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Benchmark dose determining
airborne crystalline silica particles
based on A549 lung-cell line
survival in an in vitro study
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Crystalline silica has emerged as a prominent occupational toxicant over extended periods, leading
to the development of lung disease and cancer. The objective of this investigation is to establish a
benchmark dose (BMD) for crystalline silica micro and nanoparticles based on the dehydrogenase
activity of the A549 lung-cell line. The impact of exposure to crystalline silica micro-particles (C-SiO,
MPs) and crystalline silica nanoparticles (C-SiO, NPs) on A549 epithelial lung cells was examined

for durations of 24 and 72 h to evaluate cell viability using the MTT (3-(4, 5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide) assay. The determination of dose-response and BMD was carried
out through the BMD software v 3.2. The findings reveal a dose-dependent relationship between

cell viability and both C-SiO, MPs and -NPs. The BMDL values for 24 h treatment of C-SiO, MPs

and -NPs were determined to be 2.26 and 0.97 pg/ml, respectively, based on exponential models.
Correspondingly, these values were found to be 1.17 and 0.85 pg/ml for the 72 h treatment. This
investigation underscores the significance of particle size as a contributing factor in assessing
occupational health risks. Moreover, the utilization of BMDL can facilitate the determination of more
precise values for occupational exposures by considering various parameters associated with particle
presence.
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Occupational exposure to crystalline silica can lead to adverse health effects, including lung inflammation,
silicosis, autoimmune disorders (AIDs), renal diseases, and lung cancer!. Although coating technologies have
been developed to inhibit the toxic effects of silica, both through wet and dry methods, which show promising
results®. Exposure to respirable crystalline silica (RCS) persists in traditional sectors such as construction and
stone processing®. Workers in industries such as construction, mining, sandblasting, masonry, and machinery are
particularly at risk®. The U.S. Occupational Safety and Health Administration (OSHA) has implemented a new
standard for workplace crystalline silica, which sets levels at 50 pg/m? for an 8-h workday, half of the previous
standard®. Inspectors have found that the permissible exposure limit for silica is exceeded in 48% of industries
where respirable quartz was measured®. It is estimated that over two million workers in the European Union are
exposed to crystalline silica, with over 50 thousand workers in Poland exceeding the occupational exposure limit”.
Silica exposure in Iran is a significant occupational health concern. Several studies have investigated silica dust
levels in various industries and found that workers are exposed to high levels of crystalline silica dust, exceed-
ing national and international standards. The mean exposure levels in different industries ranged from 0.008 to
2.81 mg/m°. The mortality rate due to silicosis was found to be between 1 and 52 per 1000 exposed individuals.
Additionally, the risk of mortality due to lung cancer ranged from 4 to 129 per 1000 exposed individuals®-1°.
Benchmark dose (BMD) modeling is a method used in chemical toxicology to determine the point of depar-
ture from a dose-response curve associated with a health-related outcome'!. It involves fitting mathematical
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models to dose-response data and identifying the BMD, or its lower bound. This approach has been extensively
used in chemical hazard assessments and is considered statistically preferable to identifying no observed adverse
effects levels (NOAEL). BMD modeling has also been explored in the analysis of transcriptional data for the
development of quantitative adverse outcome pathways'. It has been shown that BMDs derived from molecu-
lar endpoints can correlate with apical endpoints of interest for regulatory decisions!. It is widely used in risk
assessment to establish health standards and guidelines for exposure to toxins. In the case of crystalline silica,
one study measured ambient silica levels and reported average and upper-bound quartz levels of 3 and 8 ug/m?,
respectively'2. Overall, the BMD approach provides a useful tool for estimating dose-response relationships and
determining safe exposure levels for various substances, including crystalline silica.

The assessment of exposure limits was concentrated on the evaluation of the allowable daily exposure!?. The
estimation of occupational exposure limits (OEL) in global organizations, such as the American Conference of
Governmental Industrial Hygienists (ACGIH), is primarily based on individual exposure to specific chemicals.
Owing to the constraints associated with the absence of observable detrimental effects at any dose level (NOAEL),
the utilization of the lower confidence interval of the benchmark dose (BMDL) as an OEL level has gained trac-
tion in recent years due to its superior advantages over NOAEL!*,

This study proposed an OEL through the utilization of a benchmark dose approach for crystalline silica
micro-particles (C-SiO, MPs) and crystalline silica nanoparticles (C-SiO, NPs). The exposure was controlled
by laboratory treatment on the A549 human lung epithelial cell line. Cell death is employed as the toxicity
mechanism caused by silica in the benchmark dose estimation.

Results
Chemical and biological analysis
The analysis revealed that after acid treatment the presence of metallic impurities was found to be below 1%,
while the ultimate level of purity of the crystalline silica was estimated to be approximately 98%. Table 1 provides
arepresentation of the concentration of metals within the silica powder, while Fig. 1a illustrates the purity of the
crystalline silica during XRD analysis. In contrast, Fig. 1b and c display the transmission electron microscopy
(TEM) images of nanoparticles and the Phase-contrast microscopy (PCM) analysis of micro-sized particles,
respectively. The results of the Dynamic light scattering (DLS) analysis are presented in Table 2. In the DLS
analysis, it was observed that 90% of the nanoparticles were smaller than 5883 nm in size, whereas 90% of the
micro-sized particles were smaller than 503 nm. Additionally, the analysis revealed the zeta potential values
of -38+10 mV and -34+9 mV for micro and nanoparticles, respectively. The negative zeta potential values
indicated that the agglomeration of nanoparticles was not stable in the culture medium.

The MTT assay revealed that cell death exhibited a dose-dependent response following treatment for both
24 and 72 h. Furthermore, a noteworthy increase in cell death was observed in every concentration of C-SiO,
NPs when compared to the control (P <0.05). Conversely, when the concentration of C-SiO, MPs was at 10 pg/
mL, no statistically significant difference was found in comparison to the control group. Figure 2 depicts the cell
viability of A549 cells following treatment with C-SiO, NPs and C-SiO, MPs for 24 and 72 h. The findings also
unveiled that C-SiO, NPs caused a higher mortality rate within studied cells.

Benchmark dose (BMD) estimation

After calculating the sediment dose of particles in a given portion, we proceeded to estimate the equivalent dose
for the human lung using Eq. 2. The uncertainty factor was determined to be 500, which was derived from the
multiplication of the factors for occupational setups'. Subsequently, we determined the concentration of 0.093
and 0.082 mg/m? for 24 and 72-h exposures to C-SiO, NPs, respectively. Conversely, for C-SiO, MPs, the soft-
ware indicated concentrations of 0.50 and 0.26 mg/m? for 24 and 72-h exposures, respectively. The best BMD
was reported based on AIC and P>0.1'® (Table 3 & 4). In every tested model the relationship of dose-response
was proved. Figure 3 depicts the best dose-response model for various conditions.

Discussion

In the present study, we aimed to determine the BMD of crystalline silica based on A549 response to cell death
for C-SiO, MPs and C-SiO, NPs. According to our results, the BMDL for C-SiO, NPs for the duration of 24
and 72 h treatment was determined 0.97 and 0.85 ug/mL respectively. Furthermore, these values were 2.26 and
1.17 pg/mL for C-SiO, MPs after 24 and 72 h treatment. In other studies, significant (compared to untreated
cells) cytotoxic effects were observed only at or above the concentration of 25 pg/ml718.

In our research, the viability of the A549 human lung cell line was reduced as a result of exposure to nano-
particles and micro-particles. Furthermore, it has been determined that the severity of toxic effects was influenced
by two factors, exposure time and concentration. This observation is consistent with the outcomes of McCarthy
et al’s research, which demonstrated that cell survival is diminished in a concentration-dependent manner when

Concentration of elements (ppm)

Ag Al Be Cd |Cu Cr Fe Li Mn Ni Pb
Pre-purification treatment <0.5 | 3922.09 0.29]0.22 |207.86 |39.66 |2095.85 |2.31 |12.98 |5.28 |2530
Post-purification treatment <0.5 | 1201.30 <0.2(0.13 57.12 | 30.07 931.38 |2.79 | 1584 |4.36 |19.77

Table 1. The results of ICP-OES analysis of bulk samples before and after acid treatment.
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Fig. 1. (a) XRD analysis of treated silica powder. (b) PCM analysis for micro size particles*. (c) TEM analysis
of nano-particles.

Micro size of crystalline silica -38+10 2983 4191 5883
Nano size of crystalline silica -34+9 394 484 503

Table 2. DLS analysis of micro and nano size particles.

exposed to silica nanoparticles®. Additionally, Duan et al’s study reported that toxicity resulting from exposure
to silica nanoparticles is dependent on both time and concentration®!. Moreover, other studies conducted on
the A549 cell line, which was exposed to silica nanoparticles, have also shown that the survival rate is greatly
impacted by two variables, concentration and time*>*.

On the contrary, particle size plays a significant role in the biological environment. Earlier research has
demonstrated that altering the size can impact the toxicity of the particles**?. This study, along with its find-
ings, has substantiated that nano and micro-particles exhibit distinct cellular toxicity. Moreover, the presence of
nanoparticles in the mixture of airborne dust also has a substantial impact on health outcomes and can potentially
lead to acute and chronic health issues, particularly in occupational settings and within shorter timeframes.

Most agencies set 0.05 mg/m? for an 8-h workday as the exposure limit based on silicosis for crystalline Silica
dust?. ACGIH was recommended the TLV-TWA (8 h) to be 0.025 mg/m??’. Yet there is no consensus on the cut-
off point that should be used to set a C-SiO, exposure limit in the work environment®. The epidemiologic studies
indicate that the NOAEL varied from 7 to 100 ug/m® and the LOAEL ranged from 8 to 252 pg/m? for silicosis?.
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Fig. 2. Cell viability of A549 cells after crystalline silica treatment for C-SiO, MPs and C-SiO, NPs after 24 and
72 h (star (*) represent significant values in compare to the controls).

24 1.298 0.966 2.030 82.89 0.23 Exponential
degree 4
Nano sized silica -
72 1.137 0.849 1.650 83.64 0.20 Exponential
degree 4
24 3.259 2.256 5.940 8231 0.45 Exponential
degree 5
Micro sized silica -
72 1.839 1173 3.600 88.19 0.19 EXP"“"“"J
egree 4

Table 3. Benchmark dose determination based on MTT assay.

24 0.966 0.302 46,503.6 0.093
Nano sized silica

72 0.849 0.265 13,601 0.030

24 2.256 0.708 250,750 0.50
Micro sized silica

72 1.173 0.366 43,267 0.087

Table 4. Factors to be taken into consideration for the extrapolation of results to humans include the duration
of exposure and the nature of the particles involved.

In our study, the predicted exposed dose for C-SiO, NPs was determined by comparing their impact on the
viability of human lung cells during 24 and 72 h of exposure. The PED values obtained were 0.093 and 0.03 mg/
m?, respectively. In contrast, the cut-oft points for C-SiO, MPs, during 24 and 72 h of exposure, was found to be
0.50 and 0.087 mg/m’, respectively. These values were 5.4 and 3 times higher than those estimated for C-SiO,
NPs in this study.

Collins et al. derive a chronic reference exposure level (REL) of 3 pg/m? for silicosis in environmental exposure
using both benchmark concentration (BMC) and LOAEL/NOAEL approaches®. The reported concentration is
much lower than in our study.

Study limitation

The primary limitation in our current investigation revolved around the utilization of a single viability assess-
ment method (MTT) BMD estimation. Additional restrictions encompassed the utilization of a singular cell line
(A549), using transformed cells, and submerge model for occupational exposure risk assessment.
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Fig. 3. The selected dose-response models for various particle and time silica treatments. (a) Exponential
degree 4 for C-SiO, MPs A549 treatment for 24 h. (b) Exponential degree 5 for C-SiO, MPs A549 treatment
for 72 h. (c) Exponential degree 4 for C-SiO, NPs A549 treatment for 24 h. (d) Exponential degree 4 for C-SiO,
NPs A549 treatment for 72 h.

Material and methods

Particle preparation

The Merck Company provided crystalline silica particles, measuring between 0.2 and 0.8 mm in size. These
particles were then subjected to milling using a ball mill powered at 380 V and 0.75 kW. The milling process
continued until the particles reached the intended size. PMC verified the micro-particles to be within the range
of 1-10 um. Then the grinding process continued on a part of the obtained microparticles until nanometer size
were reached and TEM confirmed the presence of nanoparticles measuring below 40 nm.

Particle purification

For purification, the particles underwent three rounds of washing with hydrochloric acid (1 M). Each tube was
subjected to stirring for a duration of 15 min and subsequently left undisturbed for a sedimentation period of
10 min. Following this, all the tubes were subjected to centrifugation at a speed of 5000 rpm for an interval of
20 min. Subsequently, the particles were subjected to treatment with concentrated nitric acid at a temperature of
60 °C for a duration of 20 min, three times. Finally, the particles were neutralized using deionized water and dried
at a temperature of 40 °C for a period of 2 h. The particles were subjected to ICP-OES analysis to determine any
metal impurities present, while XRD was employed to assess the silica component within the particle contents.
Furthermore, transmission electron microscopy (TEM) and dynamic light scattering (DLS) were performed for
nano-particles physical characterization. For micro size particles, phase contrast microscopy (PCM) analysis
were performed.

ICP-OES analysis

In this study, 400 mg of silicon dioxide samples, processed both before and after purification, were analyzed using
an ICP-OES tool. The types of metals present in the silicon dioxide samples and their concentrations were deter-
mined. Subsequently, the degree of impurity in the samples was calculated (Arcos EOP, Spectro Co., Germany).

XRD analysis
According to the NIOSH 7500, particles were treated with hot phosphoric acid to eliminate interfering com-
pounds. For X-ray diffraction qualitative analysis, wet sieve with a 10 um sieve, 2-propanol, and an ultrasonic
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bath were used. To this end, particles were washed by 2-propanol followed by evaporating excess alcohol, drying
in an oven for 2 h, and overnight storage in a desiccator.

TEM analysis

To this end, nano-particles were suspended in isopropanol solution followed by dispersing in ultrasonic tank
(Olympus KS-2, UK). Then 100 pL of suspension loaded on TEM frame (copper grid with carbon frame). The
frame dried at room temperature (RT).

PCM analysis

For PCM analysis, 1 pg of particles was suspended in 10 mL of deionized water. From this suspension, 100 uL
was loaded onto a mixed cellulose ester (MCE) membrane filter, which was subsequently cleared using acetone
vapor. The size of 1000 particles across various fields on the S1 eye graticule filter was then examined using
phase-contrast microscopy (Dialux 22 EB, Germany). The average particle size was reported as the size of the
SiO2 microparticles.

DLS analysis

100 pg/mL of nano and micro-particles suspension prepared in culture medium kept 1 h at 25 °C for 1 h, then
for 20 min at 240 V (60 Hz) was sonicated. Size distribution of suspensions were measured by DLS (Nanophox
90-246V, Germany). Particles (50 ug/mL) charge also was determined by zetasizer (Malvern, UK).

Cell culture and exposure

The cell line A549, derived from human lung epithelial cells, was procured from the Iranian Biological Resource
Center (IBRC). These cells were cultivated in a T-25 culture flask using the Dulbecco’s modified eagle medium
(DMEM) culture medium (Gibco, USA), supplemented with 10% fetal bovine serum (FBS) (Gibco, USA) and
1% Pen-Strep (Sigma, USA). To provide optimal conditions for cell growth, the culture was maintained at a
temperature of 37 °C, with a 5% CO, concentration in a humidified atmosphere.

Before the commencement of the experiment, 100 uL of culture medium containing 10,000 cells were seeded
into each wells (96-well plate), allowing for a period of 24 h for cell attachment. The silica concentrations for
C-SiO, MPs and C-SiO, NPs (10, 50, 100, and 250 ug/mL) were then prepared in the cell culture medium with-
out FBS and suspended through the process of ultra-sonication, after which they were gently added to each well.
It is important to highlight that the experiments were conducted in triplicate, with appropriate control groups
being included. The duration of particle exposure for all experiments was either 24 or 72 h.

Cell viability estimation

To conduct the thiazolyl blue tetrazolium bromide assay (MTT), a total of 10,000 cells were introduced into the
96-well plate a day before the commencement of the experiment. The cells were subsequently subjected to vary-
ing concentrations (0, 10, 50, 100, and 250 pg/mL) of both C-SiO, MPs and C-SiO, NPs. Following a treatment
duration of either 24 or 72 h, the wells were thoroughly rinsed with phosphate-buffered saline (PBS) on two
separate occasions. Next, 100 mL of MTT solution, prepared at a concentration of 5 ug/mL using Sigma (USA)
as the source, was added to each well and allowed to incubate for a duration of 4 h at 37 °C. Once the MTT
solution was removed to facilitate the dissolution of formazan crystals, 100 puL of Dimethyl sulfoxide (Merck,
Germany) was gently introduced into each well and mixed in the absence of light for a period of 20 min at room
temperature. Subsequently, the supernatant was removed, and the cell surface was washed twice with PBS to
remove any remaining particles. The cells were then exposed to the ROS reagent, and the wells were analyzed
from the bottom of each plate using a plate reader (BioTek Instruments, USA) at a wavelength of 580 nm.

BMD estimation

The BMD evaluation employed the EPA benchmark dose software, version 3.2. The viability of the cells served
as the response parameter. However, a continuous response method was implemented to estimation the BMD
and BMDL. Various mathematical models, including exponential 2, exponential 4, hill, polynomial degree 4,
polynomial degree 3, polynomial degree 2, power, and linear, were utilized for the dose-response evaluation.
The BMD level was calculated by selecting the benchmark response (BMR) one standard deviation from the
control. The appropriate model was chosen based on the criteria of goodness of P-value > 0.1, low y2-scaled
residual values (within + 2 units), smallest Akaike Information Criterion (AIC), and visual inspection. Finally,
among the appropriate fitted models, model with the lowest BMDL was selected.

BMD extrapolation from A549 to human subjects

The application of the multiple path particle deposition (MPPD) mathematical model, initially introduced by the
Hammer Institute of Health Science in 1995, was justified to transfer data from in vitro experiments to human
subjects. Within this mathematical framework, an estimation of the deposition and clearance rate of particles in
the lungs is calculated. Consequently, the dose of particles can be determined utilizing Eq. 1.

CV wdmi
DAinvitro = - (1)
Avell
where DA, .., represents the mass dose per unit area measured in pg/cm?, C denotes the concentration of the
treated solution in terms of BMDL levels measured in ug/mL, V stands for the volume of the treated solution
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(0.1 ml), and A, represents the surface area of the in vitro well equal to 0.32 cm?. Finally, the concentration of
aerosols deposited in the lung was predicted in terms of pg/m?® using the method described in Eq. 2.

Ay X MAjnyitro x 10°

D,y = 2
“ MV x T x DE @

The concentration of D is the amount deposited in the human lung (ug/m?). AP, the area of the human pul-
monary, is equal to 1,020,000 cm Minute ventilation (MV) is 20,000 mL/min"’. The exposure duration, denoted
by T (min), is the length of time of the exposure (24 or 72 h). The deposition efficiency, denoted by DE, was 0.1
and 0.23 for C-SiO, MPs and C-SiO, NPs, determined using the MPPD software version 2.11%°.

The concentration of particles deposited in the lungs was converted to airborne concentration with the
utilization of appropriate uncertainty factors [Eq. (3)]. The PED ..., which represents the Predicted Exposed
Dose (PED) in humans, is measured in pg/m?>.

The aforementioned factors F,, F,, and F; play a significant role in this regard.

F1 (intra-species variation): based on the assumption that the variability in the general population, including
children, the elderly, and diseased individuals, is higher than in workers, A default value of 5 for workers was
applied®*2.

F2 (LOAEL to NOAEL extrapolation): the BMDLI10 is considered a LOAEL since the biological effect was
a 10% increase in cancer incidence. A maximum factor of 10 is used when deriving an OEL from a LOAEL,
instead of a NOAEL*".

F; represents the short-term exposure; this factor is assigned a value of 10*.

Deq

PED = ———F——
F1><F2><F3

€)

Statistical analysis

In this research, SPSS version 21 statistical software was used to analyze the results obtained from tests. In order
to evaluate the effect of time and dimensions on the toxicity level and also to compare the toxicity of the studied
compounds, the independent sample T-test statistical test was used and to evaluate the difference between the
sample groups and the control group, the one-way ANOVA followed by Tukey’s Post Hoc statistical test was used
followed by Tukey’s Post Hoc test. A statistical significance level of 0.05 was considered in all tests.

Data availability

The datasets generated during and/or analyzed during the current study are not publicly available due to reasons
of sensitivity of funding organization but are available from the corresponding author via this email: panjali.
z68@gmail.com on reasonable request.
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