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Abstract
The term nanoparticles (NPs) is used for all particles that differ in size from 100 nm down to

1 nm, in at least one dimension. Exposure to NPs is inevitable, since the NPs are a part of ambient
particulate  matter  and  are  produced  by  human  activities  unintentionally  or  are  engineered  for
intentional applications. The same characteristics that make NPs advantageous in comparison to the
conventional materials (such as large surface-to-mass ratio, solubility,  surface structure etc),  are
responsible for their increased toxicity.

Previous studies demonstrated that the silica NPs (SiNPs) induce pro-inflammatory effects
in human epithelial bronchial cells (BEAS-2B). SiNPs induced a rise in pro-inflammatory cytokine
release and gene-expression, as well as increased cytotoxicity. Furthermore, the smaller SiNPs had
higher potency than the larger ones relative to mass. Proposed mechanisms involve the activation of
MAPK p38, EGFR and NF-κB.

This  study  has  a  focus  on  Ca2+-signaling  pathways  involved  in  the  pro-inflammatory
response  of  BEAS-2B cells  exposed to  SiNPs  at  size  of  10  nm (Si10).  The pro-inflammatory
cytokine release of IL-1α/β, IL-6 and CXCL8 was measured, as well as their gene expression and
intracellular levels, after pretreatment with different Ca2+-blockers/chelators prior to Si10 exposure.
The main findings of this study suggest that the cytokine release can be significantly reduced by
using the intracellular Ca2+-chelator, BAPTA-AM. The application of an extracellular Ca2+-chelator,
EGTA, can reduce the release of IL-6. The application of more specific Ca2+-blockers (U-73122,
KN-93, SKF and BTP2) did not show significant effects on the cytokine release, with the exception
of U-73122 that did inhibit the release of IL-6. Furthermore, Ca2+-chelation did not affect the pro-
inflammatory  cytokines  gene  expression.  The  application  of  Ca2+-chelators,  BAPTA-AM  and
EGTA, had the same effect on the intracellular cytokine levels, as on the cytokine release.  Thus,
Ca2+ seems to play a role in the cytokine synthesis.

In conclusion, Ca2+-signaling pathways seem to have an important role in the release
of pro-inflammatory cytokines. Furthermore, intracellular Ca2+-stores may play a more important
role than the influx of the extracellular Ca2+. The Ca2+-signaling seems to be differently involved in
the regulation of IL-1α/β, IL-6 and CXCL8 release, and the effects seem to be exerted at the level of
translation  and/or  post-translational  modifications  of  the  cytokines.  However,  the  precise
mechanisms remain unknown. Further studies, with the application of more specific Ca2+-activators
and Ca2+-blockers with exploration of the role of intranuclear Ca2+-signaling also, are needed. In
addition, more studies are required on how Ca2+ exerts its effects on the different cytokines, and how
the different regulatory steps in the cytokine production and release are affected.
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1. Introduction
1.1 Background

          The term nanoparticles is used for all particles that differ in size from 100 nm all down to 1
nm in at least one dimension. Figure 1 shows the size comparison of nanoparticles and some known
objects. Nanoparticles can be engineered (e.g. quantum dots, carbon nanotubes (CN’s) and metal
oxide nanoparticles (NPs)), part of ambient particulate matter  (PM, natural sources such as forest
fires,  volcano  eruptions  etc.)  or  from unintentional  anthropogenic  sources  such  as  combustion
engines, power plants, metal fumes from smelting and welding and heated surfaces (1). Therefore
the exposure to the nanoparticles is inevitable. 

Metal oxide nanoparticles have a broad range of applications today, including electronics,
medicine,  space  technology  etc.  Some  examples  are  silica  nanoparticles  (SiO2),  iron  oxide
nanoparticles (magnetite – Fe3O4 and its oxidized form maghemite γ – Fe2O3) and titanium dioxide
nanoparticles (TiO2) (2-4). Silica nanoparticles are used in medicine as drug delivery systems, in
electronics etc. (5, 6)

Despite  the  broad  spectrum  of  nanoparticles’  use  and  their  advantages  compared  to
conventional materials, the same characteristics that make these advantages possible are the cause
of  their  toxicity.  Their  special  properties  are  the  result  of  their  small  size (large surface area),
chemical  composition  (purity,  electronic  properties,  etc.),  surface  structure  (surface  reactivity,
surface groups, coatings, etc.), solubility, shape, and aggregation. Although providing benefits in
different areas of applications, these properties are also responsible for different, and potentially
deleterious, interaction with biological systems (7). Due to the range of silica nanoparticles’ use, the
most  relevant  routes  of  exposure  are  inhalation  and  injection.  In  this  thesis,  the  focus  is  on
inhalation. 

Understanding the  underlying  mechanisms of  toxicity  is  crucial  to  prevent  it.  The toxic
potential  of  nanoparticles  is  dependent  on  their  specific  characteristics.  Understanding  the
relationship between nanoparticle structure and mechanisms of toxicity can enable us to design
intrinsically safe nanoparticles.

Figure 1: Size comparison of nanoparticles
(http://blog.oransi.com/wp-content/uploads/2015/01/nano-particles.jpg)

1.2 Properties of nanoparticles

Living organisms do not have a precise threshold at 100 nm for nanoparticles.  However, a
rather gradual change in effects induced by nanoparticles’ size decrease, is more probable. In the
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case  of  inhalational  exposure,  mucociliary  and  alveolar  macrophages-mediated  elimination
following deposition in the respiratory tract, is efficient for both nano- and larger particles (1).

1.2.1 Physicochemical properties of nanomaterials relevant for toxicity

Surface Area and Reactivity – With decrease in size, the surface-to-volume and surface-to-mass
ratios are  increased.  This high surface area increases the reactivity  (1).  This can be one of the
explanations for why toxic effects of nanoparticles are more expressed compared to larger particles
of same mass and material (8).
Surface Charge – It has been shown that both the charge density and the charge polarity play a role
in toxicity. Positive charged particles can display more toxicity compared to the neutral particles of
the same type (9).
Surface Chemistry – High surface area enables the increased dissolution and the release of ions
from metallic or metal oxide nanoparticles (NPs) relative to bulk particles of the same chemical
composition (8). 
Geometry and Dimensions – Nanoparticles can penetrate cells by passive diffusion, direct physical
penetration, or active, receptor-mediated uptake by endocytosis or phagocytosis. Those processes
are guided largely by particle size and agglomeration (8).

1.2.2 Agglomeration

  Agglomeration (Figure 2) is a reversible process in which particles stick to one another or
to solid surfaces. In the context of nanoparticles’ toxicity, agglomeration is important as the uptake
into the cells is size-dependent. Besides that, the intracellular transport mechanisms are different for
particles  with  varying  size.  The  toxicity  of  silica  nanoparticles  varies  with  regard  to  their
agglomeration  level.  Same  concentration  of  silica  nanoparticles  is  reported  to  be  less  toxic  if
agglomeration level is higher (10).

Figure 2: Agglomeration of nanoparticles
(http://cheme.nl/ppe/people/images/Agglom[1].png)
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1.2.3 Protein corona

Proteins bind to the surface of nanoparticles in biological fluids. Those bounded proteins
form a layer on nanoparticles’ surface – protein corona (Figure 3). It can significantly affect the
interactions of particles with living cells. It has been shown that silica nanoparticles in the absence
of serum in the medium (relative protein free environment) show a higher level of adhesion to the
cell membrane and internalization efficiency compared to the medium containing serum (11).

Figure 3: Protein corona illustration 
(http://www.nature.com/nnano/ journal/v4/n9/images/ nnano.2009.248-f1.jpg)
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1.3 The respiratory system

The respiratory system (Figure 4) and its central organ, the lungs, has two very important
functions. The first one is ventilation (delivering of oxygen to the body and removing the carbon
dioxide)  and  the  second  one  is  the  defense  from  airborne  attacks  (pathogens,  chemicals,  and
particulates). Lungs, considering air conducting and respiratory functions, can be divided into three
compartments. These are the bronchi, the bronchioles (including the terminal bronchioles) and the
respiratory bronchioles (together with their accompanying alveoli that stem from the most proximal
(first) respiratory bronchiole). The minimal airway diameter in the human lung is around 0, 5 mm
(12).

Figure 4: The respiratory system
(http://respiratorysystem.organsofthebody.com/images/respiratory-system.jpg)

1.3.1 Anatomy and histology

The normal adult  human lungs weight is  between 900 and 1000 g (almost 50% of it  is
blood). The gas volume varies from 2.5 l (end-expiration) to 6 l (maximal inspiration).  The tissue
density is relatively low and distributed unevenly. It varies from 0.1 g/ml in outer layers where the
majority of alveoli are located (more than 50%) to 1 g/ml in the inner layers. There are two different
types of connective tissue – parenchymal (alveolar wall) interstitium and the loose-binding (extra-
alveolar) connective tissue. In pathological states, degradation products of extracellular matrix can
promote tissue damage and initiate innate immune response. Beside the parenchymal interstitium,
alveolar walls consists of epithelium, endothelium and alveolar macrophages. There are near 50

4



different cell types in the lungs. The largest group are epithelial cells. Almost 50% of those cells are
ciliated (12).

1.3.2 Nanoparticle deposition and the defense mechanisms

The human lungs have an enormous surface area compared to its mass and tissue density. It
enables efficient gas exchange, but it also exposes alveolar tissues to potentially noxious particles. 

Deposition fraction is the fraction of inhaled particles that deposits. There are three factors
that define the probability of particles’ deposition:
-  physical characteristics (e.g. shape, mass, size, charge, etc.)
-  gas flow (breathing pattern)
-  airway  anatomy  (especially  important  in  pathological  processes  with  presence  of  airway
obstruction) (12, 13)

The tidal air caries inhaled particles through the respiratory system. Mechanical forces, such
as gravity, change the particles’ trajectory relative to the air stream lines.   All these result in three
deposition mechanisms of inhaled particles:
- Impaction – as result of airstream directional change or airway bifurcation and inertia, a particle
can be impacted on the surface. It happens usually in nasopharyngeal region with larger particles (5-
30 µm).
-  Sedimentation  – result  of  gravitational  force  affecting  particles  between 1-5 µm that  are  not
captured in nasopharyngeal region; happens often in tracheobronchial region.
- Diffusion – described under the Figure 5 (13, 14).

Figure 5: Deposition distribution of different sized particles (13)

Cutoff  speed for deposition is  30 µm/s.  Major deposition mechanism for hydrophobic particles
under 0.1 µm (100 nm) is diffusion (13). Air flow in the alveoli is very low. Nanoparticles collide
constantly with the air molecules and are in random movement (Brownian motion) (14). While
particles move randomly, between inspirium and expirim, contact with the alveolar wall can be
achieved.  The distance that a particle travels is  inversely proportional to the particle’s size and
decreasingly respiratory rate. Deposition distribution depending on the size is showed in Figure 5
(13). Insoluble particles have the ability to remain in the lung indefinitely and to cause injury and
biological responses (14).
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Sedimentation and impaction do not contribute to nanoparticles deposition. The only exceptions are
the particles that have high electric charge (14). Different deposition mechanisms are presented in
Figure 6.

 Figure 6: Different deposition mechanisms. Diffusion 
only, and in some cases electrostatic deposition, are 
considered important for deposition of nanoparticles.

(http://www.mdpi.com/ijms/ijms-15-
04795/article_deploy/html/images/ijms-15-04795f6-
1024.png)

The insoluble nanoparticles are first immersed in surfactant and they can either undergo physical
translocation  or  stay  closely  associated  with  epithelial  cells.  Mechanisms  of  removing  the
nanoparticles  are  mucociliary  transport,  endocytosis  and  phagocytosis  by  macrophages.  The
remaining nanoparticles  are  entering epithelial  cells  (endocytosis  – regulated in  different  ways,
among other by scavenger receptors).  Mucociliary transport is important for particles that have
been deposited in the upper respiratory tract, but not for particles in alveolar region. It has been
observed that macrophages cannot remove the particles under 70 nm (they are not recognized as
foreign  bodies).  They  stay  in  longer  contact  with  the  epithelial  cells  before  they  finally  are
transported  into  the  blood  stream.  Besides  entering  the  blood  stream  via  epithelium  (by
endocytosis), nanoparticles can be transported via pores in epithelial membranes (caveolae, 40-100
nm in size, physiological role in transport of macro-molecules (e.g. proteins) through the alveolar-
capillary barrier). The most reactive nanoparticles can induce lipid peroxidation on cell membranes
and change membrane permeability (allowing transport to blood stream). Altogether, none of the
clearance mechanisms are efficient in removing nanoparticles from alveolar region (14, 15).

1.4 Inflammation

Inflammation is the tissue reaction against potentially harmful substances or tissue damage.
The process of inflammation includes circulating cells and proteins (16).

1.4.1 Acute inflammation

Acute inflammation begins with the migration of monocytes and neutrophils (leukocytes) to
the  affected  site.  These  cells  migrate  in  response  to  pathogen-associated  molecular  patterns
(PAMPs) or damage-associated molecular patterns (DAMPs). In response to the harmful factor, the
cells are producing cytokines. Two of them, tumor necrosis factor (TNF) and Interleukin-1 (IL-1),
stimulate endothelial cells to express adhesion molecules that enables migration of the leukocytes.
Inflammatory cytokines (e.g. TNF) also enable the capillaries to become permeable to circulating
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proteins (e.g. complement proteins and antibodies) (16). Considering the acute inflammation in lung
tissue, the IL-1β is thought to have the central position. It can induce production of chemotactic
cytokines such as interleukin-8 (CXCL8), epithelial cell neutrophil activator, monocyte chemotactic
peptide and macrophage inflammatory peptide-1α. Interleukin-1α has a similar role to the IL-1β,
but can also drive so-called sterile inflammation (inflammatory response to dying cells independent
of external noxious factors).  The dominant chemoattractant is CXCL8 (17, 18).

The interleukin-1 family of cytokines  are  produced as pro-forms.  These pro-forms need
further processing upon activation. Pro-IL-1β is cleaved by the protease caspase-1, which is auto
activated through caspase-1 clustering within large multiprotein complexes called inflammasomes.
There have been functionally characterized four types of inflammasomes:
- Nlrp1 (NLR pyrin domain containing 1, Nalp1)
- Nlrp3 (NLR pyrin domain containing 3, Nalp3)
- Nlrc4 (NLR containing a caspase recruitment domain 4, Ipaf)
- AIM2 (absent in melanoma) inflammasomes
Inflammasome important for IL-1β activation consists of three main components:
- Nod-like receptor (NLR)-family protein, Nlrp3 (straight bead-like structure in Figure 7)
- procaspase-1
- ASC (apoptosis speck-like protein containing a CARD) adapter (red-yellow structure in Figure 7)

Figure 7: Nlrp3 inflammasome and IL-1β activation
(http://4.bp.blogspot.com/-V81spck72v8/Uf-pAKlG5PI/AAAAAAAAAIs/CBFWFCMRUnc/s1600/Infl.jpg)

ASC adapter bridges the interaction between these components. Nlrp3 inflammasome-dependent
inflammation  induces  the  pathogen  clearance  in  the  case  of  infection,  but  it  can  also  initiate
inflammatory reactions in response to endogenous or exogenous danger signals (e.g. ATP, silica).
In-vitro experiments have shown that nanoparticles (SiO2 and TiO2) can induce IL-1β activation
through the direct activation of Nlrp3. IL-1α is activated in the similar way, but its activation is just
partially inflammasome-dependent (18).

1.4.2 Chronic inflammation

Chronic inflammation can follow acute inflammation. It can last for weeks or months. In
some cases it  can spread over  many years.  In chronic inflammation different  cytokines  lead to
gathering of monocytes on the site of inflammation. Macrophages are activated and are releasing
constantly low concentrations of IL-1 and TNF. These two are then transported to the rest of the
body and can lead to systemic inflammation and clinical symptoms such as fever or sleepiness
among  others.  A simplified  overview  of  the  role  of  different  cytokines  in  acute  and  chronic
inflammation is presented in Figure 8 (19).
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Figure 8:  Role of different cytokines in acute and chronic inflammation. Cytokines in the left circle have
major roles in acute inflammation. Cytokines in the right circle have major roles in chronic inflammation.
Cytokines  in  overlapping  region  of  the  two  circles  are  involved  in  both  processes,  acute  and  chronic
inflammation.

One of the major differences between acute and chronic inflammation on cellular level is the
change of the nature of the type of  the leukocyte infiltrate.  Polymorphonuclear  neutrophils  are
replaced with monocytes (macrophages). It is thought that IL-6 is has a major role in this transition.
In the acute inflammation the IL-6 is stimulating the production of acute phase proteins. Strangely
enough, the IL-6 also suppresses the level of pro-inflammatory cytokines without effecting the anti-
inflammatory ones. This means that the role of IL-6 is protective and toward homeostatic state. 

On  the  other  hand,  IL-6  has  a  leading  role  in  the  conversion  from  acute  to  chronic
inflammation. A complex of IL-6 and sIL-6Rα (soluble IL-6 receptor α) activates the endothelial
cells to secrete CXCL8 (chemoattractant) and express different adhesion molecules than in acute
inflammation. These changes are resulting in attraction of monocytes to the area of inflammation. In
this way IL-6 has two ambivalent functions. In acute inflammation the IL-6 has anti-inflammatory
net effect, while in chronic inflammation IL-6 is pro-inflammatory (20). 

1.5 Ca2+-signaling

Calcium ion (Ca2+) is one of the most important second messengers in living cells. Function
of  proteins  depends  on  their  shape  and  charge.  Ca2+-binding  to  proteins  affects  these  two
characteristics and it results in a change or control of protein function and, in context of whole cell,
all of its biochemical processes. Because of having such an important role, the cells are controlling
the Ca2+-concentration very precise. The intracellular concentration of Ca2+ ([Ca2+]ic) is about 20000
times lower than extracellular Ca2+ ([Ca2+]ec), around 100 nM vs mM concentration, respectively
(21).

1.5.1 Calmodulin

One  of  the  central  proteins  that  is  binding  Ca2+  is  calmodulin  (CaM).   It  enables  the
interaction between Ca2+ and bigger proteins. Hundreds of proteins have CaM binding sites. Ca2+-
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CaM complex  binding  to  different  proteins  can  result  in  inhibition  or  activation  of  functions,
changes in active sites and dimerization. CaM has 4 binding sites for Ca2+ ions (Figure 9) (21).

Figure  9:  Calmodulin.  Left  side  of  the  picture  is
showing  free  CaM.  Right  side  of  the  picture  is
showing  Ca-CaM  complex  where  4  Ca2+ ions  are
bound to CaM.

1.5.2 C2 Domains

Many  proteins  have  domains  that  enable  them  to  bind  or  that  remove  them  from  the
membrane. Ca2+-binding to the proteins is often affecting membrane-protein relations. Ca2+-binding
domain is called C2 domain and it can bind two or three Ca2+  ions. Changes in the protein charge
after binding Ca2+ enables the protein to penetrate the hydrophobic lipid bi-layer of membranes. The
C2 domain is common in signal-transduction proteins (e.g. phospholipases and protein-kinase C).
This way, increase in [Ca2+]ic can lead to translocation of proteins to specific regions of membranes
(21).

1.5.3 Ca2+-pumps

Since the concentration of Ca2+ is much lower intracellularly then extracellularly, it must be
actively pumped out of the cell in order to preserve this low concentration intracellularly. There are
two different mechanisms. The first one is the plasma membrane Ca2+/ATPase pumps (PMCA).
PMCAs are transporting out one Ca2+ and transporting in two H+ while using one ATP molecule.
These pumps have a high affinity for Ca2+ and can transport about 30 ions per second. The second
mechanism are the exchangers. There are two types:
- Na+/Ca2+ K (NCKX) that transports Ca2+ and K+ out of the cell in exchange for 4 Na+;
- Na+/Ca2+ (NCX) that transports Ca2+ out of the cell in exchange for 3 Na+.
The exchange rate is about 2000 Ca2+ ions per second. The exchangers are much faster than pumps
and they enable rapid changing of Ca2+-concentration when needed (e.g. neurons during generation
of action potential). Ca2+-pumps maintain the concentration gradient over longer periods of time.
Besides pumping the Ca2+ ions out of the cells, there are similar pumps located in the membranes of
endoplasmic  reticulum (sarcoplasmic  reticulum)  that  are  called  sarcoendoplasmic  reticular  Ca2+

ATPases (SERCA pumps). They are actively transporting Ca2+ from cytosol into the (S)ER (21).
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Figure 10: Different ways of how Ca2+  is transported in and out of the cell. PM – plasma membrane, ER-
endoplasmic reticulum, CaM – calmodulin, R – receptor, M – mitochondrion 
(https://www.bioscience.org/2000/v5/af/A530/fig1.gif)

1.5.4 Ca2+-entry from extracellular space

There  are  three  major  ways  for  Ca2+ to  enter  the  cell:  voltage-gated  channels  (CaVs),
receptor-operated channels and store-operated channels (SOCs, Stim1/Orai1). CaVs can be found in
excitable cells (e.g. neurons and myocites). They are the fastest way for Ca2+ ions to enter the cell  -
about a million ions per second. They are highly selective for Ca2+, but in absence of extracellular
Ca2+ they can transport Na+ and K+. The receptor-operated channels open in response to the binding
of specific agonists (e.g. neurotransmitters). Some examples are NMDA and nicotinic receptors.
The store-operated channels (SOCs) are found in non-excitable cells (e.g. endothelial cells). When
PMCAs pump Ca2+ faster than ER release can replace them or ER is depleted for Ca2+, SOCs are
activated.  Activation  mechanism  involves  Ca2+-release  activated  current  (CRAC).  CRAC  is
activated  just  when  Ca2+ concentration  in  ER  drops  and  is  not  affected  by  cytosolic  Ca2+

concentration. Stim1 and Orai1 are Ca2+-channels activated by CRAC. Stim1 is located on the ER
membrane, while Orai1 is located on the plasma membrane. When ER Ca2+ is depleted, Stim1s on
ER membrane are gathering just below Orai1s on the plasma membrane. This process opens Orai1
for Ca2+ transport to the cell. Since activation of these channels depends on levels of stored Ca2+ in
ER only, they are called store operated channels (SOCs) (21, 22).
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Figure 11: Stim1/Orai1 activation model. PM – plasma membrane, ER – endoplasmic reticulum
(http://jcs.biologists.org/content/joces/128/8/1568/F6.large.jpg)

1.5.5 Ca2+ uptake and release from intracellular stores

The majority of Ca2+ in cells is stored in ER and mitochondria. The level of free cytosolic
Ca2+ in tightly regulated either by transport out of cell (PMCA, NCX) or by uptake to ER and/or
mitochondria.  There  are  two  major  receptors  important  for  Ca2+ release:  IP3  receptors  and
ryanodine  receptors  (RyR).  IP3  receptors  are  large  non-selective  cation  channels  in  the  ER
membrane.  They  are  transporting  Ca2+ from  the  ER  to  the  cytosol.  There  are  tissue  specific
isoforms. These receptors can be activated by cytosolic IP3, low Ca2+ levels or phosphorylation.
Ryanodine receptors are located on the ER/SR membranes. They are involved in Ca2+-induced Ca2+

release  (CICR).  After  Ca2+ enters  the  cell  through CaVs,  the  Ca2+  ions  cause  change  in  RyRs
conformation. Low cytosolic Ca2+ concentration opens RyR, while high concentration shuts them
down (21). 

There are two transport mechanisms for uptake of Ca2+ in mitochondria: the mitochondrial
Ca2+ uniporter (UN or MiCa) and the rapid mode (RaM). RaM transports Ca2+ much faster than UN,
but the transport is in pulses depending on the Ca2+ concentration. It is often suggested that RaM
has a metabolic role (considering the processes in mitochondria) and does not take part in Ca2+

concentration regulation. UN transports Ca2+ only when its concentration in cytosol is much higher
than  in  normal  cell  resting  state.  Ca2+ leaves  the  mitochondria  by  mitochondrial  permeability
transition (MPT),  Na+-dependent  and Na+-independent  mechanism. Major  uptake and/or  release
mechanism varies from tissue to tissue (21, 23). 
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Figure 12: Mitochondrial Ca2+ influx and efflux. UN – uniporter, NCE -  Na+-dependent Ca2+ efflux 
mechanism, NHE -  Na+-independent Ca2+ efflux mechanism

1.5.6 Intracellular chelators

Control of the free cytosolic Ca2+  is crucial, so beside the transport mechanisms on plasma
membrane and ER/mitochondria, there is a third way for controlling the concentration of the free
cytosolic Ca2+. These are buffers and sensors. Sensors (C2 domains and Ca2+-binding proteins, e.g.
calmodulin)  are  described earlier.  Buffers  can  bind  free  Ca2+  from cytosol  (tissue  specific,  e.g.
calbindin in the brain) or in ER/SR (e.g. calsequestrin) 

1.5.7 Ca2+-signaling pathways

Ca2+-signaling  begins  with  the  activation  of  the  G  protein-coupled  receptor  (GPCR).  It
activates  phospholipase  Cβ  (PLCβ)  and  Cγ  (PLCγ).  PLC cleaves  the  phosphatidylinositol  4,5
bisphosphate (PIP2) into 1,4,5-inositoltriphosphat (IP3) and diacylglycerol (DAG). IP3  binds to the
IP3 receptor  on the ER membrane which leads to  the Ca2+  release from ER. [Ca2+]ic  rises from
approximately 100 nM to 1 µM for period of many seconds. Cytosolic Ca2+ then binds to C2 domain
of protein kinase C (PKC) α, β1, β2 and γ and initiates transition to the membrane. In the membrane
region,  DAG  (that  is  membrane-bound)  reacts  with  PKCs.  Ca2+-sensitive  DAG  kinase
phosphorylates DAG giving phosphatidic acid. DAG lipase is converting DAG to arachidonic acid
(which is the start molecule for many bioreactive molecules). As described before, after depletion of
ER Ca2+,  SOCs open allowing more Ca2+  ions to enter the cell.  The same pathway is of course
possible without PLC-IP3 activation pathway, using the free cytosolic Ca2+ from other sources (e.g.
mitochondria) (21).
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Figure 13:  Ca2+ signaling pathways. PIP2 -  phosphatidylinositol 4,5 bisphosphate, DAG – diacylglycerol,
IP3 – 1,4,5-inositoltriphosphat, GTP – guanosine 3'-phosphate
(http://bio1151b.nicerweb.com/Locked/media/ch11/11_13CalciumSignalPath_3-L.jpg)

1.6 Silica nanoparticles as inflammation inducers

It  has  been  done  many  in  vitro and  some  in  vivo studies  with  silica  nanoparticles  as
inflammation  inducers.  Different  cell  types  for  in-vitro  studies  have  been  used  (macrophages,
BEAS-2B cells (bronchial epithelial  cells) and erythrocytes among other). Despite different cell
types used, it is possible to draw some common conclusions. 

 Pro-inflammatory cytokine responses (IL-1β, IL-6 and CXCL8) depends on SiNP size. The
effects observed after exposing the cells to the same mass, but the different sized particles,
tend to be higher with smaller particles. However, the potency to induce inflammation seems
to be the same if effects are related to the particle surface area and not to the mass. Thus,
surface area tends to be the most important factor.

 IL-1β  tends  to  be  the  key  inflammatory  regulator.  Its  release  is  caspase-1  and  Nlrp3
inflammasome dependent. Particle uptake is the necessary step in activation of Nlrp3. After
phagocytosis  of  SiNPs,  endosomal  rupture  is  the  starting  event  in  the  cascade  of
inflammation  process.  Production  of  ROS  is  thought  to  be  the  major  noxious  factor.
Ruptured endosomes leak out cathepsin B, which activates Nlrp3 inflammasome. This leads
to IL-1β production. Besides ROS, purinergic receptors (P2Y and P1) are also involved in
the activation of Nlrp3 inflammasome by SiNP. Adenosine acts as a danger signal and has its
role in the early stages of inflammation process.

 With the decrease in particle size, phagocytosis tends to be less effective and IL-6 and IL-8
release  does  not  depend  on  particle  uptake.  Beside  Nrlp3  activation,  there  are  other
mechanisms  involved  in  their  release.  Some  studies  have  shown  that  ROS  damage
mitochondria also. Phosphorylation of nuclear factor κB seems to be crucial in the release of
IL-6 and IL-8  (24-29). 

Figure 14 graphically shows the major processes involved in SiNP-induced inflammation.
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Figure 14: SiNP inflammation inducing mechanism
(http://www.mdpi.com/biomolecules/biomolecules-05-01399/article_deploy/html/images/biomolecules-05-
01399-g006-1024.png)

1.7 In vitro models in respiratory nanotoxicology

The largest number of studies in the field of nanotoxicology has been performed using cell
culture systems (in vitro systems). Some advantages of in vitro models are:
- It is easier to define mechanism of toxicity (relative to in vivo studies) because compensatory and
physiological factors are not present.
- Usage of different blockers and/or activators is easier in cell cultures than in living organisms. The
amount needed is usually less and therefore lower price.
- It is possible to examine just one type of cells (without secondary effects from immune system).
- It can be used to choose the right way when advancing to the in vivo studies.

Considering the lungs, human cells that are in use are:
 - Primary human cultures:

- monocyte-derived macrophages;
- monocyte-derived dendritic cells;
- epithelial lung cells.

- Cell lines:
- airway epithelial cells (Calu-3, 16HBE14o-, BEAS-2B, NuLi1);
- alveolar epithelial cells (A549, immortalized human alveolar type 2 cells with alveolar type

1 phenotype, H441);
- macrophages (differentiated THP-1 cells);
- fibroblasts (MRC-9);
- mesothelial cells (MSTO-211H).

- 3D cultures:
- 3D aggregates of A549 cells;
- triple cell co-culture model (epithelial cells, macrophages and dendritic cells/endothelial

cells).

Primary cell cultures are not broadly used, but several high-ranked journals increasingly require the
use of such cultures.  There is  a however limited availability and growth conditions can be too
complicated  for  routine  usage.  Airway  epithelial  cell  lines  are  the  most  popular  considering
pulmonary nanotoxicology. The BEAS-2B cell line is derived from human epithelial cells which
have been immortalized using an adenovirus 12 and simian virus 40 hybrid (30, 31). 

14



Figure 15: BEAS-2B cell cultures
(https://www.atcc.org/~/media/Attachments/B/8/0/F/33208.ashx)

1.8 Reflections on the previous studies of the silica nanoparticles exposed BEAS-
2B cells

It  has  been  demonstrated  that  different  sized  silica  nanoparticles  (SiNPs),  induce  pro-
inflammatory  response  in  human epithelial  cells  –  BEAS-2B (32,  33).  In  addition  to  inducing
cytotoxicity and cytokine release, significant effects on the cytokine gene expression have been
shown also (34).  The experiments with different sized particles showed that  Si10 has the most
potency to induce the cytotoxicity and the pro-inflammatory effects – the release of the cytokines
(32, 33). While cytotoxicity tends to be stable from one experiment to another, the absolute values
of cytokines can vary from one cell batch to another, while the pattern stays the same (33). 

Skuland et al proposed a model for SiNP induced cytokine response in BEAS-2B cells. They
discovered at  least  three signaling pathways involved in  IL-6 and CXCL8 release.  These three
mechanisms are:
- EGFR, activated by TACE and TGF-α;
- MAPK p38;
- NF-κB complex (p65).

The proposed model is presented in Figure 16 (33).
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Figure 16: SiNP-induced IL-6 and CXCL8 responses in BEAS-2B cells (35). TACE – tumor necrosis factor-α
converting enzyme, TGF-α – tumor growth factor-α, EGFR – epidermal growth factor receptor, IκB – NF-κB
inhibitory protein
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2.  Aims of the study

How is Ca2+-signaling involved in pro-inflammatory effects induced by silica nanoparticles of 10
nm (Si10) in human bronchial epithelial cells (BEAS-2B)?

In order to find answer to this main question, the following questions needs to be addressed:

- Is Ca2+-signaling important for the viability of the Si10-exposed cells?

- Is Ca2+-signaling playing a role in pro-inflammatory cytokine release in Si10-exposed cells?

- Is Ca2+ from intracellular stores more important than influx of extracellular Ca2+ in Si10-exposed
cells?

-  Is  Ca2+-signaling  important  for  the  gene  expression  of  pro-inflammatory  cytokines  in  Si10-
exposed cells?

- Are there any differences in  the role  of  Ca2+-signaling in  regulation of  the different  cytokine
releases (IL-1α, IL-1β, IL-6 and CXCL8) in Si10-exposed cells?
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3. Materials and methods
3.1 Materials

3.1.1 Silica nanoparticles (SiNP)

Commercially produced amorphous silica (silicon dioxide, SiO2) nanoparticles, 10 nm from
Kisker Biotech have been used in this study. The particle properties were characterized by Pham et
al (32) and Skuland et al (unpublished). Table 1 summarizes the measured values of amorphous
silica nanoparticles with nominal size of 10 nm.

Properties
Size (nm) 10
Solid content 25 mg/ml
Composition Amorphous silica nanoparticles
Dispersity index <0,2
Shape Spherical
Porosity Nonporous
Stability Stable in aqueous buffers and organic solvents;

Unstable in  hydrofluoric  acid and strong basic
media

Product form Suspension in water
Particles per ml 2,4*1016

Hydrodynamic size in water (nm) 7,5
Zeta potential in water (mV) -41,6
Hydrodynamic size in medium (nm) 8,7

Table 1: Particle characterizations

3.1.2 Cell line and cell culture medium

BEAS-2B (epithelial  cells) cell  line was used in this  study. The cells  were bought from
European Collection of Cell Cultures (ECACC) in Salisbury, United Kingdom, while the mediums
(LHC-9 and DMEM/F12) were bought from the Life Technologies (a Gibco Thermo Fisher brand),
Grand Island USA.

3.1.3 Materials used in study

See appendix 1

3.1.4 Solution used in the study

See appendix 2

3.2 Methods: The principles

3.2.1 Alamar Blue

Alamar Blue is the cell viability assay that uses resazurin blue dye. The characteristics that
make the usage of this dye possible are god cell permeability, nontoxicity and weak fluorescence.
Measuring of mitochondrial function is the underlying mechanism of quantification. It can be used
for  quantitative  measuring  of  cytotoxicity  (in  vitro)  and cell  growth monitoring.  Resazurin  (7-
Hydroxy-3H-phenoxazin-3-one 10-oxide) is blue and weakly fluorescent. After the reduction (in
mitochondria),  it  becomes  resorufin,  red  dye  with  strong  fluorescence.  This  metabolic
transformation can happen in living cells only. As the number of living cells that are metabolically
active decreases, the intensity of the fluorescence also decreases. Results can either be measured
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spectrophotometric or by fluorescence directly in the culture. Irreversible reduction is presented in
Figure 17.

 Figure 17:  Reduction of resazurin to resorufin in living cells (with
NADH)

(https://upload.wikimedia.org/wikipedia/commons/d/d9/ResazurinTO
resorufin.png)

3.2.2 Colorimetric lactate dehydrogenase assay (LDH)

This assay is based on measuring the activity of the lactate dehydrogenase enzyme (LDH).
LDH is a stable enzyme present in all cells and its role is to catalyze conversion of pyruvate to
lactate. Damaged cells release LDH and that can be used for analysis of toxicity in cells, as well as
in tissues.

Test principle is based on two reactions:

1 – NAD+ is reduced to NADH/H+ by the LDH-catalyzed conversion of lactate to pyruvate

2 – Catalyst (diaphorase) transfers H/H+ from NADH/H+ to the tetrazolium salt (INT), which is 
reduced to formazan (Figure 18).

         

 

Figure 18: Colorimetric lactate dehydrogenase assay principle (36)

As amount of dead or plasma-membrane damaged cells increases, LDH activity increases
also. It leads to increased amount of formazan. This relation is directly proportional and can be
detected  colorimetric.  Formazan  dye  has  absorption  maximum  at  about  500  nm,  whereas  the
tetrazolium salt (INT) shows no significant absorption at these wavelengths (36).
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3.2.3 Enzyme-linked immunosorbent assay (ELISA)

ELISA is a bioanalytical technique for detection and quantification of biomolecules. It is
based  on  specific  antigen-antibody  reaction.  Antibody  is  a  protein  molecule  that  binds  to  the
specific site on the antigen. This binding site is called epitope (antigenic determinant).

There are two major types of ELISA techniques – direct and indirect. The procedure steps can vary
from technique to technique,  but enzyme-induced color development is almost universal.  There
were some old techniques that used radioactive marked antibodies, but those are abandoned today.
This study involved sandwich ELISA technique only, and it will be described in more detail.

3.2.3.1 Sandwich ELISA

In this method, reactions take place on polystyrene plate. Polystyrene has a positive charge
and it binds negatively charged coating (capture) antibodies.  In the next step, sample containing
molecule of interest (antigen), is added. Detection antibodies can be added in the same step or in a
separate one (depending on the antigen and the kit used). It is important to point out that capture
and detection antibodies must bind to different epitopes in order for the technique to function. In the
following step, HRP (horse radish peroxidase), the enzyme responsible for the color development,
is added. HRP binds the biotin-labeled detection antibody. In the last step HRP reacts with the
chromogenic substrate. It is important to wash the plate between each step in order to remove the
unbound or loose bound reagents.

3.2.3.1 The color developing system

The widely used color developing system is the streptavidin-horseradish peroxidase (HRP)
complex in combination with chromogenic substrate. In this study, the chromogenic substrate used
was  tetramethylbenzidine  (TMB)  in  the  presence  of  hydrogen  peroxide,  H2O2.  TMB  is  being
oxidized by HRP and it colors the reaction solution blue. Streptavidin has a very high affinity for
binding to biotin and in methods using streptavidin, the detection antibody has biotin as a part of it.
The binding of streptavidin-HRP complex to the detection antibody is directly proportional to the
amount  of  the antigens  captured in  the plate.  On the other  side,  chromogenic substrate’s color
change is directly proportional to the HRP activity. This enables spectrophotometric quantification
of the antigen of interest  by measuring the color  intensity.  Schematic  presentation of sandwich
ELISA is presented in Figure 19.

Figure 19: Sandwich ELISA

(http://laboratoryinfo.com/wp-content/uploads/2015/12/Sandwich-elisa.png)

3.2.4 Real time polymerase chain reaction (RT-PCR)

Polymerase chain reaction (PCR) is a DNA amplification technique, while the real time PCR
(RT-PCR or RT-qPCR) is a modification that enables the quantification after every cycle of the
process. This technique can be used for direct detection and quantification of DNA in sample or
indirectly for detection and quantification of RNA from sample (through the synthesis and analyses
of complementary DNA, cDNA). Gene expression can be detected and quantified by analyzing the
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target gene transcript – RNA. In order to achieve this, mRNA (as product of target gene) is being
reversely transcribed with the help of RNA-dependent DNA polymerase (reverse transcriptase) to
cDNA. cDNA is then used as an input molecule for the RT-qPCR process. 

RT-qPCR  sample  mixture  is  made  of  cDNA/DNA,  forward  and  reverse  primers,  a
fluorogenic probe (TaqMan probe), a thermo-stable DNA polymerase, deoxynucleotides (dNTPs)
and water. The mixture without cDNA/DNA is usually called mastermix. Beside the test sample, it
is  important  to  use the controls  (no-template  mix – NTC and no-transcriptase  mix  – NRC) to
exclude  contamination  of  the  reagents  used  and  contamination  of  the  samples  (or  purification
process efficacy). NTC controls if reagents have DNA contamination, while NRC tests for DNA
contamination in  test  samples.  Fluorogenic probe is  the essential  peace in  the mixture,  since it
enables  quantification  after  every  cycle  (major  difference  from standard  PCR,  where  just  final
product is quantified). Instead of fluorogenic probe, quantification can be achieved by usage of
DNA-binding dye (SYBR Green).

A standard PCR process is three-step cycling process repeated 30 to 40 times. The amount of
DNA molecules is doubled after every cycle, so theoretically one DNA molecule can yield more
than one trillion copies (240) after 40 cycles. The three steps of the PCR process are:

1 – DNA denaturation at approx. 95°C; hydrogen bonds between complementary strands are broken
and it yields single stranded molecules.

2 – Primer annealing to the single stranded molecules (at approx. 55°C).

3 – DNA synthesis by thermo-stable DNA polymerase (at approx. 70°C).

Temperatures  and  cycle  duration  time  can  vary  depending  on  the  enzyme/primers  used  and
available or recommended devices. It  takes from one to two hours for the whole process to be
finished. Figure 20 shows PCR principle graphically. 

 

Figure 20: PCR principle

(https://www.thermofisher.com/content/dam/LifeTech/global/life-sciences/Cloning/Images/0516/pcr-cycling-
considerations-WE41253_Fig1.jpg)
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Since the DNA multiplication is  exponential  (2n,  n – number of cycles),  graphical  plot  in  XY-
diagram is a sigmoid curve (Figure 21). The X value is the number of cycles, while Y value presents
the number of DNA copies.

Figure 21: Ct plot

(http://www.cgp-
journal.com/2005%20issue
%206/Quantitative
%20images/Quantitative4a.jpg)

Log-linear part of the curve can be used for quantification and for comparing the different
samples. The number of DNA molecules at which the curve becomes linear is called threshold. The
corresponding number of cycles is called Ct value. The greater the DNA molecules number in the
start mixture is, the fewer cycles is needed to reach the threshold level, thus lower Ct value. In the
calculation of relative gene expression level,  it  is important to count in all  the factors that can
influence gene expression in cells. The endogen controls are the genes that have stable and known
expression regardless  of  the  external  factors  (ideally).  Therefore,  it  is  important  to  analyze the
endogen controls as well as the samples. In this study the β-actin (ACTB) and the glyceraldehyde 3-
phosphate  dehydrogenase  (GAPDH)  gene  expression  have  been  used  as  the  endogen  controls.
Relative values of target genes are expressed as dCt values:

d C t=C t s am p l e −C te n d o g en  co nt r o l  me a n

where Ctsample is the Ct value of the gene of interest and Ctendogen control  mean is a geometric mean of
endogen control’s Ct values. The final results are presented as RQ (relative quantification) values.
RQ value is quantification of the target gene relative to the reference sample (such as an untreated
control sample).

3.2.5 Lowry assay

This is a colorimetric assay for determining the protein concentration. The proteins react
with the alkaline copper solution and the Folin-Ciocalteu reagent. In the first step copper binds (in
alkaline  medium)  to  proteins  with  the  following  amino  acids  –  tyrosine,  tryptophan,  cystine,
cysteine and histidine. This protein-copper complex then catalyzes the reduction of Folin-Ciocalteu
reagent. It losses one, two or three oxygen atoms and the reduced species have characteristic blue
color. Its maximum absorbance is at 750 nm and minimum at 405 nm (37).

Figure 22: Lowry assay

23



3.3 Methods: The procedures

Preparation of the particle solution – Stock solution of the Si10 particles (25 mg/ml) was dispersed
in sterile  water  to  2.3 mg/ml  and sonicated for  approximately 2 minutes  on ice (until  specific
ultrasound energy of  420J was given to  the nanoparticles).  Bovine  serum albumin (BSA, final
concentration 0.15%) and phosphate buffed saline (PBS, final dilution 1x) were then added to the
particle solution. This gave a “particle working solution” with a final particle concentration of 2
mg/ml.

3.3.1 Cell culture cultivation, exposure and harvesting of cells or cell supernatant

Cell culture cultivation –  BEAS-2B cell were maintained in LHC-9 medium in collagen-
coated flasks, in a humidified atmosphere, at the temperature of 37º C with 5% CO2. The medium
was refreshed every second day.  Two days before the exposure,  the cells  (passages 8-50) were
plated on 6-well  collagen-plated plates in the LHC-9 medium. Prior to exposure the cells  were
starved for 24 h in serum-free DMEM/F12.

Cell culture pretreating and Si10 exposure – One hour before exposing the cells to Si10,
different Ca2+-blockers/chelators were added to cultures. Some cells (used as controls) got diluent
(DMSO) only. Depending on the experiment, different concentrations of the Ca2+-blockers/chelators
were used, as well as different concentrations of Si10. 

In the first series of experiments (with BAPTA-AM only) the following concentrations of
Si10 were used: 0, 12.5, 15, 20, 25 and 50 µg/ml. BAPTA-AM concentrations used were 1.25, 2.5
and 5 µM. 

In the second series of experiments (with different Ca2+-blockers/chelators) the following
concentrations were used: EGTA (1 and 2 mM), U-73122 (1 and 5 µM), KN-93 (10 and 50 µM),
BAPTA-AM (2.5 and 5 µM) and BTP2/SKF (2µM). The concentration of Si10 was 25 µg/ml in all
samples. 

In the third series of experiments (exploration of effects of BAPTA-AM and EGTA on gene
expression) the following concentrations were used: BAPTA-AM 5 µM and EGTA 2 mM, while the
concentration of Si10 was 25 µg/ml in all samples.

In the fourth series of experiments (measuring of intracellular levels of cytokines) same
concentrations as in third series were used.

Supernatant  harvesting –  In  the  experiments  investigating  the  effects  of  the  different
concentrations of BAPTA-AM on Si10 induced viability/cytokine release, the culture medium was
harvested after 20 hours of particle exposure. The culture medium was used to measure the cytokine
release  and  the  cytotoxicity  (LDH  method).  The  remaining  cells  were  incubated  in  the  fresh
medium with Alamar Blue (100 µl/ml) for 1 hour in order to measure viability. The cell culture
medium was first centrifuged at 300 g for 10 minutes (in order to remove dead cells) and, after
discarding the pellet, at 8000 g for 10 minutes (in order to remove the particles). In experiments
investigating the different Ca2+-blockers/chelators, the cell cultures were pretreated 1 hour prior to
Si10 exposure with two different blocker/chelator concentrations. The rest of the process was the
same.

Cell harvesting – The cell cultures for the investigation of the gene expression were exposed
in the same manner as in other experiments, but the cells were harvested after 1.5 and 4.5 hours of
exposition, respectively. After discarding the medium, the culture plates were washed with cold
Dulbecco’s  PBS  two  times  and  stored  at  -20°C  until  further  analysis.  The  cell  cultures  for
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investigation of the intracellular proteins were treated in the same way. The only difference was
exposition time – 6 hours in those experiments.

Figure 23: The harvesting process – schematic illustration

3.3.2 The Alamar Blue assay

After 20 hours of exposure and after harvesting the medium, the Alamar Blue assay was
used to  determine the viability  of the cells  attached to  the plates.  Wells  were filled with fresh
medium and were added Alamar Blue. The cells were incubated for 1 hour. One eppendorf tube,
containing the medium and Alamar Blue dye only, was incubated together with the cells and has
been used as blank probe. The samples from every well, as well as the blank, (in duplicates) were
transferred  to  a  96-wells  plate.  The  fluorescence  was  measured  in  Monochromator  Multimode
Microplate  Reader  (CLARIOstar,  BMG  LABTECH).  In  order  to  calculate  the  viability,  the
following formula has been used:

real fluorescence=sample fluorescence −blank fluorescence

viability (%)=
real fluorescence

control fluorescence
∗100
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3.3.3 The LDH assay

In order to measure the viability with the LDH assay, LDH assay detection kit (Roche) was
used. Maximum level of cytotoxicity (100%) was achieved by exposing the cells in one well to
Triton X-100 (10 µg/ml) for ca 5 minutes. To confirm the effect of Triton X-100, the cells were
investigated under the microscope. This was used as a reference sample. The reference sample and
the culture samples (in duplicates) were transferred to a 96-well  plate and the reaction mixture
(catalyst and dye solution) was added to the every well. The plate was then incubated in the dark at
room temperature  for  5-20  minutes  until  satisfying  color  was  developed.  The  absorbance  was
measured  with  the  spectrophotometer  (Sunrise  Absorbance  Reader,  TECAN)  at  450  nm  and
quantified in the Magellan V 1.10 software. The following formula has been used to calculate the
viability:

cytotoxicity (%)=
ABSsample − ABSblank

ABSmax− ABSblank
∗100

viability (%)=100− cytotoxicity

3.3.4 Sandwich ELISA

This procedure was conducted using the commercially available kits (Cytoset, Invitrogen
Life Technologies for IL-6 and CXCL8; Duoset, R&D Systems for IL-1α and β) in accordance with
the  user  manual.  One  day  before  the  analysis,  a  96-well  plate  was  pre-coated  with  a  capture
antibody (solution from kit diluted in PBS). 1 hour prior to transferring the samples to the plate, it
was washed with the washing buffer and then blocked with the blocking buffer. After discarding the
blocking  buffer,  the  samples  and  the  standard  were  transferred  to  the  plate  (in  duplicates  or
triplicates). In the case of IL-6 and CXCL8, the detection antibody was added immediately, while in
the case of IL-1s, it was added after two hours of incubation. In both cases, the plate was incubated
for two hours after adding the detection antibody. When the incubation was over, the plate was
washed with the washing buffer four times in order to remove unattached proteins. In the next step
streptavidin-HRP was added and the plate was incubated for 30 minutes. The plated was washed
again four times and the mixture of TMB, citrate buffer and H2O2 (30%) was added. The plate was
incubated for 15-20 minutes and when the color was satisfying, the stop solution was added (5%
H2SO4). All the incubation took place at room temperature, protected from light, in the shaking
device. The absorbance was measured in spectrophotometer (Sunrise Absorbance Reader, TECAN)
at 450 nm and quantified in Magellan V 1.10 software. 

3.3.5 Real-time quantitative polymerase chain reaction (RT-qPCR)

Prior to performing RT-qPCR, two procedures had to be done – RNA isolation from the cells
and cDNA synthesis.

3.3.5.1 RNA isolation

mRNA was isolated using RNA isolation kit (NucleoSpin RNA Plus, Macherey-Nagel) in
accordance  with  the  user  manual.  The  provided  lysis  buffer  was  added  to  the  frozen  wells
containing  cells.  After  five  minutes  the  wells  were  scraped  for  the  cells  and  the  lysate  was
transferred to the DNA removal columns. The columns were than centrifuged at 11000 g for 30
seconds. After centrifugation, the columns were discarded and binding solution was added to the
eluate. This mixture was then transferred to the RNA isolating columns and centrifuged at 11000 g
for 15 seconds. The RNA isolating columns were then washed three times with the washing buffers
(WB1 and WB2). The columns were centrifuged after every addition of WB at 11000 g for 15
seconds, 15 seconds and two minutes, retrospectively. In the last step, the RNA was eluted from the
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columns with the RNA-free water and centrifuging at 11000 g for one minute. The purity and the
concentration of the RNA from samples were verified using spectrophotometer (DS-11, DeNovix).
Samples were then stored at -70°C.

3.3.5.2 cDNA synthesis

mRNA isolated in previous process was transcribed to the cDNA in the process of reverse
transcription, using the enzyme reverse transcriptase (RT). The reaction mixture consisted of mRNA
(from samples) and following reagents:  RT, random primers, dNTP mix, buffer and RNase-free
water. The reaction was performed in small PCR tubes. In addition to the tubes containing samples,
two more were used. The first one (NRC) did not include RT in the mixture and was used as in
sample-DNA contamination control, while the second one (NTC) did not include mRNA and was
used as RNA/DNA contamination control.  The reaction tubes were incubated for two hours at the
temperature of 37º C in Gene Amp PCR System 2400 (Perkin Elmer) machine.  The cDNA was
then diluted (1:9) in RNase-free water and stored at -70°C.

3.3.5.3 RT-qPCR

The cDNA (diluted in the previous step) was mixed with with TaqMan universal mastermix
and TaqMan primers (for the genes of interest – IL-6, CXCL8, IL-1α and IL-1β; endogen controls –
ACTB and GAPDH). The samples were transferred to the optical RT-PCR 96-well plate which was
covered with the optical adhesive cover. After adding the samples, and prior to setting the plate in
PCR machine, it was centrifuged at 3000 g for one minute. The RT-qPCR process was performed in
a 7500 Fast System Real Time PCR machine (Applied Biosystems) in the standard 7500 PCR run
mode (1 minute extension at 60°C). Analysis of the results was performed in a 7500 Fast System
SDS software. The expression of the genes of interest (GOI) from the samples was normalized
against the two housekeeping genes (ACTB and GAPDH). The results were presented as a fold
change compared to the control. The statistical analyses was performed using dCt values, while fold
change was calculated using the ddCt-method.

d C t=C t s am p l e −C te ndo gen  co nt ro l  me an

ddCt=dCt (treated )− dCt (control)

Fold change=2−ddCt
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3.3.6 Measuring of the intracellular proteins

The frozen 6-well plates were put on ice, added lysis buffer (LB; consists of buffer solution,
leupetin, PMFS, pepstatin A, aprotenin and distilled water) and scraped for cells a few minutes later.
The lysate was then transferred to the TPX-tubes and sonicated in BioRuptor (Diagenode) 10 times
for  30  seconds.  The  tubes  were  than  centrifuged  at  15000  g  for  15  minutes  (to  remove  the
membrane residues and particles) and the pellets were discarded. The concentration of total proteins
in each sample was measured with the DC protein assay kit (Bio-Rad) in accordance with the user
manual.  This  assay is  a modification of Lowry assay,  but with some advantages – faster  color
development and higher color stability (37). After concentrations of total proteins in each sample
were determined, all of the samples were diluted (in LB) in order to match the concentration of the
sample with the lowest concentration. Detection and quantification of proteins of interest were then
determined by using sandwich ELISA as described before.    

3.4 Statistical considerations

In order to be able to make conclusions based on the results from this study, all the results
were statistically analyzed. P-value is the most used indicator of statistical significance and it has
been used to express the statistical significance in this study also. All results with p≤0.05 were
accepted as statistically significant and conclusions were made based on that. This means that there
is at least 95% chance that the observed effect is real and not coincidental. When data set follows a
normal distribution (or is expected/assumed to do it), parametric tests can be used. In this study, the
normal distribution is assumed (based on similar experiments and the results from similar studies).
Therefore, two-way ANOVA with Dunnet’s or Tukey’s multiple comparison post-tests, have been
used. All of the experiments have been repeated four times (with one done three times only and
some were done five times). All of the calculations have been done in GraphPad Prism 7. 
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4. Results
In order to examine the role of Ca2+ in eliciting cytotoxicity and pro-inflammatory effects in the
cells exposed to Si10, different inhibitors of Ca2+ and Ca2+-chelators have been used. These are:
- BAPTA-AM: intracellular Ca2+-chelator
- EGTA: extracellular Ca2+-chelator
- U-73122: phospholipase C/A2-inhibitor
- KN-93: Ca2+/calmodulin-dependent kinase type II (CaMK II) inhibitor
- BTP2: Ca2+-release activated Ca2+-channels (CRAC) inhibitor
-  SKF:  store-operated  Ca2+-entry  (SOC),  TRPC  channels,  voltage-gated  Ca2+-channels  and  K+

channels inhibitor

4.1 Effects of Si10 exposure on BEAS-2B cells

As shown in the previous studies involving BEAS-2B cells exposed to the Si10 (24,  32),
increasing  the  SiNP concentration  gives  increased cytotoxicity  (Figure  24).  Significantly  raised
cytotoxicity starts at Si10 concentration of 20 µg/ml, compared to the unexposed cells. Cytokine
release increases also in the same manner as cytotoxicity in the case of IL-1α and IL-1β (Figure 25
A and B). IL-6 and CXCL8 follows the same path as IL-1s up to Si10 concentration of 25 µg/ml.
However, at Si10 at 50 µg/ml the release of IL-6 and CXCL8, in the contrast to the releases of IL-
1s, were reduced compared to 25 µg/ml Si10 (Figure 25 C and D). IL-6 release was significantly
increased in the cells exposed to Si10 at 20, 25 and 50 µg/ml. CXCL8 release was significantly
increased the cells exposed to Si10 at 25 and 50 µg/ml.

Figure 24:  The effects of Si10 on viability of BEAS-2B cells.  Viability of cells was measured by Alamar
Blue after exposing the cells to the Si10 (0-50 µg/ml). The experiment was repeated five times. Statistical
calculations were done by comparing the cells without Si10 exposure to those exposed. The data represent
the mean ± SEM. §significant difference relative to the cells without Si10 exposure, p<0.05, for two-way
ANOVA with Tukey’s multiple comparison test.
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Figure 25:  The effects of Si10 on cytokine release of BEAS-2B cells.  Cytokine release from cells was
measured by ELISA after exposing the cells to the Si10 (0-50 µg/ml).  The experiment was repeated five
times. Statistical calculations were done by comparing the cells without Si10 exposure to those exposed. The
data represent the mean ± SEM. §significant difference relative to the cells without Si10 exposure, p<0.05,
for two-way ANOVA with Tukey’s multiple comparison test.
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4.2 Effects of different concentrations of BAPTA-AM on the Si10-exposed cells

The effects of BAPTA-AM pretreatment were examined, both with respect to cell viability
and cytokine responses. In order to find the combination of Si10 concentration and BAPTA-AM
concentration,  which  potentially  can  give  us  the  best  insight  on  the  Ca2+-signaling role  in
inflammation processes, cells were exposed to the increasing concentrations of these two.

4.2.1 Effects of BAPTA-AM on the Si10-induced cytotoxicity in BEAS-2B cells

BAPTA-AM  pretreatment  seems  to  increase  the  Si10  induced  cytotoxicity.  The  cells
pretreated with BAPTA-AM (2.5 and 5 µM) and exposed to 15 and 25 µg/ml Si10 had a significant
decrease in viability. Graphical presentation of these results is shown in the Figure 26.

Figure 26: The effect of BAPTA-AM on viability of BEAS-2B cells exposed to Si10.  Viability of cells was
measured by Alamar Blue after pretreating them with BAPTA-AM (1.25, 2.5 and 5 µM) 1 hour prior to
exposing them to the Si10 (0-50 µg/ml). The experiment was repeated five times. Statistical calculations were
done by comparing the cells without BAPTA-AM pretreatment to those pretreated prior to Si10 exposure.
The  data  represent  the  mean  ±  SEM.  *significant  difference  relative  to  the  cells  without  BAPTA-AM
pretreatment, p<0.05, for two-way ANOVA with Dunnet's multiple comparison test.

4.2.2 Effects of BAPTA-AM on the Si10-induced cytokine release in BEAS-2B cells

Release of the pro-inflammatory cytokines was measured (IL-1α, IL-1β, IL-6 and CXCL8),
using  the  same  exposure  conditions  and  from  the  same  cell  cultures  as  for  the  viability
measurements.  Significantly  reduced  IL-1α and IL-1β release  using  the  BAPTA-AM was  only
observed in cells exposed to the Si10 of the highest concentration (50 µg/ml) (Figure 27 A and B).
Furthermore,  the  Si10-induced  release  of  IL-6  and  CXCL8  was  reduced  by  the  Ca2+-chelator.
Inhibition of intracellular Ca2+ induced a significant reduction in the release of IL-6 in the cell
cultures exposed to Si10 at 20 µg/ml,  and up to 50 µg/ml, when pretreated with BAPTA-AM 5µM
and Si10 at 20 and 25 µg/ml with all BAPTA-AM concentrations (Figure 27 C). Concerning the
CXCL8, a significant reduction in release was observed in cell cultures exposed to Si10 at 20 and
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25 µg/ml for all BAPTA-AM concentrations, and Si10 at 50 µg/ml for BAPTA-AM 2.5 and 5 µM
(Figure 27 D).

Figure 27: The effects of BAPTA-AM on release of the cytokines IL-1α (A), IL-1β (B), IL-6 (C) and
CXCL8 (D) in BEAS-2B cells exposed to Si10.  Cytokine release from the cells was measured by ELISA
after pretreatment with BAPTA-AM (1.25, 2.5 and 5 µM) 1 hour prior to Si10 (0-50 µg/ml) exposure. The
experiment was repeated five times. Concentrations of the cytokines in the cells without Si10 and BAPTA-
AM  (pg/mL±SEM):  IL-1α=13.9±5.9;  IL-1β=1.2±0.5;  IL-6=358.8±97.4;  CXCL8=158.3±31.0.  Statistical
calculations were done by comparing the cells without BAPTA-AM pretreatment to those pretreated. The
data represent the mean ± SEM. *significant difference relative to the cells without BAPTA-AM pretreatment,
p<0.05, for two-way ANOVA with Dunnet's multiple comparison test.

4.3 Effects of different Ca2+-blockers/chelators on the Si10-exposed BEAS-2B 
cells

After reviewing the results with the Ca2+-chelator BAPTA-AM, Si10 with the concentration
of 25 µg/ml was chosen for further explorations. In the next series of experiments, the cell cultures
were exposed to other compounds that are known to affects the intracellular Ca2+-signaling. Two
different concentrations of EGTA, U-73122, KN-93 and in separate series of experiments, BTP2
and SKF, were added to the cell cultures before exposing them to Si10. As endpoints, cytotoxicity
and cytokine  release were chosen,  as  for  the  experiments  with BAPTA-AM. Results  from cell
cultures exposed to BTP2 and SKF are presented separately because of the different characteristics
of  cell  cultures  used  (a  period  of  six  weeks  had  passed  between  series  of  experiments  with
EGTA/U-73122/KN-93 and  BTP2/SKA).  The  absolute  measured  values  of  these  two series  of
experiments could not be directly compared. 
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4.3.1 Effects of different Ca2+-blockers/chelators on the Si10 induced cytotoxicity in BEAS-2B
cells

The only substance with significant effect on viability was SKF. Alamar Blue measuring
showed significant decrease of viability in the cells pretreated with SKF and exposed to Si10, as
well as in Si10 unexposed ones, compared with the cells without SKF pretreatment (Figure 28 C).
LDH measuring  showed significant  decrease  in  viability  in  the  SKF pretreated  cells  and  Si10
exposed only (28 D). Other Ca2+-blockers/chelators did not affect viability significantly neither in
the Si10 exposed or the Si10 unexposed cells (Figure 28 A and B). 

Figure 28: The effects of different Ca2+-blockers/chelators on viability of BEAS-2B cells exposed to Si10.
The viability of cells was measured by Alamar Blue and LDH after pretreating the cells with EGTA (1 and 2
mM), U-73122 (1 and 5 µM), KN-93 (10 and 50 µM), and BTP2/SKF (2 µM) 1 hour prior to the Si10 (25
µg/ml) exposing. The experiment was repeated five times. Control response – the cells without pretreatment
with Ca2+-blockers/chelators. The data represent the mean ± SEM. *significant difference relative to the cells
without pretreatment, p<0.05, for two-way ANOVA with Tukey’s multiple comparison test.

4.3.2  Effects  of  different  Ca2+-blockers/chelators  on  the  Si10-induced  cytokine  release  in
BEAS-2B cells

Since different Ca2+-blockers/chelators affect Ca2+-signaling in the different ways and have
in addition other effects that do not relate to Ca2+, the cytokine releases were different. The cells
pretreated with KN-93 (10 and 50 µM) and exposed to Si10, showed significant increase of IL-1α
release (Figure 29 A), as well as cells pretreated with SKF without exposing them to Si10 (Figure
29 E). The other Ca2+-blockers/chelators did not affect IL-1α release. IL-1β release was increased in
the presence  of  both KN-93 concentrations  after  exposing the cells  to  Si10,  but  no significant
changes with the other blockers/chelators (Figures 29 B and F). On the other side, Si10-induced IL-
6 release was significantly reduced by the use of EGTA (1 and 2 mM), as well as U-73122 (1 and 5
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µM) in the cells exposed to Si10 (Figure 29 C). Other Ca2+-blockers/chelators did not affect IL-6
release. Release of CXCL8 was increased from cell cultures pretreated with SKF and exposed to
Si10 (Figure 29 H). However, there were no significant changes of CXCL8 release using other Ca2+-
blockers/chelators (Figure 29 D).

Figure 29: The effects of EGTA, U73122, KN-93, BTP2 and SKF on cytokine release IL-1α (A, E), IL-1β
(B, F), IL-6 (C, G) and CXCL8 (D, H) in BEAS-2B cells exposed to Si10. Cytokine release from the cells
was measured by ELISA after pretreating them with EGTA (1 and 2 mM), U-73122 (1 and 5 µM), KN-93 (10
and 50 µM) or BTP2/SKF (2 µM) 1 hour prior to exposing them to the Si10 (25 µg/ml). Control response –
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the  cells  without  pretreatment  with  Ca2+-blockers/chelators.  The  experiment  was  repeated  five  times.
Concentrations of the cytokines in the cells without Ca2+-blockers/chelators pretreatment (pg/mL±SEM): IL-
1α=1.2±0.2; IL-1β=0.4±0.1; IL-6=4490.7±38.8; CXCL8=142.5±35.5. The data represent the mean ± SEM.
*significant difference relative to control, p<0.05, for two-way ANOVA with Tukey’s multiple comparison
test.

4.4 Effects of BAPTA-AM and EGTA on gene expression of pro-inflammatory
cytokines in Si10 exposed BEAS-2B cells

After reviewing the cytokine release results, EGTA and BAPTA-AM were chosen for further
explorations of cytokine (IL-1α, IL-1β, IL-6 and CXCL8) gene expression in Si10-exposed BEAS-
2B  cells.  In  order  to  find  out  whether  the  chelation  of  intracellular  Ca2+ (BAPTA-AM)  or
extracellular Ca2+ (EGTA) is affecting the gene expression, cell cultures were pretreated with these
two Ca2+-chelators before exposing them to Si10 (25 µg/mL) for 1.5 hours and 4.5 hours. Si10
concentration of 25 µg/mL was selected based on cytokine release experiments.

Despite of some reduction and/or increase in cytokine gene expression in some cell cultures,
especially  after  1.5  hours  of  exposure  to  Si10,  none  of  the  observed  effects  were  statistically
significant. Results are graphically presented in Figure 30 A, B, C and D (BAPTA-AM) and 30 E, F,
G, and H (EGTA).  However, this study confirms the results from previous studies (34) that Si10 are
inducing  significant  increase  of  cytokine  (IL-1α,  IL-6  and  CXCL8)  gene  expression  in  Si10-
exposed BEAS-2B cells compared to the unexposed control. IL-6 and CXCL8 gene expression was
significantly  increased  after  1.5  hours  of  exposure  (Figure  30  C,  D,  G,  and  H).  IL-1α  gene
expression after 1.5 hours was significantly increased in one series of experiments only (Figure 30
A). Si10 exposure of BEAS-2B cells didn’t significantly affect cytokine gene expression 4.5 hours
after exposure.
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Figure 30: Effects of BAPTA-AM and EGTA pretreatment on mRNA-expression of IL-1α (A, E), IL-1β
(B, F), IL-6 (C, G) and CXCL8 (D, H) in BEAS-2B cells exposed to Si10. The cells were pretreated with
BAPTA-AM (5 µM) or EGTA (2 mM) 1 hour prior to Si10 (25 µg/mL) exposure and  mRNA-expression from
the cells was measured by Real Time PCR after exposing them for 1.5 and 4.5 hours, respectively. The
experiment was repeated four times. The data represent the mean ± SEM. §significant difference relative to
control, p<0.05, for two-way ANOVA with Tukey’s multiple comparison test.
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4.5 Effects of BAPTA-AM end EGTA on intracellular levels of pro-inflammatory
cytokines in Si10 exposed BEAS-2B cells

Since effects on the cytokine (IL-1α, IL-1β, IL-6 and CXCL8) release were shown, but not
on Si10-induced cytokine gene expression, after chelation of Ca2+  using BAPTA-AM and EGTA,
the next step was to explore at which level Ca2+signaling influenced the cytokine release. Therefore,
we wanted to measure the effect of Ca2+ chelation on the intracellular cytokine levels. The cells
pretreated with BAPTA-AM prior to Si10 exposure, showed significantly decrease of intracellular
IL-6  and  CXCL8  levels  (Figure  31  C  and  D),  whereas  neither  the  IL-1α  nor  IL-1β  were
significantly  affected  (Figure  31  A and  B).  The  cells  pretreated  with  EGTA didn’t  show  any
significant changes in intracellular cytokine levels.

Figure 31: Effects of pretreatment with BAPTA-AM and EGTA on the intracellular levels of IL-1α (A),
IL-1β  (B),  IL-6  (C)  and CXCL8 (D)  in  Si10-exposed BEAS-2B cells. The  cells  were  pretreated  with
BAPTA-AM (5 µM) or EGTA (2 mM) 1 hour prior to Si10 (25 µg/ml) exposition. Intracellular cytokine levels
were measured by ELISA after 6 hours of exposure. Control response – the cells without pretreatment with
Ca2+-chelators.  The  experiment  was  repeated  four  times  (BAPTA-AM)  or  three  times  (EGTA).
Concentrations  of  the  cytokines  in  the  cells  without  Ca2+-chelators  pretreatment  (pg/mL±SEM):  IL-
1α=599419.4±104.3; IL-1β=31.6±6.5; IL-6=74.3±8.6; CXCL8=40.3±6.7. The data represent the mean ±
SEM.  *significant  difference  relative  to  control,  p<0.05,  for  two-way  ANOVA  with  Tukey’s  multiple
comparison test.
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5. Discussion

 This study explores the involvement of Ca2+-signaling in pro-inflammatory effects induced
in BEAS-2B cells exposed to Si10. The release of pro-inflammatory cytokines was significantly
affected with application of intracellular Ca2+-chelator, BAPTA-AM. IL-6 release was in addition
reduced in the cells pretreated with extracellular Ca2+-chelator, EGTA and PLC inhibitor U-73122.
The application of more specific Ca2+-blockers/chelators (U-73122, KN-93, BTP2 and SKF), that
affect  some parts  of  Ca2+-signaling  pathways only,  did  not  show any significant  effects  on the
cytokine release. The gene-expression of the pro-inflammatory cytokines was not affected by Ca2+-
chelation.  The  measurement  of  intracellular  levels  of  cytokines,  after  BAPTA-AM  and  EGTA
pretreatments, showed similar results as the cytokine release measurements. Analyzed all together,
the results indicate that Ca2+-signaling is involved in the “pro-inflammatory machinery”, and its
effects seem to be exerted at the level of the cytokine synthesis. However, the precise role of Ca2+-
signaling in this is uncertain.   

5.1 Methodological considerations

Prior to discussing the results in detail and making any conclusions, it is important to discuss
the cell type suitability and unwanted effects of Ca2+-blockers/chelators used in this study.

BEAS-2B – These cells are derived from normal bronchial epithelial cells and are immortalized by
using the adenovirus 12-simian virus 40 hybrid virus (38). As described in the introduction, the
epithelial cells are a major “target” for NPs exposure  in vivo.  Despite the fact that the primary
cultures of mixed populations of human airway epithelial cells give the best in vitro representation,
their usage is limited by many factors (e.g. availability, amount of cells, donor variation etc.) (39).
An alternative approach is to use well-established cell lines such as BEAS-2B. This cell line is
broadly used in  research  of  the cytokine release  and regulation in  response to  tobacco smoke,
particles, hyperoxia and NPs (39). Låg et al found (unpublished) in their studies that SiNP induced
pro-inflammatory effects in a similar way and by similar mechanisms in HBEC3-KT cells (normal
human  bronchial  epithelial  cells  immortalized  with  CDK4 and  hTERT)  as  in  BEAS-2B.  This
finding supports the relevance of using BEAS-2B cells and might allow more general conclusions.
Comparison of the pro-inflammatory cytokine gene expression and cytokine release (IL-1s, IL-6
and CXCL8) in this study with results from in vivo experiments (40, 41), supports the idea that this
cell line can be a useful model in extrapolating to the living organisms.

The disadvantages of   in vitro   systems – In vitro system used in this study consists of one cell type
only, while in vivo there is interaction between different cell types. There are however, some more
advanced in vitro systems, which consist of different cell types. The difference between in vitro and
in vivo systems can be illustrated with the example of IL-1β.  IL-1β is being synthesized in the
response to the host-derived inflammatory stimuli (e.g. from dying or damaged cells or originated
from the innate immune response), as inactive pro-form, pro-IL-1β. This pro-form is disposed as a
free molecule in the cytosol of different cells. The second inflammatory stimuli, host-derived or
exogenous (e.g. SiNP), activate the processing mechanism that converts pro-IL-1β to active IL-1β
and leads to its release from the cell (42). This two-step process lacks strong-enough first stimuli in
in vitro systems (42) and that can be the explanation why IL-1β gene-expression is not significantly
risen in the Si10-exposed BEAS-2B cells in this study.  In vivo experiments, where the primary
inflammatory stimuli are sufficient, show the rise of IL-1β gene expression also, as response to
SiNP-exposure (40). IL-1α is synthesized and activated in a similar, but not completely the same
way (42). 
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 In order to try to determine the role of Ca2+ in pro-inflammatory responses, we used various
Ca2+-blockers/chelators with different specificity and selectivity.

BAPTA-AM (1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic  acid  tetrakis(acetoxymethyl
ester))  is  an  intracellular  Ca2+-chelator.  It  is  membrane-permeable  and  intrinsically  non-toxic.
However,  it  shows also  some Ca2+-independent  effects,  such  as  blocking of  some K+ and  Na+

channels. These effects are significant already with application of 1 µM BAPTA-AM (43). Since
the BAPTA-AM concentrations used in this study are all  greater then 1 µM, other effects then
inhibition of Ca2+-signaling can not be excluded.

EGTA (ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid) is an extracellular Ca2+-
chelator.  It  displays  to  an  extent  also  effects  on  some  K+  and  Na+  channels  (43),  but  the
concentrations used in this study suggest that this is not likely. At the temperature 37º C, EGTA has
over 25 times greater affinity for Ca2+ then for Mg2+ (44), so presumably, it affects Ca2+ only.

U-73122 (1-[6-[[(17β)-3-Methoxyestra-1,3,5(10H-pyrrole-2,5-dione)  is  a  phospholipase C (PLC)
inhibitor. PLC is a crucial part of the release mechanism of Ca2+ from endoplasmic reticulum (ER).
Additionally, U-73122 is a potent transient receptor potential cation channel subfamily M member 4
(TRPM4) activator  and  a  transient  receptor  potential  cation  channel  subfamily  M  member  3
(TRPM3) inhibitor. In that way it affects the membrane transport of all cations (45). 

KN-93 (N-[2-[[[3-(4-Chlorophenyl)-2-propenN-(2-hydroxyethyl)-4)  is  a  potent,  cell  permeable,
inhibitor of CaM kinase II. In addition, it is a direct extracellular open channel blocker of voltage-
gated K+ channels (46).

BTP2 also known as YM 58483 (N-[4-[3,5-Bis(trifluoromethyl)-1H-p) is store-operated Ca2+ entry
(SOCE) blocker in non-excitable cells. It inhibits also Ca2+ release-activated Ca2+ channels (CRAC).
In addition, it displays immuno-modulatory and anti-inflammatory effects; it suppresses cytokine
production and proliferation of T cells in vitro (47, 48).

SKF 96365 (1-[2-(4-Methoxyphenyl)-2-[3-(4-methH-imidazole hydrochloride) is a store-operated
Ca2+-entry (SOCE) inhibitor that inhibits  stromal interaction molecule 1 (STIM1). In addition, it
blocks transient receptor potential cation channels (TRPC), voltage-gated Ca2+ and K+ channels
(49-51).

The application of Ca2+-chelators (BAPTA-AM and EGTA) has, in applied concentrations,
high selectivity for Ca2+, but it gives us insight in the general role of Ca2+  only, without allowing us
to  make  detailed,  more  specific  conclusions,  on  the  mechanism  of  the  Ca2+-signaling.  The
application of the more specific Ca2+-blockers can help us to unfold more details, but the lack of
selectivity for Ca2+-only makes it more difficult to interpret the results.

5.2 Signaling pathways of Ca2+ involved in cytotoxicity and cytokine release 

5.2.1 Cell viability

Pretreatment with different Ca2+-blockers/chelators did not affect the viability of the cells in
the majority of the experiments. The only Ca2+-blocker that showed significant cytotoxicity (in both
Si10-unexposed and Si10-exposed cells) is SKF. Since it affects many other channels than SOCE,
as well as the transport of other cations, it  is uncertain that Ca2+-signaling inhibition alone was
critical  for  this  effect.  SKF  affects  mitochondrial  function  in  negative  way  with  induction  of
apoptosis (52). This can explain why the Alamar Blue, technique that is measuring mitochondrial
activity, showed much greater negative effect for SKF on viability than LDH measuring.
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As the cell viability was not affected by the different Ca2+-blockers/chelators, the inhibitory
effects observed on cytokine release can be considered as direct effects of Ca2+-blockers/chelators
(and unwanted effects on other cations and/or other pathways in the cells) and not due to effects on
cell viability.

5.2.2 Signaling pathways of Ca2+ involved in IL-1α and IL-1β release

As showed before, NPs activate Nlrp3 inflammasome and lead to the release of IL-1β, and
to a  lower  extent,  IL-1α (18).  Furthermore,  Nlrp3 activation  is  Ca2+-dependent  (53,  54).  IL-1α
release can be Nlrp3-independent, and IL-1α can enhance the IL-1β release (18). 

As the results in this study showed, the higher the Si10 concentration, the higher the IL-1s
release was (almost linear dependence). Since BAPTA-AM pretreating gave a significant reduction
of IL-1s release in the cells exposed to the highest Si10 concentration only, it seems that with the
weaker pro-inflammatory stimulus, Ca2+-signaling is only one of the several signaling pathways and
not so important. However, at the high concentration and thereby stronger stimuli, the role of Ca 2+

tends  to  be  more  important.  At  lower  Si10  concentrations,  inflammation  is  controlled  and
‘physiological’, while higher Si10 concentrations disrupt many processes in the cell and the Ca2+

concentration is not tightly regulated.  Interestingly, the PLC inhibitor, U-73122, and extracellular
chelator EGTA, did not affect the release of IL-1s in the same way as BAPTA-AM did.  Thus,
neither ER, nor the extracellular Ca2+, seems to be the source of Ca2+. This allows us to hypothesize
that the mitochondria might be the source of Ca2+ upon Si10-exposure. As a matter of fact, it has
been shown that SiNPs induce mitochondrial damage in dose-dependent manner (55, 56) and also
that  SiNPs have  been found deposited  in  the  mitochondria  (56).  Caspase-3 induction  by SiNP
exposure has been observed in many studies (41, 55, 56). Since one of the ways to activate caspase-
3 is by mitochondrial damage, the idea that mitochondrial damage is a part of SiNP-induced pro-
inflammatory effects, is coming up.  There is also evidence that the reactive oxygen species (ROS),
originating from mitochondria, are involved in Nlrp3 activation and consequent IL-1β release (57).
Other  Ca2+-blockers used in this study, CaM kinase II blocker KN-93, SOCE and CRAC blocker
BTP2 and SOCE blocker SKF, did not decrease the IL-1s release,  implying that Ca2+-signaling
plays some role in pro-inflammatory cytokine release, but not by these three mechanisms. KN-93,
as a matter of fact, increased the release of IL-1s significantly. KN-93 can inhibit Nlrp3 activation
only if Ca2+ concentration rise is a product of lysosomal damage. Other stimuli that can increase the
intracellular  Ca2+ concentration,  ATP for  example,  activate  Nlpr3  and  the  consequential  pro-
inflammatory  effects  will  not  be  affected  by  KN-93  (58).  This  suggests  that  possible  Ca2+

concentration rise, as a response to the SiNP exposure, is not related to damaging of the lysosomes.
BTP2 results were practically the same in exposed cells as in control group. This can again indicate
that controlled Ca2+ release from ER is not part  of Ca2+-signaling pathway in pro-inflammatory
response in the SiNP-exposed cells.

5.2.3 Signaling pathways of Ca2+ involved in IL-6 and CXCL8 release

Previous studies showed that IL-6 and CXCL8 release from SiNP-exposed BEAS-2B cells
are  dependent  on  phosphorylation  of  NF-κB p65  and  MAP-kinase  p38  (35).  Other  studies,  in
different cell types, such as human umbilical vein endothelial cells (55), human neutrophils (59) and
hepatic stellate cells (60), showed that activation of NF-κB p65 and MAP-kinase p38 are Ca2+-
dependent processes. This may suggest that Si10-induced phosphorylation of NF-κB p65 and MAP-
kinase p38 might involve Ca2+-mediated mechanisms. Further studies are needed to elucidate this. 

The IL-6 results are very conclusive – almost any approach to Ca2+-signaling inhibition,
intracellular Ca2+ chelation with BAPTA-AM, extracellular  Ca2+ chelation with EGTA and PLC
inhibition with U-73122 with consequent absence of Ca2+-release from the ER, gave significant
decrease in a IL-6 release. Therefore, Ca2+-signaling seems to be crucial for the release of IL-6.
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However, the precise mechanism of Ca2+’s involvement is yet to be determined, since this study
shows that  the  more  specific  Ca2+-blockers,  CaM kinase  II  blocker  KN-93,  SOCE and CRAC
blocker BTP2 and SOCE blocker SKF, did not affect IL-6 release.

CXCL8  release  was  strongly  decreased  with  intracellular  chelation  of  Ca2+  with
BAPTA−AM only, but not with other Ca2+-blockers/chelators. NF-κB activation is very important
for CXCL8 release (35,  61). SiNPs induce oxidative stress and consequentially activate NF-κB
signaling pathway (41, 55). ROS can act as second messengers (e.g. H2O2) in NF-κB activation
pathway also. Increase of intracellular Ca2+ concentration increases ROS production (61). This can
explain why intracellular chelation of Ca2+ with BAPTA-AM only, decreases CXCL8 release, while
more specific inhibition of Ca2+-signaling do not have this inhibitory effect. Thus, Ca2+-signaling
seems important,  but does not have a crucial  role in the CXCL8 release.  The lack of effect of
extracellular Ca2+-chelation with EGTA is indicating, in the same manner as with IL-1s, that Ca2+

originating from intracellular stores has a more important role that influx of extracellular Ca2+.  The
inhibition of PLC with U-73122 did not affect CXCL8 release. U-73122 inhibits PLC function and
consequentially regulates Ca2+-release from ER. Since BAPTA-AM pretreatment decreases CXCL8
release, there are two possible explanations for the missing effect of U-73122. Either the release of
Ca2+ from the ER in a regulated way is not a part of CXCL8 release mechanism or Ca 2+ originating
from the ER is released in an unregulated way after the ER damage, since there is a possibility that
ROS can damage ER and lead to Ca2+ leakage.

Our data might suggest a different roles for Ca2+ in the Si10-induced IL-6 and CXCL8 release,
especially with regard to the role of extracellular Ca2+.

5.3 Effects of BAPTA-AM and EGTA on gene-expression of cytokines

Despite  clear  evidence  that  the SiNPs induce a  strong increase in  the pro-inflammatory
cytokine genes expression (40, 62), it does not seem likely that Ca2+-signaling has an important role
for this  process.  None of the applied Ca2+-chelators affected significantly the pro-inflammatory
cytokines gene expression. Thus, cytosolic Ca2+ seems involved in cytokine release, but not in gene-
expression of cytokines. However, a role of other pools of Ca2+ in the gene-expression cannot be
excluded,  and  intranuclear  Ca2+  as  a  part  of  the  gene  expression  regulation  mechanisms.
Concentrations of Ca2+ in cytosol and nucleus are regulated in different ways and a change in Ca2+

concentration in one compartment does not automatically changes Ca2+ concentration in the other
one  (63).  This  can  explain  why  decrease  of  cytosolic  Ca2+ in  this  study  did  not  affect  gene
expression. In order to prove this in the SiNP-exposed cells, studies with intranuclear injection of
Ca2+-chelators  are  needed.  There  are  also  evidences  that  Ca2+-concentration  oscillations  are  at
greater significance for gene expression control then absolute Ca2+ concentration (64).

5.4 Effects of BAPTA-AM and EGTA on intracellular levels of cytokines

Intracellular chelation of Ca2+ with BAPTA-AM had the same effects on the intracellular
cytokine levels as on the cytokine release. IL-1s were not affected (below 50 mg/ml of Si10), while
intracellular concentrations of IL-6 and CXCL8 were reduced. This indicates that intracellular Ca2+

and its release from intracellular stores, in response to the Si10 exposure, plays a role in the IL-6
and CXCL8 synthesis, but not in the IL-1s synthesis. On the other side, chelation of extracellular
Ca2+ with EGTA did not affect intracellular cytokines levels. 

Different cytokines have different release mechanisms and these mechanisms varies from the one
cell  type to the another (65).  A different pattern was observed between intracellular  levels and
release of IL-6. While chelation of intracellular Ca2+ with BAPTA-AM gave the same inhibiting
result on IL-6 release and the intracellular levels, the chelation of extracellular Ca2+ with EGTA
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affected  release  only,  without  affecting  intracellular  level  of  IL-6.  This  indicates  that  influx  of
extracellular Ca2+ is not needed for IL-6 synthesis, but might be needed for its release from the cells.

Thus, these results suggest that Ca2+-signaling might play the most important role in the protein
synthesis (at translation level or post-translational modifications) of both CXCL8 and IL-6. Post-
translational modifications of cytokines might be phosphorylation, which is required to be done in
order to get active forms of the many proteins. One of the major mechanism of phosphorylation is
by Ca2+/calmodulin-dependent protein kinases (66).

5.5  Summary  of  Ca2+-signaling  inhibition  effects  on  cytokine  synthesis  and
release

There are clear evidences that there are important differences in mechanisms of synthesis
and release between IL-1s on the one side and IL-6 and CXCL8 on the other side. The results from
this study showed that Ca2+-signaling is involved in all processes, but the exact mechanism of Ca2+

involvement  is  uncertain.  Ca2+-signaling  is  possibly  involved  in  the  translation  and/or  post-
translational modifications of pro-inflammatory cytokines. The release of Ca2+ from intracellular
stores seems to have more important function than Ca2+ influx from the extracellular space for
CXCL8, and for IL-1 only at the highest Si10 concentration. However, for IL-6, extracellular Ca 2+

also is suggested to contribute. There are indications that release of Ca2+ from intracellular stores is
the result of organelle damage and not a result of tightly controlled process. Our data might suggest
that  Ca2+ from  damaged  mitochondria  seems  important  for  the  cytokine  release.  Furthermore,
despite lack of effects on gene-expression when Ca2+-signaling was inhibited by chelators/blockers
in the cytosol or extracellular space, the role of intranuclear Ca2+-signaling remains unknown.  
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6. Conclusions

* Si10-exposed BEAS-2B cells show dose-dependent reduction in viability and increase in cytokine
release. Ca2+-signaling pathways seem to be partially involved in the cytokine release.

*  Ca2+ from  intracellular  stores  seems  to  be  important  for  the  Si10-induced  cytokine  release.
However, for the release of IL-6, influx of extracellular Ca2+ seems also to be important.

* The results  from this  study indicate that Si10-induced effects  on the gene expression of pro-
inflammatory cytokines are Ca2+-independent.

* The data suggests that the Si10-induced cytokine release involves Ca2+-signaling as a part  of
regulation mechanisms, at the translational or post-translational level.

* This study confirms previous findings that IL-1s' release mechanisms are regulated in different
ways than IL-6 and CXCL8 release mechanisms. Furthermore, there are also indications that IL-6
and CXCL8 are regulated by different mechanisms.
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7. Further studies
 

As it is usual in science, the results from this study arises new questions more than giving us a
concluding answers. Some of the new quests are:

*  To  determine  which  of  the  intracellular  Ca2+-stores  are  involved  in  pro-inflammatory  effects
induced by SiNP and how is Ca2+ release from these stores regulated, with focus on mitochondria. It
should  be  explored  if  Ca2+  release  from  mitochondria  is  regulated  process  or  a  result  of
mitochondrial damage.

* To determine  what  are  the  exact  values  of  the  increase  of  Ca2+  concentration,  if  any,  in  the
response to SiNP exposure by applying appropriate Ca2+-measuring techniques (e.g. fura-2 dye,
fluo-3 dye in combination with laser scanning microscopy etc.).

*  To  explore  the  potential  role  of  ATP  signaling  and  purinergic  receptors  in  SiNP  induced
inflammation by using adequate blockers or activators.
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Appendix 1: Materials used in the study

Particles Manufacturer

Amorphous Silica nanoparticles, 12 nm Kisker Biotech Gmbh & Co, KG, Steinfurt 
Germany

Kits Manufacturer

IL-1α Duo set Applied Biosystems, Life Technologies 
Corporation, California, USA

IL-1β Duo set Applied Biosystems, Life Technologies 
Corporation, California, USA

Cytotoxicity Detection Kit (LDH) Roche Diagnostics Deutschland Gmbh 68305 
Mannheim, Germany

IL-8 Cytoset Invitrogen, Life Technologies Ltd, UK

IL-6 Cytoset Invitrogen, Life Technologies Ltd, UK

Cell viability reagent (Alamar Blue) Molecular Probes, Invitrogen detection 
technologies, Eugene, UK

RNA isolation kit NucleoSpin RNA Plus Macherey-Nagel Gmbh, Düren, Germany

High Capacity cDNA Archiev Kit Applied Biosystems, Life Technologies 
Corporation, California, USA

DC-Protein assay kit Bio-Rad Laboratories Ltd, UK

Chemical inhibitors Manufacturer

BAPTA-AM Sigma-Aldrich, St. Louis, MO, USA

EGTA Sigma-Aldrich, St. Louis, MO, USA

U-73122 Sigma-Aldrich, St. Louis, MO, USA

KN-93 Sigma-Aldrich, St. Louis, MO, USA

BTP2 Tocris Bioscience, Bristol, United Kingdom 
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SKF 96365 Tocris Bioscience, Bristol, United Kingdom 

Chemicals, reagents and solutions Manufaturer

LHC-9 medium Gibco, Life Technologies, Grand Island, NY 
14027, USA

DMEM/F-12 medium Gibco, Life Technologies, Grand Island, NY 
14027, USA

BSA Sigma Aldrich, st Louis, MO, USA

H 2 O 2 Merck, Whitehouse Station, NJ, USA

H 2 SO 4 Merck, Whitehouse Station, NJ, USA

3,3’,5,5’ -tetramethylbenzidine Merck, Whitehouse Station, NJ, USA

Triton-X 10 Sigma Aldrich, st Louis, MO, USA

Tween-20 Sigma Aldrich, st Louis, MO, USA

Aprotenin Sigma-Aldrich, St. Louis, MO, USA

Leupeptin Sigma-Aldrich, St. Louis, MO, USA

Pepstatin Sigma-Aldrich, St. Louis, MO, USA

DMSO Sigma-Aldrich, St. Louis, MO, USA

PMFS Sigma-Aldrich, St. Louis, MO, USA

Primers and reagents for Real Time PCR Manufacturer

IL-1α primer/probe Applied Biosystems, Life Technologies 
Corporation, California, USA

IL-1β primer/probe Applied Biosystems, Life Technologies 
Corporation, California, USA

IL-6 primer/probe Applied Biosystems, Life Technologies 
Corporation, California, USA
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CXCL8 primer/probe Applied Biosystems, Life Technologies 
Corporation, California, USA

ACTH primer/probe Applied Biosystems, Life Technologies 
Corporation, California, USA

GADPH primer/probe Applied Biosystems, Life Technologies 
Corporation, California, USA

RNase free water Gibco, Life Technologies, Grand Island, NY 
14072, USA

Universal PCR mastermix (TaqMan) Applied Biosystems, Life Technologies 
Corporation, California, USA

Instruments Manufacturer

Sunrise Absorbance Reader TECAN Austria Gmbh, 5082 Grödig, Austria

Bioruptor Diagenode, Denville, NJ, 07834 USA

DS-11 spectrophotometer DeNovix Inc. 3411 Silverside Rd Hanby 
Building Wilmington, DE 19810 USA

7500 Fast System Real Time PCR machine Applied Biosystems, Life Technologies 
Corporation, California, USA

Microscope, Zeis LSM510 Mea confocal Carl Zeiss S.p.A, Italy

Gene Amp PCR System 2400 Perkin Elmer, Waltham, Massachusetts 02451 
USA

CLARIOstar, High performance 
Monochromator Multimode Microplate Reader

BMG LABTECH, Allmendgruen 8, Ortenberg 
777799, Germany

Equipment Manufacturer

Microtiter plate Nunc A/S, Roskulde, Denmark

6-well plate Corning, Lowell, MA 01851 USA
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Appendix 2: Solutions used in the study
Medium DMEM/F12

DMEM/F12 6 g

NaHCO3 1.2 g

Distilled water 500 ml

Antibiotics (add to 500 ml DMEM/F12 
medium)

AMP 5 ml (10 mg/ml)

Penicillin-streptomycin 12.5 ml (0,1 mg/ml)

Amphotericine B 5 ml (250 µg/ml)

Solutions for ELISA

Diluent buffer (Invitrogen, Life Technologies)

BSA 5 g

Tween 20 1 ml

Dulbecco’s PBS 1000 ml

Blocking Solution (Invitrogen, Life 
Technologies)

BSA 5 g

Dulbecco’s PBS 1000 ml

Blocking/diluent buffer (R&D systems)

BSA 10 g

Dulbecco’s PBS 1000 ml

Citrate buffer

Sodium acetate trihydrate 3 g

Distilled water 200 ml

Citric acid is used to adjust pH to 5.5

TMB

Citrate buffer 11 ml

TMB 6 mg/ml 200 μg

30 % H2O2

2.2 μg

Stop Solution

H2SO4 50 ml

Distilled water 1000 ml

Solutions for Alamar Blue

Alamar Blue dye 100 μl

Solutions for Real Time PCR

Mastermix for cDNA synthesis

Samples and NTC

10 x reverse buffer 2.5 μl

25 x dNTP 1 μl

10 x random primers 2.5 μl

Multiscribe reverse transcriptase 1.25 μl

Nuclease free water 5.25 μl

NRC

10 x reverse buffer 2.5 μl

25 x dNTP 1 μl

10 x random primers 2.5 μl

RNase free water 6.5 μl

The total volume for the mastermix in each 
PCR tube is 12.5 μl

Solutions for DC protein assay

1x lysisbuffer

5 x lysisbuffer 1 ml

10 mg/ml Aprotenin 5 μl

1 mg/ml Pepstatin 50 μl
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10 mg/ml Leupeptin 5 μl

0.1 M PMFS 50 μl

Distilled water 3.935 ml

Dulbecco’s PBS, pH 7.4

KCl 0.2 g

KH2PO4 0.2 g

NaCl 8 g

Na2HPO4 1.15 g
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Appendix 3: Protocols used
Høsting av medium til cytokinmåling og behandling med Alamar Blue

Ha klart: merkede eppendorfrør (4 sett), forvarmet medium og Alamar Blue

1. Overfør mediet fra brønnene til merkede eppendorfrør.

2. Tilsett deretter nytt forvarmet medium 900 µl (seks brønnersbrett) til brønnene, tilsett også 
900 µl i ett eppendorfrør.

3. Tilsett så 100 µl Alamar Blue til alle brønnene og til eppendorfrøret, inkuber i 1 time i 
inkubatorskap.

4. Rørene med cellemedium sentrifugeres 10 min ved 1200 rpm (fjerner døde celler)

5. Supernatanten overføres til nye merkede eppendorf rør.

6. Sentrifuger supernatanten 10 min ved 12000 rpm (fjerner partikler).

7. Supernatanten overføres til ønskede antall rør; f. eks ett på 50 µl og ett som inneholder 
resten.

8. Frys ned begge disse rørene ved -70. Hvis det skal måles for Elisa dagen etter høsting kan 
50 µl røret oppbevares i kjøleskap.

Alamar Blue assay

1. Overfør 100 µl fra hver brønn i triplikater til en 96 brønnersplate, overfør også fra røret som
inneholder medium og Alamar Blue, sett på forseglingsfolie. Skru av lyset i benken mens du
gjør dette.

2. Pakk brettet inn i Al-folie.
3. Mål fluorescens.

Data behandling

1. Regn ut snitt og trekk fra bakgrunnsverdien.
2. Sett deretter kontrollverdien  til 100 % og regn ut de andre om % av denne.

ELISA måling av IL-6 og CXCL8 (Cytoset)

Coating/capture antibody, detection antibody og HRP oppbevares i kjøleskap. Standarden er frosset
ved -70ºC.

Coating (Dag 1)

1. Tilsett x µl coating/capture antibody (coating) til 11 ml PBS. (Se innsiden av eskelokket for
mengde capture).

2. Tilsett 100 µl av den fortynnede coating løsningen til hver brønn på brettet.
3. Forseil med plastfolie.
4. Sett brettene i kjøleskap og la de stå der i minst 24 timer (over natt).
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Blokkering (Dag 2).

1. Tom ut coating løsningen og bank brettet mot cellevatt.
2. Vask 4 ganger.
3. Brettene må aldri stå lenge tørre.
4. Tilsett 300  µl  blocking løsning til hver brønn. La brettene stå i en-to timer med  blocking

buffer i romtemperatur eller lengre tid i kjøleskap (et døgn eller mer), med lokk. 

Tillaging av standardrekke - Standardene finnes nedfrosset i -70ºC ferdig fordelt (100 µl).

1. 900 µl Diluentbuffer  (DC) tilsettes standard => 1000 pg/ml. 
2. Fordel  500 µl DC i hvert av de andre rørene som skal brukes til standardkurve (7 rør, 8 rør

med utgangsstandaren)
3. Overfør 500 µl fra utgangsstandaren til det neste (merket 500) og bland godt.
4. Overfør til neste rør og gjenta prosedyren til siste nør. 

NB: rør merket med 0 skal bare inneholde 500 µl diluentbuffer.  Rør merket med 7.8125 vil
da inneholde 1000 µl til sammen.  
Standardrekken blir: 1000-500-250-125-62,5-31,25-15,625-0

Fortynning av prøver - Ofte må prøvene fortynnes før måling. Fortynnes gjøres i DC. 

F. eks.:

50 µl prøve + 450 µl DC => 1:10 fortynning

50 µl prøve + 950 µl DC => 1:20 fortynning

200 µl (1/20 fortynning) + 400 µl DC => 1:60 fortynning

ELISA måling

1. Ta ut citratbuffer og TMB fra kjøleskap, TMB settes mørkt.
2. Tøm av blocking buffer og bank brettet mot cellevatt.
3. Sett på 100 µl av standarden på brettet. 3 paralleller av hver konsentrasjon. Og 100 µl prøve

til brettet. Se forslag til oppsett under:
1 2 3 4 5 6 7 8 9 10 11 12

A
0 0 0 1 1 1 9 9 9 17 17 17

B
15,62 15,62 15,62 2 2 2 10 10 10 18 18 18

C
31,25 31,25 31,25 3 3 3 11 11 11 19 19 19

D
62,5 62,5 62,5 4 4 4 12 12 12 20 20 20

E
125 125 125 5 5 5 13 13 13 21 21 21

F
250 250 250 6 6 6 14 14 14 22 22 22

60



G
500 500 500 7 7 7 15 15 15 23 23 23

H
1000 1000 1000 8 8 8 16 16 16 24 24 24

1/20 1/60

4. Fortynn detection antibody x µl i 6 ml diluentbuffer. (Se innsiden av eskelokket for mengde
detection)

5. Tilsett 50  µl av  detection løsning til hver brønn (til standard og prøvene). Inkuber brettet
med plastfolie  i to timer med forsiktig bevegelse.

6. Fortynn strept-HRP  x µl i 11 ml Diluent ( streptavidin-Horseradish Peroxidase Conjugate)
til hvert brett. (se lokket for mengde HRP)

7. Tøm ut innholdet i brønnene. Vask 4 ganger med vaske-buffer. Bank av på cellevatt.
8. Tilsett 100 µl strept-HRP til hver brønn. La det stå i 30 minutter i romtemperatur mørkt ved

forsiktig bevegelse.

1. Vask 4 ganger.
2. Lag TMB (tetramethyl benzidine) 
- 11 ml Citrat buffer
- 200 µl TMB stock 
- 2,2 µl 30 % H2O2 

3. Tilsett 100 µl TMB substrat i hver brønn, blå farge utvikles sett mørkt under farge utvikling.
4. La det stå i ca 10 minutter i romtemperatur.
5. Tilsettes 50 µl stopp solution (0.9 M H2SO4) til hver brønn.
6. Mål absorbansen på spektrofotometer (450nm). 

LDH måling

Tilbereding av maks kontroll:

1. Gjør dette etter Alamar Blue. Det brukes BRETT 1 – BRØNN 1.
2. Sug av medium.
3. Vask med PBS (romtemperert) 2 ganger.
4. Tilsett 990 µl forvarmet medium.
5. Tilsett 10 µl Triton-X100 (den er veldig viskøs!, pipetter med 100 µl spiss).
6. La det stå i inkubator i ca 5 min.
7. Sjekk cellene i mikroskopet (de skal være skrumpet helt inn, hvis ikke la det stå litt 

lengre).
8. Overfør mediet til et eppendorfrør.
9. Sentrifuger ved 1200 RPM i 10 min.
10. Overfør supernatanten til ett rent rør. Maks kontroll er klar!

Standard rekke: 1000 – 500 – 250 – 125 – 62,5 – 31,25 – 15,625 – 0

Eller:
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Fortynn LDH maks kontroll 1:2 og 1:4 i medium (eller 1:2, 1:4 og 1:8)

1 2 3 4 5 6 7 8 9 10 11 12

A 1 9 17 1 9 17 1 9 17 Maks
1:2

Maks
1:2

St5

B 2 10 18 2 10 18 2 10 18 Maks
1:4

Maks
1:4

St5

C 3 11 19 3 11 19 3 11 19 Maks
1:8

Maks
1:8

St6

D 4 12 20 4 12 20 4 12 20 Blank
medium

Blank
medium

St6

E 5 13 21 5 13 21 5 13 21 St1 St1 St7

F 6 14 22 6 14 22 6 14 22 St2 St2 St7

G 7 15 23 7 15 23 7 15 23 St3 St3 St8

H 8 16 24 8 16 24 8 16 24 St4 St4 St8

Layout:

1                                           1:2                                1:4

1. Tilsett 50 µl av standard i duplikater, prøver, maks kontroll og medium på en 96 brønners 
flat-bunnet mikrotitterplate. 

2. Beregn mengde reaction mixture (RX) som trengs (50µl per brønn + 20%) og lag denne like 
før tilsetning. Bland 1 del av blå flaske (Catalyst) og 45 deler av rød flaske (Dye solution). 

Hel plate: 125 µl Catalyst + 5635 µl Dye

3. Tilsett 50 µl RX til hver brønn og inkuber i 5-30 min i romtemperatur, mørkt.
4. Tilsett 25 µl STOP solution.
5. Mål absorbansen på bølgelengde 490/492 nm i ELISA leseren. 
6. Lagre resultater som absorbanseverdier.
7. For å beregne  cytotoksisitet:

Cyto toksisitet (%)=
ABSprøve−ABSmedium
ABSmaks−ABSmedium

∗100

Hvis absorbansen til maks prøven er over standardkurven, bruk absorbans til en av de fortynningene
og gang opp.

8. Presenter dataene som % cytotoksisitet.

ELISA måling av IL-1α og IL-1β (Duo Set) 
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Coating og detection antistoff og standard løses i følge pakningsvedlegg, og lagres i kjøleskap for 
opptil 1 mnd, for lengre tid lagring i fryser.

NB: Sjekk alltid at mengdene av antistoff og HRP som skal brukes mot pakningsvedlegg/innside 
lokk, da dette varierer fra batch til batch.

Dag 1: Coating med capture antibody

1. Tilsett x µl (se innsiden av boksen)  med capture antibody til 11 ml PBS. Tilsett 100 µl 
capture antibody per brønn.

2. La platen stå i 24 timer i romtemperatur eller i kjøleskap over lengere tid.

Dag 2: Blokkering

1. Hell av coating løsningen.

2. Sett i platevasker. Vask 4 ganger med vaskebuffer.

3. Blokker med 300 µl blokking buffer per brønn (DD). Blokkingen skal stå i minst 1 time i 
romtemperatur og eventuelt lengre tid i kjøleskap.

Elisa assay:

1. Merk 7 eppendorfrør: 0-7.8-15.6-31.25-62.5-125-250. 

2. Fordel  500 µl  diluentbuffer (DD)  i hvert av rørene.

3. Lag standard på 500 pg/ml ved å tilsette x µl standard til x µl DD. Lag deretter en 
fortynningsrekke fra 250-3.9 pg/ml ved å fortynne de 1:2 hele veien i DD. 

4. Fortynn prøvene i DD etter ønsket konsentrasjon. 

a) ufortynnet

b) 1:10 (50 µl prøve + 450 µl DD)

5. Hell av blokking løsningen. Bank brettet mot cellevatt.

6. Sett på 100 µl standard eller prøve til brønnene. Inkuber i 2 timer romtemperatur. 

7. Sett i platevasker. Vask 4 ganger med vaskebuffer.

8. Lag Detection antibody: 11 ml DD  + x µl detection antibody

9. Tilsett 100 µl detection antibody per brønn. Inkuber i 2 timer i romtemperatur.        

10. Sett i platevasker. Vask 4 ganger med vaskebuffer.

11. Fortynn HRP; 300 µl HRP til 11 ml DD. Tilsett 100 µl HRP per brønn. Inkuber i 20 minutter
i romtemperatur. Sett platen mørkt.

12. Sett i platevasker. Vask 4 ganger med vaskebuffer. 

13. Lag TMB løsning: 

200 µl stamløsning TMB 
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11 ml Citrat buffer

2,2 µl 30 % H2O2 

14. Tilsett 100 µl Substrate Diluent (TMB). La stå mørkt, men følg godt med på farge 
utviklingen, inkuber i 5-20 minutter.

15. Når blåfargen er “fin”, tilsettes 50 µl stopp løsning (0,8 M H2SO4).

16. Les av platen 450 nm.

Generelle regler for arbeid med RNA

Alle trinn kan utføres ved romtemperatur,  jobb i  biohazard benken. Rydd ut av og vask
benken godt før isoleringsprosessen med RNase-away, spray godt på, la virke i 1-2 min, og tørk av.
Dette gjøres også med hansker, stativ og lignende som skal brukes under prosessen. Bytt hansker
ofte og vask dem med RNase-away. Når alt arbeid er ferdig vaskes benken med vann/dest.vann og
sprit og det som sto i benken settes tilbake.

NB: RNA er svært ustabilt, og er meget utsatt for RNaser som vi har på hender mm.  Ikke ta i
pipetter /spisser/ kit-reagenser med ”bare” hender!

Dersom man tar i bruk et nytt kit, skal:

1. Kittet merkes med åpnet dato

2. Vaskebuffer WB2 tilsettes 48 ml rektifisert sprit

Cellepreparering - Høsting av adherente celler 

Dette kan gjøres på cellelabben, trenger ikke å ta andre forhåndsregler enn å jobbe sterilt.

 Sug av cellekulturmediet, sett brett/skål på is og skyll 2 ganger med iskald PBS.

 Sett i brett/skål i -20/-70 gr fryser.

Isolering av RNA 

Jobb i Biohazard benk, vasket med RNase-away. 

0. Ta opp cellene fra fryseren. Rist lysisbufferen og tilsett 350 µl LBP til brønnene, la stå i ett 
par min, skrap av cellene og overfør til sterile eppendorfrør. 

1. Sett «gDNA removal» kolonnene i ett rør i stativ, bland lysatet godt  pipette (5-10 ganger), 
tilsett deretter lysatet til kollonnen og sentrifuger i 30 sek 10.000 rpm. 

2. Kast «gDNA removal» kolonnene, og tilsett 100 µl BS til lysatet, bland godt med en pipette

3. Sett ”Nukleospin RNA Plus” kolonnene i stativ, tilsett lysat (450 µl), sentrifuger i 15 sek ved
11000 g. 

4. Kast filtratet og sett kollonnen tilbake i samlerøret, tilsett deretter 200 µl Buffer WB1 til 
kollonnen, sentrifuger i 15 sek ved 11000 g. 

5. Sett kollonnen i ett nytt samlerør, tilsett 600 µl Buffer WB2, sentrifuger i 15 sek ved 11000 
g NB! Skjekk at WB2 er tilsett sprit!

6. Kast filtratet og sett kollonnen tilbake i samlerøret, tilsett 250 µl Buffer WB2, sentrifuger i 2
min ved 11000 g. 
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7. Sett kollonene i nye 1.5 ml rør med lokk, tilsett 30 µl RNase fritt vann, spinn i 1 min ved 
11000 g. Tilsett nye 30 µl RNase fritt vann og gjenta spinn.  Du vil altså ha 60 µl eluat som 
er RNAet ditt, kolonnene kan nå kastes.

8.  Overfør 5 µl RNA til et rent rør for DS-11 måling.

9.  Renset RNA rør settes med en gang i boks som oppbevares for kort tid (noen timer) i 
kjøleskap eller fryses ned ved – 70 C.⁰

cDNA syntese

Vi  jobber  fremdeles  med  RNA.  For  å  forhindre  RNA/DNA kontaminering  i  cDNA kit
reagensene arbeides det i 2 separate benker. I PCR benken jobbes det med egen frakk. Ingen av
reagensene  er  spesielt  farlige  (irriterende),  men  det  skal  jobbes  med  frakk,  hansker  og  med
filterspisser, det er også viktig at man unngår aerosol dannelser.

Jobb på kjøleblokk. Man kan bruke både mer eller mindre kittet sier at det kan brukes i området
100-10000 ng RNA.

Reagensene (merket cDNA- kit) og kjøleblokk finnes i fryser.

Tillaging av cDNA oppsett

Åpne cDNA syntese fil. 

Fyll i RNA konsentrasjonen for hver prøve og antall prøver som skal analyseres. Hvis du har for lav
RNA konsentrasjon, endre ng til cDNA syntese til f.eks 500. Merk at absolutt høyeste mengde i µl
for RNA er 12.5 µl. Programmet regner ut hvor mye vann og RNA du skal tilsette i tillegg til
mastermiks (totalt 25 µl)

PCR benk

Sett på UV lys 5 min før start- Deretter lys og luftsirkulasjon- Vask benk overflaten lett med RNase
away- Hansker sprayes også lett.

1. Tin reagensene (10x buffer, 10x random heksamers, 25x dNTP og enzym), mix og spinn ned
(enzymet settes rett i kjøleblokka).

2. Lag mastermix.

3. Fordel mastermix 12.5 µl pr rør til PCR rør (0.2 ml), ta med ett rør ekstra kalles NTC.

4. Lag ett rør med mastemix minus enzym, bruk vann istedet. Kalles NRC.

5. Skru av lys og luftsirkulasjon.

Cytobaby benk

Skru på benk og vask benken lett med RNase away-Hansker sprayes også lett.

1. Tilsett nuklease fritt vann etter tabell.

2. Tilsett RNA etter tabell (mix og spinn dette ned først).

3. NRC røret tilsettes RNase fritt vann og RNA fra prøve 1.

4. NTC røret tilsettes bare RNAse fritt vann.

5. Lukk rørene godt med eget verktøy.

6. Spinn ned og sett i rack som deretter settes i PCR maskin.

7. Start cDNA syntese program
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8. Etter endt kjøring, sett prøvene i kjøleskap over natt eller rett i fryser. For langtids oppbevaring i
-70°. Prøvene kan oppbevares i maskinen over natt, programmet ender i 4 C.⁰

Real time PCR med TaqMans primer/probe

Det jobbes med DNA nå. DNA er ikke utsatt som RNA. Men her er det veldig viktig at løsninger til
Real time PCR og DNA holdes adskilt, en mikroskopisk DNA forurensing kan oppkonsentreres i
PCR prosessen. Dette forhindres ved å jobbe på to steder som for cDNA syntesen.

Ingen av reagensene er spesielt farlige (irriterende), men det skal jobbes med frakk, hansker og med
filterspisser, det er også viktig at man unngår aerosol dannelser.

PCR oppsett lages i 7500 Fast System SDS software.

PCR benk

1. Sett på UV lys (5 min).

2. Ta ut primer/probe av fryser, sett i mørk boks.

Cytobaby benk

3. Tin cDNA, miks og spinn ned.

4. Lag opp en cDNA bruksløsning, cDNA fortynnes 1:9 med nuklease fritt vann. Spinn ned.

PCR benk

Sett på luftsirkulasjon. Ta på egen frakk og rene hansker. Ikke slå på lys. Primer/probe løsningen er
lyssensitive.

5. Spinn ned primer/probe løsningene. Sett mørkt.

6. Lag  real time  mastermix. En mastermix for hvert primer/probe set. Gang opp med antall
reaksjoner + 10%. Spinn ned.

Per brønn Til 21 prøver (x23(21+2))

PCR universal mastermix 10 µl 230 µl

Primer/probe 1 µl 23 µl

7.  Sett PCR platen i egnet rack. Fordel de forskjellige mastermixene etter oppsett på en PCR
plate. 11 µl per brønn.

8. Dekk til brettet. Bytt benk.

9. Skru av sirkulasjon.

Cytobaby benk

10. Tilsett 9 µl cDNA til hver brønn etter oppsett. Legg på optical adhesive cover. Forsegl med
skrape.

11. Sentrifuger ned ved 1000 g i 1 min, slik at vi får samlet alt i bunnen av brønnene.

12. Ta med brettet til REAL time maskinen. Skru først på PCen, deretter REAL time maskinen.
Start program  7500 Fast System SDS software.
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