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Abstract
The use of hepatocyte cell lines as a replacement for animal
models have been heavily criticised mainly due to low
expression of metabolism enzymes. This study compares primary
human hepatocytes with the C3A cell line and with respect to
their response to a panel of nanomaterials (NMs; two ZnO, two
MWCNTs, one Ag and one positively functionalised TiO2). The
cell line was very comparable with the primary hepatocytes with
regards to their cytotoxic response to the NMs (Ag > uncoated
ZnO > coated ZnO). The LC50 was not attained in the presence of
the MWCNTs and the TiO2 NMs. All NMs signiﬁcantly increased
IL-8 production, with no change in levels of TNF-a and IL-6.
Albumin production was measured as an indicator of hepatic
function. The authors found no change in levels of albumin with
the exception of the coated ZnO NM at the LC50 concentration.
NM uptake was similar for both the primary hepatocytes and
C3A cells as investigated by TEM. Meanwhile, the authors
conﬁrmed greater levels of CYP450 activity in untreated primary
cells. This study demonstrates that the C3A cell line is a good
model for investigating NM-induced hepatocyte responses with
respect to uptake, cytotoxicity, pro-inﬂammatory cytokine
production and albumin production.

at the scale of less than 100 nm (Buzea et al. 2007). It is
this small size which is fundamental to the ﬁeld of nanotechnology, although other particle parameters also determine their physical, biological and toxicological properties
(Jin et al. 2008). As a result, the amount of interest in
nanotechnology has risen exponentially. These applications
include medicine, cosmetics, textiles, electronics and engineering (Tetley 2007). There is a very realistic concern
however that the increased exposure or release of engineered nanomaterials (ENMs) could be potentially hazardous for people living and working with these particles
(Hoet et al. 2004).
The small size of particulate NMs results in a high surface
area to mass ratio. This fact as well as other physicochemical parameters such as charge, surface chemistry and size
distribution and many others could potentially offer a
greater biological activity per given mass compared with
the same chemical in bulk form (Oberdorster et al. 2005).
ENMs are manufactured from a diverse group of substances
and it is likely that each NM will differ in the levels of toxicity
induced and the mechanism by which they exert these
adverse effects, hence the authors have investigated a panel
of six widely used NMs (a titanium dioxide (TiO2), two
multi-walled carbon nanotubes (MWCNT), two zinc oxide
(ZnO) and one silver (Ag)). Utilising such a diverse panel of
NMs allowed for comparison of a wide variety of physicochemical characteristics including the biological activity
and toxicity.
It is demonstrated that a number of different types of NM
can translocate from primary exposure sites (Chen et al.
1999; Sadauskas et al. 2009). As a secondary exposure site the
liver has upmost importance, as it has been shown to
accumulate NMs at high volumes compared with other
organs (Semmler-Behnke et al. 2008; Sadauskas et al.
2009) and alongside the kidneys might be responsible for
the clearance of NMs from the blood (Chen et al. 1999;
Sadauskas et al. 2009). The liver is characterised by its
distinct populations of cells, each with its own unique
morphology and function. Of particular interest are the
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Introduction
The rapid expansion of technological, scientiﬁc and commercial uses of atomic or molecular scale materials, their
assembly and their unique properties, has led to an escalating interest in the ﬁelds of nanoscience and nanotechnology (Maynard et al. 2006). In 2012, there were over
1000 consumer products on the market that claim to
contain elements of nanotechnology (Woodrow Wilson
website 2012).
The preﬁx “nano” has been speciﬁcally coined for materials containing tens or hundreds of atoms, with dimensions
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*
*
None
225

*
*
None
298

D: 5–35
L: 700–3000
D: 6–20
L: 700–4000
80–400

Known coating
None
Triethoxycaprylylsilane
None
Surface area (BET)
(m2/g)
14
18
NA
TEM size
20–250/ 50–350
20–200/10–450
8–47 (av. 17.5)

Table I. Main physical and chemical properties of tested ENMs.
XRD size
ENM code
ENM type
Phase
(nm)
NM 110
ZnO
Zincite
70 to >100
NM 111
ZnO
Zincite
58–93
NM 300
Ag
Ag
7$
14£
<18
NM 400
MWCNT
-
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hepatocytes, due to their abundance and their importance in
the normal liver function. Hepatocytes are also known
to synthesize many hormones and cytokines including
interleukin (IL)-8 (Dong et al. 1998), IL-6 (Saad et al.
1995) and tumour necrosis factor-a (TNF-a) (Dong et al.
1998; Saad et al. 1995).
The cytochrome P450 (CYP450) superfamily are a
number of heme-containing enzymes that are involved
in a diverse array of substrate-speciﬁc and catalytic activities (Guengerich 2001). The CYP450 enzymes and their
co-factors are embedded in the membrane of the endoplasmic reticulum and play a crucial role in the metabolism
of drugs, chemicals and endogenous substrates in the liver
(Westerink & Schoonen 2007). Due to their importance in
healthy functioning hepatocytes this superfamily is usually
investigated as markers for normal cells in vitro (Villeneuve
& Pichette 2004).
It is widely argued that in vitro hepatocyte systems
(including cell lines and systems without optimal artiﬁcial
extracellular matrices) might not be ideal for functional and
metabolic studies as the cells lose key liver-speciﬁc
functions especially their CYP450 activity (Kim et al.
2011; Mingoia et al. 2007). Hence, the cells used in such
experiments are not fully representative of primary hepatocytes in vivo. The use of cell lines in an in vitro scenario
however does have its advantages as the cells are cheaper
and easier to maintain and much more suitable for highthroughput toxicology screening compared with primary
cells. Therefore, the authors attempted to investigate the
advantages and pitfalls of using a human hepatoblastoma
cell line (C3A) versus human primary hepatocytes in terms
of toxicity, cytokine production, function and particulate
uptake following exposure to a panel of ENMs. While most
NMs are likely to induce toxicity via mechanisms related
to their physical and chemical characteristics rather than
via metabolic pathways, involvement of CYP450 enzymes
in their mechanism of toxicity cannot simply be ruled out
without investigation.
This in vitro study investigated the potential of ENMs to
induce cytotoxicity, measured by mitochondrial function
using the WST-1 assay, and to induce an inﬂammatory
response in the C3A and primary human cells, measured by
the release of pro-inﬂammatory cytokines (IL-6, IL-8 and
TNF-a). Albumin is the most abundant hepatic-derived
serum protein. Therefore, the authors measured this
protein following exposure of the cells to the panel of
NMs as a good indicator of hepatic functionality. Finally,
the interaction of the NMs with the cells was investigated
by the use of transmission and scanning electron microscopy (TEM and SEM).
The panel of NMs chosen for this study is part of a larger
European study: ENPRA (Risk Assessment of Engineered
Nanoparticles). Many of the materials were provided by
the Organisation for Economic Co-operation and Development (OECD) programme of nanomaterial health and
safety research, allowing comparison with a wider body
of research and characterisation in future (all materials
with the preﬁx code ‘NM’ are included in the OECD
programme).
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Figure 1. Cytotoxicity of C3A cells and human primary hepatocytes in the presence of a panel of engineered nanomaterials. The cells
were exposed to cell medium control and NMs for 24 h with cytotoxicity measured via the WST-1 assay. Values represent mean ± SEM (n = 3).
A) NM 110, B) NM 111, C) NM 300, D) NM 400, E) NM 402, F) NRCWE 002. Signiﬁcance difference between C3A and primary cells indicated
by ¥p < 0.05.

Methods
Nanomaterials
NMs were purchased as stated: NM 110 (BASF Z-Cote;
zinkite, uncoated, 100 nm), NM 111 (BASF Z-Cote; zinkite
coated with triethoxycaprylylsilane, 130 nm), NM 300 (RAS
GmbH; Ag capped with polyoxylaurat Tween 20 <20 nm),

NM 400 (Nanocyl; entangled MWCNT, diameter 30 nm),
NM 402 (Arkema Graphistrength C100; entangled MWCNT,
diameter 30 nm). The above-mentioned NMs were subsampled under Good Laboratory Practice conditions and
preserved under argon in the dark until use. The above
NMs were received from the European Commission Joint
Research Centre (Ispra, Italy). The NRCWE samples were
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Figure 1. (Continued ).

Table II. WST-1 cytotoxicity following 24 h exposure of C3A hepatocytes and human primary hepatocytes to NM 110 (ZnO uncoated 100 nm), NM
111 (ZnO coated 130 nm), NM 300 (Ag <20 nm) and NM 400 (MWCNT), NM 402 (MWCNT) and NRCWE 002 (TiO2 rutile 10 nm with positive charge)
NMs.
Primary hepatocytes LC50 (WST-1), mg/cm2
C3A, LC50 (WST-1), mg/cm2
2
NM 110
LC50 between 5 and 10 mg/cm
LC50 between 5 and 10 mg/cm2
2
NM 111
LC50 between 10 and 20 mg/cm
LC50 around 5 mg/cm2
2
NM 300
LC50 between 1.25 and 2.5 mg/cm
LC50 around 2.5 mg/cm2
NM 400
LC50 not reached up to 80 mg/cm2
LC50 not reached up to 80 mg/cm2
2
NM 402
LC50 not reached up to 80 mg/cm
LC50 not reached up to 80 mg/cm2
2
NRCWE 002
LC50 not reached up to 80 mg/cm
LC50 not reached up to 80 mg/cm2
NM, nanomaterial; MWCNT, multi-walled carbon nanotube; TiO2, titanium dioxide; ZnO, zinc oxide.
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Figure 2. IL-8 secretion by C3A cells and primary human hepatocytes in the presence of a panel of engineered nanomaterials. The cells were
exposed to cell medium control and NMs for 24 h. IL-8 production within cell supernatants was measured by ELISA. Values represent mean ± SEM
(n = 3). A) NM 110, B) NM 111, C) NM 300, D) NM 400, E) NM 402, F) NRCWE 002. Signiﬁcance between C3A and primary hepatocytes indicated
by ¥p < 0.05.

procured by the National Research Centre for the Working
Environment. Sub-sampling was completed into 20 ml
Scint-Burk glass pp-lock with Alu-Foil (WHEA986581;
Wheaton Industries Inc., Millville, NJ, USA) after pooling.
NRCWE 001, TiO2 rutile 10 nm was purchased from
NanoAmor (Houston, TX, USA) and also used for production

of NRCWE 002 (TiO2 rutile 10 nm with positive charge)
(Kermanizadeh et al. 2012).

Characterisation of the panel of engineered nanomaterials
Investigated NMs were characterised by a combination of
analytical techniques in order to infer primary physical
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Figure 2. (Continued ).

and chemical properties useful to understand their toxicological behaviour. A list of the measured physical and chemical properties of the selected NMs has been reproduced
from previously described work (Table I) (Kermanizadeh
et al. 2012). Furthermore, the hydrodynamic size distributions of the NMs dispersed in William’s E medium (Life
Technologies, UK) were determined in the 1–128 mg/ml
concentration range (equivalent to the cell exposure
concentration range utilised in this study) by dynamic light
scattering (DLS) using a Malvern Metasizer nano Worcestershire UK series – Nano ZS (USA) (Table I).

Cell culture and treatment with nanomaterials
The human hepatoblastoma C3A cell line was obtained from
the American Type Culture Collection (ATCC; Manassas, VA,
USA). The cells were maintained in Minimum Essential
Medium Eagle (MEM) (Life Technologies) with 10% fetal
calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin/
streptomycin, 1 mM sodium pyruvate and 1% non-essential
acids, at 37 C and 5% CO2.
The primary human hepatocytes were purchased
from Life Technologies. The cells were maintained in
Williams E medium with 5% FCS, 10 mM dexamethasone

Nanotoxicity primary hepatocytes vs C3As
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Figure 3. Albumin production from primary human hepatocytes following exposure to sub-lethal concentrations of the panel of engineered
nanomaterials. Cells were exposed to medium (control) or NMs for 24 h. Values represent mean ± SEM (n = 3), signiﬁcance indicated by *p < 0.05,
compared with the control. A) NM 110, B) NM 111, C) NM 300, D) NM 400 E), NM 402, F) NRCWE 002.

in dimethyl sulfoxide (DMSO), 100 U/ml penicillin/
streptomycin, 4 mg/ml bovine insulin, 2 nM glutamax
and 15 mM of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), at 37 C and 5% CO2.
The Ag was supplied in de-ionised water (85%) with 7%
stabilising agent (ammonium nitrate) and 8% emulsiﬁers (4%
each of polyoxyethylene glycerol trioleate and Tween 20). All
other materials were supplied as dry powders. NMs were
dispersed in MilliQ de-ionised water with 2% FCS. For coated
ZnO, the particles were wetted with 0.5% ethanol before the
addition of the dispersion media. The NMs were sonicated for
16 min without pause following the protocol developed for
ENPRA (Jacobsen et al. 2010). Following the sonication step,
all samples were immediately transferred to ice.

To ascertain the toxicity of NMs to the hepatocytes, 10
concentrations between 0.16 and 80 mg/cm2 were utilised
(corresponding to 0.5–256 mg/ml). The wide concentration
response ranges were used in order to allow calculation of
values such as the LC50 for comparisons between different
materials and cell target types both in vitro and in vivo for
the purposes of risk assessment as the main aim of the ENPRA
project. Controls were conducted for all studies and included
cells treated with either medium or medium plus vehicle as
appropriate for the same duration as the material-treated cells.

WST-1 cell viability assay
C3A and the primary cells were seeded in 96-well plates (104
cells/well, each well has an area of 0.32 cm2) and incubated
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for 24 h at 37 C and 5% CO2. The following day the cells were
exposed to the materials or controls for 24 h at 37 C, 5% CO2.
Subsequent to NM treatment, cell supernatants were collected and frozen at -80 C and later used for enzyme linked
immunosorbent assays (ELISA). Plates were washed twice
with phosphate buffered saline (PBS), followed by the addition of 10 ml of the WST-1 cell proliferation reagent and 90 ml
of fresh medium. Plates were then incubated for 1 h at 37 C,
5% CO2. The supernatant was transferred to a fresh plate and
the absorbance measured by dual wavelength spectrophotometry at 450 and 630 nm using a microplate reader.

Production of IL-8, TNF-a, IL-6 and albumin
After exposure, the C3A cells and the primary hepatocytes
supernatants (from both the control and treated cells as
described above) were collected and stored at -80 C. The
supernatants were centrifuged at 1000 g and cytokine levels

determined by ELISA according to the manufacturer’s
instructions. Human IL-8, IL-6 and TNF-a and ELISA kits
were all purchased from Invitrogen (UK) and human albumin ELISA kit was from Bethyl Laboratories (Montgomery,
TX, USA). As a positive control, the C3A and primary hepatocytes were treated with 10 mg/ml of lipopolysaccharide
(LPS; Sigma, Poole, UK).

Cytochrome P450 assay
After exposure, the hepatocytes supernatants (from both
the control and treated cells as described above) were
collected and stored at -80 C. The supernatants were
centrifuged at 1000 g and a DetectX P450 activity kit
(ArborAssays, Ann Arbor, MI, USA) was utilised to quantitatively measure the enzymatic activity of CP450s from the
C3A and primary hepatocytes according to the manufacturer’s instructions.
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Figure 4. TEM images of C3A (A) and primary human hepatocytes (B) from the control samples. SEM pictures of the (C) C3A and (D) primary
human hepatocytes.

Transmission electron microscopy
The hepatocytes were seeded in 6-well plates in cell culture
medium (minimum of 1  106 cells per well) and incubated
at 37 C, 5% CO2 for 24 h. Cells were exposed to 5 mg/cm2 of
the chosen NMs for 4 h (control cells were treated with fresh
medium). The samples were thoroughly washed with fresh
medium (2) before being removed from the plastic and
transferred to BEEM capsules. The tubes were spun for 5 min
at 1000 g, before the addition of 1 ml of 2.5% gluteraldehyde
in PBS for 2 h. The cells were then washed (3) with PBS
followed by the addition of 1 ml of 1% osmium tetroxide in
PBS to the pellet for 10 min before being rinsed ﬁve times
with PBS and two times with distilled water. The samples
were dehydrated in 50%, 70%, 90% and 100% ethanol for
10 min each. After the removal of the ethanol, a 50:50 mixture
of resin and ethanol was added for 45 min before being
replaced with 100% resin and incubated for 24 h. The
samples were embedded and cured before being fastened
to a trimming block. An ultramicrotome was used to produce
a ﬁnal trapezoid shape of around 1 mm or less. The samples
were cut into 50–100 nm sections and transferred onto TEM
grids. The grids were coated with 5 nm of evaporated carbon
prior to imaging to minimise charging. A FEI Tecnai
TF20 FEGTEM microscope ﬁtted with a Gatan Orius
SC600 CCD camera and an Oxford Instruments 80 mm2

X-Max EDX detector was utilised to image the cells and
perform chemical analysis via energy dispersive X-ray (EDX)
analysis. A minimum of ﬁve cells was examined for each NM.

Scanning electron microscopy
C3A and the primary cells were seeded on 10 mm sterile
cover-slips in 24-well plates (2  105 cells per well in 500 ml of
the cell culture medium) and incubated for 24 h at 37 C and
5% CO2. Cells were exposed to 5 mg/cm2 of the chosen NMs
for 4 h. The cells were washed with 0.1 M sodium cacodylate
buffer (pH 7.3) before being ﬁxed with 2% gluteraldehyde for
2 h at 4 C. The cells were washed (3) with 0.1 M sodium
cacodylate buffer before being dehydrated in 50%, 70%, 90%
and 100% acetone for 10 min each. The samples were then
critical point dried and mounted on aluminium stubs and
sputter coated with gold for 45 s. A FEI Quanta 3D SEM was
utilised to image the cell and NMs surface interaction.

Statistical analysis
All data were expressed as mean ± standard error of the
mean. For statistical analysis, the experimental results were
compared with their corresponding control values using an
analysis of variance (ANOVA) with Tukey’s multiple comparison. All statistical analysis was carried out utilising
Minitab 15. A p value of <0.05 was considered to be
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Figure 5. TEM images of C3A (A) and primary human hepatocytes (B) exposed to NM 110 uncoated ZnO. Cell death is clearly evident in both
samples; however, no elemental Zn was detected, suggesting complete dissolution within the cell culture medium in the investigated samples. SEM
pictures of interaction of ZnO (NM 110) with the cells following a 4 h exposure (C) C3A cell (D) human primary hepatocytes.

signiﬁcant. All experiments were repeated a minimum of
three times.

Results
Characteristics of nanomaterials and exposure media
Investigated NMs were characterised by a combination of
analytical techniques in order to infer primary physical and
chemical properties useful to understand their toxicological
behaviour. A list of the measured physical and chemical
properties of selected NMs was previously described
(Kermanizadeh et al. 2012). In order to investigate if the
NMs behaved differently in William’s E medium, the hydrodynamic size distributions of the NMs was measured by DLS
after the NMs were dispersed in the complete medium
between 1 and 128 mg/ml (Table I).

Impact of the selected panel of NMs on C3A and human
primary cell viability
From the WST-1 data it was evident that there was a dosedependent decrease in cell viability at 24 h across the entire
NM panel for both C3A and primary human hepatocytes
(Figure 1). Overall, the toxicity following exposure to the

panel of ENMs was fairly similar for both the C3A and
primary cells, although small differences were witnessed
for the NM 110 ZnO NM between the cell types which
were signiﬁcant at the higher exposures (Figure 1A). The
authors found an LC50 was reached following exposure to
Ag (NM 300), uncoated ZnO (NM 110) and coated ZnO
(NM 111) after a 24 h exposure (Figure 1A, B and C). All of
the TiO2 and MWCNT NMs were considered to be low
toxicity materials as the LC50 was not reached after a
24 h exposure to the C3A and primary cells at the range
investigated (Table II).

Impact of the ENMs on C3A and human hepatocyte
IL-8 production
Changes in cytokine production as a consequence of NM
exposure were assessed within the supernatant of exposed
hepatocytes and quantiﬁed via ELISA. For the low toxicity
TiO2 and MWCNT samples (NRCWE 002, NM 400, NM 402),
the IL-8 production increased in a dose-dependent manner,
reaching statistical signiﬁcance compared with the control
at high exposure concentrations (Figure 2D, E and F).
However, in the presence of the highly toxic particles Ag
and ZnO (NM 300, NM 110 and NM 111), there was a
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Figure 6. TEM images of C3A (A) and primary human hepatocytes (B) exposed to NM 111 coated ZnO. Cell death is clearly evident in both samples;
however, no elemental Zn was detected, suggesting complete dissolution within the cell culture medium in the investigated samples. SEM pictures
of interaction of ZnO (NM 111) with the cells following a 4 h exposure (C) C3A cell, (D) human primary hepatocytes.

signiﬁcant increase in the level of IL-8 protein production,
followed by a decrease in the amounts of the cytokine
produced as the toxicity increased (Figure 2A, B and C).
The authors noted a similar pattern of IL-8 secretion from
both the cell line and primary cells following exposure to the
panel of ENPRA NMs. However, there were small but signiﬁcant differences between the two cell types on certain
exposures. These differences included one low exposure for
NM 111, two low exposures for NM 300, one exposure for
both MWCNTs and the four highest exposures for the
TiO2 NM (NRCWE 002). Following the exposure to the
ZnO and the Ag at these mentioned concentrations, IL-8
secretion was higher from the primary hepatocytes while
exposure to the MWCNT and the TiO2 at the abovementioned concentrations resulted in greater cytokine
production from the C3A cells. The cells treated with LPS
produced signiﬁcant amounts of IL-8 (primary cells: 662.3 ±
71.0 pg/ml; C3A cells: 682.5 ± 30.6 pg/ml).

Impact of the NMs on C3A and primary hepatocyte in
terms of IL-6 and TNF-a production
Secretion of IL-6 and TNF-a into the supernatant of exposed
hepatocytes was quantiﬁed using ELISA analysis. There was

no signiﬁcant increase or decrease in the production of
IL-6 or TNF-a compared with the negative control after
the exposure of the C3A cells or primary cells to any of
the selected NMs (data not shown). As a positive control,
both cell types were treated with LPS for 24 h. This resulted
in IL-6 production by both cell types (primary hepatocytes
650 ± 250 pg/ml; C3A cells 530 ± 286 pg/ml). LPS treatment
of both cell types did not result in any TNF-a production
from the hepatocytes above the background levels.

Impact of ENMs on albumin production by primary
hepatocytes
In order to establish whether any of the NMs affected
albumin production, four exposure concentrations were
chosen for each material. These concentrations included
the LC50 and three subsequently lower concentrations for
the highly toxic particles (NM 110, NM 111 and NM 300) and
four highest concentrations for the low toxicity NMs (80, 40,
20 and 10 mg/cm2). There was a signiﬁcant decrease in levels
of albumin secreted at LC50 concentrations for the NM
110 ZnO NM (compared with the control) (Figure 3A).
However, none of the other ﬁve NMs were capable of
affecting albumin production by primary hepatocytes.
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Figure 7. TEM images of C3A (A) and primary human hepatocytes (B) exposed to NM 300 Ag. Cell damage was observed in both samples, and
concentrations of Ag were detected using EDX (spectra inset in (A) and (B), with X-ray energy in keV shown on the scale bar). The Ag concentrations
existed as both ﬁne dispersed particles (comparable in size and contrast with the heavy metal stain particles) as shown in (A), and also as large
deﬁned polycrystalline particles, as shown in (B). SEM pictures of interaction of Ag (NM 300) with the cells following a 4 h exposure (C) C3A cell, (D)
human primary hepatocytes.

It has been previously shown that sub-lethal exposures to
the NMs did not impact albumin production from C3A
cells with the exception of the two ZnO NMs at LC50
(Kermanizadeh et al. 2012).

Interaction of cells and the nanomaterials
In order to observe the interaction between the cells and the
NMs, the authors utilised TEM and SEM (Figures 4, 5, 6, 7, 8,
9, 10). It was noted that both the C3A cells and primary
human cells were capable of uptake of NMs. This alone was
quite an interesting ﬁnding as these cells are not intrinsically
phagocytic cells. Three of the NMs were observed in the
cytoplasm of the investigated cells. Additionally, one of the
MWCNT (NM 402) was also found in the nucleus of both
the cell line and the primary cells (Figure 9). The two ZnO
NMs investigated in this study are extremely soluble in
the chosen media (Kermanizadeh et al. 2012) and as a
result no individual particle was observed, nor was any
high local concentration of Zn present for detection via
EDX. Therefore, only damage caused by these particles is
shown (Figures 5 and 6).

Furthermore, the authors investigated the surface interaction of the cells with the NMs utilising SEM. It is evident
that the highly toxic NMs (Ag and ZnO) cause relatively
large amounts of surface damage to both the C3A and the
primary cells (Figures 5, 6, 7). The MWCNT are clearly
visible as thin ﬁbres on the surface of the cells and they
tended to agglomerate around the cells (Figures 8 and 9).
The TiO2 NMs were evident on the surface of the cells
(Figure 10). Once again there were no distinguishable
differences between the C3A cell line and the primary
human hepatocytes.

Cytochrome P450 levels
Hepatic CYP450 activities (CYP3A4, 2B4 and 2D6) were
simultaneously examined in the C3A cell lines and primary
human hepatocytes. Unsurprisingly, the authors found
greater levels of CYP450 activity in the untreated primary
cells compared with the C3A cell line (Figure 18). Furthermore, exposure of the cells to the panel of ENMs at the low
sub-lethal concentration of 0.31 mg/cm2 did not affect
CYP450 levels in either cell type (Figure 11).
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Figure 8. TEM images of C3A (A) and primary human hepatocytes (B) exposed to NM 400 MWCNT. In both samples, MWCNTs were identiﬁed
throughout the cells. They were easily identiﬁed by their long ﬁlament-like morphology, and characteristic 0.335 nm (0001) basal plane spacing (see
images inset). SEM pictures of interaction of MWCNT (NM 400) with the cells following a 4 h exposure (C) C3A cell, (D) human primary hepatocytes.

Discussion
This particular study focused on the impacts of the investigated NM panel on human primary hepatocytes and
C3A hepatic cell line with respect to cytotoxicity, proinﬂammatory cytokine production, albumin production
and NM uptake. The data show that although there are
small variations between the primary cells and the cell
line, the overall responses are very similar from both cell
types following acute exposure (24 h) to the investigated
NMs in vitro.
This study was conducted as part of a large consortium
(FP7 project ENPRA) to investigate the potential hazard of a
wide range of NMs on a variety of targets for risk assessment. For this reason, the wide dose response ranges were
used in order to allow calculation of values such as LC50 for
comparisons between different materials and cell target
types.
The use of in vitro hepatocyte models has been extremely
useful in both fundamental research and various application
areas. Primary hepatocytes appear as the closest model for
the human liver. However, these cells are phenotypically

unstable, they can be very expensive and have an extremely
limited life span. In addition, they exhibit large variability
between different human donors (Liguori et al. 2008;
Sahi et al. 2010). Hepatocyte cell lines on the other hand
are cheap and much easier to maintain. Hence, they are
often utilised as surrogates for human primary hepatocytes.
However, their use in absorption, metabolism, excretion and
toxicity studies have been questioned as the basal levels of
their metabolising enzymes is greatly reduced compared
with primary cells (Hansson et al. 2004).
This acute in vitro cytotoxicity study indicates that the
ENPRA panel of NMs can be segregated into a low (TiO2 and
MWCNT) and a high toxicity group (Ag and coated and
uncoated ZnO). The ability of NMs to compromise the
viability of the hepatocytes was investigated using the
WST-1 assays. The assay is based on the enzymatic cleavage
of tetrazolium salt to a water-soluble formazan dye by the
mitochondria (tetrazolium reductase) in viable cells. An
expansion in the number of viable cells results in an increase
of overall mitochondrial dehydrogenase, hence more
WST-1 is converted to the formazan which can be detected
and quantiﬁed. This absorbance value is representative of
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Figure 9. TEM images of C3A (A) and primary human hepatocytes (B) exposed to NM 402 MWCNT. In both samples, MWCNTs were identiﬁed
throughout the cells. They were easily identiﬁed by their long ﬁlament-like morphology, and characteristic 0.335 nm (0001) basal plane spacing (see
images inset). SEM pictures of interaction of MWCNT (NM 402) with the cells following a 4 h exposure (C) C3A cell, (D) human primary hepatocytes.

cell viability (Liu et al. 2012). The most interesting ﬁnding
was that the toxicity pattern was similar for both hepatocyte
cell types, with the silver NMs being the most toxic followed
by the uncoated and the coated ZnO NMs. While the
TiO2 and MWCNTs were not considered as highly cytotoxic
to the hepatocytes as the LC50 was not reached following a
24 h exposure. To the authors’ knowledge, no studies have
investigated the NM-induced toxicity to primary human
hepatocytes; however, previous studies have shown that
ZnO (Sharma et al. 2011) and Ag (Piao et al. 2011) NMs
are highly toxic to hepatocyte cell lines in vitro while
TiO2 NMs (Wang et al. 2011) were of relatively low toxicity.
Exposure of HepG2 cells to MWCNTs for 48 h resulted in an
LC50 of around 40 mg/ml (Anreddy et al. 2011).
IL-8 is a chemokine mediating the activation and migration of a wide variety of inﬂammatory cells including
neutrophils into tissue, hence playing a pivotal role in
initiation of an inﬂammatory response (Puthothu et al.
2006). It was noted that both primary hepatocytes and
the hepatic cell line produced signiﬁcant levels of the
chemokine following exposure to the NMs. The pattern

of cytokine production witnessed was similar for both
hepatocyte cell models. The ﬁndings suggest that the
in vitro hepatocyte NM-induced inﬂammation seems to
include IL-8 production from both the primary and C3A
hepatocytes. These particular ﬁndings are similar to previous studies in which it has been shown that primary
hepatocytes (Wanninger et al. 2009) and hepatocyte cell
lines (Delpino et al. 2010) produce IL-8 following exposure
to foreign antigens. This being said, small differences in
IL-8 secretion were observed following exposure to certain
concentrations of ﬁve of the NMs investigated in this study.
Although statistically signiﬁcant, these distinctions do not
inﬂuence the conclusions made above as it is impossible to
produce identical replication of ELISA results even if the
exact same cell type were being utilised.
Furthermore, the authors found no change in the levels of
IL-6 or TNF-a compared with the control following exposure
of the primary hepatocytes or C3A cells to any of the
investigated NMs suggesting that the cytokine production
from these cells is limited. There is a real possibility that for a
more realistic representation of cytokine secretion in the

Nanotoxicology Downloaded from informahealthcare.com by Prof Vicki Stone on 01/30/13
For personal use only.

Nanotoxicity primary hepatocytes vs C3As
A

B

C

D



Figure 10. TEM images of C3A (A) and primary human hepatocytes (B) exposed to NRCWE 002 positively charged TiO2. The strong contrast
exhibited by the clusters of needle-like particles makes them clearly visible in both samples. EDX also conﬁrms the particles to be composed of Ti
(spectra inset in (A) and (B), with X-ray energy in keV shown on the scale bar). SEM pictures of interaction of TiO2 (NRCWE 002) with the cells
following a 4 h exposure (C) C3A cell, (D) human primary hepatocytes.

liver incorporation of other cells (i.e., Kupffer cells, sinusoidal endothelial cells) into the in vitro system might be
beneﬁcial. This work is currently in progress.
Albumin is the most abundant protein produced from the
liver and was quantiﬁed as a measure of liver function. Is has
been shown previously that exposure of C3A cells to the
panel of NMs resulted in very little change in the levels of
albumin with the exception of the two ZnO NMs at
LC50 concentrations (Kermanizadeh et al. 2012). In this
study, exposure of the primary human hepatocytes to
sub-lethal levels of the ENPRA NMs once again resulted
in a very similar outcome to the results seen with the C3A
cell line with one exception. Exposure of the primary cells to
the NM 111 ZnO at the LC50 concentration did not result
in a signiﬁcant decrease in albumin as previously witnessed.
These results suggest that despite varying degrees of cell
death, none of the NMs investigated (at sub-lethal concentrations) affected hepatocyte function in vitro in terms of
albumin production.
Next, the authors investigated the interaction of the NMs
with both cell types. They found that both the primary
hepatocytes and the C3A cells were capable of NM uptake.

Four of the NMs were found in the cytoplasm of the cells (Ag
NM 300, TiO2 NRCWE 002 and MWCNTs NM 400 and NM
402), while one of the carbon nanotubes (NM 402) was also
observed within the nucleus of the cells. It is important
however to note that the TEM study had its limitations. It
was extremely difﬁcult to identify any of the ZnO NMs due
to their high solubility in the chosen culture media
(Kermanizadeh et al. 2012).
The uptake mechanism of the NMs into the hepatocytes is
currently unknown, but since hepatocytes are not phagocytic, the uptake is most likely to be either via non-speciﬁc
endocytosis or a non-speciﬁc diffusion as has been suggested
previously in other cell types (Rothen-Rutishauser et al.
2006; Raffa et al. 2011).
Following an investigation into the surface interaction of
the cells with the NMs utilising SEM, it was noted that the
highly toxic NMs (Ag and ZnO) caused large amounts of
surface damage to both the C3A and the primary cells, while
the TiO2 and MWCNT were clearly evident on or interacting
with the surface of the cells.
The authors also examined the CYP450 levels for the
C3A cell lines and the primary hepatocytes. They found
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Figure 11. Hepatic cytochrome P450 (3A4, 2B4 and 2D6) measured from both untreated primary human hepatocytes and C3A cells. Both cells types
were also treated with a sub-lethal concentration of the panel of nanomaterials at 0.31 mg/cm2 quantiﬁed via DetectX P450 demethylating
ﬂuorescent activity kit.

signiﬁcantly lower levels of CYP450 (3A4, 2B4 and 2D6)
activity from the C3A cells compared with their primary
counterparts. These ﬁndings are similar to previous studies
in which it has been shown that that CYP450 isozymes are
intrinsically lower in hepatocyte cell lines compared with
primary cells (Wongkajornslip et al. 2012). These ﬁndings are
not surprising and have been reported elsewhere; however,
it is worth noting that the materials investigated here did
not interfere with the metabolic activity of the primary cells
at low sub-lethal concentrations. Furthermore, it seems
that CYP450 activity does not play a role in the adverse
effects witnessed following exposure of the cells to the panel
of ENMs.
Finally, reactive oxygen species and oxidative stress have
been demonstrated to play a key role in the response of
many cell types to a range of NMs (Shvedova et al. 2012;
Pichardo et al. 2012). Therefore, it would be interesting to
know whether the hepatocyte cell line responds to these
materials via a mechanism involving oxidative stress and
whether this is comparable with the primary hepatocytes. It
was not possible to investigate this question using the
primary human hepatocytes due to their extremely high
cost, and so the authors have asked the same question using
primary rat hepatocytes (Filippi et al. manuscript in preparation) and liver tissue from exposed animals (Gosens et al.
manuscript in preparation).

Conclusions
This study demonstrates that the C3A cell line is a good
model for investigating NM-induced hepatocyte responses
with respect to uptake, cytotoxicity, pro-inﬂammatory
cytokine release and albumin production. The results also
suggest that biotransformation enzymes in hepatocytes are
not important in terms of determining nanotoxicology.
Overall, the cell lines were found to be extremely useful
as a replacement for a primary model for speciﬁc studies
(on occasions the use of primary cells is often difﬁcult or all

together impossible) providing that the limitation for each
cell type and experiment is thoroughly understood.
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