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To all patients and sufferers of pulmonary diseases.

May you all be disease-free in the near future.
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ABSTRACT

Airway mucus gel plays a vital role in maintaining the integrity of mucosal epithelia and
protecting respiratory health. Such defensive mechanism stems primarily from a constant
clearance of mucus-entrapped inhaled pathogens and particulates by mucociliary
transport. The success in removing mucus-entrapped harmful substances relies heavily on
proper mucus rheology. It is well established that hydration is the single most important
determinant of mucus rheological properties. In a healthy condition, the body precisely
controls the degree of mucus hydration through modulating physiological parameters of
various ionic concentrations in the nascent microenvironment which bathe the mucus. On
the contrary, inadequate mucus hydration and abnormal mucus hypersecretion seem to be
the major causal factors underlying pathological states involving the accumulation of
highly viscous mucus plugs, obstructive airflow, chronic infection and inflammation.
These symptoms are characteristic of pulmonary diseases including, but not limited to,

chronic obstructive pulmonary disease (COPD), asthma, and cystic fibrosis (CF).

My research focused on the mechanisms of how (i) environmental and (ii) physiological
factors affect mucus secretion and rheological properties. My first project tested whether
titanium dioxide nanoparticles (TiO, NPs), a common air pollutant that constitutes
airborne particulate matter, can induce mucin hypersecretion from airway epithelial cells
via a Ca*"-mediated pathway. Aside from being an airborne pollutant, many engineered
NPs are utilized in the nanoindustry and have acquired secondary surface modifications.
The question of functionalized NPs with surface charges being able to alter mucus
rheological properties is the focal point of the second project. The third study aimed at
understanding how physiological parameters involving bicarbonate ion concentrations
regulate mucus rheological characteristics. Abnormal bicarbonate levels in humans have

recently been suggested to instigate a devastating Caucasian disease, cystic fibrosis.

A more in-depth comprehension of how both environmental and physiological factors
disturb mucus rheology and over-secretion facilitate the design of future therapies to

counteract the concomitant pathologies.



CHAPTER 1

Introduction

Airway mucus plays an essential role in maintaining mucosal moisture and protecting
respiratory health. The defensive mechanism derives mainly from a concerted
orchestration of mucociliary transport where inhaled pathogens and particulates are
constantly cleared. Mucins are large, highly glycosylated proteins consisting of an array
of mucin peptides (apomucin) [1,2]. To date, 20 different mucin proteins (MUCs) are
known to exist in humans, with MUCS5AC and MUCS5B being the predominant airway-
associated mucins. MUCSAC is constitutively produced by surface goblet cells of
proximal airway whereas MUCSB is generated by surface secretory cells throughout the
airway and by submucosal glands [3,4,5,6,7]. Airway mucins are in a gel form which
contains properties of an elastic solid and a viscous fluid [4,8,9,10]. In healthy conditions,
mucus is comprised of approximately 3% solid (mucins and other proteins) and 97%
water [3,4,8,9,10,11]. The high molecular weight of mucin glycoproteins is composed of
~75% carbohydrate and ~25% protein [2,3]. Rich carbohydrates provide terminal sugars
with sulfate, and carboxyl (COO") groups rendering mucin with a polyanionic nature
[2,3,6]. Complementing mucin anionic features, cationic calcium ions can act as
crosslinkers that condense the mucin matrices inside secretory granules before exocytosis
[2]. Upon release, phase transition mainly driven by the Donnan effect triggers the
massive decondensation of mucin networks [2]. Physical entanglement, hydrogen
bonding, hydrophilic and hydrophobic interactions have also been shown to contribute to
the gel properties of mucin [2]. More importantly, the rheological properties of mucin gel
are critical for maintaining the integrity of epithelial mucosa by trapping bacteria and
viruses for mucociliary clearance. Deviation from the normal rheological properties most

invariably results in pathological consequences in the pulmonary system [2,3,6,12,13,14].

Hydration is the single most important determinant of mucus rheological properties.
Improper mucus hydration and mucus hypersecretion seem to be the reasons underlying

the pathological obstructive mucus and impaired mucociliary transport. As a result, the



dehydrated and highly viscous mucus plugs that accumulate in airway passages and limit
airflow are commonly observed throughout pulmonary diseases including chronic
obstructive pulmonary disease (COPD), asthma, and cystic fibrosis (CF) [15,16].
Subsequent sequelae of mucus obstruction may accompany chronic bacterial infection,
inflammation and airway remodeling [16,17]. Therefore, a delicate balance between (i)
secretion and (ii) viscoelasticity are clearly indispensable to preserving pulmonary
homeostasis. Interplay of these two parameters with physiological and environmental

factors thus, becomes the area of interest in my study.

Under physiological condition, mucin secretion is closely regulated by cytosolic Ca*"
concentrations ([Ca*"]c) in various epithelial cells [18]. A rise in [Ca’"]c initiates a
cascade of down stream events including the mobilization of granule-bound Ca*’,
docking of the secretory granules, fusion of the plasma-granule membrane and the
formation of secretory pores, therefore leading to the exocytosis of the mucin granules
[19]. However, abnormal elevation of intracellular Ca®" levels due to environmental
factors may lead to mucus hypersecretion, potentially resulting in obstructive mucus
accumulation and impaired mucociliary clearance. Pollution associated airborne
particulates have been the major harmful stimulants that predispose to pulmonary
morbidity and mortality. It is widely demonstrated that nanoparticle (NP) exposure
through ambience and/or work place poses great threats to pulmonary wellbeing.
Inhalation of NPs aggravates clinical manifestation of patients with existing respiratory
symptoms. Recently, an epidemiological link between environmental NP exposure and
mucus hypersecretion has been suggested. However, whether NPs can directly induce
mucus hypersecretion is not clear and the mechanism behind the hypersecretory response
remains elusive. It is therefore my interest to investigate whether titanium dioxide NPs
can directly trigger mucin secretion from airway epithelial cells via an intracellular Ca**

signaling mediated pathway.

Beside mucin secretion, altered viscoelastic properties of mucus can lead to concomitant
pathological outcomes. Traditional studies examined nanotoxicity on pulmonary systems
by investigating airway epithelial cell apoptosis. NPs with varying sizes and

compositions were tested for their cytotoxic effects and related mechanisms. Recently,



due to advancements in nanotechnology, attention has been focused on the NP surface
functionalization. Whether NP surface modifications can directly impinge harmful
consequence on the viscoelastic properties of mucus has never been studied. My second
project focuses on how positively-charged functionalized NPs impede mucus hydration.

Apart from environmental factors, physiological parameters also modulate rheological
properties of mucus. The long standing cationic paradigm has shown profound impact on
viscoelastic properties of gel-forming mucin. However, possible contribution from anions
in mucus formation and the lack of which can cause impaired mucus rheology has
received little attention. Hence, my last study examines the effects of bicarbonate anions

on mucin rheological characteristics.

My Ph.D. thesis provided a more in-depth understanding of how both environmental and
physiological factors influence mucin secretion and rheological properties. Through these
projects, I aim to help provide future therapeutic treatments to restore mucin homeostasis

and ameliorate symptoms of pulmonary diseases.



CHAPTER 2
Mucin Secretion Induced by Titanium Dioxide Nanoparticles

ABSTRACT

Nanoparticle (NP) exposure has been closely associated with the exacerbation and
pathophysiology of many respiratory diseases such as Chronic Obstructive Pulmonary
Disease (COPD) and asthma. Mucus hypersecretion and accumulation in the airway are
major clinical manifestations commonly found in these diseases. Among a broad
spectrum of NPs, titanium dioxide (TiO;), one of the PM10 components, is widely
utilized in the nanoindustry for manufacturing and processing of various commercial
products. Although TiO, NPs have been shown to induce cellular nanotoxicity and
emphysema-like symptoms, whether TiO, NPs can directly induce mucus secretion from
airway cells is currently unknown. Herein, we showed that TiO, NPs (< 75 nm) can
directly stimulate mucin secretion from human bronchial ChaGo-K1 epithelial cells via a
Ca®" signaling mediated pathway. The amount of mucin secreted was quantified with
enzyme-linked lectin assay (ELLA). The corresponding changes in cytosolic Ca*"
concentration were monitored with Rhod-2, a fluorescent Ca*" dye. We found that TiO;
NP-evoked mucin secretion was a function of increasing intracellular Ca®" concentration
resulting from an extracellular Ca*" influx via membrane Ca*" channels and cytosolic ER
Ca®" release. The calcium-induced calcium release (CICR) mechanism played a major
role in further amplifying the intracellular Ca®* signal and in sustaining a cytosolic Ca*"
increase. This study provides a potential mechanistic link between airborne NPs and the

pathoetiology of pulmonary diseases involving mucus hypersecretion.

Keyword: Titanium dioxide nanoparticle, nanoparticles, mucin secretion, intracellular

calcium signaling, exocytosis, airway cells



INTRODUCTION

Many published reports have demonstrated the association between NP exposure and
pulmonary morbidity and mortality [20,21,22]. The adverse effects induced by NPs seem
to exacerbate clinical symptoms of pre-existing respiratory illnesses such as asthma,
COPD and Cystic Fibrosis (CF) [20,21,22,23,24,25]. During NP exposure, individuals
with respiratory diseases showed more incidences of bronchoconstriction, medication use,
bronchial hyperreactivity and lung fibrosis [21,26]. TiO, NPs are widely used in the
nanotechnology industry due to their vast array of applications that range from household
commodities, such as components of paints and carpets, to personal products that include
cosmetics, textiles, sunscreens and foods [27,28]. TiO, is also one of the PMI0
components commonly found in industries or manufacturing plants involved in
processing mineral ore rutile [29]. It has been reported that > 50% of TiO, NP exposed
workers had respiratory symptoms accompanied by reduction in pulmonary function
[29,30]. Other reports have also indicated that inhalation of TiO, NPs can induce
pulmonary inflammatory responses (characterized by neutrophil recruitment), epithelial
cell death and increased permeability [21,28]. Furthermore, TiO, NPs have been shown
to play a role in inducing epithelial fibroproliferative changes, stimulating goblet cell
hyperplasia and in instigating emphysema-like (such as alveolar enlargement) damages in
the lungs [21,29,31]. Overall, nanotoxicity induced by TiO, NP exposure in both the

occupational and ambient environment presents a significant and realistic health concern.

The harmful effects of NPs on the respiratory system not only encompass cellular
apoptosis/necrosis, but also mucus hyperproduction which is closely associated with the
pathogenesis of pulmonary diseases that include asthma, COPD and CF [21,29,32]. In
these chronic pulmonary diseases, mucus hypersecretion and accumulation may lead to
recurrent episodes of chronic bacterial infections, limited airflow and chronic
inflammatory responses [21,33,34]. However, whether TiO, NPs can directly induce

mucin secretion has not been resolved.

Airway mucus plays a vital role in the constant clearance of inhaled pathogens and

particulates. Mucus is a large, highly glycosylated protein consisting of an array of mucin



peptides (apomucin) [33]. With their oligosaccharide sidegroups, such as sialic acid,
sulfate, and carboxyl (COQO7), mucins are usually polyanionic in nature [2]. Mucin
secretion is closely regulated by cytosolic Ca*" concentrations ([Ca’’]c) in various
epithelial cells [18]. A rise in [Ca®"]c is crucial for initiating a cascade of down stream
events including the mobilization of granule-bound Ca®*, docking of the secretory
granules, fusion of the plasma-granule membrane and the formation of secretory pores,

therefore leading to the exocytosis of the mucin granules [19].

Agonist-induced opening of various Ca®’ channels expressed on the cell membrane
allows the influx of extracellular Ca*", which may serve as the external Ca®" source [35].
The initial upsurge in the [Ca*"]c is usually relayed by triggering a secondary wave of
Ca®" propagation from internal stores, such as the ER [35,36,37,38]. Ryanodine receptors
(RYRs) on the ER have multiple allosteric Ca>* binding sites responsible for triggering
Ca”"- induced Ca®" release (CICR) into the cytosol [35,36,37,38]. The resultant increase
in [Ca*]c could activate other cytosolic proteins and modulate secretion of mucin,

hormones or various neurotransmitters [18,39,40].

NPs have been shown to disturb cellular functions by elevating intracellular Ca*" levels
[41,42,43,44]. For example, ultrafine carbon black NPs can elicit Ca2+-dependent
secretion through the activation of L-type voltage-gated Ca®" channels [41,42,44].
However, little is known regarding the intricate calcium signaling pathway regulating the
exocytotic events of secretory products. In this study, we aim to investigate the
mechanism through which TiO, NPs induce mucin secretion via a Ca*" signaling

mediated pathway.
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MATERIALS AND METHODS

1. Culture of ChaGo-K1 cells

The human airway bronchial epithelial cell line ChaGo-K1, obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA), was used because it expresses
MUC proteins and secretes mucin [45]. Cells were cultured in 15 cm cell culture plates
(VWR, CA, USA) in RPMI 1640 medium (Invitrogen, CA, USA) supplemented with L-
glutamine, 1% penicillin/streptomycin and 10% heat inactivated fetal bovine serum

(FBS). Cultures were incubated in a humidified incubator at 37°C/5% CO,. Cell counts

were performed using trypan blue (Sigma-Aldrich, MO, USA) exclusion and a Bright-

Line haemocytometer.

2. Nanoparticles and characterization

A mixture of anatase and rutile forms of ultrafine titanium (IV) dioxide (< 75 nm)
(Sigma-Aldrich, MO, USA) was used in this study because this form has been shown to
result in more severe cellular injuries [46,47]. The TiO, NPs have a surface area of 36
m?/g and the dispersion conductivity is 1040 pS/cm (information from Sigma). All NP
samples were sonicated before usage. The concentrations used were 1 mg/ml, 0.75
mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.1 mg/ml, and 0.05 mg/ml. The range of concentrations
used was consistent with the concentrations of TiO, NPs found in previous reports [46].
The TiO, NPs were reconstituted with Hanks’ solution (Invitrogen, CA, USA) before
being tested. The size of NPs was independently confirmed using homodyne dynamics

laser scattering (DLS) as described in previous studies [13,14].

3. Cell preparation

Cells were seeded at 2x10° cells per well in a 24-well plate, and incubated for 24 hrs in
RPMI 1640 supplemented with 10% FBS. Following 24 hr incubation, the RPMI medium
was removed from the cells and the culture was rinsed with Hanks’ solution twice before

use.
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4. Measurements of cytosolic Ca** concentrations induced by TiO, exposure

The cells were then loaded with a Rhod-2 AM dye (1 uM) (Kq = 570 nM, Agx = 552 nm
and Agm = 581) (Invitrogen, CA, USA) for 45 minutes. After the dye loading, the cells
were rinsed, incubated with either normal Hanks’ or Ca®'-free Hanks’ solution, and
treated with the appropriate TiO, concentrations. All calcium signaling experiments were

carried out on a thermoregulated stage at 37°C mounted on a Nikon microscope (Nikon

Eclipse TE2000-U, Tokyo, Japan). ChaGo-K1 cells were incubated with cadmium
chloride (200 uM; Sigma-Aldrich, MO, USA) to block the membrane Ca®" channels [48],
followed by TiO, NP stimulation. To investigate the interaction between TiO, and
membrane Ca>” channels, nifedipine (10 uM; Sigma-Aldrich, MO, USA), an L-type Ca*"
channel blocker [43], was added to ChaGo-KI1 cells prior to the exposure of TiO,.
Antioxidant N-acetylcysteine (NAC, 250 uM; Sigma-Aldrich, MO, USA) was also added
to ChaGo-K1 cells to study the involvement of reactive oxygen species (ROS) [43,49],
possibly generated as a result of TiO, stimulation, and the activation of Ca®" channels.
Thapsigargin (100 nM; Sigma-Aldrich, MO, USA) [19] and ryanodine (100 uM; Sigma-
Aldrich, MO, USA) were added separately to deplete the ER Ca®" content and to inhibit
the CICR mechanism [36,37], correspondingly. These two blockers were utilized to

investigate the contribution from the internal ER Ca** pool.

5. Calcein dye leakage measurements

ChaGo-K1 cells were seeded at the density of 2x10° cells per well in a 24-well plate and
cultured for 24 hrs. TiO, NP prepared with calcein fluorescent dye (50 uM) (Invitrogen,
CA, USA) in Hanks’ solution was incubated with the cells for 5 minutes at 37°C. Calcein
is a biological inert green-fluorescent molecule of a molecular mass of 623 Da and an
estimated molecular radius of 0.6 nm [50]. TiO, NP solution containing the calcein dye
was then removed and cells were rinsed twice with PBS to remove possible remnants of
calcein dye in the extracellular solution. The cells were subsequently stained with a
fluorescent nucleus dye, hoechst (10 uM) (Sigma-Aldrich, MO, USA), for 5 mintues at
37°C and thoroughly rinsed again [14]. Fresh Hanks’ solution was added into each well
before taking fluorescent images of calcein and hoechst loaded cells with a Nikon

fluorescence microscope. A percentage of calcein loaded cells against total number of

12



cells, as indicated by hoechst fluorescence, was calculated for each of the TiO, NP

concentrations used in the experiment.

6. Mucin secretion and ELLA Preparation

The cells were seeded at 2x10° cells per well in a 24-well plate and cultured for 24 hrs.
ChaGo-K1 cells were then rinsed with PBS and treated with BAPTA-AM (Invitrogen,
CA, USA), thapsigargin (Sigma-Aldrich, MO, USA) or ryanodine (Sigma-Aldrich, MO,
USA) for at least 30 minutes. Afterward the cells were stimulated for 15 minutes with the
corresponding TiO, NP concentrations (0.75 mg/ml, 0.5 mg/ml, 0.25 mg/ml, and 0.1
mg/ml) or ionomycin (I puM) (positive control) (Sigma-Aldrich, MO, USA), both
prepared in PBS. The supernatant containing secreted mucin was collected and briefly
centrifuged at 8,000 rpm to remove the residual TiO, NPs. The supernatant was then
incubated in a 96 well (Nunc MaxiSorp, VWR, CA, USA) plate overnight at 4°C.
Afterward the 96-well plate was washed with PBST (PBS + 0.05% Tween-20) and then
blocked with 1% BSA. The 96 well plate was washed again with PBST and incubated
with lectin (Wheat germ agglutinin, WGA) (Sigma-Aldrich, MO, USA), conjugated to
horseradish peroxidase (HRP; 5 ug/ml) (Sigma-Aldrich, MO, USA), at 37°C for 1 hr. The
substrate, 3,3',5,5'-Tetramethylbenzidine (TMB; Sigma-Aldrich, MO, USA), was added
to each well at room temperature followed by H,SO4 (Sigma-Aldrich, MO, USA) in

order to terminate the reaction. The optical density was measured at 450 nm [51].

7. Image Analysis

After staining the treated cells, image analysis was performed with an inverted Nikon
Eclipse TE2000-U fluorescent microscope. Each photo was taken at a magnification of
200% and analyzed using SimplePCI (Compix Inc., Imaging Systems, Sewickle, PA,

USA). The data shown is a representative of Ca®" signals of more than 200 cells.

8. Statistical Analysis
The data was presented as means+SD. Each experiment was performed independently at
least three times. Statistical significance was determined using a Student’s t-test analysis

with p values < 0.05 (GraphPad Prism 4.0, GraphPad Inc, CA, USA).
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RESULTS

TiO, NP characterization
Dynamic laser scattering (DLS) was used to characterize the TiO, NPs. The particle size
distribution ranged from ~9 to 80 nm due to minor aggregation or agglomeration while

the predominant size is ~50 nm (Fig. 1A).

TiO, NPs induce cytosolic Ca** concentration increase

To investigate whether TiO, NPs could generate an increase in [Ca®']¢c, ChaGo-K1 cells
were loaded with Rhod-2 AM dye and exposed to 0.05 - 1 mg/ml of TiO, NPs. The
change in [Ca*"]c, as represented by the fluorescence intensity within ChaGo-K1 cells,
was monitored for 60 seconds. Figure 1B shows that 1 mg/ml of TiO, NPs induced an
approximate 150 % increase, while lower TiO, concentrations (< 0.1 mg/ml) caused a
minor elevation (~ 110 %) in [Ca®"]c when compared with untreated cells. The effect of
TiO, treatment on the [Ca®"]c of ChaGo-K1 cells followed a concentration-dependent

manner (Fig. 1B).

Extracellular source for Ca®" increase

To determine the main source of elevated [Ca*"]c upon stimulation, ChaGo-K1 cells were
exposed to TiO, NPs in Ca’"-free Hanks’ solution. EGTA (2 mM) was added in Hanks’
solution to chelate possible traces of Ca®". TiO, (0.05 mg/ml - 1 mg/ml) treatment under
Ca”*-free conditions failed to instigate a significant increase in [Ca*]c (Fig. 2A). Our
data suggests that the extracellular Ca®" pool is the primary source of the observed
cytosolic Ca’" increase. We then tested whether TiO, NPs can induce a Ca®" influx via
membrane channels. Blocking the channels with CdCl, (200 pM) significantly inhibited
an increase in [Ca”>"Jc (Fig. 2B). Co-treatment of cells with TiO, NPs and nifedipine
greatly blocked the NP-induced [Ca®']c increase (Fig. 2C). However, the incomplete
blockage of extracellular Ca®" influx via channels postulates additional Ca®" leakage
through perturbed cell membranes. To confirm whether TiO, can instigate membrane
disruption, thereby permitting unspecific extracellular Ca®" entry, cytosolic leakage was

assessed using the fluorescent calcein dye. It was found that the dye permeation ratio

14



increased from approximately 4 to 13 % with elevated TiO, concentrations ranging from

0.1 to 1 mg/ml (Fig. 2D).

Oxidative stress induced Ca®* influx

To demonstrate that TiO,-evoked [Ca®"]c increase can be associated with oxidative stress,
cells were pretreated with an anti-oxidant, N-acetylcysteine (NAC) [43]. Pre-treatment
with NAC was able to partially attenuate the increase in cytosolic Ca*" level triggered by
I mg/ml and 0.75 mg/ml TiO, exposure (Fig. 2E). These results support the idea that
oxidative stress, induced by TiO, NPs, contributes to the observed [Ca*"]¢ increase and

2+ . .
promote Ca” -dependent mucin secretion.

The ER as an intracellular source of Ca®*

In order to determine the involvement of ER Ca*" pool, it was depleted by pre-incubating
the cells with thapsigargin. Pre-treatment with thapsigargin impeded TiO, NPs from
triggering a sustained increase in the cytosolic Ca*" level (Fig. 3A). We then investigated
the role of the CICR mechanism by blocking RYRs (ryanodine receptors) [36]. Our
results revealed that CICR was largely inhibited by ryanodine (a blocker for RYR
associated with the CICR response) resulting in a significantly diminished [Ca*']¢

increase induced by NPs (Fig. 3B).

Ca?*-dependency of TiO,-induced mucin secretion

Enzyme-linked lectin assay (ELLA) was used to assess the amount of mucin secreted
from ChaGo-K1 cells when stimulated with TiO, NPs. When compared to the control,
TiO; NPs increased mucin secretion by 113%, 125%, 133%, 137% and 150% at 0.05, 0.1,
0.25, 0.5 and 0.75 mg/ml, respectively (Fig. 4A). Chelating the intracellular Ca*" with
BAPTA-AM yielded a significant reduction in mucin secretion (Fig 4B). Addition of
thapsigargin (Fig. 4C) or ryanodine (Fig. 4D) also resulted in diminished mucin secretion
induced by TiO, NPs. Our data indicates that TiO,-induced mucin secretion is dependent
on the [Ca*']c, attributed to both external and internal Ca** pools (Fig. 4A-D). lonomycin

(a Ca*" ionophore) was used to elicit mucin secretion as a positive control (Fig. 5).

15



-
2}
v1]

A_\
> @

Intensity
o

-
-
L

_‘
=}
3

o
i

o]

0-
9 33 45 50 65 78

Hydrodynamic diameter (nm) Time (sec)

Cytosolic fluorescence intensity ratio, Fy/Fq
o o

10 20 30 40 50 60

Figure 1. TiO, NP characterization and resultant [Ca®"]c changes after NP treatment. A)
DLS assessment of TiO, NPs in Hanks’ solution showed a size distribution of ~9 to 80
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Img/ml (Blue) in normal Hanks’ solution. Each line represents the average fluorescence
intensity of approximately 200 cells per well.
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relative quantification of mucin secreted after TiO, stimulation under normal conditions
(n>7, ¥*P < 0.005), 4B) in the presence of BAPTA-AM (50 uM) (n > 9), 4C) with pre-
treatment of thapsigargin (100 nM) (n > 8), 4D), and with ryanodine (100 uM) (n > 5).
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DISCUSSION

Recently, an increasing number of reports have shown that airborne particulate pollution
found in both the ambient and working environments, particularly TiO, NPs, can
exacerbate airway diseases [20,21,22,23,24,25,29,30,52]. Aggravated clinical
manifestations of COPD, CF and asthma may include intensified symptoms of
mucociliary transport impairment and mucus hypersecretion [16,34]. The resultant
accumulation of thick obstructive mucus usually occupies airway lumen, thereby limiting
airflow and leading to morbidity [16,34]. Despite documentations of TiO,-induced
cellular nanotoxicity effects, pulmonary inflammatory responses and emphysema-like
pathology [31], whether TiO, NPs can directly trigger mucin secretion has not been
resolved. In this study, we demonstrate that TiO, NPs can stimulate mucin secretion from

bronchial epithelial ChaGo-K 1 cells via a Ca®'- dependent pathway.

Our study showed that TiO, NPs can induce mucin secretion that increases as a function
of TiO, NP concentration (Fig. 4A). The TiO, concentration range used in our study is
consistent with previous reports representing the concentration found in ambience and
nanotechnology industries [46,53,54,55]. While NP exposure has been long associated
with increasing mucin synthesis due to goblet cell hyperplasia [32], our study indicates

that TiO, NPs can directly trigger mucin secretion in the airway.

It has been well established that intracellular Ca®” plays a vital role in stimulus-secretion
coupling [56]. Previous reports have documented that an elevated [Ca®"]c precedes mucin
granule exocytosis [18]. NP exposure has been shown to trigger an intracellular Ca**
increase in various cells; therefore, we examined the cellular Ca®" signaling pathway
involved during TiO, stimulation [41,44,57]. At TiO, concentrations of 0.5, 0.75, and 1
mg/ml, there was a sustained elevation in [Ca®]c. At lower doses (0.05, 0.1 and 0.25
mg/ml), the [Ca*"]c increased gradually within the 1% minute (Fig. 1B). Our data
demonstrated that TiO, NPs induced a concentration dependent increase in [Ca®']c,

which is consistent with results from the mucin secretion measurements (Fig. 4A).
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The stimulus-induced intracellular Ca** signal can be evoked by the entry of Ca** through
voltage-gated Ca®" channels, or by the release of Ca’" from intracellular Ca®" stores
[56,58,59]. Previous researches have suggested that extracellular Ca®" influx plays an
important role in the elevated [Ca®"]c during NP stimulation [41,43,44,60]. Data from
experiments performed in Ca®’-free Hanks’ solution confirmed that [Ca®']c failed to
increase when treated with TiO, NPs (Fig. 2A). To characterize the nature of the Ca*"
influx induced by TiO, NPs, we first evaluated the effect of cadmium chloride (CdCl,), a
general Ca’" channel blocker [48,61]. Figure 2B shows that the [Ca®"]c remained low and
relatively unchanged with CdCl,. Secondly, nifedipine, a widely used L-type Ca*"
channel blocker, markedly diminished the increase in [Ca®"]c (Fig. 2C). The effect of
nifedipine implies that TiO, NPs can activate L-type voltage gated Ca’" channels,
allowing extracellular Ca*" influx into the cytosol. This observation is consistent with
previous reports showing that ultrafine carbon black and ZnO NP-induced [Ca*']c
elevation can also be attenuated by nifedipine [43,44]. In addition, several reports have
suggested that oxidative stress induced by NPs can exert an impact on the intracellular
Ca®" signaling pathway and that the activity of Ca®" channels may be altered by ROS
[43,44,57]. Results from Figure 2E showed that NAC significantly reduced the rising
[Ca®]c generated by TiO2 NPs. Huang et al, has also demonstrated that NAC can
attenuate the intracellular Ca®" level when challenged with ZnO NPs [43]. Our results
support the idea that NAC and other antioxidants may be effective in reducing NP-
instigated mucin hypersecretion. NPs such as TiO, can damage cell membrane integrity
by possible lipid peroxidation [43,47], thereby creating pores on the lipid bilayer [62] that
may allow the transient influx of extracellular Ca*". Our data further demonstrated that
co-adminstration of TiO, NPs and fluorescent calcein dye lead to intracellular leakage
and the permeation efficiency increased in a TiO, concentration dependent manner (Fig.
2D). Calcein has also been previously utilized to evaluate the efficacy of peptides in
causing membrane perturbation [63]. Our result suggests that the possible membrane
perturbation/transient pore formation induced by TiO, NPs allows an extracellular Ca*"
influx and may account for the portion of Ca*" that can not be completely abolished by

blocking L-type Ca’" channels with nifedipine.
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Increasing the [Ca®"]c of human goblet cells has been shown to trigger degranulation [18].
We used BAPTA (cytosolic Ca®" chelator) to test whether the increase in Ca®” induced by
TiO, NPs could stimulate mucin exocytosis. It is evident that BAPTA significantly
inhibited mucin exocytosis (Fig. 4B), indicating that TiO, NPs can elicit a [Ca®"]c

increase, thereby leading to mucin secretion.

Besides the external Ca®" source (Hanks’ solution), the ER is one of the major internal
Ca®" stores. Figures 3A and 4C revealed that when the ER Ca®" had been depleted by
pretreatment with thapsigargin, the TiO, NP-induced [Ca®']c failed to increase
significantly, and the subsequent mucin secretion was abolished. Our data indicates that
the ER plays a critical role in relaying TiO»-induced Ca®" signaling. CICR is a positive
feedback mechanism where the ER amplifies a small increase in [Ca®"]c, (e.g. due to
voltage-gated Ca”" influx [38]), with the activation of RYRs that will lead to the release
of more Ca®" from the ER [35,36]. Previous studies have shown that through activation of
RYRs with Ca®", CICR can generate an overall increase in [Ca®c [36,37,38]. Our data
showed that ryanodine inhibited a continual rise in [Ca*"]c when applying TiO, NPs (Fig.
3B). Therefore, it is indicative that the TiO,-instigated increase in [Ca®"]c was also CICR
dependent. The effect of ryanodine was further demonstrated by the lack of mucin

secretion under TiO, NP stimulation (Fig. 4D).

In summary, our study indicates that cellular exposure to TiO, NPs can activate
membrane L-type Ca>" channels, induce ROS production and possibly disrupt the cellular
membrane. Influx of extracellular Ca®" into the cytoplasm raises [Ca®]c, which in turn
can trigger ryanodine receptors on the ER to release ER resident Ca*" via the CICR
mechanism. A sufficient increase in the cytosolic Ca®" level results in subsequent mucin
secretion. More importantly, our results provide a direct link between airborne particulate
matters and the pathogenesis of chronic airway diseases involving mucus hypersecretion
and airway obstruction. In addition, we demonstrate that once thought inert and harmless
TiO, NPs can indeed interfere with intracellular Ca®" signaling, possibly leading to

pathological states.
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CHAPTER 3

Functionalized Positive Nanoparticles Reduce Mucin Swelling and Dispersion

ABSTRACT

Multi-functionalized nanoparticles (NPs) have been extensively investigated for their
potential in household and commercial products, and biomedical applications. Previous
reports have confirmed the cellular nanotoxicity and adverse inflammatory effects on
pulmonary systems induced by NPs. However, possible health hazards resulting from
mucus rheological disturbances induced by NPs are underexplored. Accumulation of
viscous, poorly dispersed, and less transportable mucus leading to improper mucus
rheology and dysfunctional mucociliary clearance are typically found to associate with
many respiratory diseases such as asthma, cystic fibrosis (CF), and COPD (Chronic
Obstructive Pulmonary Disease). Whether functionalized NPs can alter mucus rheology
and its operational mechanisms have not been resolved. Herein, we report that positively-
charged functionalized NPs can hinder mucin gel hydration and effectively induce mucin
aggregation. The positively-charged NPs can significantly reduce the rate of mucin
matrix swelling by a maximum of 7.5 folds. These NPs significantly increase the size of
aggregated mucin by approximately 30 times within 24 hrs. EGTA chelation of
indigenous mucin crosslinkers (Ca®" ions) was unable to effectively disperse NP-induced
aggregated mucins. Our results have demonstrated that positively-charged functionalized
NPs can impede mucin gel swelling by crosslinking the matrix. This report also
highlights the unexpected health risk of NP-induced change in mucus rheological
properties resulting in possible mucociliary transport impairment on epithelial mucosa
and related health problems. In addition, our data can serve as a prospective guideline for

designing nanocarriers for airway drug delivery applications.

Keywords: Nanoparticles; mucin aggregation; nanoparticle-mucin complex; swelling
kinetics
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INTRODUCTION

A myriad of functionalized-NPs have been used to develop commercial commodities in
various industrial sectors. They are heavily implemented in the manufacturing of paint,
carpet, paper, plastic, textiles, clothes and cosmetics [46,64,65,66]. NPs also play major
roles in decontaminating aqueous wastes and food processing [66,67,68]. Recent
developments in the pharmaceutical field focus on nanocarriers that transport drugs or
genes to targeted areas via inhalation to treat numerous respiratory and systemic diseases
[27,69]. The pulmonary route proves to be an important site of nano-drug (e.g.
aerosolized nanopowder) and therapeutic gene delivery that offers both local and
systemic targeting for treatment of many diseases [27,70]. Even in major respiratory
diseases, such as pulmonary tuberculosis, cystic fibrosis (CF), Chronic Obstructive
Pulmonary Disease (COPD) and bronchial asthma, nanocarriers have shown promising

therapeutic effects in vitro and in animal experiments [70,71].

Due to their diverse applications, recurrent aerosolized exposure to these NPs are
anticipated, yet the potential health risks brought about by NPs are not fully understood
[72]. Epidemiological studies have confirmed a positive correlation between levels of
particulate pollution and increased morbidity and mortality rates among general
populations [21,52]. The adverse health effects seem to be dominated by pulmonary
symptoms. For instance, many reports have addressed that occupational exposure of
inhaled NPs can lead to respiratory diseases such as pneumoconiosis (pulmonary fibrosis)
and bronchitis [73,74]. Increasing inhalation of ambient ultrafine particles has been
linked with exacerbation of respiratory symptoms and mortality among COPD sufferers
[22,75,76]. It has also been documented that NPs can instigate oxidative stress and
cellular toxicity in various types of cells [27,43]. For instance, in human bronchial
epithelial cells, we have previously demonstrated that titanium dioxide NP exposure
resulted in cell death without photoactivation [46]. In addition, polystyrene NPs have

been shown to induce lung inflammation [77].

Mucus rheology plays a critical role in maintaining respiratory health. Mucins are large,

highly glycosylated proteins [1,2]. The polyanionic nature of mucin stems primarily from
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sialic acid, sulfate, and carboxyl (COQO") groups present in these linked oligosaccharides.
Beside physical entanglement, cationic calcium ions can act as crosslinkers that condense
the mucin matrices inside mucin granules before exocytosis [2]. Upon release, phase
transition mainly driven by the Donnan effect triggers the massive decondensation of
mucin networks [2]. Hydrogen bonding, hydrophilic and hydrophobic interactions have
also been proposed to contribute to the gel properties of mucin [2]. The gel characteristics
and rheological properties of mucin are critical for maintaining the integrity of epithelia

by trapping bacteria and viruses for mucociliary clearance.

The clinical manifestation of major respiratory diseases (i.e. COPD [17], asthma [15] and
CF [78]) are related to thick mucus. The relationship between mucin dehydration and
defective mucus clearance has been well established [79,80,81]. As a result, the poorly
hydrated, highly viscous and less transportable mucus appears to accumulate within
airway passages [15,16]. Obstruction of airway lumen with viscous mucus is usually
accompanied by chronic bacterial infection, inflammation and impaired mucociliary
transport [16,17]. Chronic exposure to NPs can potentially predispose humans to lung
inflammation and increase the risk of COPD [20,76]. However, whether NPs can alter the
viscoelastic property of mucus and lead to concomitant pathological outcomes is not
clear. Despite evidence on NP-induced cellular nanotoxicity, studies addressing the link
between the surface property of NPs and their harmful effects are still lacking. Our
research examined the relationship between NP surface modifications and alteration in
mucus rheological properties. The concentration range of NPs used in this investigation
was within the level found in ambience and in nanotechnology industries [77,82]. In this
study, we found that positively-charged NPs can promote mucin aggregation, thereby
reducing the rate of mucin gel expansion via crosslinking polyanionic mucin matrices.
Our results provide the first mechanistic link between NP exposure and viscous mucus

accumulation commonly found in pulmonary diseases.
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MATERIALS AND METHODS

1. A549 cell culture

The human lung carcinoma cell line A549 was obtained from American Type Culture
Collection (ATCC, VA, USA). A549 cell line is an airway epithelial cell line commonly
used as a secretory model [83]. Cells were cultured in 15 cm cell culture plates (VWR,
CA, USA) containing F-12 nutrient mixture medium (Invitrogen, CA, USA) that was
supplemented with 100 U of penicillin/streptomycin and 10% heat-inactivated fetal
bovine serum (FBS) (Invitrogen, CA, USA). The A549 lung cells were cultured in 15 cm

Falcon plates and incubated in a humidified incubator at 37°C/5% CO,. Cell counts were

performed using trypan blue (Sigma-Aldrich, MO, USA) exclusion and a Bright-Line

haemocytometer.

2. Nanopatrticle preparation

Carboxyl-, amine- and non-functionalized polystyrene particles with various sizes (i.e. 57
nm, 99 nm, 120 nm and 160 nm) (Bangs Laboratories, Fishers, IN, USA) were used in
our study. All NPs have a size standard deviation of < 10% (based on manufacturer
information). These sizes were independently confirmed using homodyne dynamics laser

scattering. All nanoparticle samples were sonicated before usage.

3. Particle sizing using dynamic laser scattering

The aggregation of mucus was monitored by measuring particle size using homodyne
dynamics laser scattering (DLS). Samples of porcine gastric mucin at 1 mg/L (Sigma-
Aldrich, MO, USA) were prepared with Hanks’ solution containing 1.2 mM Ca**, 20 mM
Tris-HCI (tris(hydroxymethyl)aminomethane hydrochloride) and 10 mM MES (2-(N-
morpholino)ethanesulfonic acid) (Sigma-Aldrich, MO, USA) to buffer the pH around 7.4
[14]. The solution was thoroughly mixed until mucin has dissolved. Aliquots of mucin
samples (10 ml) were directly filtered through a 0.22-pm Millipore PES membrane (pre-
washed with 0.1N HCI) (Fisher Scientific, CA, USA) into clean scintillating vials. The
scintillating vials were positioned in the goniometer of a Brookhaven laser spectrometer
(Brookhaven Instruments, NY, USA). Mucin gel aggregation was allowed to take place

by equilibrating with three filtered types of NPs each expressing different surface
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modifications for 72 hrs; they were subsequently analyzed by detecting the scattering
fluctuations at a 45 degree scattering angle. Commercialized polystyrene NPs (Bangs
Laboratories, Fishers, IN) with dimensions of 57, 99, 120 and 160 nm were added to
mucin samples. Positive (-NH, based, 57 and 160 nm), negative (-COOH, 120 nm) and
non-functionalized (hydrophobic, 99 nm) surface charges were used in this study. All
NPs were prepared in suspension of Hanks’ solution (buffered with Tris-HCI/MES at pH
7.4). Filtered NP solution, added to scintillating vials, was tested for its ability to promote
mucin aggregation and was monitored at 1 hr, 3 hrs, 5 hrs, 24 hrs, 48 hrs and 72 hrs. Self
aggregation induced by NP-only and mucin-only controls were monitored at 1 hr, 24 hrs,
48 hrs and 72 hrs. The pH was also monitored and maintained at approximately 7.4
during the experiments. The autocorrelation function of the scattering intensity
fluctuations was averaged over a 3-min sampling time using a Brookhaven BI 9000AT
autocorrelator. Particle size distribution was calculated by CONTIN [84]. Calibration was
conducted with standard monodisperse suspensions of latex microspheres ranging from

50 nm to 10 um (Polysciences, PA, USA).

4. Scanning electron microscopy (SEM)

Samples of porcine gastric mucin at 1 mg/L (Sigma-Aldrich, MO, USA) were prepared
with Hanks’ solution (buffered with Tris-HCI/MES at pH 7.4) and incubated with 10
mg/L of positively-charged 57 and 160 nm NPs. After incubation for 5 hrs or 72 hrs, 5 ml
of mucin were filtered through a 0.22-pum Millipore isopore membrane (Fisher Scientific,
CA, USA). The filtered mucin was subsequently fixed with 4% paraformaldehyde
(prepared in PBS at pH 7.4) (Sigma-Aldrich, MO, USA) for 5 min, followed by careful
rinsing with Hanks’ solution twice. The fixed mucin and NP complexes were dehydrated
by soaking in serially diluted ethanol (35%, 50%, 70%, 95% and 100% ethanol) for 5
min. The specimens were air dried and examined with FEI Quanta 200 ESEM (North
America NanoPort, OR, USA).

5. EGTA dispersion of aggregated mucin

EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid, 2 mM)
(Sigma-Aldrich, MO, USA) was used to disperse aggregated mucus, which was
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monitored by measuring particle size by homodyne dynamics laser scattering. Samples of
porcine gastric mucin at 1 mg/L (Sigma-Aldrich, MO, USA) were prepared with Hanks’
solution containing 1.2 mM Ca”" (buffered with Tris-HCI/MES at pH 7.4) and thoroughly
mixed until mucin has dissolved. Aliquots of mucin samples (10 ml) were directly
filtered through a 0.22-um Millipore PES membrane (pre-washed with 0.1N HCl) (Fisher
Scientific, CA, USA) into clean scintillating vials. The scintillating vials were positioned
in the goniometer of a Brookhaven laser spectrometer (Brookhaven Instruments, NY,
USA). Mucin gel aggregation was initiated by incubating mucin samples with filtered
positively-charged NPs (-NH, based 57 and 160 nm) (Bangs Laboratory Inc, Fishers, IN)
and were monitored after 1, 3, 5, 24, 48 and 72 hrs. EGTA (2 mM) was subsequently
applied to already aggregated mucin solution after 72 hrs. The change in aggregation size
was detected for another 72 hrs. The pH was also monitored and maintained at
approximately 7.4 during the experiments. The autocorrelation function of the scattering
intensity fluctuations was averaged over a 3-min sampling time, using a Brookhaven BI
9000AT autocorrelator. Particle size distribution was calculated by the CONTIN [84].
Calibration was conducted with standard monodisperse suspensions of latex

microspheres ranging from 50 nm to 10 pm (Polysciences Inc, PA, USA).

6. Swelling kinetics of exocytosed mucin matrices

The AS549 cell culture plates were rinsed with Hanks’ buffer twice. Non-trypsin
dissociation buffer (Invitrogen, CA, USA) was added to detach cells from the plates and
were subsequently incubated at 37° C for 15 minutes, centrifuged at 700 rpm for 5 min,
and resuspended in Hanks’ solution (Invitrogen, CA, USA) (buffered with Tris-HCI/MES
at pH 7.4). Cells were resuspended into MatTek glass bottom dishes (MatTek
Corporation, MA, USA) and equilibrated in a 37°C incubator for 10 minutes prior to
adding 10 mg/L and 1 mg/L of 160 and 57 nm positively-charged NPs (Bangs
Laboratories, Fishers, IN). The pH was monitored and maintained at approximately 7.4

throughout the experiments.

A549 cells were viewed and video-recorded with phase-contrast lens using a Nikon

Eclipse TE-2000-U inverted fluorescence microscope (Nikon Eclipse TE-2000U, Tokyo,
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Japan). Degranulation of A549 cells was induced by 1 uM ionomycin (Sigma-Aldrich,
MO, USA) and was found to be a readily observable discrete quantal process. During
exocytosis into extracellular Hanks’ solution, released granule matrices undergo rapid
swelling. Video-recordings of granular exocytosis and swelling were captured at 30

frames s™'.

Measurements of radii, of the released mucin matrices, as a function of time were used to
verify that the swelling of the secreted material followed the characteristic features of
polymer gel swelling kinetics [85,86]. The swelling of a polymer gel follows a typical
diffusive kinetics that is independent of the size, internal topology, or chemical
composition of the gel [86]. For spherical gels as observed from the exocytosed mucin
granule matrices of A549 cells, the radial dimension increased following a characteristic
first order kinetics of the form r(t) = r;— (rp— ;) e '* (equation 1), where r; and r¢ are the
initial and final radius of the secretory granule matrix, respectively, and t is the
characteristic relaxation time of the swelling process [2]. The polymer network of gels
diffused into the solvent (Hanks’ solution), with a diffusivity (D) (D = (r)*/t [em® s7'])
(equation 2). The diffusivity (D) of polyionic gels varied with the concentration of

counterions in the swelling medium.

7. Statistical Analysis

The data was presented as means+SD. Each experiment was performed independently at
least three times. Statistical significance was determined using a Student’s t-test analysis
with p values of <0.005 (Microsoft Excel and GraphPad Prism 4.0, GraphPad Software,
Inc., San Diego, CA, USA).
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RESULTS

Positively-charged nanoparticle induces mucin aggregation

To understand the possible mechanisms of how surface charge modifications on NPs
affect mucin rheological properties, we examined the effect of different NP surface
charges on mucin aggregation and gelation. NPs with non-functionalized, positive, or
negative surface charges were added to mucin samples to monitor the mucin gel size
change with dynamic laser scattering (DLS) after 0, 1, 3, 5, 24, 48 and 72 hrs. DLS is a
well established technique used to measure the hydrodynamic diameter of mucin gel
aggregates [87]. In Figure 1A, it is clearly demonstrated that a steady concentration-
dependent increase in mucin aggregate size was induced by positively-charged amine (-
NH;) polystyrene NPs (160 nm) at 1 mg/L and 10 mg/L. Positively-charged NPs (1
mg/L) caused mucin to aggregate from the original 240 nm to 1000 nm within 24 hrs and
plateaued throughout 72 hrs. In comparison to the NP-only control (no mucin) at 1 mg/L,
only minor aggregation was found throughout the 72 hrs (Figure 1D). On the other hand,
10 mg/L of positively-charged NPs induced a quick rise in mucin aggregation starting
from the 1** hour (~2000 nm) to the 5™ hour (~2900 nm). At the 24™ hour, the average
mucin gel size increased rapidly to around 5500 nm, while it plateaued around 72 hrs at
6300 nm (Figure 1A). Comparing the 10 mg/L treatment group to the mucin-only control
(Figure 1G), there is a 19 and 24 time increase in mucin aggregate size in the
corresponding 24 and 72 hrs. However, at much lower concentrations, positively-charged
NPs (100 pg/L) failed to induce significant mucin aggregation (Figure 1A). In addition,
multiple concentrations of negatively-charged (-COOH based, 120 nm) and non-
functionalized (99 nm) NPs yielded a basal size of about 200 nm (Figures 1B & C). The
results show that negatively-charged and non-functionalized NPs are not able to associate
effectively with mucins (Figures 1B & C). Therefore, our data showed that only
positively-charged NPs can effectively promote mucin aggregation. A NP size-dependent
effect on mucin aggregation was subsequently investigated. Figure 1E illustrated
positively-charged 57 nm NPs generated more pronounced mucin aggregates than 160
nm under the same conditions. The control experiment (Figures 1D & F) indicated that
10 mg/L of 160 and 57 nm positive charged NPs generated only slight self-clumping.

Furthermore, 57 nm NP-induced mucin aggregates were approximately 30 times larger
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than the mucin-only control (Figures 1E & G). The mucin-only control remained at the
hydrodynamic diameter of about 200 nm throughout 72 hrs (Figure 1G). These results
suggested that NP-induced mucus aggregation occurred mainly as a result of the

interactions between NPs and mucin instead of self-aggregation of NPs or mucins.

SEM images of nanoparticles-induced mucin gel complex

To provide a visual representation that further establishes the relationship between NP
concentrations and the size of mucin gels, aggregated mucin size was determined by
SEM images. Mucin samples containing 10 mg/L of 57 nm and 160 nm positively-
charged NPs were prepared. The resulting mucin gels were collected at 5 hrs and 72 hrs.
Mucin gels were filtered through 0.22 pm Isopore membranes, fixed and imaged with
SEM. Sizes of mucin aggregates presented in Figures 2A-D confirm the size
measurements from DLS. It is also evident that longer incubation resulted in larger NP-
mucin aggregates for 57 nm NPs (Figures 2B & D) and 160 nm NPs (Figures 2A & C),
which is consistent with DLS measurements (Figures 1A & E). In addition, SEM images
demonstrated that these aggregated mucin gels were associated with NPs forming NP-

mucin gel complexes.

Positively-charged nanoparticles serve as mucin gel crosslinkers

Calcium ions have been shown to act as a vital crosslinker in the formation, stability and
condensation of mucin gels [2]. Our previous results have shown that gels crosslinked by
Ca®" can be dispersed by Ca*" chelators (e.g. EDTA) [84]. To further understand the role
that positively-charged NPs play in promoting mucin aggregation and gelation, we tested
whether positively-charged NPs can serve as crosslinkers replacing Ca”" ions. Positively-
charged NPs (10 mg/L) of 160 nm and 57 nm were added to mucin solution (1 mg/L) and
incubated for 72 hrs before applying 2 mM EGTA (Ca" chelator). The pH was kept in a
range of pH 7.4 by Tris-HCl and MES. The changes of aggregated mucin size were
subsequently monitored after 3, 24, 48, and 72 hrs. Figures 3A & B demonstrated that
calcium chelation by EGTA was unable to significantly reduce aggregated mucin size
caused by 160 nm or 50 nm NPs. This result further supports the role of positively-

charged NPs as Ca”" crosslinkers.
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Positively-charged nanoparticles retards mucin hydration rate

Knowing that positively-charged NPs can disturb mucin rheological properties, we then
tested whether positively-charged NPs could impair mucin hydration by utilizing an in
vitro mucin swelling kinetics functional assay (see methods). A representative graph
comparing the swelling kinetics of newly exocytosed mucin networks, between the
control and positively-charged NP treatment, is shown in Figure 4A. The evidence
indicated that positively-charged NPs impeded the swelling rate (~hydration) of mucin
networks (Figure 4A). Converting swelling rate into diffusivity (D) using equation (2)
yielded similar results. The measurements showed that positively-charged NPs (10 mg/L)
of 160 and 57 nm retarded the rates of mucin diffusivity approximately 3.6 and 7.5 times,
while 1 mg/L of 160 and 57 nm decreased mucin diffusivity about 1.7 and 6.1 times,
correspondingly, when compared to the control (NP free) (Figure 4B). Within the same
category of NP size, there is also a concentration-dependent effect on reducing the rate of
mucin diffusivity. Higher NP concentration (10 mg/L) yields a slower rate of mucin
diffusivity than lower NP concentration (1 mg/L). Our data indicates that positively-
charged NPs can reduce the rates of mucin hydration and diffusivity, possibly leading to

an elevated mucus viscosity and dysfunctional mucociliary transport.
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Figure 1. Interaction of NPs and mucin aggregation. (A) Positively-charged NPs (160
nm) (n > 6) induce significant mucin aggregation while (B) negatively-charged (120 nm)
(n > 6) and (C) non-functionalized NPs (99 nm) (n > 6) fail to induce mucin aggregation
since the aggregate size remained below 300 nm throughout 72 hrs incubation. (D)
Positively-charged NPs (160 nm) (n > 5) alone can not generate large aggregates in the
same Hanks’ solution. Smaller size positively-charged (57 nm) (n > 6) promote larger
mucin aggregates (E). At the same time, negative controls show that (F) positively-
charged NPs (57 nm) (n > 5) or (G) mucin alone (1 mg/L, n > 5) can not generate large
aggregates. Various concentrations (solid circles: 100 pug/L, solid triangles: 1 mg/L, solid
squares: 10 mg/L) of positively-charged, negatively-charged and non-functionalized NPs
(160, 57, 120 and 99 nm) were added to mucin solution (1 mg/L). Significant mucin
aggregates were found at 10 mg/L and 1 mg/L of positive NPs. The size of mucin-NPs
aggregates were determined with DLS as described previously [87].
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Figure 2. SEM images of mucin-NP complexes. SEM micrographs of mucin-NPs
complexes with 160 nm (A, C) and 57 nm (B, D) positively-charged NPs after 5 hrs (A,
B) and 72 hrs (C, D). These SEM images clearly demonstrate that NPs and mucins
aggregate together forming large mucin-NPs gels. The black holes in the images are the
pores in Isopore membranes. The scale bar is 1 pm.
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Figure 3. Inability of EGTA (Ca®" chelator) to disperse NPs-induced mucin aggregates.
Positively-charged NPs with sizes of 160 nm (A) and 57 nm (B) at 10 mg/L induced
mucin (1 mg/L) to aggregate forming large size mucin-NPs aggregates (~6 um) in 72 hrs
(n> 6). EGTA (2 mM) was added to chelate Ca** ions that can crosslink mucins forming
gels. However, EGTA can not disperse mucin-NPs aggregates after 72 hrs incubation.
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Figure 4. Effects of NPs on swelling kinetics and diffusivity of secretory granule matrix.
(A) Data points of swelling kinetics of secretory granule matrices of A549 cells were fit
with equation (1). Exocytosis was triggered by ionomycin. Two representative lines are
displayed here. The control (NP free; open circles) shows a higher rate of swelling of
newly released mucin network than the swelling rate of mucin matrix when exposed to
positively-charged NP (160 nm, 1 mg/L, solid circle). The black arrows indicate the
swelling of exocytosed mucin matrix at different time points. (B) Positively-charged NPs
hinder the rate of mucin diffusivity (hydration). Mucin post-exocytotic swelling from
A549 cells was significantly reduced by positively- charged NPs (160 and 57 nm). This
protocol to estimate mucin diffusivity of newly released mucin gels from A549 cells was
adapted from our previous study [111]. Data are shown as mean+SD (n > 10). NP treated
groups are significantly different from the untreated control at p<0.005 as indicated by *.
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DISCUSSION

Mucus is mainly composed of large and heavily glycosylated glycoproteins called mucin.
The gel-forming mucins rapidly hydrate after exocytosis and due to their tangle network
properties, anneal with other mucins to form a protective barrier at the airway-surface
liquid layer. The mucin gel layer lines the epithelial surface of various organs such as the
vaginal tract, eyes, gastric wall and pulmonary lumen [8]. Mucus in the airway of lungs
serves as an innate immune defense against inhaled particulates, bacteria and viruses
[33]. Maintenance of the airway protection mechanism stems from the delicate balance
between normal mucus production, transport and clearance. The mucin polymer network
of mucus has a characteristic tangled topology [88]. Since the rheological properties of
mucus are governed mainly by the tangle density of mucin polymers, which decreases
with the square of the volume of the mucin matrix, the mucin network hydration (degree
of swelling) is the most critical factor in determining the rheological properties of mucus
[2]. The diffusivity of mucin matrices, which is closely related to mucin viscosity [2,86],
can be calculated from polymer swelling kinetics. Based on the polymer network theory,
polymer diffusivity is inversely proportional to its viscosity [89,90,91]. Thus, lower rate
of mucin diffusivity is associated with higher viscosity, less dispersed and less
transportable mucins that appear to characterize the clinical symptoms of thick mucus
accumulation and obstruction commonly found in asthma, COPD and CF [16,34,85].
Although chronic exposure to NPs has been shown to induce excessive mucin synthesis
[32] and increase the risk of COPD [20], the connection between NPs and poorly

dispersed viscous mucus has not been explored.

Due to the versatile application of NPs in nanocarrier delivery systems and commercial
products, NPs with varying surface functionalization and characteristics are widely
utilized [70,92]. The polyanionic nature of mucin glycoproteins allows for possible
electrostatic interactions with oppositely charged NPs. In this study, we investigated how
surface charges and size modifications of NPs influence mucus rheological properties.
Mucus hydration can be significantly impeded by a change in electrolyte concentration in
airway-surface liquid (ASL) [2]. Calcium ion concentration has been shown to increase

from 1 mM to 4 mM in the ASL of CF patients, hindering proper mucus swelling and
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hydration [93] and leading to respiratory health problems. So far there is no evidence
documenting ASL abnormalities in NP-induced airway diseases. However, the
mechanism by which NPs can cause changes in the rheological properties of mucus is

still unknown.

Gastric mucin was used as a model mucin in our investigation as it shares many
similarities with airway mucins [94,95,96]. Our approach is consistent with previous
studies that used gastric mucin to examine the viscoelastic properties and biological
applications of mucins [97,98,99,100,101,102], since there is currently no commercial
mucin sample available that can be preserved in the native state. We utilized DLS to
probe the interactions between functionalized NPs and mucin. DLS is a common
technique implemented to measure the Brownian motion of mucin polymer in solvent
[1,2]. One of the major advantages of this technique is that it enables mucin structure and
dynamics to be examined in the native state without chemical fixation, which minimizes
protein denaturation and artifacts [1,2]. The diffusion constant that was calculated from
Brownian motion measurement is inversely proportional to the hydrodynamic diameter of
the measured particle; low diffusion constant usually correlates with large mucin
gelation/aggregation [1,2]. As demonstrated by Figures 1A, E & 2A-D, positively-
charged NPs can promote mucin aggregation (NP-mucin gel complexes) in a
concentration- and size-dependent manner. The mechanism may involve electrostatic
attraction between positively-charged NPs and the polyanionic sites on mucin such as the
sialic, sulfate and carboxyl functional groups promoting mucin aggregation. By the same
notion, mucin polyanionic charges are neutralized by cationic calcium counterions [2]
which condenses the mucin matrix and facilitates gel formation [103,104]. On the other
hand, negatively-charged and non-functionalized NPs failed to generate significant mucin
aggregation. Other studies have shown that hydrophobic and mucin-mucin interactions
play vital roles in pH-induced gelation of gastric mucin [105]. However, the hydrophobic
moieties on non-functionalized NPs failed to promote significant mucin gelation in our
study. This inability might be partially due to the low mucin concentration (1 mg/L) and
the neutral pH (buffered at 7.4). The negatively-charged NPs are likely to repel anionic

sialic, sulfate and carboxyl functional groups on mucin thereby hindering mucin
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aggregation [1,2]. Another possible mechanism could be that these negatively-charged
NPs can chelate divalent ions (e.g. Ca™") in the solution, which play a critical role in

mucin gel crosslinking [2].

In addition, our data validated that smaller NPs can induce the formation of larger size
mucin aggregated gels more effectively (Figures 1E, 2B & D). The resulting larger mucin
gels can possibly be elucidated by differential charge densities on NPs [106]. Our
findings are supported by other studies showing that positively-charged chitosan coated
NPs, or amine-modified NPs, were highly adhesive to polyanionic mucus gels [107,108].
Viral particles with highly dense positive charges have also been proposed to be more

mucoadhesive [8].

After establishing that positively-charged NPs can promote mucin gelation, our data
suggests that positively-charged NPs may indeed act as network crosslinkers. Figures 3A
& B confirmed that EGTA chelation of indigenous mucin network crosslinker Ca®" ions
was unable to disperse the NP-induced mucin aggregation/gelation. Therefore, positively-
charged NPs crosslink the polyanionic tangle networks via electrostatic interactions. This
evidence further validates the idea that positively-charged NPs effectively replace the
natural role of Ca>" ions and highlights the health danger with irreversibly strengthening

the crosslinking within mucin gels.

To demonstrate the harmful consequence that positively-charged NPs can have through
their crosslinking ability on mucus rheological properties, a swelling kinetics functional
assay was used. We determined the direct effect of positively-charged NPs on the mucus
hydration rate by measuring the swelling kinetics of newly exocytosed mucin matrices
from human lung A549 cells under positively-charged NP exposure. A549 cells are a
representative in vitro model system for studying mucin swelling kinetics as they express
both major respiratory MUC 5AC and MUC 5B mucin proteins [109,110]. Our study
showed that positively-charged NPs hindered the rates of mucin matrix hydration and
diffusivity in both a concentration- and size-dependent manner (Figures 4A & B). In

accordance with the polymer network theory (lower diffusivity correlates with higher
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viscosity) [89,90,91], our data indicated that positively-charged NPs decrease the rate of
mucin diffusivity and can increase the viscosity of mucin network; the effect of which is
further enhanced by smaller sized NPs. Our experimental data has provided the first
mechanistic link between positively-charged NPs and altered rheological properties of

mucus.

CONCLUSIONS

The positively-charged NPs can crosslink mucins, thus forming NP-mucin gel
complexes. The effects of which can potentially induce the formation of viscous mucus
and hinder proper mucus hydration and dispersion, leading to impaired mucociliary
transport in various epithelial mucosa. The outcome of viscous mucus accumulation
could exacerbate pulmonary symptoms of diseased individuals and potentially elevate
chances of morbidity in healthy pulmonary systems [17]. As in the case of COPD, CF, or
asthma patients, positively-charged NPs could worsen the problem by further thickening
the mucus. The complications may include additional reduction in the airway flow or the
promotion of chronic bacterial infection. This report also indicates some possible
undesirable side effects of drug delivery using positively-charged nanocarriers via
epithelial mucosa. These NPs might lead to drug entrapment within mucus, impedance of
proper mucus dispersion, and transportability. Our study also found that non-
functionalized and negatively-charged NPs have less impact on the rheological properties
of mucus. This finding provides the necessary knowledge needed for the safety

consideration when using positively-charged functionalized NPs.
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CHAPTER 4
A New Role for Bicarbonate in Mucus Formation

ABSTRACT

The impact of small anions on the physical properties of gel-forming mucin has been
almost overlooked relative to that of cations. Recently, based on the coincident
abnormalities in HCO3 secretion and abnormal mucus formed in the hereditary disease,
Cystic Fibrosis (CF), HCO; was hypothesized to be critical in the formation of normal
mucus by virtue of its ability to sequester Ca>* from condensed mucins being discharged
from cells. However, direct evidence of the impact of HCO3; on mucus properties is
lacking. Herein, we demonstrate for the first time that mucin diffusivity (~1/viscosity)
increases as a function of [HCOs']. Direct measurements of exocytosed mucin swelling
kinetics from airway cells showed that mucin diffusivity increases by ~300 percent with
20 mM extracellular HCOj;™ concentration. Supporting data indicate that HCOs3™ reduces
free Ca®" concentration and decreases the amount of Ca®" that remains associated with
mucins. The results demonstrate that HCOs™ enhances mucin swelling and hydration by
reducing Ca>" cross-linking in mucins, thereby decreasing its viscosity and likely
increasing its transportability. In addition, HCO;3™ can function as a Ca®" chelator like
EGTA (ethylene glycol tetraacetic acid) to disperse mucin aggregates. This study
indicates that poor HCOs ™ availability in CF may explain why secreted mucus remains
aggregated and more viscous in affected organs. These insights bear not only the
fundamental pathogenesis in CF, but also on the process of gel mucus formation and

release in general.

Keyword: mucus dispersion, calcium chelation, Cystic Fibrosis and swelling kinetics, mucin

viscosity, thickness
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INTRODUCTION

Rarely do biology and medicine instruct the physical and chemical sciences, but in this
instance a genetic disease may offer new insights into the physical chemistry of forming
polymer gels. During gel mucin exocytosis, secreted mucin networks undergo a typical
polymer gel phase transition in which the volume may change as much as a 1,000 fold
within seconds [2]. Due to the polyanionic nature of the molecular network of mucins,
this decondensation of the mucin matrix, driven by a Donnan potential, is considered to
be triggered by extracellular Na* exchanging for crosslinking Ca** ions [2,112].
Removing or chelating Ca®* ions results in the rapid swelling, hydration, and dispersion
of mucin networks into the extracellular space. Mobile anions in free solution have not
been thought to play a significant role in the process. However, Cystic Fibrosis (CF), a
life shortening inherited disease of electrolyte transport, suggests a critical role for the
free solution anion (HCO;3) as a Ca”" chelator in the process of rapid mucin gel swelling

[78,113].

The pathogenesis in CF has been well established to result from the formation of
abnormal mucus that does not clear properly from the lungs, intestine, and most exocrine
glands [114,115]. Various ion transport imbalances have been associated with CF
pathology [116,117,118,119,120]. Several cation-centered models (Na", Ca* or H') have
been proposed to explain the pathogenic mucus [81,93,119,121]. Tangled Ca®'-
crosslinked polyanionic polymer networks, like the matrix of mucus, exhibit unique
Na"/Ca®" ion exchange properties that can drastically control mucus swelling equilibrium
[88,93,122], and thereby the viscoelastic properties and rheology of the mucus gel [2,89].
Thus, abnormal fluid absorption, failure to reabsorb or chelate Ca®", and low pH have
been proposed to interfere with mucus swelling, leading to defective mucus associated

with CF [81,93,119,121].

The most commonly held notion maintains that CF mucus is thick and viscous due to an
exaggerated Na'~ dependent fluid absorption that dehydrates secreted mucus [79]. While
this effect may seem consistent with manifestations of the disease in the lungs, it is very

difficult to extend this rationale to other affected organs where fluid absorption is not
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present. Thus, an explanation for the mucus pathology remains perplexing and
controversial. Even though HCOj" secretion is apparently impaired in organs affected in
CF and the severity of the disease seems to correlate with the degree of this impairment
[78,113,123,124], the possible involvement of this anion with mucus formation has
received little attention [78,113]. Evidence that defective HCO;™ secretion is associated
with abnormal mucus hydration has been recently reported [78,125,126]. Furthermore,
activating peroxisome proliferator-activated receptor y (PPARYy) in CF mice was found to
ameliorate the disease by normalizing defects in both HCOj; secretion and mucus
retention [127]. Thus, defective HCOj;™ secretion could be the possible etiological feature
responsible for viscous, unswollen mucus in CF. Nonetheless, evidence that HCOj5
directly affects mucin swelling and thereby its rheological properties by chelating Ca**

ions has not been experimentally demonstrated until now.

The polymer network of mucus has a characteristic tangled topology [88]. Here we
utilized the fact that rheological properties are governed mainly by the tangle density of
mucin polymers, which decreases with the square of the volume of the mucin matrix, i.e.
the degree of swelling (hydration) critically dictates mucus rheological properties [2].
The diffusivity of mucin matrices, which is closely related to mucin viscosity
[2,86,89,90,91,128], can be calculated from polymer swelling kinetics. The rapid
swelling of a mucin matrix, such as that which occurs when a mucin granule is secreted
and exocytosed, is described with first-order kinetics developed by Tanaka and Fillmore
[86]. As shown by previous reports based on polymer physics, polymer diffusivity is
inversely proportional to its viscosity [89,90,91,128]. Low mucin diffusivity is associated
with higher viscosity, less dispersed, poorly hydrated and probably less transportable
mucus that appears to characterize the thick, adhesive accumulations commonly noted in
CF [16,85]. We now demonstrate for the first time that HCO3; modulates the rheological
properties of mucins released from living cells. Our results show that HCO;™ impedes
mucus gel aggregation and increases the diffusivity of exocytosed mucin most likely by

chelating Ca®".
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MATERIALS AND METHODS

1. Free calcium measurement

The free calcium measurement was carried out using Ca-selective mini-electrode with a
Nernstian response down to a free [Ca®"] of 100 nM or less. The mini-electrodes were
prepared as previously described by Schefer [129] and Baudet [130]. In brief,
polyethylene tubes were dipped in a membrane solution containing 25 mg ETH-129,
451.5 pl N-phenyl-octyl ether, 12.9 mg potassium tetrakis chlorophenyl borate, and 250
mg polyvinyl chloride, dissolved in 5 ml tetrahydrofuran. The membrane was allowed to
air dry, and the filling solution for the electrodes contained 100 mM CacCl,, to give a
1x10" M at pH 7.4. Electrode calibration solutions (CALBUF-1) of 1x10™" M through
1x10® M were purchased from World Precision Instrument (Sarasota, FL). Normal
Hanks’ solution (buffered with 20 mM Tris-HCI (Tris(hydroxymethyl)aminomethane
hydrochloride) / 10 mM MES (2-(N-Morpholino) ethanesulfonic acid) at pH 7.4) (Sigma,
St. Louis, MO) containing 1.2 mM free [Ca’'] was measured as the control. The
differences in the mV measured in the control and in subsequent titrations of HCOs', or
EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid) (Sigma, St.
Louis, MO) (reconstituted in normal Hanks’ solution with Tris-HCI/MES pH 7.4), were

2+ .
used to calculate Ca™ concentrations.

To test CI” effects on free [Ca®’], PBS (phosphate buffered saline, pH 7.4) based solution
containing 1.2 mM Ca®" and 400 mM of CI" was serially diluted to various
concentrations, ranging from ~ 6 - 400 mM CI, with diluent (1.2 mM CaCl, and 3 mM
KCl, pH 7.4). The differences in mV that were measured in the control (1.2 mM Ca®")

and in serially diluted concentrations of Cl', were used to determine Ca" concentrations.

2. Bound-Ca*" measurement

Bound Ca”" concentration on mucus was measured by inductively coupled plasma optical
emission spectrometry (ICP-OES, Perkins-Elmer Optima 5300 DV with concentric
nebulizer and cyclonic spray chamber) (Perkins-Elmer, Waltham, MA). 1 mg/L of
porcine gastric mucus was prepared by incubating with 4.2 mM of Ca** containing

Hanks’ buffer with Tris-HCI/MES at pH 7.4 for 48 hrs. This incubation period allowed
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the binding between mucins and Ca®" to reach equilibrium. After 48 hrs, mucins would
be crosslinked by Ca®" ions to form mucin aggregates of significant sizes larger than 0.22
um. This solution was then filtered through a 0.2 pum GTBP Millipore Isopore membrane
(Thermo Fisher Scientific, Waltham, MA) to trap the mucin gels. Bicarbonate was then
applied to assess its ability to remove mucin-bound Ca®>" on Isopore membrane. The
Isopore filter was subsequently soaked in 5 ml of 1% HNOs (Sigma, St. Louis, MO) to
redissolve the trapped mucus with bound Ca*". The solution was filtered once more using
a 0.22 pm Millipore PES membrane (Thermo Fisher Scientific, Waltham, MA). In order
to eliminate background interference from the filter-bound Ca*", an internal control was
in place where an Isopore membrane was soaked in 4.2 mM for 48 hrs and the amount of
Ca®" deposited in the membrane was measured. This basal value was subsequently
subtracted from every treatment to ensure that only mucin-bound Ca** was quantified.
Calcium in filtrate was detected at wavelengths of 315.893 nm and 317.933 nm. Calcium
ICP-MS calibration standards (Thermo Fisher Scientific, Waltham, MA) of 0.05 (1.25
uM), 0.1 (2.5 uM), 1 (25 uM), 10 (250 uM) and 25 (625 uM) mg/L were prepared for
the element analyzed and were run at the beginning of the suite. Calcium concentrations
were derived from an external standard calibration curve.

An internal control of the total organic carbon in the mucus samples was determined
using a Total Organic Carbon Analyzer (TOC-Vcsy; Shimadzu, Columbia, MD). The
same filtrate used for ICP-OES analysis was first acidified to remove inorganic carbon,
such as calcium carbonate and/or bicarbonate, and then diluted 4.2 times with DI water
before its measurement for total carbon content. Calibration standards in concentrations
of 1, 10 and 50 mgC/L were prepared from the potassium hydrogen phthalate stock
standard (Sigma, St. Louis, MO). Carbon contents were measured by TOC-Vcsy
Analyzer and calculated based on a calibration standard curve. Final results were

. 2+ .
presented as a molar ratio between bound Ca” and total mucus organic carbon.

3. Particle sizing
The aggregation of mucus was monitored by measuring particle size by homodyne
dynamics laser scattering. Samples of porcine gastric mucus at 1 ng/L were prepared with

Hanks’ buffer (Tris-HCI/MES, pH 7.4) and were mixed until homogeneity was reached.
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Aliquots of mucus solution samples (10 ml) were immediately filtered through a 0.22-um
Millipore PES membrane (pre-washed with 0.IN HCI) into clean scintillating vials to
remove dust particles and non-mucin particulates. The scintillating vials were positioned
in the goniometer of a Brookhaven laser spectrometer (Brookhaven Instruments,
Holtsville, NY). Mucus gel aggregation was allowed to take place by equilibrating with
filtered 8.2 mM CaCl, for 48 hrs and was subsequently analyzed by detecting the
scattering fluctuations at a 45 degree scattering angle. Filtered 20 or 50 mM bicarbonate
and EGTA (5 mM) solution (buffered with Tris-HCI/MES at pH 7.4) was later added into
scintillating vials to test for its ability in dispersing mucus aggregates and was monitored
at 1 hr, 2 hrs, 4 hrs, 6 hrs, 16 hrs and 26 hrs. The pH was also monitored and maintained
at approximately 7.4 during the experiments. The autocorrelation function of the
scattering intensity fluctuations was averaged over a 3-min sampling time using a
Brookhaven BI 9000AT autocorrelator. Particle size distribution was calculated by
CONTIN [84]. Control experiments were conducted by simultaneously adding 8.2 mM
CaCl, and 20 mM HCO; to 1 ng/L mucus samples (as described above). Mucus
aggregation in control samples were monitored throughout 74 hrs. Calibrations were
conducted with standard monodisperse suspensions of latex microspheres ranging from

50 nm to 10 um (Polysciences Inc., Warrington, PA).

4. Mucus aggregation

HCOj;™ was tested for its effect on reducing the amount of mucus aggregates. Porcine
gastric mucus (5 pg/mL) was used as a model for gel forming mucus. The dried mucus
was added with 13 mM Ca(OH), to distilled water and agitated overnight until the mucus
powder dissolved. This solution was divided into equal volumes of two aliquots; 100 mM
NaCl was added to one while 100 mM NaHCOj; (Sigma, St.Louis, MO) was added to the
other; both were stirred for 3 hrs. Each mucus solution was filtered through an
immobilon-P transfer membrane (IPVH00010, Millipore, Billerica, MA; filter pore size:
0.45 um). The membrane filters were dried in a vacuum oven and weighed before and
after filtration. The difference in weights of the dried membrane filter before and after
filtering defined the amount of aggregated mucus retained on the filter. The amount of

retained mucus was normalized to the volume of mucus solution filtered.
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5. A549 cell culture

The human lung carcinoma cell line A549 was obtained from American Type Culture
Collection (ATCC, Manassas, VA). The A549 cell line is an airway alveolar epithelial
cell line commonly used as a secretory model [83]. Cells were cultured in 15 cm cell
culture plates (VWR, Brisbane, CA) containing F-12 nutrient mixture medium
(Invitrogen, Carlsbad, CA) supplemented with 100 U of penicillin/streptomycin
(Invitrogen, Carlsbad, CA) and 10% heat-inactivated fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA). The A549 lung cells were cultured in 15 cm falcon plates and

incubated in a humidified incubator at 37°C/5% CO,. Cell counts were performed using

trypan blue (Sigma, St. Louis, MO) exclusion and a Bright-Line haemocytometer.

6. Secretory granule labeling

The presence of secretory granules of AS549 cells was identified by staining with
quinacrine (10 uM; Sigma, St. Louis, MO) for 15 min. The nucleus was counterstained
with Hoechst (1:1000, Sigma, St. Louis, MO) followed by thorough rinsing and mounting
of the sample. Expression of MUCSAC in A549 cells was confirmed by immunostaining

(data not shown).

7. Swelling kinetics and A549 cell preparation

The culture plates were rinsed with Hanks’ buffer twice. Non-trypsin dissociation buffer
(Invitrogen, Carlsbad, CA) was added to detach cells from plates and subsequently
incubated at 37° C for 15 min, centrifuged at 700 rpm for 5 min, and resuspended in
Hanks’ buffer (Invitrogen, Carlsbad, CA). Resuspended cells were dispersed into MatTek
glass bottom dishes (MatTek Corporation, Ashland, MA) and equilibrated in a 37°C
incubator for 10 min prior to adding varying concentrations of HCO3; or EGTA. Both
Hanks’ solution and HCOj" solutions were buffered with Tris-HCI and MES (Sigma, St.
Louis, MO) to pH 7.4. The pH was monitored and maintained at approximately 7.4

throughout the experiments.
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A549 cells were viewed and video-recorded with phase-contrast lens using a Nikon
Eclipse TE-2000-U inverted fluorescence microscope (Nikon Eclipse TE-2000U, Tokyo,
Japan). Degranulation of A549 was induced by 1 uM ionomycin (Sigma, St. Louis, MO)
and was found to be a readily observable discrete quantal process. During exocytosis into
extracellular Hanks’ solution, released granules undergo rapid swelling. Video-recordings
of granular exocytosis and swelling were captured at 30 frames s”'. The analysis of the
changing mucin matrix dimension was assessed with NIS-Elements software (Nikon,

Melville, New York).

Measurements of the radii of the released mucus matrices, as a function of time, were
used to verify that the swelling of the secreted material followed the characteristic
features of polymer gel swelling kinetics [85,86]. The swelling of a polymer follows a
typical diffusive kinetics that is independent of the size, internal topology, or chemical
composition of the gel [86]. For spherical gels, as observed with the exocytosed mucin
granules of A549 cells, the radial dimension increases following a characteristic first
order kinetics of the form r(t) = ry — (rf — 17) efth, where 1; and ry are the initial and final
radii of the granule matrix, respectively, and 7t is the characteristic relaxation time of the
swelling process [2]. The polymer network of gels diffuses into the solvent (Hanks’
solution), with diffusivity (D) (D = (rp)*/t [em® s ']). The diffusivity (D) of polyionic gels
varies with the concentration of counterions in the swelling medium. In this study, we
measured the swelling kinetics of exocytosed mucin gels in Hanks’ buffer (Invitrogen,
Carlsbad, CA) with HCOj;™ concentrations in the physiological range of 0-140 mM.
Previous reports have predicted that polymer viscosity is proportional to the molecular
weight of polymers and that polymer diffusivity is inversely proportional to the molecular
weight. Therefore, polymer viscosity and diffusivity are inversely proportional to each
other [89,90,91,128]. Higher polymer diffusivity indicates lower viscosity of polymers.
Thus, we can take direct measurements of changes in mucin diffusivity under different

HCOs concentrations as changes in mucin viscosity.

8. Statistical analysis
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Data was presented as means + SD. Each experiment was performed independently at
least three times. Statistical significance was determined using a Student’s t-test analysis
with p values of <0.05 (Microsoft Excel and GraphPad Prism 4.0, GraphPad Software,
Inc., San Diego, CA).
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RESULTS

HCOj5 lowers free Ca?* concentration by chelating Ca®*

We directly measured the concentration of free Ca® in Hanks’ solution (1.2 mM Ca®")
with a Ca®"-selective mini-electrode in increasing concentrations of HCO;". As [HCO3]
increased from 0 - 50 mM, the concentration of free Ca’" decreased exponentially from
1.2 mM to < 50 uM (Fig. 1A), with most of the reduction occurring at <5 mM HCOs5'.
As [HCOs;'] approaches 10 mM, the decrease in free [Ca®'] starts to plateau so that there
was little change with 20 - 50 mM HCOs". These results demonstrate that HCO3™ removes
most free Ca’" from Hanks’ buffer solutions at relatively low concentrations
(extracellular HCOs;™ concentration is normally ~24 mM). As a positive control,
increasing concentrations of EGTA (1 - 5 mM) resulted in a subsequent decrease of free
[Ca®] from 1.2 mM to almost 0 mM in normal Hanks’ solution (Fig. 1A inset). To
confirm that CI', the most common physiologically abundant extracellular anion
(normally ~110 mM), does not chelate free Ca’" ions, we increased total [CI] up to 400

mM and found that the level of free [Ca®'] in Hanks’ buffer was not altered (Fig. 1B).

HCOj3 chelates mucus-bound Ca**

To investigate whether HCO;3; ions are also able to chelate mucus-bound Ca2+,
inductively coupled plasma optical emission spectrometry (ICP-OES) was used to
quantify the relative amount of bound Ca*" displaced from mucus after adding 20 mM
HCOs5' at increasing intervals of time. Mucus (1 mg/L) was prepared in Hanks’ solution
(buffered with Tris-HCI/MES at pH 7.4) containing 4.2 mM Ca®" since [Ca®"] found in
CF mucus is approximately 2 - 4 mM [93]. The mucus solution was combined with 20
mM HCO;™ and assayed at 0, 5, 15 and 30 minutes (Fig. 2). No significant amount of
CaCOs; precipitation (> 200 nm) was observed during the sample preparation (data not
shown). The mucus sample was filtered through a 0.2 um Isopore membrane and
redissolved in 1% HNO; solution. The data shows that as HCOj;  incubation time
increases, the amount of mucus-bound Ca*" decreases (Fig. 2). Within five minutes of

HCO5™ exposure, bound Ca®" dramatically dropped to 56% and continued to fall to 28%
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of the control after 30 minutes of incubation with HCO5". These results show that HCO5”

readily sequesters bound Ca** from mucus.

HCOg3  disperses aggregated mucus

We then undertook showing that HCOs' can directly disperse aggregated mucus gels (Fig.
3). Porcine gastric mucus (1 ng/L) was added with 8.2 mM Ca®" in Hanks’ solution
(buffered with Tris-HCI/MES at pH 7.4) and was equilibrated for at least 48 hrs until
significant aggregation of mucus masses of approximately 9 um in diameter was attained.
The 8.2 mM Ca®" was used to gelate dilute mucus for studying the dispersion capacity of
HCOs'". Upon addition of 20 or 50 mM HCOj™ (buffered with Tris-HCI/MES at pH 7.4),
aggregated mucus gel particles dispersed and decreased in size from ~9 um to ~4.5 um
(Fig. 3). A time-dependent decrease in mucus gel size reached an apparent minimum in
about 6 hrs. Addition of EGTA (Ca®" chelator, 5 mM) also dispersed aggregated mucus
gels to approximately the same size. Aggregated mucus gel size did not return to its
original size (~0.2 um) with either HCO;™ or EGTA treatment (Fig. 3). This data indicates
that HCO5 likely disperses Ca*" crosslinked mucus gels [78] by sequestering free and

2+ . .
bound Ca” ions from mucus networks as well as from free solutions.

The result shown in Figure 4 demonstrates on a gross level that HCO;™ reduces apparent
mucus aggregates. After filtering gastric mucus through a 0.45 pm pore immobilon-P
transfer membrane in the presence of NaHCO; (100 mM), only 0.27 mg/ml was retained.
However, in the presence of NaCl (100 mM) twice as much filtered mucus gel (0.56
mg/ml) was retained. This direct measurement of aggregated mucus confirms that HCOs”
disperses aggregated mucus and that CI" ions have little, if any, effect on mucus

aggregation.

HCOg3  accelerates mucin matrix expansion

A representative plot comparing the swelling kinetics of newly exocytosed mucin
matrices between the control (HCO;™ free) and HCOs™ treatment is shown in Figure 5A.
The rate of mucin network swelling (hydration) was significantly elevated in the presence

of HCOj5™ (Fig. 5A). Converting swelling rate into diffusivity (D) yielded similar results
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(Fig. 6). Digital images capturing the process of mucin matrix gel swelling were also
presented (Fig. 5B). In addition, through the use of fluorescent dye, quinacrine, we
confirmed the presence of mucin granules in A549 cells [19,131] (Fig. 5C). The
fluorescent secretory granules (green) distributed in the cytosol surrounding the nucleus,

which stained with Hoechst dye (blue).

HCOj3 markedly enhances secreted mucin diffusivity

Exocytosis of mucin granules from cultured A549 cells was stimulated with 1 uM
ionomycin [18] and mucin diffusivity was calculated from the swelling kinetics as
described (see methods) [85]. A faster mucin gel swelling rate indicates greater mucin
diffusivity and a less viscous gel [85]. Mucin matrix swelling rates were accelerated by
increasing bicarbonate concentrations (0-140 mM, Fig. 6). The increase in mucin
swelling rate was HCOj3™ concentration dependent. Compared to controls in HCOs free
Hanks’ medium, in 1 mM HCOj5, there is a 160% increase in mucin diffusivity while at
10 mM HCOy', diffusivity was increased by 190%. Diffusivity further increased to 280%
at 20 mM HCOs; and to 540% at 140 mM HCOx', relative to the control (no bicarbonate).
The concentration range of HCOj5; applied was based on physiological concentrations
[132,133]. Moreover, EGTA (5 and 10 mM) was used as a positive control for Ca®"
chelation, which increased diffusivity by 190% and 360% (open circles) (Fig. 6). These
results confirm that HCOj™ at physiological concentrations dramatically decreases mucin

viscosity by sequestering Ca®".
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Figure 1. Bicarbonate reduces the free Ca”" ion concentration. A) Incremental increases
in HCO5 concentration apparently reduce free Ca®" from Hanks’ medium (1.2 mM Ca®").
The data show 1) that free Ca*" in normal isotonic extracellular media in the presence of
physiological concentrations of HCO3™ should be less than 0.1 mM, and 2) that the high
concentrations of Ca®" in the condensed mucin of exocytosed granules likely could be
chelated by HCO3'/C032' in the media. EGTA, used as a positive control, also decreases
the level of free Ca*" in normal Hanks’ medium (1.2 mM Ca®’; see inset). Each point
corresponds to the mean + SD (N > 6). B) Chloride ions have no effect on the free Ca*"
ion concentration in PBS solution. Each point corresponds to the mean + SD (N = 5).
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Figure 2. Bicarbonate can chelate the bound Ca*" ions from mucus gels. Each data point
corresponds to the mean + SD (N > 8). All bicarbonate treated groups are significantly
different from the control (bicarbonate free) (**P < 0.005). The amount of bound Ca*"
ions was determined with inductively coupled plasma optical emission spectrometry
(ICP-OES) and the total organic carbon was measured with a Total Organic Carbon
Analyzer (TOC-V¢sy; Shimadzu).
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Figure 3. Bicarbonate (20 mM and 50 mM) disperses aggregated mucus gels monitored
with dynamic laser scattering. The average size of mucin gels at Ca®" = 8.2 mM (solid
circles, N > 4) increased to approximately 9.4 um within the initial 48 hrs of incubation
and decreased upon bicarbonate application (20 mM, solid circles, N > 6; 50 mM, open
diamonds, N > 6). Addition of EGTA (positive control) also dispersed aggregated mucus
gels (5 mM, open triangles, N > 7). The control sizes remained low (open circles, N > 3)
when compared with treatment groups.
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Figure 4. Mucus powders solubilized in 100 mM CI" or HCOs". The amount of filtered
mucus retained on filters (0.45 pm) was more than double for the CI solution (0.56
mg/ml) than for the HCOj;™ solution (0.27 mg/ml) (** P < 0.005).

59



Radius (um)

A
® @
4
PS @
A A A
x
o O
(@) O
Gl LI Ll . Ll Ll L]
0O 05 10 15 20 285 30
Time (sec)

60



Figure 5. Identification of secretory granules and measurement of mucin matrix
expansion. A) A representative plot of the swelling kinetics (hydration) of mucin
matrices secreted by A549 cells is shown. The data points were fitted with the
characteristic first order kinetics equation (see methods). The control (bicarbonate free,
open circles) shows a lower rate of mucin matrix swelling when compared with the
swelling rate during bicarbonate exposure (140 mM HCOs, solid circles; 20 mM HCOs',
solid triangles). B) Digital images demonstrating mucin matrix expansion during
exocytosis, recorded by videomicroscopy are presented. Exocytosis was triggered by
ionomycin. The arrows indicate the expanding mucin granule matrix whose radii are
automatically measured by green circles generated by NIS-Elements (Nikon, Melville,
New York). C) Loading of quinacrine dye showed the presence of green secretory
granules in the cytosol of A549 cells. The nucleus was stained blue with Hoechst dye.
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Figure 6. Bicarbonate increases mucin diffusivity secreted from A549 cells. The increase
of diffusivity suggests that HCO;” may chelate Ca’" from two different pools (solid
circles). EGTA (5 and 10 mM, open circles) also markedly increased the diffusivity and
is shown as open circles. Each point corresponds to the mean £ SD (N > 6).
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DISCUSSION

The formation of mucus is one of the most complex processes of physical chemistry in
biology; fundamentally, it is accepted that before being secreted, highly negatively
charged mucin polymer matrices are tightly packed within granules at a low pH in a very
high concentration of intragranular Ca>* [2]. The negative charges of the mucin matrices
are shielded and neutralized by protons and electrostatic divalent Ca*" cross-links. In
order to maintain proper and normal luminal and ductal transport of released mucin,
adequate swelling and hydration of gel matrices are essential [2,16]. In order for the
electrostatic forces to expand the matrix, the mucin anions must be unshielded and the
inter- and intramolecular cross-links removed. Until now, it has been generally accepted
that the swelling process depends essentially upon exchanging monovalent cations (Na"
and K”) in the medium for protons and divalent Ca*" in the matrices; however, recent
recognition that the abnormally viscous mucus consistently found in CF may be the result
of the absence of HCOs' in this disease (31) seems to provide additional insight into the
physical/chemical process of mucus formation. Moreover, the chemical properties of
HCO5’, per se, also suggest that among biological ions, it is ideally suited to support Ca*"
removal. That is, the poor solubility of CaCO3 (K, = 4.8x10”) indicates strong binding
between Ca’" and C032' ions [134], and the equilibrium between HCO;3 and CO32'

support multiple complexes with Ca*" ions [78,135].

To confirm that bicarbonate sequesters Ca®’ at physiological fluid concentations, we
measured free Ca?’ concentration in Hanks’ solution after adding HCOs3™ and found that a
steep drop in free Ca®" occurred with low mM HCOs;™ concentrations (Fig. 1A) due to
forming Ca*" complexes, e.g. CaCO; and CaHCOs" [135]. Further decreases in free Ca>"
were negligible even in the presence of higher HCO;™ concentration (50 mM), indicating
that nearly all Ca®" available in solution can be sequestered by HCO;™ concentrations that
are easily achieved physiologically. The other major physiological anion, CI', had no
effect on free Ca®" as CaCl, remains essentially dissociated in the HCO;™ free solution
(Fig. 1B). To be effective in mucus expansion, HCOs™ must not only remove free solution

+ . . . . . .
Ca’ , but it must also remove calcium bound in the mucin matrix. We used a commercial
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source of mucus, which is not pure mucin, but may serve to represent mucus gel
interactions. This approach is consistent with previous studies using this porcine gastric
mucin to examine the viscoelastic properties and biological applications of mucin
[97,99,100,102]. There is currently no commercial mucin sample available that has been
perfectly preserved in the native state. After equilibrating with Ca®’, we found that
adding 20 mM HCOj™ to the mucus solution removed more than half the bound Ca*"
within a few minutes and about three fourths within 30 minutes (Fig. 2). Thus, HCO5" is
capable of chelating free Ca®" from solution and sequestering bound Ca®" from mucus gel

matrices.

We then asked whether sequestering Ca”” with HCOs™ could enhance the dispersal of
aggregated mucus. Both 20 and 50 mM of HCOj;™ dispersed aggregated mucus gels and
almost immediately reduced the size of consolidated aggregates by 50% (Fig. 3), but
further disaggregation did not occur. Chelation of Ca®" has been reported to disperse
polymer gels [84]. Adding EGTA, a highly efficient Ca>" chelator, in place of HCO5,
dispersed aggregated mucus very similarly (Fig. 3). This result probably indicates the
importance of Ca*" crosslinking in mucin aggregation and accumulation. However, the
fact that EGTA produced the results similar to HCOj; indicates that the failure to
completely reverse the disaggregation is not due to incomplete sequestration of Ca®" by
HCO5™ and may not be entirely due Ca®". Additional hydrophobic interactions may also
be present within aggregated mucus [1,105]. The data in Figure 4 corroborates these
findings by showing that compared to CI, HCO; greatly reduced the amount of

aggregated mucus gels retained on a micro filter (Fig. 4).

These combined results demonstrate that HCO; can play a critical role in the
decondensation of mucin granules, but proof awaits a direct demonstration of its effects
on mucus properties in vivo. Hydration-induced swelling is the single most critical
determinant of mucus rheological characteristics [2,85,136] and measurements of mucin
swelling kinetics (diffusivity) provides a unique method to directly assess changes in
mucin rheological properties (viscosity) released from living cells under physiological

conditions [2,136]. A549 cells were used as our representative model system for studying

64



mucin swelling kinetics because it produces both major respiratory MUCSAC and
MUCSB gel forming mucins [109,110]. Therefore, using videomicroscopy of living
AS549 cells in culture, we measured the rates of swelling in real time of mucin granules
released from cells that were stimulated to secrete into different concentrations of HCOy5'.
First, our data showed that at physiological HCOs3™ concentrations, a mucin network
rapidly hydrates (Fig. 5A), which we surmise would render it more easily transportable.
Second, a biphasic response of mucin swelling rates to increasing bicarbonate
concentrations is clearly demonstrated in Figure 6. The two different slopes may suggest
the existence of two different Ca>" binding sites within mucins. This second phase might
reflect removal of a more tightly bound source of Ca*" in the mucin. That is, at lower
HCOj5™ concentrations, the swelling may be dominated by repulsion of the highly anionic,
highly-glycosylated regions of the mucin freed upon removing Ca®" cross-linking as
fixed negative charges are unshielded [78,137,138]. Higher concentrations of HCOs™ (and
associated CO;>) might be competing tightly bound Ca*" away from other binding sites,
such as those recently described as nodes of tightly bound protein domains in mucins
[137,138]. Chelating Ca’" with EGTA (5 and 10 mM) confirmed the notion that the
increased rate of diffusivity is due to Ca”" removal. EGTA (5 and 10 mM) sequestration
of Ca®" increased the mucin network diffusivity by 190% and 360% compared to the
control (no EGTA) while 5 mM, 20 mM and 140 mM HCOs" increased diffusivity by
140%, 280% and 540% compared to the control (HCO; free) (Fig. 6). Based on
concentration, EGTA seems to be somewhat more effective than HCO; likely due to the
stronger chelation affinity of EGTA for Ca®". These data provide the first direct
experimental evidence that HCOs; modulates the mucin hydration rate and the

viscoelastic properties (viscosity) of mucins in live cells.

Since the medium concentrations of Na" and K" were constant in all protocols, the
increases in diffusivity cannot be due solely to the exchange of calcium with Na™ or K"
ions. The same consideration can be made in Cystic Fibrosis where the concentration of
these monovalent cations is relatively normal and constant, but it is the HCO;™ that is
diminished. Clearly Na"/Ca*" exchange must occur to maintain electroneutrality within

the matrix. However, HCOs;™ may be necessary to speed or facilitate the exchange by
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“competing” Ca’" away from fixed anions on the mucin molecules so that the
monovalent cations (Na") can replace the Ca*" that would otherwise remain bound, and
slow or impossible to remove solely by cation exchange. This would almost certainly be

the case if fixed mucin anions have a higher affinity for Ca®" than for Na".

With respect to Cystic Fibrosis, which instigated this study, previous work recently
demonstrated that the amount of mucus discharged from the intestine [139] and the
uterine cervix [126] in vitro was significantly reduced when HCO; secretion was
impeded. The present work provides a likely basis for those findings and possibly for the
characteristically aggregated and tenacious mucus abnormalities found in Cystic Fibrosis
as well. That is, in CF where the genetic defect occurs in a gene that codes for an anion
channel, it is now well established that, like CI', HCO; permeability and secretion are
greatly reduced or absent [78,113]. Our studies here strongly indicate that in CF organs,
when mucins are released into fluids without adequate HCOj', their diffusivity would be
decreased (viscosity increased); normal expansion of mucins would be retarded and
impaired due to retained Ca®" crosslinking, and the long observed pathogenic aggregation
and stagnation of “sticky” mucus would tend to occur. A tentative model of this process
was proposed recently [126]. It should be noted that organ failure in CF is not immediate
and generally occurs over many months or years, so that pathogenic mucus aggregation is

almost surely a multifactorial process.

In summary, we have demonstrated that HCOs" ions play a critical role in determining the
viscosity of mucins and mucus by controlling swelling and dispersion most likely by
competing with fixed anions in mucins for Ca®", which condenses and aggregates mucus
polymers via divalent crosslinking. These findings show that defects in bicarbonate ion
transport such as those associated with CF can lead to pathologically thick and viscid
mucus for which CF is known. These results may provide insights for new therapeutic
strategies to reduce organ failure in CF due to mucus obstructions and to ameliorate

problems in other diseases of mucus.
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CHAPTER 5

Conclusion and future directions

The aims of my Ph.D. projects investigated how physiological and environmental factors
modulate (i) mucin secretion and (ii) viscoelasticity which are vital to pulmonary health.
NP exposure, in the forms of airborne particulates and pollutants, has shown to exert
harmful effects on pulmonary cellular physiology. It was documented that geographical
areas heavily polluted with NPs also exhibited significantly elevated incidences of
pulmonary diseases such as asthma and COPD and exacerbated respiratory symptoms
particularly thick mucus obstruction [25, 52]. TiO, NPs are commonly applied in the
nanoindustry and pervasively used in daily products. However, studies that investigate
the harmful capacity of TiO, NPs to directly induce mucin secretion from airway
epithelial cells are scarce. Moreover, it is not clear whether functionalized NP and anions
play critical roles in determining the rheological properties of mucus during health and

disease.

In TiO, NP-induced mucin secretion from airway epithelial cells, our major findings
were that TiO, NPs could elicit an intracellular Ca*" signaling associated secretion. TiO;
NPs either triggered an activation of L-type Ca®" channel or perturbed membrane
integrity which led to an influx of extracellular Ca*". This process may be mediated by
the synthesis of ROS since addition of NAC significantly attenuated the intracellular Ca**
rise. Elevated cytosolic Ca®" levels then triggered a secondary Ca’" amplification
involving ryanodine receptor-linked CICR mechanism. Blocking ryanodine receptors
significantly reduced the sustained cytosolic Ca*" rise and abolished the subsequent
secretory response. Our data suggests that pharmacological blockers or anti-oxidant
treatments down-regulating the Ca®" relay system and the generation of ROS could
become potential drugs targeting abnormal mucin hypersecretion. Future studies
involving pulmonary disease animal models will further confirm the hypothesis.
Moreover, it has been shown that mucin protein synthesis is up-regulated in animal

models exposed to NP insults [29]. Besides focusing on the secretory response,
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understanding the cellular mechanisms behind mucin hyper-production and possible

contribution from neural stimulation will provide insights to future therapeutic strategies.

In functionalized NP-induced changes in mucin viscoelasticity, our results showed that
positively-charged functionalized NPs crosslinked mucin gels, reduced mucin hydration
rate and increased mucin viscosity. Whereas bicarbonate ions served as Ca>" chelators
which reduced both free Ca*" in solution and mucin-bound Ca2+, and accelerated mucin
diffusivity. Consequently, mucin becomes less viscous, more transportable and properly
hydrated. Our data demonstrated a possible mechanistic link between NP exposure and
thick mucus that occludes airway lumen observed in patients with respiratory diseases.
More importantly, our results elucidate why a defective CFTR anionic channel, which
also impairs bicarbonate transport, can associate with clinical symptoms of viscous
mucus plugs in cystic fibrosis sufferers. As a future therapy for dispersing airway mucus,
bicarbonate or chemicals with a Ca®" chelating ability may play a critical role. Clinical
trials may be needed to authenticate the feasibility and the potential to apply to treat

complications in different organ systems.
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