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Abstract of Thesis 

Rock Dust Effect on Mucin Swelling and aggregation 

 

By 

Yi-Yen Tsai 

Master of Science in Biological Engineering and Small-Scale Technologies 

University of California, Merced 2019 

Professor Wei-Chun Chin, Chair 

 

Mucus rheology and mucin swelling play a critical role in maintaining respiratory health. 

Airway mucin hypersecretion and viscous mucus are cardinal features in chronic 

obstructive pulmonary disease (COPD) and are significant contributors to exacerbations 

and mortality. Chronic exposure to rock dust particles can potentially predispose humans 

to lung inflammation and increase the risk of COPD. However, the effect of rock dust 

particles on altering the viscoelastic properties of mucus, leading to concomitant 

pathological outcomes, is not clear. Studies addressing the link between the surface 

modification of rock dust particles and their harmful effects are also lacking. This study 

has examined the relationship between common rock dusts used in industry: unmodified 

limestone rock dust (MineBriteTM G; UCRD), modified limestone (moisture-tolerant rock 

dust; MTRD) and crystalline silica (Min-U-Sil®10) and their effects on mucin swelling 

kinetics and airway mucin rheology. To start, human lung carcinoma A549 cells were used 

as an in-vitro model. There was no obvious cytotoxicity of the rock dusts as determined by 

a cell counting kit-8 (CCK-8), and silica group showed a induced-toxicity in A549 cells 

after 24 h treatment. In swelling kinetics and diffusivity experiments, the modified rock 

dust group showed a significantly higher value as compared to the unmodified rock dust 

nd crystalline silica groups. These results support our hypothesis that surface modification 

(stearic acid) can decrease metal ion leaching and thus cause fewer harmful effects on the 

swelling kinetics of mucins. Mucin secretion was measured using enzyme-linked lectin 

assay (ELLA), and the results indicated that only UCRD induced mucin secretion at higher 

concentration (1 mg/ml) in the A549 cells. The aggregation of mucus was monitored by 

measuring particle size changes using dynamic laser scattering (DLS). The unmodified 

rock dust group showed that, with a relatively higher concentration (0.75 mg/ml, 1.00 

mg/ml), there was a significant increase in mucin aggregation. To support our swelling 

kinetics and mucin aggregation results, we measured the concentration of leaching metal 

ion by using inductively coupled plasma-optical emission spectrometry (ICP-OES). ICP-

OES confirmed that calcium ions may be one of the dominant factor in the mucus 

aggregation and swelling kinetic experiments for both the modified and unmodified rock 

dusts. In addition, magnesium and iron ions were below the method detection limit. 

Overall, this study has demonstrated that surface modification on rock dust shows no 

obvious cytotoxicity and non-significant mucin aggregation. Modified rock dust provided 

a less harmful effect with less calcium leaching and led to a better performance on swelling 

and mucin secretion than unmodified rock dust.  
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Chapter 1. Introduction 
 

1.1 Mining rock dust and application 

Coal mine explosions have consistently been the cause of the greatest number of fatalities 

in the mining industry. Although the US government has been dedicated to improving mine 

safety and supporting mine explosion research, serious coal mine explosions still occur. 

From 2002 to 2012, underground coal mine explosions caused a total of 65 fatalities and 

18 injuries in the United States (Khaliullin et al. 2019). Dust explosion statistics in other 

countries, such as Russia, Ukraine and China, reflect even worse situations. Since the 

1900s, fine rock dust, usually pulverized limestone (with the chemical formula CaCO3), 

that can absorb heat thermal energy from heated gases and release carbon dioxide has been 

applied in mines to prevent coal dust explosions. The Mine Safety and Health 

Administration (MSHA) issued a Program Information Bulletin that reported two concerns 

regarding the supply of rock dust in the United States in 2011. One concern was with the 

excessive fine particle content of rock dust samples, and the other concern was that fine 

rock dusts form a cake when wetted and dried. This latter problem could create a less 

protective effect against the propagation of coal dust explosions in mines (Perera et al. 

2016).  

 

The Office of Mine Safety and Health Research found that to prevent coal dust combustion, 

a total of 80% incombustible rock dust content needed to be used in underground coal 

mines. This update recommendation was soon adopted by the MSHA and became federal 

law in 2011. This standard clearly indicates that rock dust must meet the definition as stated 

in U.S. Code of Federal Regulations. Title 30-Mandatory safety standards. Part 75-

underground coal mines. Subpart E. Section 75.403 Maintenance of incombustible content 

of rock dust : Rock dust shall be comprised of pulverized stone (limestone, dolomite etc.); 

the particles of which when wetted and dried will not cohere to form a cake which will not 

be dispersed into separate particles by a light blast of air; and which does not contain more 

than 5 percent combustible matter or more than a total of 4 percent free and combined silica 

(SiO2), or, where the Secretary finds that such silica concentrations are not available, 

which does not contain more than 5 percent of free and combined silica.  

 

The recommended exposure limits for limestone and crystalline silica are listed in the 

National Institute for Occupational Safety and Health (NIOSH) guide to chemical hazards.  

For NIOSH, “TWA” represents a time-weighted average concentration of a substances for 

10 hours thought to not cause injury to human health. For example, the exposure limits for 

limestone and silica are 5 mg/m3 and 0.0025 mg/m3 TWA, and the standard of controlled 

ventilation should be 10-15 air change per hour. Air changes per hour is calculated by 

measuring the supply airflow into a room. In brief, the airflow (cubic feet per minute) times 

60 mintues then divide by the volume of the room in cubic feet. In addition, if NIOSH 

considers a substance to be a potential occupational carcinogen, the carcinogenicity must 

be listed in the section of hazards identification in product data sheet.  
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Pulverized limestone for anti-caking purposes has been commercially available since the 

1980s. Adding hydrophobic agents can significantly reduce tendency to form a cake and 

assist in its dispersibility even when applied in highly humid environments. Since anti-

caking properties play an important role in the prevention of mine explosions and are part 

of federal law as a new standard, several types of surface modifications have been 

developed, such as the use of fatty acid or silicon (Khaliullin et al. 2019). It has been 

mentioned that during the application of surface modified rock dust, respirable particle 

concentrations in the air may exceed occupational exposure limits; however, there are 

administrative controls in mines that keep miners from being exposed to rock dusting 

during rock dust applications (Harris et al. 2017). In several occupational and environment 

case reports, it has been proposed that co-exposure with silica has caused adverse outcomes 

in susceptible individuals, although exposure to silica dust only occurs in unique 

occupational environments (Angotzi et al. 2005, S. Bello et al. 2015, Crummy et al. 2004, 

Doig 1955, Yildirim et al. 2016). However, the research on fine rock dusts (calcium 

carbonate) and airway inflammation is very limited. Currently, the composition and 

physical characteristics of unmodified and modified rock dusts remain incompletely 

understood in regard to human health. There is little data to understand how surface 

modification (such as with fatty acid or silicon) affects rock dust and its effect on human 

respiratory function. 
 

1.2 Respiratory health and airway mucus rheology  

Chronic Obstructive Pulmonary (COPD) is a global health concern that is predicted to 

become the third most common cause of mortality and the fifth leading cause of morbidity 

in the world by 2020 (Lopez and Murray 1998). COPD is now ranked as the fourth leading 

cause of death in the United States and Europe, with a mortality rate that has more than 

doubled in the last 20 years. Coal miners are known to suffer from major respiratory 

diseases, including asthma and COPD. It has been proposed that the respiratory disease 

vulnerability is because of the unique occupational environment exposures faced by coal 

miners (Beeckman et al. 2001, Gamboa et al. 1996, Perret et al. 2017). Over more than 30 

years evidence has accumulated showing that miners experience an excess of COPD 

(Coggon and Newman Taylor 1998). It has also been shown that people in coal mining 

communities have a 64% increased risk for developing COPD (Hendryx and Ahern 2008). 

However, the mechanistic link between coal mining and COPD has not been thoroughly 

investigated. 

 

Mucus rheology contribute greatly to maintaining respiratory health. Mucins are made up 

of highly glycosylated proteins and are polyanionic in nature due to their oligosaccharide 

side groups, such as sialic acid, sulfate and carboxyl (COO-) groups (Verdugo 1990). 

Previous studies have demonstrated that cytosolic Ca2+ regulates the mucin secretion in the 

airway globelt cell (Abdullah et al. 1997). The initiation of a cascade of downstream events 

are control by the elevated cytosolic Ca2+ concentrations. These events include the granule-

bound Ca2+ mobilizing and the secretory granules docking. After plasma fuses with the 

granule membrane, it forms secretory pores and leads to the exocytosis of the mucin 

granules (Nguyen, Chin and Verdugo 1998). Cationic calcium ions can serve as 

crosslinkers that condense mucin matrices as mucin granules during mucin condensation. 
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Phase transition is substantially conditioned to the Donnan effect, and thus it triggers the 

decondensation of mucin networks. The unique gel network properties are due to its 

molecule interactions such as hydrophobic and hydrophilic forces and hydrogen bonding 

(Verdugo 1990, Nguyen et al. 1998). 

 

In the human body, mucin gels serve as an innate immune defense and as a physical barrier 

by trapping bacteria, viruses and inhaled airborne particles. Mucin gels are critical for 

maintaining pulmonary health and integrity by trapping microbes for mucociliary 

clearance. In addition, mucin exocytosis and its rheological properties are critical 

homeostatic controls that are regulated by physiological stimulations in airway cells (Chen 

et al. 2010b, Randell, Boucher and University of North Carolina Virtual Lung 2006, 

Stewart and Criner 2013). The major respiratory diseases (i.e. COPD, asthma and cystic 

fibrosis) are tightly related to thick mucus, and the link between mucin dehydration and 

mucus clearance has been well established (Boucher 2007, Donaldson et al. 2006, Mall et 

al. 2004). As a result, pathologic mucus has the following characteristics: poor hydration, 

highly viscous and less easily transported by ciliary action, leading to an accumulation 

within the airway passages (Fahy and Dickey 2010, Cone 2009). Obstruction of the airway 

lumen is characterized by inflammation, deminished mucociliary clearance and chronic 

bacterial infection (Fahy and Dickey 2010, Lai and Rogers 2010). Network hydration is 

the determinant of mucus rheological properties (Chen et al. 2010b, Randell et al. 2006, 

Verdugo 1990). It is paradoxical that a deficient mucous barrier causes airway damage, but 

excessive mucus accumulation in the airway surface layer disturbs mucociliary clearance, 

resulting in the pathogenesis of common respiratory diseases such as asthma, COPD and 

cystic fibrosis (Knowles and Boucher 2002, Rose and Voynow 2006, Thornton and 

Sheehan 2004, Thornton, Rousseau and McGuckin 2008). Therefore, airway mucus plays 

a defining role in COPD pathophysiology (Fahy and Dickey 2010, Randell et al. 2006). 

Mucus hypersecretion may lead to abnormal mucin concentrations in the airway passages, 

and aberrant mucus viscoelasticity may cause COPD-associated viscous obstructive mucus 

production (Randell et al. 2006, Voynow and Rubin 2009). 

 

Unregulated mucin release can cause the presence of poorly transportable, highly viscous 

mucus, lumen occlusion and chronic bacterial infection, which have been observed in many 

respiratory diseases (Randell et al. 2006, Fahy and Dickey 2010, Hogg 2004). These 

pathological characteristics are very common in clinical symptoms and are commonly 

found in inflamed pulmonary and gastrointestinal passages (Fahy and Dickey 2010, 

Quinton 2008). Abnormally viscous and poorly hydrated mucus can obstruct human airway 

passages and have been investigated in major respiratory diseases, including asthma, 

COPD, cystic fibrosis, bronchiectasis and pneumonia (Hogg 2004, Fahy and Dickey 2010, 

Pruitt and Jacobs 2005). Severe symptoms in COPD, cystic fibrosis and asthma may 

include mucus hypersecretion, recruiting abundant inflammatory cells and dysfunction in 

mucociliary transportation (Rogers 2007, Randell et al. 2006). 

 

Chronic exposure to rock dust particles can potentially predispose individuals to lung 

inflammation and increase the risk of COPD (Alfaro-Morenoa et al. 2007, Xia, Li and Nel 

2009). Since mucin matrix diffusivity is associated with mucin viscosity, it provides a 
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direct assessment to study the rheological properties of mucus under different 

physiological and pathological conditions (Chen et al. 2010b, Verdugo 1990). The mucus 

network has a characteristically tangled topology (Verdugo 1990, Chen et al. 2014). The 

rheological properties of the mucin network are mainly regulated by mucin polymer 

density, and the tangle density in mucin polymer decreases with the square of the mucin 

matrix volume (Verdugo 1990). Therefore, the degree of hydration dominates mucus 

rheological properties (Verdugo 1990).  

 

Herein, we conducted a systematic study on the cytotoxicity and mucus rheology of rock 

dust particles at cell level. The viability, mucin swelling kinetics, and mucin secretions of 

A549 cells were evaluated after exposure of several different rock dust particles. A549 

cells, a human lung carcinoma epithelial cell line, have been selected for use in 

nanoparticles toxicity studies (Chen et al. 2010a, Chen et al. 2012). Our research further 

utilized mucin swelling kinetics to calculate the diffusivity of the mucin matrices, which is 

strongly related to mucin viscosity (Tanaka and Fillmore 1979, Verdugo 1990). Low 

diffusivity in mucin gel is associated with thick, viscous, less hydrated mucus, and these 

characteristics are commonly found in asthma and COPD (Chen et al. 2010b, Randell et 

al. 2006). Studying the effects of rock dusts on mucus hypersecretion and accumulation in 

the airway will facilitate the development and health risk assessment of these products. 
However, whether the effects of rock dust particles can alter the viscoelastic properties of 

mucus and lead to concomitant pathological outcomes is not clear. Studies addressing the 

link between the surface modification of rock dust particles and their harmful effects are 

also lacking. Understanding the interactive mechanisms between dust particles and airway 

mucins will facilitate the development of improved practice/use protocols or updated 

selection criteria for rock dusts commonly used in the modern coal industry.   
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Chapter 2. Materials and methods 
 

2.1 A549 cell culture 

The human lung carcinoma cell line A549 was obtained from American Type Culture 

Collection (ATCC, VA, USA). Cells were cultured in 10-cm cell culture plates (Falcon, 

NJ, USA) containing F-12 nutrient mixture medium (Invitrogen, CA, USA) supplemented 

with 100 U penicillin/streptomycin (Invitrogen, CA, USA) and 10% heat-inactivated FBS 

(Invitrogen, CA, USA). Cells were cultured in 10 cm Falcon plates and incubated in a 

humidified incubator at 37ºC/5% CO2. Cell counts were performed using trypan blue 

(Sigma-Aldrich, MO, USA) exclusion and a Bright-Line hemocytometer.  

 

2.2 Secretory granule labeling 

The presence of secretory granules of A549 cells was identified by staining with quinacrine 

(10 µM; Sigma-Aldrich, MO, USA) (Chen et al. 2010b). The nucleus was counterstained 

with Hoechst dye (5 mg/ml; 1:1,000 dissolve in phosphate-buffer saline; Sigma-Aldrich, 

CA, USA) (Chen et al. 2010b). Cells were viewed with phase-contrast lens using a Nikon 

Eclipse TE-2000-U inverted fluorescence microscope (Nikon Eclipse TE-2000U, Tokyo, 

Japan). 
 

2.3 Rock dust preparation 

Two types of commercial rock dust samples were analyzed: unmodified limestone- 

MineBriteTM G (Imery Carbonate, GA, USA), abbreviated as UCRD; modified limestone- 

Moisture Tolerance Rock Dust (Imery Carbonate, GA, USA), abbreviated as MTRD. 

Crystalline silica, Min-U-Sil® 10 (US Silica Corp., MD, USA) served as a positive control 

in this study. The rock dust particles were dissolved in Hank’s buffer with stir bar for 24 

hours. Afterward, rock dust solutions were filtered with 0.22-µm Millex®GV (Merck 

Millipore, MA, USA) membrane (pre-wash by 0.1N HCl) by pushing the plunger on the 

syringe until all rock dust solution has been obtained (Chen et al. 2010b, Chen et al. 2011). 

The concentrations used were 0.1, 0.25, 0.5, 0.75, and 1.0 mg/ml. The range of 

concentrations was followed the concentrations of calcium carbonate rock dust found in 

previous reports (Chen et al. 2010a). All rock dust solutions were sonicated before usage. 

Three kinds of rock dust typically properties are shown below: 
 

Table 1. Rock dust typical properties of ImerCoalTM -Moisture Tolerance Rock 

Dust (MTRD). 

ImerCoalTM -Moisture Tolerance Rock Dust (MTRD) 

Property Unit of Measure Value 

Limestone (CaCO3) Wt.% 95 

MgCO3 Wt.% 2 

Acid Insolubes Wt.% 2 

Surface Treatment-  

(Stearic acid 50) 

Wt.% 0.1 
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Mean Particle Size µm 19.5 

 

 

 

Table 2. Rock dust typical properties of MineBriteTM -G (UCRD). 

MineBriteTM -G (UCRD) 

Property Unit of Measure Value 

Limestone (CaCO3) Wt.% 99 

Crystalline silica, quartz Wt.% 0.1 

Mean Particle Size µm 97% less than 74 µm, 

24% less than 10 µm.  

 

Table 3. Rock dust typical properties of MIN-U-SIL® 10 Ground Silica. 

MIN-U-SIL® 10 Ground Silica 

Property Unit of Measure Value 

SiO2 Wt.% ˃ 99 

Mean Particle Size µm 3.4 

 

 

2.4 Cell viability assay 

To determine the cytotoxicity of rock dust, A549 cells were treated with 0.1, 0.25, 0.5, 

0.75, 1.0 mg/ml of MTRD, UCRD and silica dust solution separately. In Brief, cells were 

seeding at 2×105 cells per well plate and culture for 24 hours. Afterward, TranswellTM 

(Corning, NY, USA) were performed with 0.4 µm membrane chambers and the cells were 

treated with rock dust solutions through chamber for another 24 hours. The supernatant 

containing secreted mucin was collected for enzyme-linked lectin assay preparation (Chen 

et al. 2011). The cells were rinsed with Hank’s buffer and the cytotoxicity was 

demonstrated by cell counting kit-8 (Dojindo, MD, USA) (Tsai et al. 2018). After 

incubating at 37℃ for 1.5 h, the absorbance values were measured at 450 nm. The data was 

analyzed with statistical evaluation, and One-Way ANOVA was applied to distinguish 

whether the significant difference existed between groups (n ≥ 3). 

 

2.5 Enzyme-linked lectin assay (ELLA) 

The supernatant containing secreted mucin was collected from transwell and incubated in 

a 96 well (Greiner Bio-One, 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 mg/ml) 

(Sigma-Aldrich, MO, USA), at 37°C for 1 hr. The substrate, 3,39,5,59-

Tetramethylbenzidine (TMB; Sigma-Aldrich, MO, USA), was added to each well at room 

temperature followed by H2SO4 (Sigma-Aldrich, MO, USA) in order to terminate the 

reaction. The optical density was measured at 450 nm (Chen et al. 2011).  
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2.6 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 g/L (Sigma-

Aldrich, MO, USA) were prepared with Hank’s buffer at 7.4 pH (Thermo Fisher, PA, 

USA). Rock dust solutions were prepared by letting the particles leach out in Hank’s buffer 

for 24 hours at different concentration (0.1, 0.25, 0.5, 0.75 and 1.0 mg/ml). The rock dust 

solution was thoroughly mixed with 1.5 mg/L of mucin until mucin has dissolved. Aliquots 

of prepared rock dust samples (10 ml) were directly filtered through a 0.22-µm membrane 

filter Millex®GV (Merck Milipore, MA, USA) into clean scintillating vials, and the filter 

was pre-washed with 0.1 N HCl before using. Filtered rock dust solution was added to 

scintillating vials, then positioned in goniometer of Brookhaven laser spectrometer 

(Brookhaven Instruments, NY, USA). The sample was tested for its ability to promote 

mucin aggregation. Mucin aggregation was monitored at 0, 24, 48, 72, 96, and 120 hours. 

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 method (Chen et al. 2010b). Calibration was conducted 

with standard monodisperse suspensions of latex microspheres ranging from 50 nm to 10 

mm (Polysciences, PA, USA).  

 

2.7 Swelling kinetics and cell preparation 

The experimental procedures follow the protocols published previously (Chen et al. 

2010b). The 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 37ºC for 15 minutes, centrifuged at 700 rpm for 5 min, and 

resuspended in Hanks’ solution (Invitrogen, CA, USA) Cells were resuspended into 

MatTek glass bottom dishes (MatTek Corporation, MA, USA) and equilibrated in a 37ºC 

incubator for 10 minutes prior to adding 0.1, 0.25, 0.5 0.75 and 1.0 mg/ml of different kind 

of rock dust particle.  

 

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 cells was induced by 1 µM ionomycin (Sigma-Aldrich, MO, USA) and 

was found to be a readily observable discrete quantal process. During exocytosis into 

extracellular Hanks’ buffer solution, released granule matrices undergo rapid swelling. 

Video-recordings of granular exocytosis and swelling were captured at 30 frames s-1. 

 

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 (Espinosa 2002). 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 (Tanaka and Fillmore 1979). 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) = rf–(rf–ri) e
–t/τ (equation 1), 

where ri and rf are the initial and final radius of the secretory granule matrix, respectively, 
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and t is the characteristic relaxation time of the swelling process (Verdugo 1990). The 

polymer network of gels diffused into the solvent (Hanks’ buffer), with a diffusivity (D) 

(D = (rf)
2/τ [cm2 s-1]) (equation 2). The diffusivity (D) of polyionic gels varied with the 

concentration of counterions in the swelling medium. 

 

2.8 Calcium leaching measurements 

To determine the amount of leaching calcium, rock dust solutions were prepared by letting 

the particles leach out in Hank’s buffer with calcium chloride, pH 7.4 (Thermo Fisher, PA, 

USA) or Hank’s buffer Ca2+ free solution, pH 7.4 (Thermo Fisher, PA, USA) for 24 hours 

with concentration 1.0 mg/ml. The stock solution of rock dust samples (1.0 mg/ml) were 

directly filtered through a 0.22-µm membrane filter Millex®GV (Merck Milipore, MA, 

USA) into clean scintillating vials, and the filter was pre-washed with 0.1 N HCl before 

using (Chen et al. 2010a). The leaching calcium of rock dust samples were measured by 

Perkin-Elmer Optima 5300 DV Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES) (PerkinElmer, MA, USA). The Hank’s buffer, pH 7.4 with no 

rock dust was followed the same preparation and used as blank. The data was analyzed 

with statistical evaluation, and One-Way ANOVA was applied to distinguish whether the 

significant difference existed between groups (n ≥ 3). 

 

2.9 Statistical analysis 

The data was presented as means±SD. Each experiment was performed independently at 

least three times. Statistical significance was determined using a One-way ANOVA 

analysis with p -values of 0.05. For calcium leaching experiment, the significant difference 

was determined using Student’s t-test with p -values of 0.05 (SigmaPlot, Systat Software, 

Inc., CA, USA; GraphPad Prism 6.0, GraphPad Software, Inc., CA, USA).  

 

 
  



9 

 

Chapter 3. Results 
 

3.1 Cytotoxicity of rock dust particles on A549 cells 

Ambient particles larger than 0.5 µm and smaller than 3 µm are partial filtered by the nasal 

mucosa and transported by mucociliary to the nasopharynx (Schwab and Zenkel 1998). 

Therefore, the Transwell plate with 0.4 µm membrane chamber was used as a filter to study 

the vitro toxic effect of rock dusts on A549 cells. The CCK-8 kit was preformed to 

determine if cell death was induced by the three types of rock dust particles. In Figure 1, 

the MTRD and UCRD groups showed that all treatment concentrations were the same as 

the control group (Hank’s buffer only), with no significant difference. In contrast, there is 

a statistically significant drop in viability in the silica group at concentration 1.0 mg/ml as 

compared to the control (Figure 1). It is not surprising, because silica is well known for its 

ability to induce cell death in macrophages, contributing to the pathogenesis of silicosis 

(Hamilton, Thakur and Holian 2008, Joshi and Knecht 2013, Costantini, Gilberti and 

Knecht 2011). In this study, the cytotoxicity experiments were performing for 24 hours, 

and we have determined that there was no noticeable cytotoxicity of UCRD and MTRD on 

A549 cells, suggesting that with concentration from 0.1-1.0 mg/ml, modified/unmodified 

rock dusts do not cause cytotoxicity on airway cells. 

 
 

Figure 1. Cell viability of A549 cells treated with different concentration of rock dust 

in the Transwell for 24 hours. The rock dust concentrations including 0.1, 0.25, 0.5, 0.75 

and 1.0 mg/ml. Data are shown as mean±SD (n ≥ 3). *p< 0.05 vs. control. 

 

3.2 Rock dust effect on mucin secretion after 24 hours exposured 

Calcium ions have been shown to act as a crucial crosslinker in mucin granule formation 

and in the stability and condensation of mucin gels (Verdugo 1990). To understand further 

the role that rock dust and surface modification play in promoting mucin aggregation and 

gelation, we tested the stimulation effect of unmodified rock dust (UCRD), modified rock 

dust (MTRD) and silica rock dust on A549 cells. ELLA was used to assess the amount of 

* 
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mucin secreted from the A549 cells when triggered with a rock dust solution (Figure 2). 

When compared to the control, MTRD showed mucin secretion of 101%, 102%, 101%, 

108 % and 110% at 0.1, 0.25, 0.5, 0.75, 1.0 mg/ml, respectively, while UCRD showed 

mucin secretion of 101%, 102%, 103%, 104% and 111% at 0.1, 0.25, 0.5, 0.75, 1.0 mg/ml, 

respectively. The mucin secretion of silica showed 99%, 89%, 73%, 74% and 70% at 0.1, 

0.25, 0.5, 0.75, 1.0 mg/ml, respectively.  
 

 

Figure 2. Measurement of mucin secretion triggered by rock dust for 24 hours. A549 

cells were treated with rock dust concentrations ranging from 0.1 mg/ml -1.0 mg/ml. Figure 

2 shows the relative quantification of mucin secreted after rock dust stimulation under 

normal condition (N=4). * p< 0.05 vs. control. 

 

3.3 Rock dust reduces mucin matrix hydration and increases mucin viscosity 

To study the effect of rock dust on mucin gel hydration, we measured the swelling kinetics 

of mucin matrices when exposed to rock dust particles. A549 cells are a model of human 

respiratory epithelium that express representative mucins (Chen et al. 2010b, Rose et al. 

2000, Wu et al. 2007). The secretory granules in A549 cells were identified by staining 

with quinacrine (10 µM) and the nucleus was stained with Hoechst (1:1,000 in phosphate-

buffered saline). Figures 3A and 3B provide visual evidence of the secretory granules in 

the A549 cells, and the secretory granules were labeled to determine that cells had a normal 

(healthy) condition and the ability to perform the swelling kinetics experiment. The 

fluorescent quinacrine images (green) confirmed the presence of secretory granules in 

A549 cells.  

 

* 
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Figure 3. Identification of secretary granules labeling in A549 cells. The nucleus was 

stained blue with Hoechst dye and the secretary granules were stained with quinacrine dye. 

(A) Brightfield (B) Fluorescence. 

 

Figure 4A shows two representative lines comparing the swelling kinetics of the newly 

exocytosed mucin networks of the control (Hank’s buffer only) and the silica rock dust 

treatment. The data indicated that silica impeded the swelling rate of mucin network. 

Converting swelling rate to diffusivity (D) with equation (2) yield similar results. In Figure 

4B, the measurements show that MTRD (1.0 mg/ml) and UCRD (1.0 mg/ml) retarded the 

rate of mucin diffusivity by approximately 1.9 and 2.1 times, while 0.1mg of MTRD and 

UCRD decreased mucin diffusivity by about 1.1 and 1.5 times, respectively, when 

compared to the control (Hank’s buffer only). The higher swelling rate of MTRD might 

indicate that rock dusts with a coating present a less harmful effect when performing 

swelling kinetics experiments. In addition, with/without a coating on the rock dust, there 

was a dose-dependent effect reducing the rate of mucin diffusivity. In this study, silica was 

treated as a positive control, and all of the treatment concentrations showed that silica 

significantly decreased swelling rates at concentration as low as 0.1mg/ml. 
 

 

A 
B 

A 
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Figure 4. Effect of rock dust particles on diffusivity of secretory granule matrix.  

(A) The radial expansion of mucin followed a characteristic first-order kinetics of the 

form r(t) = rf–(rf–ri) e–t/τ (equation 1). Two representative lines are displayed here. The 

control group (Hank’s buffer only, solid circles) shows a higher rate of swelling of newly 

released mucin network than the swelling rate of mucin matrix when exposed to silica 

rock dust (1.0 mg/ml, open circles). (B) Converting swelling rate to diffusivity with 

equation (2). Mucin post-exocytotic swelling from A549 cells was significantly reduced 

by rock dust particle and showed dose-dependent effect in MTRD (modified rock dust) 

and UCRD (non-modified group) group. Data are shown as mean±SD (n ≥ 7). 
 

 

3.4 Rock dust induces mucin gel aggregation monitored by dynamic laser scattering  

As shown in Figure 5A, MTRD with a hydrophobic surface (stearic acid-50) decreased the 

aggregation of the mucin until the time point of 72 hours was reached. After 72 hours, the 

MTRD group’s aggregation rate was the same as control group’s rate. With different 

concentrations of MTRD, the size of mucin aggregates remained at a range from 0.7 to 1 

µm, which supports our hypothesis that surface modification may prevent positive-charged 

supernantant ions such as Ca2+ leaching into medium and cause less mucin aggregation. 

Calcium ions can function as a crosslinker in the formation and condensation of mucin gels 

(Verdugo 1990). To support the notion that the calcium leaching of MTRD and UCRD 

might affect the aggregation level of mucins, further evidence of the extent of the calcium 

bridges can be illustrated by calcium leaching measurements as shown in Figure 6. In 

Figure 5B, it clearly demonstrated that a steady concentration-dependent increase in mucin 

aggregate size was induced by Ca2+, that leached into the Hank’s buffer at 0.75 mg/ml and 

1 mg/ml. UCRD caused a significant increase in aggregation level from 1 µm to 3 µm after 

120 hours as compared to the control group. The data indicate that with surface 

modification, the calcium carbonate was not readily dissolute in Hank’s buffer due to its 

fatty acid coating. The results in Figure 5C show that the aggregation level in the silica 

B * 

* 

* * * * * 
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group is mostly equal to or lower than the control group. This indicates that the leaching 

solution of the silica rock dust does not induce mucin aggregation in porcine gastric 

mucins. 

 

 

 

 

A 

B 

C 
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Figure 5.  Interaction of rock dust particles and mucin aggregation. The mucin 

aggregation level was measured through DLS measurement and preconformed through 

different time point (N≥3) 0, 24, 48, 72, 96 and 120 hours. (A) Moisture tolerance rock 

dust, (B) Unmodified rock and (C) Crystalline silica. (Note: the scale size for UCRD is 

bigger than for MTRD and silica). 

 

3.5 Surface modification on rock dust prevents calcium leaching 

UCRD consisted of 99% of calcium carbonate, and MTRD consisted of 95% calcium 

carbonate and 2% magnesium. As calcium ion plays a crucial role as a crosslinker in mucin 

formation and condensation (Verdugo 1990), we investigated the calcium leaching 

measurement by using ICP-OES. There was 1.26 mM of anhydrous calcium chloride 

dissolved in Hank’s buffer, so we measured the Hank’s buffer without rock dust as a 

background value for comparison. The amount of calcium leaching in the MTRD group 

had a statistically lower value as compared to the UCRD group. Both the MTRD and 

UCRD were prepared in Hank’s buffer (with calcium). Magnesium and iron ions were also 

measured, but they were below the method detection limit (10 µg/liter) and the data was 

not shown. The measurement indicates that there was no magnesium or iron leaching from 

two kind of rock dust. Our results support our hypothesis that Ca2+ leaching from dust 

particles may play one of a determining role for the swelling kinetics and diffusivity 

changes in A549 cells. Moreover, a fatty acid coating on rock dust can prevent calcium ion 

leaching from calcium carbonate and thus affect the rock dust impact on mucin swelling, 

secretion and aggregation in airway cells. These findings provide much needed knowledge 

and understanding for the establishment of selection criteria/consideration for rock dusts 

in the mining environment for safety and airway health. 

 

 
Figure 6. Calcium leaching measurements of rock dust leached in Hank’s buffer for 

* 
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24 hours. The rock dust particles are prepared in Hank’s buffer (with calcium) and the 

measurement are shown here. Each experiment was replicated three times (N=3). * 

indicates p< 0.05. 

Chapter 4. Discussion 
 

Based on previous studies indicate that epithelial cell damage and bioactivity play a 

substantial role in the pathology of lung diseases, including through exposure to rock dust 

and airborne particles (Camelo et al. 2014, Manke, Wang and Rojanasakul 2013). The 

A549 cell line is type II alveolar epithelial cells that has been widely used for cytotoxicity, 

transfection and drug metabolism pathway studies. For example, a number of airbone 

particels can stimulate the producing of inflammatory mediator in A549 cells (Corsini et 

al. 2013). Some publications have studied silica or nanoparticles-induced toxicity using 

A549 as an in-vitro model (Hetland et al. 2001, Ovrevik et al. 2006, Vuong et al. 2017). In 

recent study, it was determined that only calcium carbonate caused a small decreased in 

viability at 24 or 72 hours post-exposure, despite that, with much less power than SiO2 

(Khaliullin et al. 2019). These facts also support our results that at 24 h post-exposure, only 

silica rock dust induced marked toxicity in A549 cells. 

 

In the mining industry, the definition of rock dust is applied to finely-ground limestone or 

marble used to reduce the content of combustible dust particles in the air to prevent an 

explosion in the mining environment. Rock dust particles inhaled into the human body and 

deposited in the lung and in contact with lung epithelial cells induce a specific immune 

reaction that is dependent upon material components, surface properties and the solubility 

of the rock dust (Khaliullin et al. 2019, Rom and Samet 2006). Anti-caking surface 

modification increase dispersibility, but there is a lack of data on the potential health 

implications of such treatments. In one recent study, surface-modified rock dust was shown 

to produce more respirable particles during the rock dusting procedure than unmodified 

after evaluating dust levels at specific sites throughout a mining environment (Harris et al. 

2017). However, marble (calcium carbonate), limestone (calcium carbonate) and dolomite 

(calcium magnesium carbonate) show little or no cytotoxicity, which has been mentioned 

in research articles (Harris et al. 2017, Khaliullin et al. 2019). Our results also support these 

previously studies showing that calcium carbonate particles probably have little to no effect 

on epithelial cells. Surface modification on rock dust particle may have no effect or change 

their cytotoxicity in an unpredicted way. 
 

The hypersecretion of mucin is a cardinal feature in COPD and a significant contributor to 

exacerbations and mortality. Our study showed that only UCRD at higher concentration (1 

mg/ml) can induce mucin secretion and MTRD caused no effect on mucin secretion. On 

the other hand, the silica group showed decreased mucin secretion when concentrations 

increased. This might be associated with the cytotoxicity of silica, as previous studies 

support that silica-induced toxicity in A549 cells, and this toxic effect may have caused   

mucin secretion decrease (Costantini et al. 2011, Gilberti, Joshi and Knecht 2008, Hamilton 

et al. 2008, Joshi and Knecht 2013). Since MTRD and UCRD are comprised of calcium 

carbonate rock dust, we assumed that two kinds of rock dust solution would leach ions in 
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the Hank’s buffer and would cause different effects as compared to silica. Cytosolic Ca2+ 

concentration plays an important role in stimulus-secretion coupling (Petersen, Toescu and 

Petersen 1991). Moreover, elevated intracellular Ca2+ controls the activation of mucin 

secretion in airway goblet cells, which has been documented in previous reports (Abdullah 

et al. 1997). Our data suggest that surface modification can decrease leaching of ions and 

solubility in MTRD, and caused no obvious mucin secretion as compared with UCRD. 
 

The clinical research indicates that major respiratory diseases (i.e., COPD, asthma and 

cystic fibrosis) are related to viscous thick mucus. The diffusivity of mucin matrices is 

closely related to mucin viscosity, which can be calculated with polymer swelling kinetics 

(Verdugo 1990, Tanaka and Fillmore 1979). According to polymer network theory, 

polymer diffusivity is inversely proportional to its viscosity (Edwards and Grant 1973a, 

Edwards and Grant 1973b, Lodge 1999). Measurements of mucin diffusivity provide a 

direct assessment of deviations in the viscosity of mucin released from cells under both 

physiological and pathological conditions (Chen et al. 2010b, Verdugo 1990). Our results 

showed that rock dust decreased the diffusivity of A549 cells, and the surface modification 

in that the MTRD group caused a less harmful effect and had a relatively higher diffusivity 

as compared to the UCRD and silica groups. These findings provide much needed 

knowledge and understanding of the effects of rock dust on mucus diffusivity and viscosity. 

Moreover, as mucin hydration (degree of swelling) critically affects mucus viscoelastic 

properties, measuring diffusivity provides a direct assessment of changes in the viscosity 

of mucin released from airway cells. Less dispersed and transportable mucins are 

commonly characterized by symptoms such as thick mucus accumulation and obstruction 

in respiratory disease (e.g., in asthma, COPD and CF) (Randell et al. 2006, Espinosa 2002, 

Rogers 2007). 
 

Since mucin aggregation is due to interchain interactions among protein segments, these 

physiological implications are significant in studying tracheobronchial mucin function 

(Bromberg and Barr 2000). Therefore, we further investigate the possible mechanisms of 

how surface modifications on rock dust affect mucin rheology, the effect of three dust 

particles on aggregation of porcine gastric mucin was examined. Gastric mucin was used 

as a model sample in our DLS experiment because it shares many similarities with airway 

mucins. (Chen et al. 2010a, Chen et al. 2011, Chen et al. 2014). DLS is a convenient 

technique that can minimize change factors such as protein denaturation because mucin 

structure and dynamics can be maintained in a solvent in a native state, and the Brownian 

motion of mucin polymers can be measured as well (Verdugo 1990, Bansil, Stanley and 

LaMont 1995). Our approach followed previous studies that used gastric mucins to study 

mechanisin of mucin aggregates and viscoelasticity (Chen et al. 2012, Cola, Yakubov and 

Waigh 2008, Felgentreff et al. 2006).  

 

Currently, in order to eliminate cake formation in humid conditions and to improve 

dispersion of coal dust explosion mitigation application, several types of hydrophobic 

surface modifications (e.g., fatty acids, silicone) for commercial rock dust particles have 

been developed, but reports on these products have only investigated comparative 

cytotoxicity, cell membrane damage, cell morphology and inflammatory cytokines. In fact, 
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mucus rheology and mucin swelling play a critical role in maintaining respiratory health. 

When the balance between mucus secretion, aggregation and accumulation is perturbed, 

the accumulation of excessive amounts of highly viscous mucus in the tracheobronchial 

trees can lead to a variety of respiratory diseases. Airway mucin hypersecretion and mucin 

aggregation are cardinal features in COPD and are a significant contributor to 

exacerbations and mortality. Therefore, an understanding of the effects of rock dusts on 

mucus hypersecretion and accumulation in the airway will facilitate the development and 

health risk assessment of these materials. The data obtained from this study also provides 

evidence that the surface modification of rock dust particles can decrease the leaching of 

calcium ions to reduce low-diffusivity mucin and aggregate formation, thereby reducing 

the disturbance to airway mucus viscosity and clearance, minimizing the negative impact 

on human repository health. These findings provide much needed knowledge and 

understanding for the establishment of selection criteria/considerations for rock dusts for 

practical applications in the coal industry. In addition, the surface modification of rock dust 

may not only increase the effectiveness of aerosolization and prevent caking, but also may 

be used as a strategy to reduce negative human health impact from rock dust applications. 

 

Conclusion 

In this study, we have found that the non-modified dust particles (UCRD) may have a 

negative impact on respiratory health as compared to the modified dust particles (MTRD). 

UCRD lowered the swelling kinetics and diffusivity of the airway mucus and triggered 

significant aggregation and little mucin secretion, possibly due to the leaching of calcium 

ions. MTRD showed no obvious cytotoxicity, non-significant mucin secretion. With 

surface modification, MTRD led to a better performance on swelling and mucin 

aggregation than UCRD. Silica was able to induce toxicity and decreased mucin secretion 

and diffusivity but showed no effect on mucin aggregation.  
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