators. Inflammatory chemical mediators can be pro-inflammatory
or anti-inflammatory or both, depending on their concentration [183]. In essence, pro-
inflammatory mediators (such as TNF-« and IL-6) upregulate and anti-inflammatory
mediators (IL-10) downregulate the inflammatory response. In ideal cases, after the
NPs have been removed from the system, the anti-inflammatory response is expected
to help restore the system to homeostasis [183]. This is accompanied by removal of
apoptotic cells, reduction in concentrations of pro-inflammatory cytokines, and clear-
ance of immune cells from the tissue by migration or apoptosis [179]. Figure IV .4
summarizes the signaling effects mediated by the various alveolar cells in response
to xenobiotic exposure. Table IV.3 summarizes the important cell-NP interactions
and the cellular dynamic processes as described in a comprehensive mathematical
framework.

Alveolar macrophages play a critical role in phagocytosis and immune response
due to inhaled NPs [171]. Consequently, NP interaction with these cells is of crucial
importance. Module III of the overall toxicodynamic model which concerns NP-cell
interaction, has been improved by utilizing in vitro measurements from cultures of rat

alveolar macrophages (AMs) and human monocyte-derived macrophages (MDMs). A
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Table 1V.3: Equations constituting the mathematical framework for a proposed in vivo
cellular scale inflammatory pathway model

dNRMph

Resting macrophages: T = Rungrupn — Race

. . dNMiph
Active macrophages: = = Ruc. — Riimmpn — Raponpn

. an, _
Type I Cells % - RPro,ATl - RApo,ATl
. dN, _
Type 1T cells: % = Rpioat2 — Rapo.ar2
Immune cells: d]\g% = Ruigtmm — Ratimimm

NP uptake by Mph: ANNPMph Vaph NP

dt f,Mph - KMph"FNNP

NP uptake by AT1: dNneaT1 _ o VariNap

dt BATL Kar1+Nnp

NP uptake by AT2: dNneats _ o VaroNup

dt LAT2® Karo+Nnp

TNF-«a secretion: CW&% = Ronrmpn T Bone are + Ronr tmm

IL-6 secretion: dj\(/i[% = RILﬁ,Mph + RILG,ATl + RILG,AT2 + RIL6,Imm
IL-8 secretion: dM% = RILS,Mph + RILS,ATI + RILS,ATz + RILS,Imm
IL-10 secretion: d]\/il% = R1L10,Mph + R1L10,AT1 + RIL10,AT2 + RILIO,Imm

Chemokine secretion: —dj\/[d(;hl‘ = Renkmpn + Ronk am + Ronk are

. dNnp
NP balance: % = RNP,alv - RNP,Mph - RNP,ATI - RNP,ATQ — Rpjim

separate immune response model is developed and implemented for in vitro cultures
which is parameterized using in vitro measurements from collaborators (Drs. Stephan
Schwander and Srijata Sarkar, Rutgers School of Public Health and Drs. Teresa Tetley
and Andrew Thorley, Imperial College, London). Mathematical modeling of cellular
responses to xenobiotics requires estimation of a large number of parameters for the
particular cell types under consideration. In wvitro toxicological studies of the cellular

response to xenobiotics allow for a simplified system that excludes confounding factors
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Proliferation Apoptosis

v

Figure IV.5: Schematic representation of macrophage dynamics involving proliferation,
apoptosis, and cytokine secretion in vitro. [The diagram follows the standards of the
Systems Biology Graphical Notation (SBGN); see sbgn.org] (Reproduced from Mukherjee
et al. [44] under Creative Commons Attribution License)

introduced by other cells and processes involved in tissue dosimetry. Derivation of
parameters for such studies can be facilitated by modeling first the in wvitro case,
in conjunction with parameter optimization based on results of in vitro experiments.
This information can provide a foundation for subsequent in vivo modeling of cellular

responses in animal systems, which is beyond the scope of this thesis.

Immune response model for alveolar macrophages

Mathematical modeling of cellular dynamics has been accomplished mechanistically
utilizing systems of ordinary differential equations (ODEs)to simulate cellular pro-
cesses [184, 185]. The model developed here has been implemented for macrophages
comprising in vitro cultures. Figure IV.5 shows the effects considered in the model
for macrophages (Mph). The model considers macrophage proliferation and apop-

tosis and the production of four key cytokines in response to uptake of nAg from
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the culture media. For the in vitro model, the process is designed to start from the
initial number of cells used in each sample medium. The cell count is modulated due
to apoptosis and proliferation. Proliferation of cells is assumed not to be limited by
the presence of nutrients in the medium. These processes can be represented by the
equations below:

dN

d_t - Rpro - RApO, (IV19)

where, Rp,, is the rate of cellular proliferation, and R,,, is the rate of cellular apop-

tosis.

Cytokines TNF, IL-6, IL-1b, and IL-10 are considered to be secreted by the cell
in the in vitro culture at a basal rate R, and to degrade at a rate k,;. The production
of cytokines by cells is influenced by xenobiotics or cytokines present in the environ-
ment. The regulation is modeled using Hill-type kinetics. It is assumed here that the

regulation is uniform over each cell type.

dC.

% = Rl(l + freg,i) - kd,iCi7 (IV20>

frcg,i - H fi—j; (IV21)
i3

where f,; denotes the regulation effect of cytokine j on cytokine i. The regulation

effects are modeled via Hill-type equations as follows:

n

fi = —_; c , for upregulation (Iv.22)
Ty J.“
fo = %, for downregulation (IV.23)
x; :

-] J
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The power n controls the strength of the regulation effect.

In vitro cell model results

Further details of the model implementation including description of the in wvitro cell
cultures can be obtained in the corresponding published article (Mukherjee et al. [44]).
Cell viability was measured in vitro for human alveolar macrophages using MTS as-
says. Figure IV.6 shows comparisons between model predictions and measured values
for four doses of 20 and 110 nm citrate-coated nAg. There is good agreement be-
tween model predictions and measured values, except for the dose of 6.25 ug/ml of
110nm nAg for which the measurement shows an unusually high value but also a cor-
respondingly high error. Figure IV.7 shows a comparison between model predictions
and measured values for pro-inflammatory cytokine (IL-1b, TNF-«, IL-6) levels in the
cell culture medium. Cytokine mRNA levels were measured in cell culture medium
with human MDMs 4 hours after incubation with 20 and 50 nm citrate-coated nAg.
Model predictions and measured values seem to agree well for IL-1b and TNF-«, how-
ever the model seems to consistently underestimate the level of IL-6 cytokine. Figure
IV.8 shows the same comparison for the anti-inflammatory cytokine I.-10. Model
predictions agree well with measured values, except for the highest dose of 20nm
nAg, where the measured value shows a high degree of uncertainty. The estimated

final parameter values have been summarized in Table IV .4.

Table IV.4: Optimized values of parameters for MDM in vitro cultures (with reference for
initial estimate)

Proliferative index 0.23 [186]
Apoptotive index 0.11 [186]
TNF production rate* 2.671 x 10" nmol/min [182]
IL-6 production rate* 7.0962 x 10'° nmol/min [182]
IL-8 production rate* 4.34 x 10°® nmol /min [182]
IL-10 production rate* 9.458 x 10" nmol /min [187]

*Cytokine production rates represent the rate for 10° cells
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Figure IV.6: Comparison between model prediction and in vitro measurement for human
alveolar macrophage cell viability, 24 hours after incubation. Bars represent model pre-
dictions and squares and error bars represent in vitro measurements. (Figure reproduced
from Mukherjee et al. [44] under Creative Commons Attribution License)
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Figure IV.7: Comparison of model predictions and measured values of pro-inflammatory
cytokine levels in culture medium after 4 hours for human MDMs with different doses of
20nm (top) and 50nm (bottom) nAg in vitro. Bars represent model predictions and squares
and error bars represent in vitro measurements. (Figure reproduced from Mukherjee et al.
[44] under Creative Commons Attribution License)



nAg20

- N
- [$)] N a1
T T T T

Cytokine expression (times control)

0 !

1.5 15 375
Dose (ug)
nAg50

3,
©
=
C 25F
o
(&)
3
£ ?f
&
o 157
n
()
—
o
X 1L
()
()
£ ) ]
S 05t
S
o

0

15 15 375
Dose (ug)

103

Figure IV.8: Comparison of model predictions and measured values of anti-inflammatory
cytokine (IL-10) levels in culture medium after 4 hours for human MDMs with different
doses of 20nm (top) and 50nm (bottom) nAg in vitro. Bars represent model predictions
and squares and error bars represent in vitro measurements. (Figure reproduced from

Mukherjee et al. [44] under Creative Commons Attribution License)
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IV.2.5 Elimination of nanoparticles

Elimination of NPs from the alveolar region can involve 3 major routes [33]:

e Elimination of particles through the tracheobroncheal tree along with mucus

into the gastro-intestinal system

e Elimination of particles by macrophages via phagocytosis or translocation into

lymph nodes
e Diffusion of particles into blood circulation

Deposition of inhaled particles in the airway has been studied in multiple species.
Raabe et al. [72] studied fractional deposition of ultrafine particles in mice. The
results were extrapolated to get fractional deposition for 15 nm particles. Based on
the observations from Raabe et al. [72], 40.26% of inhaled particles of 15nm size can
be predicted to reach the alveoli. The fractions deposited in the trachea, bronchi
and alveoli were added to constitute the mass entering the pulmonary system during
intratracheal (IT) instillation, which is 52.18% of the IT dose. In the absence of exact
elimination fractions for each elimination pathway, the overall elimination estimated
by Takenaka et al. [33] after IT dosing of 4-10 nm silver ultrafine particles in rats
was used. Using the value of 52.18% of an IT dose reaching the alveoli, and the
overall daily elimination estimated by Takenaka et al., the elimination rate, K, can

be estimated to be 3.511 x 10 per min.

IV.3 Results of toxicodynamic model implementation in mice

IV.3.1 Surfactant components

The model described before was executed with a time-span of 1, 3, & 7 days after
dosing of nanoparticles to simulate the condition of mice which were subjected to

forced oscillation 1, 3, & 7 days after nanoparticle instillation. Figure IV.9 shows the
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total phospholipid (PL) levels over 1, 3, & 7 days and the kinetics of total PL over
7 days in mice (red for nAg and black for carbon black). The model simulation was
initiated at a time-point corresponding to 10 days prior to dosing of nanoparticles, to
allow the systems to reach steady state. So the 1, 3, & 7 days are depicted as 11, 13,
& 17 days respectively. Total PL refers to free PL on the alveolar interface as well
as PL bound to nanoparticles and inside lamellar bodies. Despite binding to NPs
and decrease in available free PL on the alveolar interface, the amount of total PL
increases due to the presence of nanoparticles. The model captures the increase in
PL adequately. However, the clearance of PL bound to NPs from the alveolar region
due to the phagocytic clearance of NPs and the return of PL levels to homeostatic
levels is not captured adequately by the model. This will require a coupling of the
cellular modules of the model to simulate macrophage mediated particle clearance
from the alveolar space. More detailed results have been included in the publication

- Mukherjee et al., PLOS One, 2013 [145].

IV.3.2 Cellular interactions

Figure IV.10(a) shows the kinetics of nAg in the alveolar fluid over 24 hours. The NP
dose is assumed to be given at 10 days at which time the model reaches steady-state
with respect to the surfactant levels. Accordingly, the figure shows the kinetics from
10 to 17 days for 2 different doses (1 pg/ml and 10 pg/ml). The smaller dose shows a
much faster clearance through the alveolar region than the higher dose. Figure IV.10
(b-d) shows NP uptake per cell of every type where macrophages dominate because
on a per cell basis, macrophages are more efficient in the uptake of NPs than Type I

or Type II cells.
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Figure IV.9: Comparison of predicted and measured values of total PL in mouse BALF 1,
3, and 7 days post-instillation of 10ug of nAg and CB. (in top figure bars represent model
predictions and squares with error bars represent measured values. In the bottom graph
the lines represent model predictions and the squares with error bars represent measured
values - nAg shown in red and CB in black) (Figure reproduced from Mukherjee et al.,
2013 [145] under Creative Commons Attribution License)

IV.4 Extension and cross-species extrapolation

The alveolar toxicodynamic model developed in modular fashion in the previous sec-
tions has been implemented in mice. Model predictions were compared with in vivo
measurements from mouse lung lavage post dosing with nAg and CB via intratracheal

instillation. However, the model still has the following shortcomings:

e Model results are apparently not sensitive to NP type, as seen in Figure IV.9.

e The model has been implemented for intratracheal instillation dosage in mice,

whereas realistic particulate matter exposure takes place via inhalation.
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Figure 1V.10: Model predictions for kinetics of nAg and CB in the alveolar region; (a)
NP kinetics in the alveolar fluid post dosing; (b-d) NP uptake by various alveolar cells
representing uptake per each type of cell (Figure reproduced from Mukherjee et al., 2013
[145] under Creative Commons Attribution License)

e Model needs to be extrapolated to humans for it to be utilized as a risk assess-

ment tool for inhalation exposure to ENMs.

e The toxicodynamic endpoints obtained from the model should ideally be related

to one or more observable endpoints at the organism level.

The first three concerns will be addressed in this section, while the last one will
be addressed in the next chapter. In this section, the toxicodynamic model developed
before will be extended and extrapolated to rats and then to humans. To achieve

these objectives, the following steps were taken:
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pulmonary dosimetry module

namic processes with additional

e Addition of a pulmonary dosimetry module to the three existing modules based

on respiratory dosimetry assessed in Chapter II (shown in Figure IV.11)

e Incorporation of nano scale particokinetic estimates obtained from the ADSRM

implementation as described in Chapter 111

e Consideration of additional mechanisms such as digestion of adsorbed PL inside

alveolar cells by intracellular phospholipases and dissolution of NPs in both

intracellular and extracellular media
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IV.4.1 Inhalation vs instillation

Inhalation (IH) exposure is realized in the laboratory using a nose-breathing appara-
tus, where the subject is allowed to breathe an aerosolized formulation. Intratracheal
(IT) instillation on the other hand is done by injecting a liquid solution of the NPs (in
water, saline or in commercial surfactant) via a syringe into the trachea of the subject
[188, 189]. For both of these exposure routes, pulmonary dosimetry needs to be con-
sidered in detail. To address this issue a pulmonary dosimetry module was added to
the five existing modules (shown earlier in Figure IV.1) of the toxicodynamic model.
Pulmonary dosimetry was discussed in detail in Chapter II. Oberdorster et al. [188]
showed that airway clearance (or short-term clearance) of particles shows almost no
difference between nose inhalation and intratracheal instillation. However, it was also
observed from their studies that intratracheal instillation produces a comparatively
larger alveolar dose, and that the alveolar clearance (or long-term clearance) is slower
than that for inhalation exposures. An IT dose is more conducive for toxicological
studies because it allows one to study alveolar toxic responses with a comparatively
smaller dose and with lesser amount of particles lost to mucal clearance. Model
implementations simulating I'T doses are also important in order to mechanistically
model key alveolar toxicodynamic processes in a simpler framework without having
to consider airway dosimetry or breathing rates of the subject. From the point of
view of the modeling framework, IT dose was implemented in the model to match
the conditions of the experiment. However, in this section IH dose is also being im-
plemented for extension of the model ultimately to humans for which TH dosimetry

is essential.

Airway Module

Pulmonary dosimetry for mice can be assessed using results by Raabe et al. [72]

and Mendez et al. [68]. Airway dosimetry for rats and humans has been assessed
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using MPPD [71]. Further details of the dosimetry calculations have been included in
Chapter II, as it falls under estimation of organism level particle distribution. Table
IV.5 summarizes the average percentage deposition for 10-50 nm NPs for different
species. It can be seen that for larger species, the effective alveolar dose from the same
number dose of NPs is lesser than that in mice. This produces an additional defensive
mechanism in larger animals from inhalation exposure to ultrafine particulate matter.
The percentage deposition values summarized in Table IV.5 are used to estimate the

appropriate alveolar dose for an I'T or an IH dose in any species.

Table IV.5: Percentage deposition for ultrafine particles (10-50 nm diameter) in different
species

Pulmonary section Mouse [72] Rat [71] Human [71]
Pharynx 9.08 16.4 11.19
Trachea 0.68 4.72 3.03
Bronchi 19.91 20.5 13.17
Alveoli 64.58 31.82 35.33

IV.4.2 Nanoscale particokinetics

The earlier version of the toxicodynamic model consisted of most of the NP-specific
parameters to be estimated from various literature sources. In many instances, appro-
priate parameters were not available for nAg and parameters specific to other types of
NPs were used. However, due to their small size and high surface-volume ratio, nano
scale properties such as diameter, surface zeta potential, coating chemistry can have
significant effects on the ultimate toxicodynamics [43, 40, 190]. NP-specific nano scale
particokinetic parameters were estimated using the ADSRM framework as described
in Chapter III. These parameter values were appropriately used in the extended and

improved toxicodynamic model.
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IV.4.3 Intracellular digestion

NP removal from the alveolar regions has been considered only in the case of phago-
cytic removal. However, NPs also suffer digestion and dissolution inside cells. Subse-
quent to endocytosis and phagocytosis, NPs are localized inside lysosomal fluid within
cytoplasmic vacuoles [191]. It has been shown that the process of lysosomal digestion
consists of two distinct steps: digestion of the adsorbed phospholipid on the NP and
then the digestion of the NP. Consideration of both distinct steps in necessary for
modeling immune response due to NPs [191]. Kinetic data for the process has been
provided in Wallace et al. [192]. An exponential model was fit to the kinetic data of
fraction DPPC remaining on the NPs with time, which results in a linear ordinary

differential equation as follows:

dfer,
dt

- _kPLase’fPL7 (IV24)

where kpp... is the rate constant for PL digestion due to phospholipases, and fp,,
is the fraction of adsorbed PL remaining on the NPs. Subsequent to digestion of
the adsorbed PL, the NP suffers dissolution leading to release of Ag ions within
the cell. Rate of dissolution has been modeled using the rate constants estimated
in Chapter III for the different types of NPs. It was shown in Chapter III that
dissolution is significantly influenced by the pH of the media. It is also known that
extracellular media has a pH of 7 while lysosomal media is more acidic and has a pH
of 5 [39]. Accordingly, intracellular and extracellular dissolution rates were separately

estimated in Chapter III corresponding to pH of 5 and 7 respectively.

IV.5 Results of toxicodynamic model in multiple species

The toxicodynamic model for silver nanoparticles was implemented for C57BL/6J

mice, Sprague-Dawley (SD) rats, Brown-Norway (BN) rats, and also in humans. The
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appropriate biological parameters are summarized in Table IV.6. Both instillation and
inhalation doses were implemented as described in Section IV.4.1 using appropriate
models of pulmonary airway dosimetry. The toxicodynamic model is run for 14
days prior to NP dosage to allow the surfactant components to reach their biological
homeostatic value. Actual values of the NP dose are summarized in Table IV.7. The
instillation dose amounts in mice and rats were selected based on the animal in vivo
study conducted by collaborators from which measurements were used to compare
with model prediction. Two different inhalation doses were implemented in rats:
a low dose (LD) comprising a single 3 hour inhalation dose and a high dose (HD)
comprising four 3 hour doses on four consecutive days. The corresponding exposure

concentrations and breathing rates are summarized in Table IV.7.

Table 1V.6: Physiological parameters across species for pulmonary toxicodynamic model
implementation

Parameter Mouse Rat Human
Body weight (BW) (g) 140 [193] 303;200% 700007
Lung volume (ml/kg BW) 10 [194] 29.2 [195] 12.91 [196]
Lung mass (g/kg BW) 3.07 [193] 11.3 [197] 12 [198]
No. of AT1 (per g lung) 1.32x107F 4.43x10° [199] | 1.55 x107 [200]

No. of AT2 (per g lung)

9.13x 107 [156]

3.07x 107 [195]

2.98x 107 [200]

No. of Mph (per animal) 1.66x10° [201] | 1x107 [202] | 2.6x10" [200]
Alveolar thickness (pm) 0.2 0.2 0.2
Alveolar  surface  area 273 [203] 377.36 [195] 774 [204]
(cm?/ml)

* Based on average body weights of Sprague-Dawley and Brown-Norway rats used for in wvivo
measurements

** Based on adult male human

1 Scaled from the rat using body weight and the relative number of AT2 cells in the two species

IV.5.1 Model predictions in mice and rats

Subsequent to alveolar deposition, NPs are immersed in the alveolar fluid (AF) during
which they get coated with surfactant phospholipids (PL). Surfactant proteins (SP)
also get adsorbed on to the NPs. NPs also get taken up by alveolar cells and are

also removed by dissolution into Ag ions. Figure IV.12 compares predictions for time
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Table IV.7: Summary of NP doses for instillation and inhalation studies in different species

Mouse BN Rat SD rat Human
Exposure conc. | 0.092 (LD), | 0.791 (LD), | 0.801 (LD), | 0.65 (LD),
(png/L) 0.077 (HD) | 0.617 (HD) | 0.67 (HD) 0.544 (HD)
Exposure  duration | 180  (LD), [ 180  (LD), | 180  (LD), | 180  (LD),
(min) 720% (HD) | 720% (HD) | 720* (HD) | 720* (HD)
Breathing rate | 0.06 0.06 0.06 20
(L/min)
Cumulative dose | - 25.9 (LD), | 25.58 (LD), | -
(ug/m?/day) 21.66 (HD) | 19.95 (HD)
Instillation dose | 0.05 0.1 0.1 -
(1g/g BW)

* 3 hours of exposure each day for four consecutive days
Exposure concentrations for mice and human were estimated based on an equal cumulative dose per

unit alveolar surface area as for rats

NP in alveolar fluid in mice NP in alveolar fluid in BN rats NP in alveolar fluid in SD rats
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2
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Z 0.1
0005
(] 5 1 15 (] 05 1 15 (] 05
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(a) Mouse (b) BN rat (c) SD rat

C20, PL-coated C20, — C110, - - PL-coated C110, — P20, - - PL-coated P20,
— P110, - - PL-coated P110

Figure IV.12: Model predictions of time dynamics of NPs and PL-coated NPs in the
alveolar fluid in three different species.

dynamics of the number fraction of dosed NPs in the alveolar fluid of the animals.
It can be observed that bigger NPs (C110, P110) have a longer residence time in
the alveolar fluid, while smaller particles are removed much faster probably due to a
combination of dissolution and uptake. An interesting observation is that surfactant-
coated NPs are produced in larger numbers in rats than in mice, where uncoated
NPs are much higher. This phenomenon is most probably due to the fact that the
mouse being a much smaller animal, has a lower capacity of surfactant production
and hence suffers an early deficiency in surfactant amounts due to the NP dose. This

fact is also supported by other results shown later. Figures IV.13 - IV.15 show NP
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uptake by various alveolar cells in the three animals. The NP number shown in the
figures have been normalized by the total number of cells of that type in the animal.
It can be seen that on a per cell basis, Type I cells take up more NPs than Type
IT cells. This is because of the higher surface area presented by Type I cells in the
alveolar sub-phase than Type II cells which are present only intermittently at the
alveolar air-exchange surface. Alveolar macrophages take up much more NPs (about
2-3 orders higher) than the other cell types, which is an expected observation and is

due to their higher rate of phagocytosis.

NP uptake by AT1 cells in mice NP uptake by AT1 cells in BN rats NP uptake by AT1 cells in SD rats

4 6 4 6 4 6
Time (days) Time (days) Time (days)

(a) Mouse (b) BN rat (c) SD rat

C20, PL-coated C20, — C110, - - PL-coated C110, — P20, - - PL-coated P20,
— P110, - - PL-coated P110

Figure 1V.13: Model predictions of uptake of NPs and PL-coated NPs by alveolar Type |
cells in three different species

NP uptake by AT2 cells in mice NP uptake by AT2 cells in BN rats NP uptake by AT2 cells in SD rats
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C20, PL-coated C20, — C110, - - PL-coated C110, — P20, - - PL-coated P20,
— P110, - - PL-coated P110

Figure IV.14: Model predictions of uptake of NPs and PL-coated NPs by alveolar Type Il
cells in three different species

Figure IV.16 compares free PL. amounts in the alveolar fluid in the three species.
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NP uptake by Mph cells in mice NP uptake by Mph cells in BN rats NP uptake by Mph cells in SD rats
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Figure 1V.15: Model predictions of uptake of NPs and PL-coated NPs by alveolar
macrophages in three different species

It can be observed that mice suffer the biggest loss of free PL due to NP dosage
compared to rats. The loss in PL also takes longer to be alleviated to normal levels
in mice. It is also observed that smaller NPs (C20, P20) have a much larger effect on
free surfactants. This might be due to the fact that the same mass dose has a larger
number of smaller NPs than bigger NPs and the larger number causes greater binding
of PLs. The effect of a single instillation dose seems to be alleviated by 3-4 days in
mice, while it only takes about 2 days in rats. Figure [V.17 shows the time dynamics
of surfactant proteins (SA & C) in the alveolar fluid post NP instillation. Surface-
active proteins (SA) which comprise SP-B and SP-C are significantly lowered due to
adsorption to NPs. They are also lowered due to negative surfactant regulation. As
described in Section IV.2.1, collectins are known to be upregulated due to presence
of xenobiotics in the alveolar fluid and they in turn inhibit PL. and SA formation by
reducing exocytosis of lamellar bodies and also increasing PL recycle. This can be
observed in Figure IV.17 which shows a decrease in SA accompanied by an increase
in C, both of which go back to normal levels in about 3-4 days. Mice are seen to be
more susceptible to these changes than rats. The SA:C ratio which is often used as a
alveolar biomarker for immune response is shown in Figure IV.18. Smaller NPs are

found to cause more significant changes in the SA:C ratio than larger NPs.
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Figure IV.16: Model predictions of free phospholipid in the alveolar fluid of three different
species after instillation dose of four types of NPs.
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Figure IV.17: Model predictions of surfactant proteins in the alveolar fluid of three different
species after instillation dose of four types of NPs.

Figures IV.19-1V.21 show comparisons for ratios of bound to free surfactant com-
ponents. Smaller NPs lead to an instantaneous increase in the ratio for both PL
and SA. However, for collectins (Figure IV.21), the ratio first suffers a small decrease
before going back up. The initial decrease is due to increase in direct secretion of free
collectins due to the presence of xenobiotics in the alveolar fluid.

Figure IV.22 shows comparisons for ionic concentrations of Ag in the alveolar fluid
due to dissolution of NPs. The ionic concentration increases and rapidly reaches a
steady value due to removal of NPs from the alveolar fluid. Mice are found to have
a higher concentration of ionic Ag in the alveolar fluid due to the smaller volume
of tissue fluid. An interesting observation in these results is that size and coating

chemistry appear to have opposite effects on dissolution. Among citrate-coated NPs
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Figure IV.18: Model predictions of SA:C ratio in the alveolar fluid of three different species
after instillation dose of four types of NPs.
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Figure 1V.19: Model predictions of ratio of bound to free phospholipids in the alveolar
fluid of three different species after instillation dose of four types of NPs.

(C20, C110), larger NPs have a higer rate of dissolution because larger NPs have a
larger residence time in the alveolar fluid (Figure IV.12). However, between NPs of
the same size (C20, P20), citrate-coated NPs have a higher rate of dissolution due
to the citrate-coating which is oxidized relatively easily, whereas PVP coating offers

better stabilization.

IV.5.2 Model predictions for inhalation dosage in rodents

Inhalation dosage allows one to assess more realistic exposure scenarios. From the
point of view of pulmonary toxicodynamics, an inhalation dose produces a more
sustained effect than a single instillation dose. Results are presented for low dose

(LD) and high dose (HD) scenarios. LD comprises a single 3 hour period of continuous
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Figure 1V.20: Model predictions of ratio of bound to free surface-active proteins in the
alveolar fluid of three different species after instillation dose of four types of NPs.

Ratio of bound to free C in alveolar fluid in mice Ratio of bound to free C in alveolar fluid in BN rats Ratio of bound to free C in alveolar fluid in SD rats

c20 c20 c20
——C110 ——C110 —C110
—P20 —P20 16| —P20
—P110 —P110 —P110

va e e

0.4/ 04 0.4
(] 1 0 2 3
Time (days)

[
>
[
o

,4

N
=
Iy

s
Y
IS
Y
"
N

C bound/C free
C bound/C free
C bound/C free

,A

o
o

e
o

o
Py

2 3 2 3
Time (days) Time (days)

(a) Mouse (b) BN rat (c) SD rat

Figure IV.21: Model predictions of ratio of bound to free collectins in the alveolar fluid of
three different species after instillation dose of four types of NPs.

inhalation exposure at a certain constant concentration. HD comprises periods of 3
hour exposures over four consecutive days at a certain concentration. The details of
the doses, concentrations, and breathing rates are summarized in Table IV.7. Figure
IV.23 compares the presence of NPs and PL-coated NPs (SfNPs) in the alveolar
fluid of mice, BN rats, and SD rats. Mice show a comparatively slower rate of NP
clearance than the rats. Also, the presence of PL-coated NPs is negligible which is
due to absence of free PL as seen in later figures. Between BN and SD rats, SD rats
show faster clearance of NPs but not SfNPs which are produced in larger numbers in
SD rats due to more available free PL.

Figures IV.24 - IV.26 show the uptake of NPs and SfNPs by various alveolar cells

lining the alveolar region. Alveolar macrophages show comparatively more prolific
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Figure IV.22: Model predictions of Ag ion concentration in the alveolar fluid of three
different species after instillation dose of four types of NPs.

uptake for mice as compared to other alveolar cells. This phenomenon was also
observed for instillation doses. Figure IV.27 compares time dynamics of surfactant
components - PL, SA, and C for both dosage scenarios in 3 different species. The
results show depletion in free PL and free SA while the amounts of C are increased
over control values. This also results in an decrease in the SA:C ratio, which is a key

biomarker for immune response.
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Figure IV.23: Model predictions of time dynamics of NPs and PL-coated NPs in the alve-
olar fluid in three different species for two different dosage scenarios - low dose (LD) (top
panel), and high dose (HD) (bottom panel).(Details of the dosage scenarios summarized
in Table IV.7



121

NP uptake by Type I cells in mice for LD NP uptake by Type | cells in BN rats for LD

NP uptake by Type | cells in SD rats for LD

10 10 10°
10° 10°
5 4 8 g
g & &
S o s =
g g g
s 5 s
§ ] § i § v
10 £10 210
g 8 8
¢ g g
o o o
S 0 210 210"
— —a
- - -sinp § - - -sip - - -siNP
107! 107 107

4 5 0 2 8 10

4 6
Time (days)

(a) Mouse (LD) (b) BN rat (LD) (c) SD rat (LD)

NP uptake by Type I cells in mice for HD ~ NP uptake by Type I cells in BN rats for HD NP uptake by Type | cells in SD rats for HD

\',

4 6 2 3
Time (days) Time (days)

NP no. fraction of dose (per cell)
NP no. fraction of dose (per cell)
NP no. fraction of dose (per cell)

p—— —w —v
- - -sinp - - - sinp - - -sip
107 107 107

8 10 0 2 8 10 0 2 8 10

4 6 4 6 4 6
Time (days) Time (days) Time (days)

(d) Mouse (HD) (e) BN rat (HD) (f) SD rat (HD)

Figure IV.24: Model predictions of time dynamics of uptake of NPs and PL-coated NPs by
alveolar Type I cells in three different species for two different dosage scenarios - low dose

(LD) (top panel), and high dose (HD) (bottom panel).(Details of the dosage scenarios
summarized in Table 1V.7)
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Figure IV.25: Model predictions of time dynamics of uptake of NPs and PL-coated NPs by
alveolar Type Il cells in three different species for two different dosage scenarios - low dose
(LD) (top panel), and high dose (HD) (bottom panel).(Details of the dosage scenarios

summarized in Table 1V.7)



NP uptake by macrophages in mice for LD

10° f\

10 _

NP no. fraction of dose (per cell)

—NP
Ll - - -SiNP

4 6
Time (days)

(a) Mouse (LD)

NP uptake by macrophages in mice for HD

NP no. fraction of dose (per cell)
AN

NP no. fraction of dose (per cell)

—NP
L - - -SiNP

4 6
Time (days)

(d) Mouse (HD)

NP no. fraction of dose (per cell)

8 10

NP uptake by macrophages in BN rats for LD

123

NP uptake by macrophages in SD rats for LD

—NP
" - - -SfNP

—

NP no. fraction of dose (per cell)

4 6 8
Time (days)

(b) BN rat (LD)

NP uptake by macrophages in BN rats for HD

—NP
- - -SiNP

10

4 6 8 10
Time (days)

(c) SD rat (LD)

NP uptake by macrophages in SD rats for HD

NP no. fraction of dose (per cell)

4 6
Time (days)

(e) BN rat (HD)

4 6
Time (days)

(f) SD rat (HD)

Figure 1V.26: Model predictions of time dynamics of uptake of NPs and PL-coated NPs
by alveolar macrophages in three different species for two different dosage scenarios -

low dose (LD) (top panel), and high dose (HD) (bottom panel).(Details of the dosage
scenarios summarized in Table IV.7)
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Figure IV.27: Model predictions of time dynamics of surfactant PL, SA, and C in three
different species for two different dosage scenarios - low dose (LD) (top panel), and high
dose (HD) (bottom panel).(Details of the dosage scenarios summarized in Table 1V.7)
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IV.5.3 Model predictions for human

The pulmonary toxicodynamic model for NPs was implemented for an adult human
(21 years old, 70 kg body weight) using appropriate physiological parameters from
the NHANES database [196]. Physiological parameters of the respiratory system
were obtained from literature and are summarized in Table IV.6. Human exposure
dose was estimated by scaling the inhalation dose in rats to humans using identical
NP number per unit alveolar surface area. This method of scaling doses to compare
alveolar toxicity has been employed by Wang et al. [43]. Airway dosimetry for humans
has been estimated by the MPPD software [71] as described in detail in Chapter
II. Comparative airway dosimetry estimates of other species including human are
also summarized in Table IV.7. The dose scaling by the method of Wang et al.
[43], however, does not take into account the differences in airway dosimetry between
species. This results in a comparatively smaller delivered dose to the alveoli in human.
Figure IV.28 shows the time dynamics of the NPs (both uncoated and PL-coated)
in the alveolar fluid for both low-dose (LD) and high-dose (HD) scenarios. The NPs
are removed from the AF much more rapidly as compared to rodents and are almost
gone in a few hours after exposure.

Figure IV.29 compares model predictions of NP uptake by the different alveolar
cells for single dose (LD) and multiple doses (HD). Unlike in rodents, where alveolar
macrophages show the highest uptake of NPs, in human, alveolar type I cells show a
predicted higher uptake than either Type II cells or macrophages. This might be due
to the comparatively higher number of macrophages per unit body weight in smaller
animals.

Figure IV.30 compares time dynamics of phospholipids (PL), surface-active pro-
teins (SA), and collectins (C) in human alveolar fluid post inhalation exposure. The
top panel (Figure IV.30(a) and IV.30(b)) shows plots of the individual components

(times change over values before dosage), while the bottom panel (Figure IV.30(c)



NP in alveolar fluid in human for LD

0.012

0.01F

o

o

=}

>3}
T

0.006

NP no. fraction of dose

—NP
- - -sfNP

6 12
Time (hr.)

(a) Low dose

NP in alveolar fluid in human for HD

0.012

0.01

I
o
S
o

0.006 -

NP no. fraction of dose
o
o
o
»

0.002

—NP
---- SfNP

e
SR |

0.5

I S ——
[ S —
)

@l
]
IS

1.5 25
Time (day)

(c) Low dose

126

NP in alveolar fluid in human for HD

0.012

0.01f

o
=3
=1
®

0.006

o
=3
S
=

NP no. fraction of dose

—NP
- - -sfNP

10 12
Time (hr.)

(b) High dose

NP in alveolar fluid in human for HD

0.012

0.01

o
o
=3
®

NP no. fraction of dose

0.002

0.006 -

o

=}

S

&
T

S—— |

R

[

Ll Bttt

0.5 1 1.5 25 35 4

w

Time (day)

(d) High dose

Figure IV.28: Model predictions of SparkAg NPs and surfactant-coated NPs in human
alveolar fluid after inhalation exposure; LD represents 3 hour inhalation exposure while HD
represents four consecutive exposures over four days; Top panel shows the time dynamics
after the first exposure and bottom panel shows the dynamics over a longer span of time.

and IV.30(c)) presents comparisons for the ratio of SA to C for the two doses.
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NP uptake by AT1 cells in human for HD
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Figure 1V.29: Model predictions of SparkAg NPs and surfactant-coated NPs in human
alveolar cells after inhalation exposure; LD represents 3 hour inhalation exposure while
HD represents four consecutive exposures over four days
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Figure IV.30: Model predictions of PL, SA, and C in human alveolar fluid after inhalation
exposure; LD represents 3 hour inhalation exposure while HD represents four consecutive
exposures over four days
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Chapter V

Multiscale Pulmonary Mechanics

V.1 Background

This chapter describes the linking of various aspects of the pulmonary toxicodynamic
model to organism scale pulmonary mechanics or lung function. The cell and tissue
level effects caused by NP inhalation were described in detail in previous chapters.
The integration of various biological scales considered in this thesis is schematically
presented in Figure V.1 from a physiological viewpoint of the human respiratory
system. Physiome level changes in lung function over time represents one of the sig-
nificant observable changes to particulate matter exposure [205, 206]. Changes in
pulmonary function due to chemical exposure has been studied extensively in labo-
ratory animals including dogs [207], cats [208], mice [147], and rats [209]. However,
there has been no attempt at linking tissue level toxicodynamic changes due to parti-
cle inhalation to observable changes in pulmonary function from a mechanistic point
of view. The mathematical model described here simulates the mechanical operation
of the lung involving its cyclic expansion and compression and links pulmonary tissue
resistance and elastance to surfactant dynamics in the alveolar hypophase and the

dynamic surface tension of the alveolar air-liquid interface.
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Figure V.1: Diagram showing the various scales in the mammalian respiratory system
which have been separately modeled in this framework

V.1.1 Bronchoalveolar factors affecting pulmonary mechanics

It is well known that lung function is a complex aspect and is affected by a number
of quantities of the alveolar fluid and the alveolar air-liquid interface. The most
important and critical variable which is known to affect pulmonary function is surface
tension (7) of the alveolar air-liquid interface [159, 210, 211]. The primary motive of
surfactant phospholipids (PL) and surfactant proteins (SP) is to reduce v to make the
work of breathing easier. A physiologically normal value of v also prevents closure of
the alveoli and the smaller airways thus promoting efficient gaseous exchange [210].
Based on previous research in this field, a set of bronchoalveolar factors (BAFs)

have been identified, which could be dynamically quantified based on the alveolar
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toxicodynamic model described in Chapter IV. The values of the BAFs for some
select time points for mice and rats, are compared here to identify potential effects

on surfactant dysfunction.

Simulated surfactant indicators for instillation in mouse Simulated surfactant indicators for instillation in BN rat Simulated surfactant indicators for instillation in SD rat
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Figure V.2: Comparison of bronchoalveolar factors at 1, 3, and 7 days post NP instillation
in various species (PL-AF represents free PL in alveolar fluid, SA-AF represents free SA

in alveolar fluid, and SA:C represents the ratio of SA to C in the alveolar fluid)
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Figure V.3: Comparison of bronchoalveolar factors at 1, 3, and 7 days post NP instillation
doses in various species (NP-AF represents NPs in alveolar fluid and SfNP-AF represents
surfactant coated NPs in alveolar fluid)
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Figure V.4: Comparison of bronchoalveolar factors at 1 and 7 days post NP inhalation
doses in various species (PL-AF represents free PL in alveolar fluid, SA-AF represents free
SA in alveolar fluid, and SA:C represents the ratio of SA to C in the alveolar fluid)
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Figure V.5: Comparison of bronchoalveolar factors at 1 and 7 days post NP inhalation
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post NP inhalation doses in human; (b) Percent changes in BAFs over control (PL-AF
represents free PL in alveolar fluid, SA-AF represents free SA in alveolar fluid, and SA:C
represents the ratio of SA to C in the alveolar fluid)
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V.2 Pulmonary pressure-volume relationships

The following definitions associated with a normally functioning lung are required to

characterize the pulmonary mechanics of air-breathing mammals:

Tidal volume: Tidal volume, V; is the normal volume of air displaced between

inspiration and expiration during unstressed breathing

Minute volume: Minute volume, V,, is the total volume of air entering the lungs in

1 minute

Expiratory Reserve Volume: Expiratory reserve volume, KRV is the maximum

extra volume that can be used in stress compressions

Inspiratory Reserve Volume: Inspiratory reserve volume, IRV is the maximum

extra volume that can be used in stress expansions

Residual Volume: Residual volume, RV is the extra volume in lungs that is nor-

mally not used during breathing
Total Lung Capacity: Total lung capacity, TLC = V. + IRV + ERV + RV

Alveolar Volume: Alveolar volume, V,,, is the total volume of the alveoli in the

lungs

Dead Volume: Dead volume, V;, is the total volume in the bronchioles and smaller

branches of the trachea where some air is stored during breathing
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Volume expansion of the lung caused by air flow is a cyclical process and can be

expressed as a sinusoidally varying signal as:

V =Vl + sin(wt)] + Vi, (V.1)

where V,

amp

is the amplitude of the volume variation and during tidal breathing, V.., =
Vi/2. Vi is the residual volume of air at the end of expiration and would depend on
the value of PEEP (Positive End Expiratory Pressure). For normal tidal breathing,
Viim = FRV + RV . Consequently, the air flow rate through the lungs can be expressed

as:

V= Cil_‘t/ = Vimpweos(wt) =V, wsin(wt + 7/2) (V.2)

Here w is the angular frequency of breathing, related to the frequency, f, as w = 27 f.

The functional volume, V can be related to the actual alveolar volume, V,,, as: V,,, =
V — V,, where V,, is the dead volume defined before.

The total transpulmonary pressure, P follows the same breathing cycle but is

shifted in phase from both V and V, the exact phase difference depending on me-

chanical parameters of the airway and alveoli.

P = P, sin(wt + ¢) (V.3)

Pressure (P) and volume (V) is also often related using empirical equations such as

the Salazar-Knowles equation [212] which is expressed as:

V=A- Be™, (V.4)

where A, B, and k are intrinsic parameters of the lung.
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V.3 Modeling pulmonary impedance

Pulmonary impedance can be described as the opposition to the flow of air into the
lungs, and like electrical impedance, is defined as the ratio of the driving force causing
the flow (in this case, pressure) and the rate of flow (in this case, air flow rate, V).
The relation between pressure and volume of air in lungs has been modeled since Otis
et al., 1956 [213], using the analogy of an electric R-C circuit, with pressure and flow
rate analogous to voltage and electric current respectively. Hence, P and V' can be
related as P = VZ, where Z is the pulmonary impedance. Pulmonary impedance
is intrinsically dependent on lung viscoelasticity. Various formulations have been de-
veloped over the years to relate various frequency dependent and independent lung
parameters with impedance. Hildebrandt [208] first showed in 1970, by his exper-
iments with cat lungs, that the viscoelastic modulus of this system varies linearly
with the logarithm of time. Hantos and co-workers [207, 214] made modifications to
Hildebrandt’s original theory with their Constant-Phase Model (CPM), where they
decomposed the complex pulmonary impedance into components due to airway resis-
tance (R,,), inertance (I), tissue-damping (G), and tissue elastance (H). Based on
an understanding of mechanics, air flow rate, V and pulmonary impedance, Z can be

expressed as:

V(t) = dv—f) (V.5)
P(t)

() = —= V.6

(t) B (V.6)

Z(w) = zfé(?l)’ (Taking Fourier transform of both sides) (V.7)

The mechanics equation which relates pulmonary air flow to pressure can be con-
sidered to have components due to inertial effects, airway resistance and the elastic

forces in the lung [204]. Accordingly the force balance for flow into and out of the
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lung can be written as a differential equation in time domain as:

PV | pdV(E) |, dV(D)

Plt) =P+ 1=, dt dt<

(V.8)

where [ is the gas inertance responsible for inertial forces, R is the airway resistance,
and k is a dimensionless number representing the dimensionality of the pulmonary
elastic forces. Fourier transformation of each component in Equation V.8 helps trans-
form the quantities from time (¢) domain to frequency (w) domain and makes the
analysis more mathematically amenable by utilizing the theory of complex numbers.
Fourier transformation of each term in Equation V.8, with subsequent addition, pro-
duces real and imaginary parts of complex impedance in frequency domain, Z(w),
as:

2(0) = (R+ ) Fillw— 1) (V.9)

wa

where, G = (P,y/2)T(1 = k)eos[(1 = k)n/2], H = (P,y/2)T(1 — K)sin((1 — k) /2],
and « = 1 —k = (2/m)tan™(H/G). This is the form of the Constant Phase Model
(CPM), the name arising out of the fact that the phase difference between the real
and imaginary components of the equation is independent of frequency, w [204]. The
CPM has been widely used to characterize pulmonary mechanics in mammals because
of its apparent simplicity, elegance and the fact that it can be readily separated into
dissipative and capacitive effects of the lung [204, 215, 206].

Physically, the real part of pulmonary impedance, Zy. captures the dissipative
effects of pulmonary mechanics, and represents the physical impedance to airflow and
energy loss due to impedance. The imaginary part of impedance, Z,,, captures the

capacitive effects and represents energy storage due to the recoil forces in the lung.
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They can be separately written as:

G

H
Ty = T — — (V.11)
wa

Here, the parameters R, I, G, and H represent airway resistance, tissue inertance,
tissue resistance, and tissue elastance respectively. Following the analogy of an R-C
circuit, the magnitude of impedance |Z| can be expressed as |Z| = /Z2, + Z2, and

1 ( Zim
the phase angle as ¢ = tan™ <i>

V.3.1 Relating impedance to alveolar properties

Despite numerous research efforts to model pulmonary impedance in animals, a com-
prehensive model relating the parameters of the Constant Phase Model to alveolar
properties has been seriously lacking. Researchers have identified various alveolar
properties with possible effects on various aspects of lung function but there is till
date no mechanistic model relating surfactant concentrations or surface tension to pul-
monary tissue elastance or resistance. Mukherjee et al. [145] have quantified changes
in surfactant concentrations at the alveolar level in mice due to NP instillation and
linked alveolar concentrations of surfactant to pulmonary resistance and elastance via
an empirical model. In this section, a more mechanistic description is attempted on
the basis of changes in alveolar recruitment due to NP-induced changes in surfactant
profiles.

In the CPM equations, R is known to represent airway resistance [204, 216].
Inertance [ is also a parameter of the airways and is expected to vary between ani-
mals but is not expected to change due to tissue-level changes in surfactant dynam-
ics. The real part of pulmonary impedance is generally considered to be composed

of two resistances - airway resistance (R,y) and pulmonary tissue resistance (Rr)
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[204, 206]. However, for some animals there is another resistive component - chest-
wall impedance (Rqy). For mice, which are “open-chested” [204], Rcy is very small
but might be significant for bigger mammals. Crosfill and Widdicombe [217] stud-
ied eight different species of mammals and found chest wall compliance (inverse of
impedance) to be significantly higher for smaller mammals such as mouse, rat, guinea-
pig, and rabbit, than that in bigger mammals such as cats, dogs, and human. The real
part of impedance, Zy., thus can be written as composed of three different resistive

components as:

Zpe = Raw + Rey + Ry (V.12)

Comparing Equations V.9 and V.12, we have the pulmonary tissue resistance as:

Re=— (V.13)

Similarly, the pulmonary tissue elastance, F; can be expressed as:

E. = o (V.14)
The variables R, and E. are expected to depend on pulmonary tissue properties in-
cluding surfactant profiles. It should be pointed out here that the CPM parameters
G and H, which represent pulmonary tissue resistance and elastance do not change
independent of each other, and are in fact related. The ratio n = H/G is known
as tissue hysteresivity and remains fairly unchanged in a particular subject, unless
there is a very high extent of lung injury [218]. 7 has been measured in a number of
mammalian species and was found to be in the range 0.1-0.2 [204, chap. 10]. Thus a
model which is able to predict pulmonary tissue elastance (H) under various condi-
tions, is sufficiently equipped to predict overall pulmonary function under conditions
of limited lung injury. In the following sections an alveolar recruitment model has

been proposed to link pulmonary tissue properties to pulmonary tissue elastance, H,
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Figure V.8: Schematic representation of the alveolar recruitment model based on Massa
et al. [147] showing (a) integration of alveolar units at the terminus of an airway and (b)
opening and closing of individual airways due to surfactant dynamics

with the tissue properties being represented by the bronchoalveolar factors (BAFs)

which have been described before.

V.3.2 Alveolar recruitment model

Alveolar recruitment is a key mechanism in the process of breathing by mammals.
Recruitment refers to the opening of alveolar air spaces so that air can flow into
these spaces. During normal breathing process (tidal breathing), most of the alveoli
remain recruited (or open) and they only expand and contract during inspiration and
expiration. Recruitment and derecruitment (R/D) changes substantially during lung
injury [219] and is also a significant factor during normal tidal breathing [220]. Small
airway and alveolar closure is known to occur at low lung volumes in normal lungs

and may exist even at larger lung volumes in subjects with lung obstruction [210].
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Alveolar R/D has been shown to modulate pulmonary tissue resistance and elastance
[147] in mice with acute lung injury (ALI). Increase in alveolar surface tension has
been known to cause derecruitment of alveolar units leading to an increase in both
G and H [204, chap. 10], which represent pulmonary tissue resistance and elastance
respectively (Equations V.13 and V.14). More severe pulmonary injury which leads
to remodeling of the lung tissue can independently increase G, without an associated
increase in H. The alveolar recruitment model described here predicts the fractional
alveolar recruitment and its effect on tissue elastance, H. The alveolar R/D model
follows the model developed by Bates et al. [221] and Massa et al. [147]. Figure
V.8 shows a graphical representation of the model. The model simulates alveolar
R/D based on a pressure signal using the following key alveolar parameters - critical
opening pressure (P,), critical closing pressure (P.), rate of opening (S,), and rate
of closing (S¢). Opening and closing of alveolar units and the smallest airways are
dependent on a number of surfactant and airway properties. Gaver et al. [210] and
Halpern and Grotberg [222] studied surfactant effects in liquid-lined flexible tubes
which were used as models of the small airways in the lung. The effects of surfactant
properties on the four alveolar properties are discussed in detail in Section V.3.3. The
model considers a set of N individual alveolar units and models their opening and
closing as well as expansion/contraction due to a selected air flow. A variable z is
defined such that 0 < x < 1 which determines if an alveolar unit is open or closed
with z = 0 representing a closed state and x = 1 representing the open state. The

variable x; for the ith airway follows the differential equation:

(
SOi(P - PO!) if P > POi
dx;

o =\ Sa(P—P) ifP<P, (V.15)

0 otherwise

\
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Here, P represents the external applied pressure which is provided as a sinusoidal
function as P = P,sin(wt), where P, is the pressure amplitude determined by the
actual tidal volume of the species and w is the frequency of breathing. Tissue re-
sistance R and tissue elastance E; depend upon the fraction of alveolar units open

(fopen) at any point of time as:

R, = _f (V.16)
E.
E, = 7 ‘ (V.17)

Here, R, and E; are the individual unit resistance and elastance for the ith alveolar
unit. They are assumed to be identical for all units and are determined from the
control values of G and H for the particular species under consideration. Lung tissue
heterogeneity is taken into account by considering the values of the four parameters
as distributions rather than as single values. The opening and closing pressures, Py,

and P; for the ith alveolar unit are randomly selected from normal distributions as:

Py € N(ppo,0po) (V.18)

Pe e N(ipe,0p.) (V.19)

Here, N (p, o) is a normal distribution with mean p and standard deviation o. Rate
of opening (S,) and rate of closing (S.) are selected from hyperbolic distributions as

described below [147]:

Bo

S unif[0, 1] (V-20)
Be

Se unif[0, 1] (V.21)

Here, unif[0,1] is a uniform distribution between 0 and 1, and S5, S are scaling pa-

rameters for the rate of opening and closing respectively. In the subsequent sections,
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the effect of NP dosing on these key parameters (pp,, fipe, Bo, Sc) has been investi-

gated. op, and o, essentially reflect the extent of heterogeneity in the alveoli and is

assumed to be unchanged due to NP inhalation.

Table V.1: Respiratory parameters for breathing in different species (in ml)

Parameter

Mouse (in pL)

SD rat (in mL)
[197]

BN rat (in mL)
[197]

Human (in mL)

[196]

Vi 165%* 2.2 1.44 500
TLC 1175% 14.9 9.72 6800
|78 200%* 2.53 1.65 150
FRC 341* 6.18 3.91 2200

* Reinhard et al. [223]
** Based on correlation from Stahl [197]
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V.3.3 Alveolar surface tension

Pulmonary surfactant is composed of 3 main constituents: Surface-active agents (SA),
collectins (C) and phospholipids (PL). Lipoproteins A and D make up the collectins
and are associated with protection and immune response. Lipoproteins B and C make
up the surface-active agents which are responsible for regulating the surface properties
of the air-liquid interface of the alveoli. However, PL constitutes 90% of pulmonary
surfactant and hence, surface tension is largely controlled by the lipid concentration
at the alveolar surface. The functional form was derived using data from Walters
et al. [158], (details in Appendix D). The surface tension 7p;, which is dependent on
the concentration of PL in the alveolar lining can be expressed using the following

equation:
cr
= 11— —— V.22
fYPL f}/max ( K + C:L) ) ( )

where, C, is the surface concentration of free PL at the alveolar interface and K and

n are Hill-type coefficients.

Effect of surfactant proteins

Surface tension 7 is also known to depend on the presence of SA (SP-B and SP-C)
in the alveolar lining. These hydrophobic surfactant proteins have a striking impact
in improving adsorption and dynamic surface activity of PL [115, Chap. 8]. During
the process of breathing, PL bilayers are repeatedly squeezed out from dynamically
compressed surface films and suffer respreading during expansion [150]. The ability
of PL bilayers to function repeatedly in this fashion is significantly dependent on
the presence of SA in close association to the PL bilayers [224]. Wang et al. [225]
measured the surface tension produced by various surfactant formulations and showed
that the minimum surface tension produced by natural calf lung surfactant extract
was about 50% lower than PL by itself. The surface tension vy, given by Equation

V.22 is based solely on the surface concentration of free PL. However, the actual
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surface tension v of the alveolar interface is a result of PL adsorption to the interface,
composition of bilayers, and spreading of the PL bilayers which requires the presence
of SA. To take this into account, the effective surface tension v was modified by a

surface-active factor fq, as:

Y = Ypr-fsa, (V.23)

where, fg, is estimated by fsa = kaursa(1 — Csa ), Csa being the fractional concentra-
tion (by weight) of SA in surfactant and k.5, is a constant quantifying the effect
of SA on 7. The value of k., s, is estimated using measurements from Wang et al.

[225] (Details of estimation procedure included in Appendix D).

Effect of NPs within phospholipid bilayers

Although there has been considerable research [210, 222, 226] regarding the effect of
various surfactant lipids and proteins on the final surfactant function, the effect of
NP-interaction with surfactant lipids and proteins has not been researched sufficiently
from the point-of-view of pulmonary function. The effect of NPs embedded within
lipid bilayers has been studied in the field of drug delivery and biomedical imaging for
the use of lipids as stabilizing agents or functional ligands for drug-carrier NPs [227,
228]. Presence of NPs within lipid bilayers can lead to changes in lipid packing and can
result in changes in the degree of lipid ordering and bilayer viscosity [229], all of which
are known to affect interfacial surface tension in lungs [159, 230]. Bothun [228] studied
hydrophobic silver NPs embedded within bilayers of DPPC (1,2 - depalmitoyl -glycero
-3-phosphocholine) and quantified the changes in DPPC bilayer anisotropy caused
by presence of AgNPs. Lipid bilayer anisotropy is is a measure of lipid ordering and
bilayer microviscosity [228]. Gel phase bilayers exhibit high anisotropy and associated
high viscosity, which is desirable for surfactant action. Presence of NPs was found to
decrease anisotropy and promote gel-to-fluid transition in a dose-dependent manner

[228]. The relative change in anisotropy at 30°C due to increasing weight fraction of
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NPs from measurements conducted by Bothun [228] was used to estimated the relative
change in viscosity of surfactant PL in the lungs (Details of estimation procedure

included in Appendix D).

Effect of NPs on alveolar recruitment

The alveolar R/D model described in Section V.3.2 contains four key alveolar pa-
rameters - mean critical opening pressure (pp,), mean critical closing pressure (pp,),
scaling parameter for rate of opening (f3,), and scaling parameter for rate of closing
(Bc). All of these parameters are expected to be affected by changes in the surfactant
profile caused by NP inhalation. Gaver et al. [210] found airway opening pressures to
be affected by the airway radius, axial wall tension, surface tension (), and viscosity
of the lining fluid (x). In this model implementation, heterogeneity in airway radii
across the lung has not been considered due to simplicity. Gaver et al. [210] also
found airway opening pressures to be increased by an increase in . Accordingly, the

value of up, was modulated with respect to the control value, pp,* as:

[po = flp,- (%) 7 (V.24)
where, % is the control value of surface tension in alveolar fluid and puy, is the value
obtained for normal mice [147]. Gaver et al. [210] also found that once the applied
pressure exceeds the critical opening pressure, the mechanics of airway opening de-
pend on the relative magnitudes of viscous forces and surface tension, as reflected
in the dimensionless Capillary Number, Ca = 11S/v, where S is the speed of airway
opening, p is the viscosity of surfactant, and 7 is the surface tension. Unless there
is a complete change in the flow pattern of the surfactant, C'a is assumed to remain

fairly unchanged and so the value of 3, can be modeled as:

Bo = Bo- (%) : (%) : (V.25)
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Change in viscosity, u, and the resultant change in alveolar opening rate, S, was
modeled based on measurements of surfactant bilayer anisotropy from Bothun [228]

for AgNPs as discussed in Section V.3.3.

Capillary surfactometry initial pressure changes
7 T T T T T

% decrease in initial P from control

nAg C20 P20 C110 P110

Figure V.9: Comparison of measured percentage changes in initial pressure from capillary
surfactometry of large aggregate fraction of bronchoalveolar lavage 1 day after dosing with
various NPs. (Data from Danielle Botelho and Dr. Andrew Gow, School of Pharmacy,
Rutgers University)

V.3.4 In vivo measurements of lung function

In vivo measurements of nanoparticle effects were done in experiments involving nine-
week old C57-BL6 Jackson wild-type male mice. The animals (average body weight
24.82 g) were intra-tracheally dosed with 1 and 10 ug/ml per g body weight of silver
nanoparticles (nAg) and carbon black (CB). Additional details regarding the protocols

for the in vivo measurements in mice are included in Mukherjee et al. [145]. The dosed
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Figure V.10: Schematic describing variables and parameters comprising the model for
pulmonary mechanics.

mice were rested for 1 day, 3 days and 7 days and then anesthetized and subjected to
forced oscillatory breathing manoeuvres on a Flexivent (SCIREQ, Montreal, Canada)
system for a spectrum of frequencies at different positive end expiratory pressures,
which consists of measurements of overall pulmonary resistance (R,) and elastance
(Ey) which are related to the real and imaginary parts of impedance as: R; = Zg,. and
E, = w|Z,,]. The lung function measurements in the BN and SD rats were conducted
using a computer-controlled ventilator (eSpira, EMMS, UK) [148]. Further details

regarding the measurement protocols are included in Seiffert et al. [148].

V.4 Comparison of model predictions with in vivo measurements

Model predictions of tissue elastance, H were compared with values of H from in
vivo lung function measurements in mice and in rats. As stated earlier, only the
measurements corresponding to a PEEP of 3 were used. Figure V.13 shows the com-
parisons model predictions and in vivo measurements of tissue elastance, H. Model
predictions of H were obtained from the alveolar R/D model as discussed in Section
V.3.2 using modulations in surface tension and viscosity of surfactant based on various
published models. Model predictions seem to capture the overall changes in H very

well. However, it seems to over predict the value of H in some cases, especially for
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Figure V.11: Comparison of measured lung elastance (H), in mice, BN rats, and SD rats
post NP instillation at different values of PEEP. (Bars represent mean values while error
bars represent standard deviations about the mean value; measurements in mice from
Danielle Botelho, Rutgers School of Pharmacy and measurements in rats from Joanna
Seiffert, Imperial College London [148])

SD rats (Figure V.13(b)) and under predict the value for BN rats (Figure V.13(a)).
The intrinsic sensitivity of species was already considered in the model using con-
trol measurements in respective species. However, it appears there might still be
some species-specific differences which is not captured by the model. This might be
due to immune responses elicited by NP exposure, which has not been considered in

this implementation of the model. Immune response due to NPs (discussed in detail
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Figure V.12: Comparison of measured lung elastance (H), in mice, BN rats, and SD
rats post NP instillation and inhalation at different values of PEEP. (Bars represent mean
values while error bars represent standard deviations about the mean value; measurements
in mice from Danielle Botelho, Rutgers School of Pharmacy and measurements in rats
from Joanna Seiffert, Imperial College London [148])

in Chapter IV) is not expected to become a significant factor unless the subject is
exposed to a very large amount of NPs, might still have some effect on surfactant
dysfunction. Intratracheal instillation, which involves dosing into the trachea of the
animal using a cannula, is an invasive procedure and is liable to produce some im-
mune response in the subject [189]. The model was also implemented for an adult

human (21 years, 70 kg body weight) to estimate the changes in pulmonary function
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as a result of the stated doses of Spark-Ag at a PEEP of 3. Figure V.14 shows the
percent changes in pulmonary tissue elastance, H from control for the various two
dosage scenarios at 1 day and 7 day. The model predicts a 1% increase in H for the

LD dose scenario and a 0.3% increase for the HD dose scenario.

Table V.2: Physiological parameters of respiratory system of species involved

Mouse SD rat BN rat Human
g‘\lﬁ)g volume - (ml/kg | 94 29.2 [195] 29.2 12.91 [196]
Lung mass (g/kg BW) | 3.07 [193] 11.3 [197] 11.3 12 [198]
Alv. — surface area | orq 009 | 377 36 [195) 377.36 1000 [231]
(cm?/ml)
Alv. thickness (um) 0.2 0.2 0.2 0.2
No. of LB (per AT2 150 150 150 [195] 150
cell)
N‘fl'mo§ ATLcells (per |y 100 | 443 x 10° | 443 x 10° | 155 x 107
g ung [199] 200]
N(f{mo§ ATZ cells (per | g 15 qor | 307 x 107 | .07 x 107 | 2.98 x 107
& g [156] [195] [200]
rljl(;i) of Mph (per ani- | s 5 1 x 107 1 x 107 2.6 x 10'°

[201] 202] [200]

Values without literature references are scaled from other species by body weight or lung size.
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Figure V.13: Comparison of measured and model predicted lung tissue elastance (H),
in mice, BN rats, and SD rats post NP instillation and inhalation at PEEP = 3. (Bars
represent mean values while error bars represent standard deviations about the mean
value; measurements in mice from Danielle Botelho, Rutgers School of Pharmacy and
measurements in rats from Joanna Seiffert, Imperial College London [148])



154

Predicted % change in tissue elastance post inhalation in human

% change from control

LD(1d) HD(1d) LD(‘7d) HD(‘7d)

Figure V.14: Model predicted percent change in values of tissue elastance (H), in adult
human subjects post inhalation exposure to SparkAg at PEEP = 3.
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Chapter VI

Summary and Conclusions

V1.1 Major outcomes and findings

The multiscale toxicodynamic model developed in this dissertation has successfully
simulated NP-biosystem interactions at multiple scales, while considering key biolog-
ical mechanisms in an integrated, modular framework, that represents a substantial
and novel accomplishment. Furthermore, the model provides a platform for analyzing
animal-xenobiotic interactions in a toxicodynamic framework using multidisciplinary
tools and multiple, heterogenous sources of information. As shown in Figure 1.5, this
Thesis has utilized both in vitro and in vivo measurements to extract mechanistic

information relevant to the various modules described in this work.

VI.1.1 Nanoparticle distribution in the organism

As a first step towards quantifying nanoparticle risks in the context of human biology,
a physiologically-based toxickinetic model was developed for a rodent system and was
parameterized and tested using measurements from the scientific literature. Novel
features of the PBTK model include: (a) nano scale particle uptake processes in cells,
(b) particle margination in blood flow, (¢) lymphatic drainage from interstitial spaces,

and (d) consideration of particle and ionic silver simultaneously. The model was
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developed by incorporating multiple scales and multiple transport processes instead

of simplifying the transport using a single partition-coefficient based formulation.

VI.1.2 Nanoscale particle transformation

Physico-chemical transformation of ENMs has been modeled using the ADSRM (Ag-
glomeration - Diffusion - Sedimentation - Reaction Modeling) module, developed
through the present research effort, which considers key transformation processes af-
fected by a variety of conditions (pH, ionic strength, height of liquid, nature of coating,
etc.). The ADSRM module has been implemented for in vitro systems and then ex-
tended to the biological microenvironment of the alveolar lining layer to estimate key

kinetic rates that affect overall toxicodynamics in the pulmonary system.

VI.1.3 Tissue scale toxicodynamics

Following the characterization of NP distribution and dosimetry, attention was fo-
cussed on the respiratory system, which is critical for assessing inhalation exposures
to nanoparticles. Specifically, a set of operational computational modules was de-
veloped, linking multiple biological scales, that provide quantitative estimates of the
impact of nAg exposures on biological response. Particular focus was on inhalation
exposures and corresponding impact on lung function: modular dosimetric and tox-
icodynamic models for the mouse lung were completed, compiled, and evaluated,
using n vivo measurements from collaborating research groups. The model was sub-
sequently extended to Brown-Norway and Sprague-Dawley rats and model predictions
were compared with in vivo measurements for both instillation and inhalation dose
scenarios. The model was also implemented for an adult human and corresponding
model predictions were developed for changes in alveolar surfactant composition with

time.
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VI1.1.4 Organ scale pulmonary mechanics

Finally, the estimates and predictions from the multiple modules spanning the range
of multiple biological scales were integrated and used to predict changes in organism-
level pulmonary function for rats and human using an alveolar recruitment model.
The alveolar recruitment/derecruitment model uses various bronchoalveolar factors
(BAFs) estimated by the modules of the toxicodynamic model and computes resul-
tant fractional recruitment of alveoli, as a result of changes in surfactant profiles at
the alveolar lining. The model considers changes in surface-tension and viscosity of

alveolar surfactant and predicts changes in pulmonary tissue resistance and elastance.

V1.2 Major contributions

Based on the entire plan of research outlined in Chapter I, all of the stated objectives
have been accomplished. The major scientific contributions accomplished in this

thesis can be summarized as follows:

VI.2.1 Pulmonary dynamics

In silico models of tissue systems are valuable tools for testing and implementing
various scenarios concerning biological impact of xenobiotics. Among these tissue
systems, the hepatic, dermal, and pulmonary systems are of major concern as they
form the first line of defense against chemical, physical, and biological agents entering
the body. Mechanisms of transport and reactions of chemicals within these organ
systems are critical determinants of the fate and impact of a particular toxicant in the
biological system. Among these systems, the pulmonary system is particularly unique
in its structure and function, due to the fact that it is the only system incorporating
both blood and air flow. Hepatic systems are often modeled as networks of well-mixed
reactors, with individual hepatocytes contributing as individual mini-reactors. The

dermal system has been modeled as a series of parallel layers of tissue with molecules
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being transported across them. However, the pulmonary system has an air-liquid
interface at the alveolar region, in addition to the conventional capillary endothelial
barrier. The pulmonary system presents unique pressure-driven mechanical changes
in addition to chemical interactions in the tissue fluid, which increases the complexity
of the mechanistic description of the system. There have been various attempts
at describing parts of this system using computational models; however, this thesis
presents for the first time a multiscale model linking the cellular level chemical changes

to the organ-level mechanical changes in the mammalian lung.

VI1.2.2 Pulmonary toxicity

Mechanisms of toxicity in the pulmonary tissue system can arise due to a number
of reasons. Particulate exposure generally leads to immune response in pulmonary
cells [232], characterized by enhanced cell counts in the lavage fluid and increased cell
toxicity markers such as LDH and ROS. However, most of these toxicity endpoints
have been evaluated through in witro studies or by lavage extracts from exposed
animals. The research presented in this thesis demonstrates, for the first time, a link
between cellular biochemical changes due to nanoparticle exposure and physiome scale
changes in lung function. Persistent and chronic decrease in lung function associated
with increase in pulmonary resistance can exacerbate existing pulmonary conditions
such as asthma or COPD and can also undermine the quality of life for healthy
humans. Inhalation of particulate matter has been associated with an increase in
pulmonary resistance and decrease in air flow rate in the lungs [233, Chap. 17]. It is
also well known that resistance increase and decrease in flow rate is a consequence of
alveolar derecruitment which happens due to surfactant dysfunction in the alveolar
region [204]. Unlike traditional definitions of toxicity which focus on various cellular
toxicity markers, this thesis deals with pulmonary toxicity from the viewpoint of
physiome scale impact on lung function and relates it to critical changes in cellular

and tissue scale biochemical changes.



159

VI1.2.3 Linking nanoparticle property to biological impact

Since the emergence of the field of nanotoxicology about a decade ago, one of the ma-
jor challenges has been to relate the biological effects of nanoparticles to their diverse
physicochemical properties [14, 13]. As pointed out in Chapter I, the multiple tun-
able properties of ENMs, which make their innovative applications possible, also lead
to unpredictable scenarios once they enter biological systems. The model developed
and applied in this Thesis considers all the important properties of the ENMs explic-
itly and has expressed various biological and physical mechanisms, including cellular
uptake, phagocytosis, surfactant binding, protein adsorption, ENM agglomeration,
etc. as functions of key ENM properties such as size, density, surface zeta poten-
tial, coating chemistry, etc. Linking nanoparticle properties to potential biological
impact, while considering key NP transformation processes, is a major step towards
identifying potential hazards and the ensuing development of safe nanotechnologies
(19, 22].

Overall, it can be said that the model developed and implemented in this The-
sis represents substantial progress in the evolution of tools and methods for high-
throughput predictive toxicity assessment of xenobiotics. This paradigm for toxico-
logical risk assessment of chemicals follows the directions provided by the National
Research Council (NRC) [45] in the report “Toxicity testing in the 21st century: a
vision and a strategy”. This approach has also been proposed for the field of nanotox-
icology [14], for the purpose of integrating diverse types of mechanistic information
collected in wvitro and in vivo, and forms an essential step towards human health risk

assessments of these novel materials.

VI.3 Future Research Directions

Ongoing and future work should include development of an inflammatory effects mod-

ule (as described briefly for alveolar macrophages in Chapter IV) and inclusion of the
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module as part of the set of toxicodynamic modules developed for humans to provide
estimates of risk for populations exposed to inhaled nanoparticles. In detail, future

work should consist of the following items:

Immune response module development and evaluation: One of the ma-
jor effects of particulate exposure in the lungs is immune response. However,
a comprehensive computational model of immune response in vivo must in-
volve multiple cell types (macrophages, neutrophils, eosionophils, etc.) and
biochemical molecules (cytokines, chemokines, etc.) and also include pathways
of interaction among the cell types (shown schematically in Figure IV.4). In-
flammatory response was modeled for a single cell type (macrophages) in an in
vitro system as an example. The model will be extended to the in vivo system
along with measurements for other cell types and cytokines from collaborative
groups. It will involve inter-cellular signalling, and key pro-inflammatory cy-
tokines such as TNF-a, IL-2, IL-6, IL-8 and anti-inflammatory cytokines such
as [L-10.

Incorporation of dynamic breathing process modeling function: The
model described in this Thesis considered normal breathing maneuvers at a
positive end expiratory pressure (PEEP) of 3, which was used as an ideal case.
However, realistic scenarios involving ENM inhalation exposure shall include
many variations of this idealized scenario. The lung mechanics model should
be extended to include dynamic breathing processes and the effect of PEEP in

alleviating or exacerbating the impact of ENMs.

Incorporation of new modules for integrative framework: The modules
developed and implemented in this Thesis must be incorporated into an ex-
ploratory “whole human body” version of the integrative toxicokinetic and tox-

icodynamic modeling framework for characterization of risks associated with
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realistic ENM exposure scenarios, such as usage of consumer products contain-

ing ENMs.

V1.4 Translational research

The model developed in this Thesis is not only important for the assessment of nan-
otoxicological health risks but also represents an important step towards forming a
computational description of multiscale human pulmonary dynamics. The pulmonary
system is a target for a diverse array of chemicals, both intentionally as well as un-
intentionally. Inhalation exposures to particulate matter is a reality which has been
recognized long before the advent of nanotechnology. Inhalation exposure to smoke,
fumes, dust, pollen, and a host of other particulate matter leads to a spectrum of
health effects in humans of all ages. The multiscale approach described in this Thesis
would be valuable in understanding cell and tissue scale mechanisms associated with
various pulmonary diseases such as asthma, COPD, bronchitis, etc. all of which are
exacerbated due to inhalation of particulate matter [233]. Most of the observable
symptoms associated with these disorders, such as breathlessness, wheezing, emphy-
sema, and coughing, have biochemical origins and are influenced by the presence of
inhaled particulate matter [234, Chaps. 9,10,11]. The modeling framework described
in this Thesis can be translated to develop predictive models for individuals with
specific pathophysiological conditions of the lungs. It can also be used to study the
effects of various biochemical parameters at the cellular or tissue scale on the overall
pulmonary function under various diseased conditions. The complex relationships be-
tween various cellular and tissue parameters, and their relative contribution towards
specific disorders, can be unravelled using modeling tools such as the ones described
in this thesis.

ENMs are, in general, investigated not only for their potential toxic effects but

also for their applicability as drug delivery vehicles [235]. ENMs have led to the
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development of the field of “Nanomedicine,” which has tried to leverage the multiple
tunable properties of ENMs at the nano scale to ensure targeted drug delivery with
better efficiency and lower side effects. Biodistribution, clearance, and cellular uptake
of ENMs depend on their physico-chemical properties [236]. ENMs can be used for
targeted delivery of genes, proteins, and other large biomolecules which cannot be
delivered in their native forms. Nanoparticle drug delivery vehicles also make it
possible for drugs and biologics to pass certain impenetrable biological barriers like
the blood-brain barrier or capillary fenestrations. However, this also requires nano
scale modifications of the ENM properties such as size, surface coating, zeta potential,
etc., to ensure decreased opsonization and targeting by various phagocytic cells [236].
The model described in this Thesis explicitly considers ENM surface chemistries and
their interactions with surfactant proteins, which affect their cellular uptake, and
eventually the overall tissue and physiome scale impact. This multiscale approach is
necessary in order to understand the effect of nano scale modifications on the ENM-
drug delivery devices which could result in better cellular uptake by the target tissue
and decreased phagocytosis. ENMs designed for use in consumer products however
tend to have an opposite set of requirements: Consumer products require to be safe
by design and ENMs to be used for such products must be engineered for faster
clearance and enhanced phagocytosis. The computational modules developed in this
Thesis can provide unique insights into the design of ENMs for use as pharmaceutics
as well as consumer products, to ensure either targeted uptake or minimized health

impact, as the case may be.
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V1.5 Publications

Articles published

e Mukherjee D., Botelho D., Gow A., Zhang, J., and Georgopoulos P.G. (2013).
Computational Toxicodynamic Modeling of Silver and Carbon Nanoparticle Ef-

fects on Mouse Lung Function, PLoS One, 8(12).

e Mukherjee D., Leo B.F., Royce S.G., Porter A.E., Ryan M.P., Schwander S.,
Chung K.F., Tetley T.D., Zhang J. and Georgopoulos P.G. (2014). Modeling
physicochemical interactions affecting in vitro cellular dosimetry of engineered
nanomaterials: application to nanosilver, Journal of Nanoparticle Research,

16(10), 2616.

e Mukherjee D., Royce S.G., Sarkar S., Thorley A., Schwander S., Ryan M.P.,
Porter A.E., Chung K.F., Tetley T.D., Zhang J. and Georgopoulos P.G. (2014).

Modeling in vitro cellular responses to silver nanoparticles, Journal of Toxicol-
0gy.

e Royce S.G., Mukherjee D., Cai T., Xu S.S., Alexander J.A., Mi Z., Calderon L.,
Mainelis G., Lee K., Lioy P.J., Tetley T.D., Chung K.F., Zhang J. and Geor-

gopoulos P.G. (2014). Modeling population exposures to silver nanoparticles

present in consumer products, Journal of Nanoparticle Research, 16(11), 2724.

Articles under internal review

e Mukherjee D., Porter A.E., Ryan M.P., Schwander S., Chung K.F., Tetley T.D.,
Zhang J. and Georgopoulos P.G., Modeling In Vivo Interactions of Engineered
Nanomaterials in the Pulmonary Alveolar Lining. (under internal review, to be

submitted to Nanomaterials)

e Mukherjee D., Botelho D., Seiffert, J., Smith, R., Gow A., Porter A.E., Ryan
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M.P., Chung K.F., Tetley T.D., Zhang J. and Georgopoulos P.G., Multiscale
Computational Modeling of Dynamic Effects of Nanoparticle Exposure on Ro-

dent Pulmonary Dynamics (under internal review, to be submitted to PLoS

One)
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Appendix A

Toxicokinetic Model Calculations

A.1 Model Formulation

The rate of particle transfer from the vascular space (capillaries) to the interstitial

space is modeled as follows:

dC: Ciy_Per
Vit = Qul—0u)Cy + PSy(Cy = 5)
g Pes

+ Qs(1—05)Cy + PSs(Cy — (A.1)

pleres 1
where, Cy is the vascular concentration, C; is the interstitial concentration, P.Sy,PSg
are the permeability-surface area products for the 2 pore types, P is partition co-
efficient, Per,Peg are the Peclet Nos. for the 2 pore types calculated as Pe =
Q(1—0)/PS, QL & Qs are the flow rates through the large and small pores respec-
tively, given by Q1 = Qiso + ar L, and Qg = Q;so + asL.

Here, L is the local tissue lymph flow rate, Q);, is the recirculation rate due to osmosis
between the blood and interstitium, and oy, are the vasculo-lymphatic conductiv-
ities.

o, the osmotic reflection coefficient is estimated using data from Michel et al., 1996
[237] as:

o = (0.0542)log(d,) + 0.7843, where d, is the particle diameter in nm.
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The values for all parameters are summarized in Table.

The process of particle uptake from the interstitial space to the cells is modeled
via two processes: the adhesion of particles onto the cell surface and the actual
endocytosis of the particles into the cells. The rate of particle adhesion onto the

cellular surface is modeled by a probability of deposition on the cell surface, given by

[83]:

3(1—¢)

k= o et (A.2)

where, € is the porosity of the tissue, d. is the diameter of each cell, u is the local flow
velocity and 7, is the collector efficiency of the particle. The collector efficiency is
assumed to be composed of 2 independent factors, 7, (dependent on particle size) and
ne (dependent on surface zeta potential) related as n, = 1, x 1., where, 1, = f(d,)
and ne = f(thp, )

Here, d,, is the diameter of nanoparticles and .,, are the surface potentials on the
cell and on the particle respectively.

1, is related to d,(in nm) using data from Su et al. [83] as: n, = 2.4481(d,,) %0
Using data from the same source, 7, is related to the particle and cell surface potentials

(for anionic particles)as: 1. = 214966(1),, )~ %%

, where 1, is the product of the
magnitudes of 1, and ..

Using data from HarushFrenkel et al., [166] we find the relation for cationic particles
as: 1, = 215.486(1),,) 5%

The scaling factor k depends on the nature of the particles and is parametrized using
measurements for silver nanoparticles.

The process of actual endocytosis (or phagocytosis) into the cells is modeled by
the Michaelis-Menten equation based on the concentration of particles adhered to the
cell surface.

dNj Vi N

=— A.
dt K,, + N,’ (A-3)

where, N, is the number of particles adhered to the surface of a single cell, V,,, and
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K,, are the Michaelis-Menten constants. The number concentration (no. per vol.) of
particles inside the cell, C, can be related to N by the equation: C..V, = N? — N;
The Michaelis-Menten parameters for phagocytosis were obtained from Beduneau
et al. [171] for FeO NPs as: V,, = 2.217 x 10? per cell per min, and K,, = 5.502 x 10°
per cell per min.

The Michaelis-Menten parameters for endocytosis were obtained from Chithrani et al.
[170] for gold NPs as: V,, = 47.68 per cell per min, and K,, = 3.652 x 10° per cell per

min.

A.1.1 Vascular space

Vor di;'T = Qcr(C, — Cyp) — My, (for T = all tissues except lung, liver, kidney),
(A.4)
dO\/J_‘
VV’LT = Qc(Cren — Cy) — My, (for lungs), (A.5)
dC :
vv,k% = Qc.(Cy — Cyp) — kCy o Vars — Moy, (for kidney), (A.6)
dCy
vV,liv% — QhepCa + H - QlivCV,liv - mvi’li‘,(fOI' hVGI'), (A7>

Where; thp == QC,liv - QC,spl - QC,sto - Qc,g a’nd H = C'V,splC%?C,spl + CV,stDQC,sto + CV,gQC,g

A.1.2 Vasculo-Interstitial transfer

Crr Pe,
LT = Ll_ L)Yy, v — —=)————
My, Qu(l —0,)Cyr + PS,(Cy, P)ePeL_l
Cir. Peg
+ Qs(1—04)Cyr+ PSs(Cyr — T)epes——l’ (A.8)

where, C\ is the vascular concentration, C; is the interstitial concentration, P.S;,PSs
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are the permeability-surface area products for the 2 pore types, P is partition co-
efficient, Pe;,Pes are the Peclet Nos. for the 2 pore types calculated as Pe =
Q1 —o0)/PS, Q. & Qs are the flow rates through the large and small pores re-
spectively, given by Q; = Q.., + a,. L, and Qg = Q.., + asL.

Here, L is the local tissue lymph flow rate, ()., is the recirculation rate due to osmosis
between the blood and interstitium, o is the osmotic reflection coefficient, and o, o,

are the vasculo-lymphatic conductivities.

A.1.3 Interstitial space

dC,
‘/;,T% = _Qly,TCI,T + Myir — Mier — Mim,T (A9)
dCI,LG .
‘/;,LGT = Qly(Cly - CI,LG) + Myire — Micre — Mim,La (A.lO)

Here, the first equation represents the mass balance for all tissues, T" except the lymph

glands, while the other equations is for lymph glands.

A.1.4 Interstitial-Cellular transfer

The amount of particles m, adhered to the cellular surface is given by:
ms,T - ksCI,T‘/I,TJ <A11>

where, k, is the probabilistic rate of particle adhesion to cell surfaces given by the

following equation.
3(1—c¢)

k=2,
° 2ed,. 154

(A.12)

where, € is the porosity of the tissue, d. is the diameter of each cell, u is the local flow
velocity and 7y is the collector efficiency of the particle.
The collector efficiency is assumed to be composed of 2 independent factors, n, (de-

pendent on particle size) and 7. (dependent on surface zeta potential) related as
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Ns = Tlo X Ne, where, 1, = f(d,) and ne = f(tp, V)

d, is the diameter of nanoparticles and ., are the surface potentials on the cell
and on the particle respectively.

The number of particles on each cell N, ; is given by: N, .1 = m,t+Ny,/Near- The
no. of particles on each macrophage N, is given by: N, 1 = m,+Nay/Npaerr-
Neairy Nuaer are the nos. of cells and macrophages in tissue T and N,, is the Avo-
gadro’s no.

Particle uptake from the cellular surface into the cell (both for cells and macrophages)

is modeled using Michaelis-Menten kinetics.

stc T Vchsc T
L ’ A3
dt ch + Nsc,T, ( )
stm T meNsm.T
— = — ' A.14
dt Kmm _|— NSm,T’ ( )

where, V., V... and K, K, are the Michaelis-Menten parameters respectively for
cells and macrophages.
Amount of particles transferred into the cell, m;  and m,, r can be related to N, .

and N, r by the equations:

stc T Ncell,T

o = — ’ A.15
mlC,T dt X NAV bl ( )
stm T Nmac T
T = — ‘ : A.16
mlm,T dt X NAV ) ( )

A.1.5 Cellular space (cells and macrophages)

dC
Vorr d;T = M+ — Rer (for T = all tissues except liver), (A.17)
dCc iy .
Vouw—07— = Miciy — Reye — b, Co i @ (fOI" hver), <A18>
’ dt ) ) )
dCly.r . .
Vir—— = My r — Ryr (for macrophages in T = all tissues), (A.19)
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A.1.6 Body fluids

dC,.,

‘/:/en dt - Qcar(ov,mix - Cven) - madh,v (for Vein)? (A20)
Whel"e, Cv,mix - Z CV,TQC;I‘/QC&I’
T
dcar
‘/ar dt - QcarCV,L - Binf - madh,a (fOI‘ artery), (AZ]')
Where, Binf == (Z QC,T + thp)Car
T
dC
VS = QG — C1) (for Iymph) (A.22)
Where, C1y,mix - Z CI,TQly,T/Qly
T
dC
|74 dtb = kyCoyyQ, (for bile), (A.23)
dC, .
vuW = k,Cy Vi (for urine), (A.24)

List of subscripts:
ar : Arterial, ven : Venous, b : Bile, u : Urine
car : cardiac, ly : Lymph
vi : Vascular-to-Interstitial, ic : Interstitial-to-Cellular, im : Interstitial-to-Macrophage
mac : Macrophage

car : Cardiac



A.2 Physiological Parameters

Table A.1: Tissue volumes in different species (in ml)

Mouse (0.025 kg) | Rat (0.25 kg) | Human (72.35 kg)
Fat 2.13 17.5 22400
Brain 0.51 1.3 1340
Gut 2.9 6.5 888
Stomach 0.56 3.16 222
Heart 0.14 1.1 344
Kidneys 0.38 2.3 280
Liver 1.35 9 1414
Lung 0.17 1.3 965
Muscle 10.75 122 28660
Spleen 0.12 0.6 198
Plasma 1.06 10.55 3220
Lymph Glands 0.28 1.6 112

192

Values for rat (250g) and mouse (25g) are from Simcyp* Animal v12; Values for human
are from P3M** (White male, aged 27 years, body weight: 72.35 kg; Stomach volumes for

rat and mouse are scaled by body weight factor from human; Human stomach and gut

(small intestine) volume are calculated as 20% and 80% respectively of the total volume of
GI organs). Volume of lymph glands from Meno-Tetang et al. [238]

* Simcyp Animal and Simcyp Simulator v12 are trademarks of Simcyp Ltd., Sheffield, UK
** P3M (Physiological Parameters for PBPK Modeling) v1.3 is a trademark of the

Lifeline Group
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Table A.2: Blood flow rates in various species (% cardiac output)

Mouse | Rat Human
Male | Female

Fat 7 5.9 5 8.5
Brain 3.31 1.4 12 12
Stomach 0.43 1.7 1 1
Gut 7.19 6.2 10 11
Heart 5.7 4 4 5
Kidneys 13.55 | 14.5 19 17
Liver 22.51 | 24.2 | 25.5 27.5
Lung 100 100 100 100
Muscle 11.6 23.7 17 12
Spleen 0.71 1.1 2 3
Lymph Glands 0.012 | 0.012 | 0.012 | 0.012
Cardiac output(ml/min) | 14.01 80 5100

Values for rat (250g) and mouse (25g) from Simcyp v12 Animal; Human blood flow rates
are from SimCYP v12 Simulator (using a population of body weight 70 kg, and aged
between 18 and 65 years); Total cardiac output is from P3M for white male, 27 years old,
body weight 72.35 kg; Flow to lymph glands based on [239] for rats; Hematocrit taken as
0.467 for all species.

Table A.3: Lymphatic flow parameters for different tissues

Lymph flow (10 Lymph Hydraulic
ml/min/g tissue | recirculation (10 conductivity
wt.) ml/min/g tissue
wt.)

Fat 0.093 0 0.1
Brain 0.093 0 0.1
Stomach 0.433 0.018 0.2
Gut 1.397 0.003 0.2
Heart 0.75 4.21 0.5
Kidneys 5.7 18.8 0.3
Liver 2.1 4.84 0.25
Lung 5.2 15.7 0.1
Muscle 0.76 0.006 0.23
Spleen 0.2 3.0 0.65
Lymph glands 93.3 0.6

Lymph flow rates to tissues and lymph recirculation rates from [240]; Lymph flow rate to
stomach and gut estimated by considering the same percentage distribution of lymph as of
blood between stomach and gut in mice; Brain and Fat have no lymphatics so a nominal
value of 0.1% of total lymph flow rate assumed; Hydraulic conductivities are from [81].
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Table A.4: Fractional distribution of tissue volumes between vascular, interstitial, and

cellular fractions

Vascular fraction

Interstitial fraction

Cellular fraction

Fat 0.01 0.102 0.888
Brain 0.12 0.351 0.529
Stomach 0.029 0.174 0.797
Gut 0.029 0.174 0.797
Heart 0.053 0.143 0.804
Kidneys 0.1 0.339 0.561
Liver 0.1 0.199 0.701
Lung 0.1 0.298 0.602
Muscle 0.019 0.13 0.851
Spleen 0.1 0.2 0.7

Lymph Glands 0.009 0.15 0.841

Values from [81].
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Appendix B

Parameter Estimation for Nanoscale

Transformation

B.1 Zeta potential ({) variation with ionic strength (/) and pH

Figure B.1 (reproduced from Liu et al. [93]) shows the logistic nature of the curves
for variation of ¢ with pH and the isoelectric point (IEP). The IEP is the value of pH

at which the surface zeta potential of particles dispersed in a medium becomes zero.

Table B.1: Reported zeta potential measurements (from Leo et al. [39]) corresponding to
in vitro measurements compared with model predictions.

pH =3 pH=5 pH=7
(=-182mV (=-225mV (=-32.5mV

The values of ¢ in Table B.1 were used to fit a logistic curve as:

g:@(l“*), (B.1)

1+er

where, A = pH —pl. Here, pI = IEP = 1.75 and 8 = 37. [ is the half of the range of
the y-axis, i.e., the maximum value of (. Figure B.2 shows data from Salgin et al. [111]
for NaCl and KCI for two different ionic strengths 0.001M and 0.1M. Increase in ionic

strength consistently reduces the range of zeta potentials, i.e. reduces the parameter
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Figure B.1: Logistic nature of the curves for variation of ¢ with pH and the isoelectric point
(IEP). (Figure reprinted with permission from Liu et al. [93]. Copyright 2011 American
Chemical Society)

S. Additional data in Salgin et al. [111] also point to the same fact. Equation B.1
was fitted to the data in the Figure B.2, and the values of § estimated are shown in

Table B.2.

Table B.2: Estimated parameter values for variation of zeta potential with ionic strength

KCI | NaCl | KCI | NaCl

T | 0.00IM | 0.00IM | 0.IM | 0.IM
logo! | -3 3 1 1

3 4246 | 35.64 |20.02 | 16.37

Let the value of g at I = 0.1 be 3,. Then we can express (5 as § = —F,(1+1og,,I).

The data in Table B.2 was fitted to Equation B.1 to obtain, 5, = 37 (since the value

of I for this set of experiments was close to 0.1M as shown in the next section). So
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Figure B.2: Data from Salgin et al. [111] for NaCl and KCl for two different ionic strengths
of 0.001M and 0.1M

we can express the final expression as:

A

¢= =i+ 1osD) (155 ) (B.2)

where, 5, = 37 for the present set of NPs and incubation medium.

B.2 Estimation of electric potentials

The attractive van der Waals interaction potential is given by the expression proposed
by Gregory [102] that accounts for the electromagnetic retardation effect:

Arrs bh A

Here, h is the distance between the surfaces of the agglomerates, A is known as
the Hamaker constant with a value of 37 x 10°' (for nAg), b is a constant with a
value of 5.32, and A is the characteristic wavelength for the reaction = 100 nm. The

repulsive interaction potential between the agglomerates can be expressed via the
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electric double layer (EDL) interaction potential equation that was developed using

the Linear Superposition Principle by Gregory [101] as:

dn(h) = 128er (kZeT) ( ik ) viexp(—rh) (B.4)

T'i—i-’l"j

Here, € is the permittivity of the medium, Z is the valence of ions in the medium,
e is the elementary charge, kg is the Boltzmanns constant, « is the Debye-Hiickel
parameter, and v is the reduced surface potential which is a function of the surface

zeta potential ( of the particles and is given by:

v = tanh (4i§;> (B.5)

The Debye-Hiickel parameter, k is expressed in terms of the ionic strength, I of the

medium as:
2N, [e?

p— B.
" eksT (B.6)

where, N, is the Avogadros number.

B.3 Estimation of citrate oxidation

Figure B.7 (adapted from Bryan [241]) plots rate of citrate oxidation as a function
of pH. The kinetic rate constants (% per hr.) for citrate oxidation are estimated and
summarized in Table B.3.

Table B.3: Estimated kinetic rate constants (% per hr.) for citrate oxidation

pH =331 pH=456 pH=535 pH=5.71
— 12 k =35 k =45 =50
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Figure B.3: The effect of hydrogen-ion concentration on the rate of oxidation of solutions
of ferrous citrate. (Figure adapted from Bryan [241] with permission from The Royal
Society of Chemistry.)

B.3.1 lonic Strength Estimation

Ionic strength is affected by all ions present in a solution and depends on the methods
of preparation of a solution. lonic strength, I is defined as: I = (1/2)%¢,2?, where ¢,
is the concentration of the ¢th ionic species and z; is the charge of that ion. Based
on charge conservation, the total concentrations of positive and negative ions should
be equal. The positive ions present in the solution are [H*] and [Na™], while the

negative charges are [C10,], [OH |, [H,C ], [HC* ], and [C*]. So we have:
[H'] 4 [Na] = [ClO; ] + [OHT] + [C*7] 4 [HC*"] + [H,C"] (B.7)

For the citrate-stabilized nAg incubation study [39] that has been used to evaluate
the model, the incubation solutions were prepared with 0.1M NaClO, solutions (pH
= 6) and then titrated with 0.1M HCIO, solution (pH = 1) for reaching pH values
of 3 and 5 and titrated with 0.1M NaOH solution (pH = 12) for reaching a pH of

7. The ions from the citrate coating are considered in the next section. The ionic
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Table B.4: lonic concentrations (M) of all ions in the medium used by Leo et al. [39]

pH=3 |pH=5|pH=7

HT 1 x10® | 1 x10®° | 1 x107

Na™ 0.0999 0.1 0.09989
[C10,] 0.1 0.1 0.099

[OH] | 1 x10™ | 1 x10° | 1 x107

Table B.5: lonic concentrations (M) of all ions in the medium used by Tejamaya et al.

[40]
Salts Conc. Mol. | Molarity ¢z} Ionic  strength
(mg/L) | wt. (mmol/L)(¢) (mol/L) (X¢;27)
CM-1
Ca(l, - 2H,0 294 147 2 12
MgSO, - 7H,0 123.25 246 0.501 4.008
NaHCO4 64.75 84 0.771 1.542 | 0.0178
KNO, 5.75 74.5 | 0.077 0.154
Na,SeO, 2 173 0.012 0.072
NM-1
CaNO3, -4H,0 | 472.25 236 2.001 12.006
MgSO, - 7H,0 123.25 246 0.501 4.008
NaHCO, 64.75 84 0.771 1.542 | 0.0178
KNO, 7.5 101 0.074 0.148
Na,SeO, 2 173 0.012 0.072
SM-1
CaS0, 271.75 136 1.998 15.984
MgSO, - 7H,0 123.25 246 0.501 4.008
NaHCO, 64.75 84 0.771 1.542 | 0.0218
K,S0, 6.75 174 0.039 0.234
Na,SeO, 2 173 0.012 0.072

CM-10, NM-10, and SM-10 media were obtained by 10-fold dilution of the above media.

B.4 Protonation of Citrate lons

Protonation of citrate ions is a process controlled by ionic equilibria. The equilibrium

of various citrate species is shown below:

(C3] + 3[HT] 252 [HC> ] + 2 [HY] 222 [HC> ) + [HY]

22 [H,C)

(B.8)
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Here, C denotes the citrate ion and so H5C is citric acid and H,C and HC are citrate
ionic species at different extents of protonation. The three pKa values for citric acid
are: pKal = 3.13, pKa2 = 4.76, pKa3 = 6.4. Based on the Henderson-Hasselbach

equation, we can write the following equations:

H,C~
pH = pKa, + log ( }; C ) , (B.9)
3
HC*™
pH = pKa, + log (HSC‘) , (B.10)
C3-

The ionic concentrations of [H'], [Na™], [C10,], and [OH ] are estimated in the pre-

vious section. So the total concentration of citrate ions, [Cit], is given by:
[Cit] = [C*7] + [HC* ] + [H,C7] = [H'] + [Na'] - [CIO;] - [OH"]  (B.12)

So based on Henderson-Hasselbach equation, we can write:
Cit  [C*7] N [HC*T]  [H,C]
[H;Cl [HyC] - [HyC] o [HyC

(€] HCT] H,CT] | [HCT] [Hy,C] | [H,C

= O] B, O] B (B14)

(B.13)

= 10PHPE (1 4 10P™PH22 (1 4 10PHPR3)) (B.15)

The value of [Cit] is calculated in the previous section. The value of [H;C] can be
calculated from Equation B.15. Then, the values of [H,C], [HC], and [C*] can be
calculated as:

[H,C] = [H,C].10°1 - Pse (B.16)
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[HC?7] = [H,C]. 107" - »K=2 (B.17)

[C%7] = [HC?].10°H - pie (B.18)

Thus the ionic strength, I, can be calculated once we have the concentrations of all

ions in solution using the formula: I = (1/2)X¢,2?.

B.5 Nanoparticle surface coverage

Initial fraction of NP surface area coated, f,, would be given by:

_ NeNy(mr?)

fgo é;qu 9

(B.19)

where, N¢ is the total moles of citrate present, N, is the Avogadro No., r is the radius
of a citrate ion, and S A+ is the total surface area of the NPs.

Fraction of SA that is dynamically available for reaction can be estimated as:

Cow/SAr _ o Con/SAr 1 (B.20)

Ce,./SAs . Fe

coat

fA = on

where, C,, is the concentration of citrate ions in the medium and F,,,, is the parameter
quantifying the extent of surface protection as defined in the main body of the article

as:
oo Total Models citrate adhered to NPs  ng;
cont Total SA of NPs in medium - SA.

(B.21)

Data obtained from Siriwardane [242] (summarized in Table B.6) is used to esti-
mate the functional variation of f with d and pH. The value of f is approximately

linear with d for every value of pH (Figure). The best-fit lines are summarized in



203

Table B.6: Data for nanoparticle surface coverage for citrate coating from Siriwardane
[242]

pH | NP diameter, d (nm) | Surface coverage, f (x10") (molecules/cm?
2 4 3.7
4 4 2.9
5.5 4 2.2
7.5 4 0.92
2 9 5.9
4 9 3.7
2.5 9 2.7
2 39 51.9
4 39 18.5
5.5 39 17.2

Table B.7. So the variation of slope, m with pH (Figure S6) is:

m = (63.53).exp(-2.083pH) + 0.447 (B.22)

Table B.7: Best-fit equations for variation of f with diameter, d

Best-fit line Slope, m
f=(1.432)d- 4315 | 1.432
f = (0.4623)d + 0.353 | 0.4623
f = (0.4477)d - 0.393 | 0.4477

Cﬂ»-lkl\b%

Based on Figure, the effective ionic diameter of the citrate ion was assumed to be
3 A°. The intercept is very close to zero (Figure S4) for higher values of pH. So for
pH = 7, we can select the intercept as zero. So f = 0.447d. So the values of f for

citrate-stabilized nAg can be estimated and are summarized in Table B.S.

Table B.8: Final estimated values of f for citrate-stabilized nAg

NP | Mean dia. (nm) f

Ag20 20 8.94
Ag50 50 22.35
C20 20 8.04

C110 110 49.17




204

B.6 Nanoparticle Surface Coverage for PVP

For PVP coated nAg, we have the PVP/Ag mass ratio from nanoComposix
(www.nanoComposix.com )

As an example, the estimation for P20 is shown below:
Material conc. = 2.1 x 10" x (7/6)(20)* x 10*'x10.87 g/mL = 0.956 mg/mL
PVP conc. = 0.956 x 20 = 19.12 mg/mL
No. of PVP molecules per mL = (19.12 x10°/10000) x 6.023 x10** = 1.15x10"®
PVP molecules per NP = (1.15x10" )/(2.1x10"*) = 5.48x10*
PVP molecules per cm® = (5.48x10*) /(4007 x 10*) = 43.58x 10"

Table B.9: Final estimated values of f for PVP-stabilized nAg

NP NP  density | PVP/Ag PVP MW | NP  conc. | f(x10")
(g/cm?) mass ratio (NP /ml) (molecules/cm?)

P20 10.87 20:1 10 kD 2.1 x 10% 43.58

P110 | 10.49 10:1 40 kD 1.9 x 10" 28.96

B.7 Size distribution of lipid vesicles

Size distribution of lipid vesicles is constructed based on available information regard-
ing vesicular size in mammalian alveolar fluid. There are generally 3 broad types of
vesicles based on size - small unilamellar vesicles (SUVs), large unilamellar vesicles
(LUVs), and giant unilamellar vesicles (GUVs). The available information has been
summarized in Table B.10. The upper and lower limits of the size ranges (Table
B.10) are taken as the 95th and 5th percentile values of a log-normal distribution for
vesicular size. Then the subsequent mean and standard deviation for each type of
vesicle are estimated. The measures for the respective log-normal distributions and
combined with the respective percent compositions to construct an overall popula-
tion of vesicles having SUVs, LUVs, and GUVs with a size distribution representative

of mammalian alveolar fluid. Figure B.4 shows the overall size distribution of lipid



vesicles.

Table B.10: Properties of lipid vesicles in alveolar surfactant
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Vesicle type Percent  composi- | Size range [115] Mean, SD (nm)
tion [114]

SUV 43% 20-50 nm 35, 7.5

LUV 48% 50-500 nm 275, 112.5

GUV 9% > 1000 nm 1000, 0

SUV: Small Unilamellar Vesicles, LUV: Large Unilamellar Vesicles, GUV:

Vesicles

Fraction of total number

Giant Unilamellar
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Figure B.4: Lipid vesicle size distribution involving SUVs, LUVs, and GUVs.

B.8 Size distribution of lipid vesicles

Steric effects have been considered for coating molecules using the method shown by

Damodaran [135, chap. 3|, who used the following equation to estimate the repulsive

energy due to steric effects:

E, = (k:BTnmL/S)‘ [(QL/d)2‘25 .

(2L/d)075] ,

(B.23)
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where, kg is the Boltzmanns constant, 7" is the absolute temperature, n,, is the number
of coating molecules per unit surface area of the ENM, L is the chain length of the
coating molecule, s is the mean distance between coating molecules, and d is the
mean distance between interacting ENMs. Here, the mean distance between coating
molecules, s is given by: s = y/1/n,,. The distance between interacting ENMs, d
varies as two ENMs approach each other, and hence the total interaction energy is
estimated by integrating over the entire distance as was done by Mukherjee et al. [42]
for attractive and repulsive electrical potentials.

Parameters L and n,, in Equation B.23, for citrate and PVP molecules are sum-
marized in Table B.11. Number of coating molecules per unit ENM surface area (n,,)
is generally known to vary with ENM size. The values of n,, for various sizes of ENMs
have been estimated by Mukherjee et al. [42]. The molecular lengths of citrate and
PVP molecules are taken from the literature (PVP from Zeng et al. [243] and citrate

from Apelblat and Manzurola [244]).

Table B.11: Molecular properties of citrate and PVP coatings

Parameters C20 C110 P20 P110
L (nm) 0.673* 0.673* 16%* 16%*
n..(molecules/m?) 8.94x10"™ | 4.92x10" | 4.36x10" | 2.9x10"

* based on an apparent molar volume of 96.24 ¢cm®/mol for trisodium citrate from Apelblat and
Manzurola [244]
** based on 10 kDa and 40 kDa PVP chain length from Zeng et al. [243]

The steric repulsive potential estimated from Equation B.23 is normalized by
the steric potential created by an uncoated Ag ENM. The molar volume of Ag
is 10.335 cm?® per mole. Considering an Avogadro number of molecules making
up that volume, and assuming an Ag atom as roughly spherical, the mean radius
of the Ag atom, r,, can be estimated as 1.6 A°. Empirical and calculated val-
ues of the atomic radius of Ag are also reported to be around 160 pm or 1.6 A°
[www.webelements.com/silver [atomgizes.html]. Number of Ag atoms present on

the surface of an uncoated Ag ENM can be estimated as n, = 1/7r3,. So using

L =3.2A° and n,, = 1.24 x 10" atoms/m?, we can get from Equation B.23, the value
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of F,,. The steric effect is quantified as:

A

E
_ |‘EAg|| (B.24)

Mutual interaction of ENMs consists of an attractive van der Waals interaction
potential and a repulsive interaction potential. Detailed expressions for these interac-
tion potentials are provided Equations B.3 and B.4. The effective repulsive potential,
¢. is obtained by adjusting the electric repulsive potential ¢; by the steric effect

represented by Agr as:

6.(1) = du(h) Asx(R) (B.25)

B.9 Estimation of zeta potentials

Zeta potential of lipid-adsorbed ENMs has been estimated using a weighed function

as:

C = CLQ + Co(l - 9)7 (B'26>

where, (, is the zeta potential of the ENM without lipid adsorption, ¢, is the reduced
zeta potential due to lipid adsorption, and @ is the fractional surface coverage of the
ENM by lipids. Allam et al. [245] measured zeta potentials of nanoparticles, with and
without the presence of lipids. The measurements are shown in Table B.12. From
these measurements, the average value of ¢, /(, was estimated as 0.34. Zeta potentials

of various types of uncoated ENMs are summarized in Chapter III.

Table B.12: Measured values of ¢ (in mV) for NPs with and without coated lipids from
Allam et al. [245]

¢ (un- | -32.4 | -40.7 | -47.1 |-11.2 |-12.3 |-23.3 |-10.3 | -10.8 |-22.5
coated
NPs)

¢ (lipid | -11.9 | -15.6 |-19.1 |-4.5 -5.5 -74 -2.2 -3.4 -5.2
coated
NPs)
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Figure B.5: Figures from Zhdanov and Kasemo [126], showing variation of adsorption and
desorption rates (k,,k4) for proteins with change in lipid surface coverage.(Reprinted from
Biophysical Chemistry, Vol. 146(2-3), Zhdanov V.P. & Kasemo B., 60, Copyright(2009),
with permission from Elsevier)

B.10 Protein adsorption and desorption

Zhdanov and Kasemo [126] modeled protein adsorption and desorption on lipid bi-
layers and how the adsorption and desorption rates (k,&k,) varied with lipid surface
coverage. The measurements shown in Figure B.5 were used to fit a function for k,

and &, as follows:

k.= k.(1+ B,0™) (B.27)

ke = KS.(1 + B,0m) (B.28)

Here, kY and k) are the values of k, and k, obtained by extrapolation of the data
shown above for § = 0. Without the presence of lipids (6 = 0), there would be no
preference for any of the proteins regarding adsorption and hence the values of k2 and
k3 would be the same. The exact values do not matter here as they are normalized
in the model and used as relative probabilities. The values of the fitted parameters

for the four surfactant proteins are shown in Table B.13.
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Table B.13: Estimated parameters for the four surfactant proteins

Protein L [k k0 B. B, ke | ka
SP-A 2 [3.16x10" | 2x 107 | 15x 10" | 25x 107 | 1.79 | -3.2
SPB 4 [316x10° | 2x 107 | 458x 10" | 2.3 x 10° | 3.92 | -
1.09
SP-C 4 [316x10° | 2x 107 | 458x 10" | 2.3 x 10° | 3.92 | -
1.09
SPD 2 [316x10° | 2x 107 | 15x 10" |25 x 107 | 1.79 | -3.2

B.11 Estimation of diffusion coefficients for proteins

Estimation of diffusion coefficients of proteins involve multiple parameters such as
the molecular weight M, partial specific volume V', and the sedimentation coefficient,

s, which are related by the Svedberg equation [144] shown below:

RT's
D=——— B.2
M(1—vp)’ (B.29)

Young et al. [144] used the Svedberg equation to derive an empirical correlation

for proteins, which can be written as:

D =751 x 105.(TV"'? /n), (B.30)

where, V is the partial specific volume of the protein under consideration, 7 is the

viscosity of the medium, and T is the absolute temperature.
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Appendix C

Toxicodynamic Model Calculations

C.1 Estimation of surfactant kinetics

Kinetic parameters corresponding to kinetics of various surfactant components dis-
cussed in Chapter IV have been estimated using measurements from various published

in vivo studies.

BALF

LN

frype Il cell

LB

N

Figure C.1: Schematic representation of alveolar surfactant component kinetics within
alveolar lavage fluid.
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Based on data from Martini et al. [151], we have the following:
PL secretion into LB: 2.1 + 20.9 = 23 nmol/h/g lung
LB secretion outside the cell: 239 nmol/h/g lung

PL recycling: 215.9 nmol/h/g lung

PC pool size in LB: 1.14 ymol/g lung
PC pool size in surface: 1.46 pmol/g lung

PC pool size in tissue: 12.6 pmol/g lung

So, PC pool size in type II cells = 12.6 - 1.46 - 1.14 = 10 pmol/g lung = 10000
nmol/g lung

Based on data from Young et al. [195], we have the following:

No. of LB per type II cell = 150

No. of type II cells per lung = 126 x 10°

Based on data from Oosterlaken-Dijksterhuis et al. [164], we have the following:
nmol SP-A/mol PL in LB = 0.006

nmol SP-B/mol PL in LB = 5.5

nmol SP-C/mol PL in LB = 12

Based on data from Bourbon [162]:

Half-life of SA = 12 hr. (Based on SP-B)

Rate constant for transfer of PL from pool to LB = 23/10000 hr' = 3.833 x 10°
min". Rate constants for SA and C are assumed to be same as that of PL, since the
“unpackaging” of all surfactant components from LB to the alveolar fluid happens at

the same time.

Rate of LB release out of the cell (for entire lung):
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Rate of PL transport by LB out of the cell = 239 nmol/h/g lung (Martini et al. [151])
Rate of LB exocytosis (dividing by amount of PL in LB) = 239/1140 hr" = 239/1140/60
min™ = 0.0035 min™.

Rate of PL recycling back into the cell = 215.9 nmol/h/g lung

Rate constant for the transfer (for the whole lung) = 215.9/1460 h* = 215.9/1460/60
min" = 0.0025 min™!

Rate constant for SA recycling = 0.0025 min™ (assumed same)

Rate constant for C recycling = -log(1/2) / t,,, = 0.0578 h™* = 9.627 x 10* min™
(based on half-life from Martini et al. [151]).

C.1.1 Surfactant uptake by alveolar macrophages

Gurel et al. [156] studied surfactant uptake by alveolar macrophages. Based on the
data [156], considering the first data point (at 15 minutes after start of incubation),
the DPPC uptake can be estimated as: 15 dpm per 10° cells. Based on the specific
activity of DPPC of 2.3 nCi/pL, and 1 Ci = 2.22 x 10" dpm, the uptake rate of PL
by macrophages can be estimated as: 15/(2.3 x 2.22 x 10°) pL per 10* cells per 15
mins = 1.958 x 10 uL per 10° cells per min.

The 60 pL dose is approximately 10% of the alveolar pool [156].

Alveolar pool = (1.14 + 1.46)pmol/g lung = 2.6 pmol/g lung = 2.6 x 0.43 pmol
(mice) = 1.118 pmol.

So, uptake rate of PL = 1.958 x10*x0.112/60 pmol per 10° cells per min = 3.655x 10"
pumol per 10° cells per min = 6.067 x 10 pmol per min (1.66 x 10° macrophages per
lung) = 6.067 x 10~° pmol per min/(0.0818 x 0.43 pmol) (previously estimated amount

in the alveolar fluid) = 1.725 x 10 per min.

Gurel et al. [156] also measured SP-A uptake by cells as 5 dpm per 10° cells. Based on
a specific activity of SP-A = 0.011 uCi/pg protein and the fact that 1 Ci = 2.22 x 10"
dpm, the uptake rate of SA = 5/(0.011 x 2.22 x 10° pg per 10° cells per 15 min =
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1.365 x 10° ng per 10° cells per min = 5.25 x 10" pmol per 10® cells per min =
8.715 x 10® pmol per min (1.66 x 10° macrophages per lung) = 8.715 x 10® pmol
per min/(0.0146 x 0.43 pmol) (previously estimated amount in the alveolar fluid) =

1.388 x 10°® per min.

C.2 Estimation of regulatory parameters

Surfactant proteins exert critical regulatory effects on alveolar processing of PL. These
effects have been estimated using in vitro measurements from multiple published

studies.

C.2.1 Effect of Surfactant Proteins on PL adsorption

Hawgood et al. [246] compared changes in surface tension due to change in amounts
of surfactant proteins in a PL mixture. The slopes of the surface pressure - time
curves were compared for cases A and B (Figure 6 in Hawgood et al. [246]) which is

a good indicator of the different rates of PL adsorption on to the air-liquid interface.

Table C.1: Parameters for surfactant regulation by surfactant proteins estimated using
measurements from Hawgood et al. [246]

Case A Case B
Slope, m 5.58 1.63
SP conc., C' | 2 ug/ml | 0.5 pg/ml
m/C 2.79 3.26
Mean 3.025

Based on these results, we can say the effect of surfactant proteins on PL adsorp-
tion can be quantified as 3.025 per unit conc. (pug/ml) of surfactant proteins present

in the lavage fluid.



214

C.2.2 Effect of SP-A on PL secretion

Measurements from Bates et al. [205] were used to estimate the percentage change
in PL secretion with change in concentration of SP-A. The mean slope estimated
(Figure 1 from citetBates2003) is -6.6783. So the decrease in secretion rate can be

estimated to be 6.67 % per ug/ml of SP-A.

C.2.3 Effect of SP-A on PL recycling

Measurements from Muller et al. [247] were used to estimate the effect of SP-A on
PL recycling. Based on Figure 1 from Muller et al. [247], the control values with and
without SP-A were considered. Considering the initial slope, the initial slope for the
case without SP-A was 0.0924, while that for the case with SP-A was 0.6393. So
it was evident that the recycling rate of DPPC increased increased (0.6393/0.0924),
i.e. 6.92 times for an increase of 5 ug/ml of SP-A. So it could be assumed that the

increase in recycling rate per pg/ml of SP-A = 1.384.

Table C.2: Morphological parameters of the pulmonary system used in the model

Parameter Value Reference

Total lung volume 1.43 ml Measured in mice by Wu et al. [193]

Total lung mass 0.43 g Measured in mice by Wu et al. [193]

Volume of alveolar fluid | 10 ml/kg BW Reported in sheep by Moessinger et al. [248]

Alveolar surface 0.072 m? Scaled by lung volume from alveolar surface in
Wistar rats reported by Rudiger et al. [249]

Thickness of alveolar | 0.2 ym Reported in rats by Bastacky et al. [142]

interface

Volume of single Type | 385.7 um? Number weighted mean in rats [249]

IT cell

No. of Type II cells 9.13x107 Reported in mice by Gurel et al. [156]

Volume of LB per Type | 61.3 um? Reported in rats by Rudiger et al. [249]

IT cell

No. of LB per Type IT | 150 Estimated in rats by Young et al. [195]

cell
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Table C.3: Initial (literature) estimates of parameters for surfactant kinetics

Parameter | Description Value (in | Reference
min!,except where
mentioned)
Kip Rate constant for LB exocytosis | 0.0035 Martini et al. [151]
Kre Rate constant for surfactant recy- | 0.0025(PL,SA); Martini et al. [151]
cling 9.63x10* (C)
Kaqg Rate constant for surfactant ad- | 1.649 ml/pmol.min | Walters et al. [158]
sorption
Kpep Rate constant for surfactant de- | 1.649 Walters et al. [158]
pletion
Kyipn Rate constant for macrophage | 1.725x1073(PL,SA); | Gurel et al. [156]
uptake 1.388x107 (C)
Kaw Rate constant for airway loss of | 2.083x107° Pettenazzo et al.
surfactant [157]
Koo Rate constant for surfactant se- | 3.833x10° Martini et al. [151]
cretion into LB
Table C.4: Values of parameters for surfactant regulation
Parameter Description Literature value Reference
Parameter for activa-
k34 tion of surfactant ad- | 3.025 per ug/ml of SA | Hawgood et al. [246]
sorption by SA
Parameter for activa-
kS, tion of surfactant ad- | 3.025 per pug/ml of C Hawgood et al. [246]
sorption by C
Parameter for inhibi-
ks tion of surfactant secre- | 0.0668 per pug/ml of C | Bates et al. [205]
tion by C
Parameter for activa-
kS, tion of surfactant recy- | 1.384 per pug/ml of C Muller et al. [247]
cling by C

Table C.5: Optimized values of parameters for surfactant kinetics (in min™)

Parameter PL SA C

Kgee 3.99x10* 3.99x10* 1.33x10°8
Kre 4.88x107? 1.995x10 9.78x107°
Kpep 0.0924 0.1917 1.594

Parameters K15, & Kaq are considered to have the same values for all components. For other
parameters Kyn, & Kaw, the literature obtained values are considered. Kcse. is considered to be
6 times that of K. for collectins in the absence of definitive data on the relative contributions of

either pathways.

C3

Intracellular digestion of surfactant lipids

Wallace et al. [192] measured digestion of PL which was adsorbed on nanoparticles

by cells. Figure C.2 shows measurements of fraction of PL, f remaining with time.
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Table C.6: Summary of nanoparticles used in the analysis

Particle Des- . Hydrodynarmc C.ore Ag conc. Zeta. P.O_
{omation Nanomaterial diameter diameter (mg/g) tential in
& (nm) (nm) 8/8 BEGM (mV)
15 nm citrate stabi-
nAg lized nAg 15 12 1 9.6
15 nm citrate stabi-
CB lized CB 15 12 1 -9.6

Table C.7: Michaelis-Menten parameters for surfactant adsorption

Va (mg/ml) KA (m?/ml)
Oxidized surface 5.1x10°3 1.03x1072
Non-oxidized surface 3.581x10 1.131x107?

The fraction f can be fitted to an exponential function given by:

f= KPLase'eXp(_kt) (Cl)

So f can be expressed as a differential equations as:

df
pri a.exp(—kp.t), (C.2)

where, a = 1, and kp;, was estimated to be 0.13 hr.
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Figure C.2: Data points from Wallace et al. [192] for fraction f, of PL digested and a
best-fit exponential function for the data.
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Appendix D

Estimations for lung mechanics

D.1 Effect of surfactant concentration on surface tension

Surface tension at the alveolar interface is a function of surfactant concentration in
the hypophase. The relationship was investigated by Walters et al. [158]. Using data

from Walters et al. [158], the following relationship was developed:

Cn
,y = ’Ymax' |:1 - K+SCH:| Y (Dl)
S

where, Cy is the surface concentration of PL, 7,,., is the maximum surface tension
of the alveolar interface estimated to be 28.1 mN/m, and K, n are parameters with
values estimated to be 18.647 and 2.81 respectively. So the relation between 7, the
surface tension due to PL and ;. %, the surface tension in control conditions can be

obtained as:
K+Cy

— D.2
K+Cy’ (D-2)

’YPL/’VPL* =
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D.2 Effect of SA on surface tension

The effective surface tension, « is given as:

v = Yor-foa (D.3)

Here, fs, is related to the surface concentration of SA as foy = Kuursa-(1 — Csa).
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Figure D.1: Data points for lipid layer anisotropy vs AgNP concentration in surfactant
lipids and fitted curve based on an exponential model (data from Bothun [228].

D.3 Effect of NP on surfactant viscosity

Surfactant viscosity, u can be related to lipid layer anisotropy, < r > as:

u=u0-<<r>), (D.4)

< Ty >

where, p, and < r, > are values in the absence of any NPs.

Lipid bilayer anisotropy, < r > was related to AgNP concentration, ¢, based on



data from Bothun [228]:

< r >=(0.061).exp(—0.013¢c) + 0.2672

Table D.1: Data for changes in lipid bilayer anisotropy from Bothun [228]

AgNP conc. | <r > at 30°C
(mg/L)

0 0.337

1 0.324

5 0.318

10 0.320

50 0.3

500 0.292

1000 0.267
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