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Label-free Monitoring of the Nanoparticle Surface
Modification Effects on Cellular Uptake, Trafficking
and Toxicity

D. Bartczak?, M.-O. Baradez®, H. Goenaga-Infante” and D. Marshall*”

Changing the surface functionality of nanoparticles (NP) through the addition of organic
ligands and/or biomolecules is a common approach to reduce their potential toxicity.
However, understanding how the surface modifications change NP’s mechanism of action and
behaviour in the presence of biological matrix is a complex challenge. It is often exacerbated
by necessary sample pre-processing, which may alter NP characteristics limiting provided
information, yet is required by majority of available physicochemical characterisation
techniques. In this study we have adopted label-free kinetic measurements of NP size, charge
and toxicity performed in biological matrix in situ to demonstrate how careful engineering of
the NP surface dramatically changes their toxicity profiles, due to the rate the particles are
taken up by cells. We also show how NP capping with proteins alters their cellular uptake
pathway as well as intracellular trafficking and that endosomes acidification is an important
cell defence mechanism. The results presented in this study, supported by other commonly
used techniques, highlights a synergy between NP surface chemistry and their bioactivity,

which could be used to influence development of safer nano-enabled products.

Introduction

The unique physicochemical properties of nano-structured
materials are leading to their increased application in everyday
commercial products. For example, zinc oxide (ZnO)
nanoparticles (NP) have a high refractiveness' and a broad
absorption band in the UV region” resulting in their widespread
use in sunscreens, cosmetics and paints, whilst their increased
chemical reactivity® provides benefits for their use in catalysis
and chemical sensing. ZnO NP also display semiconductor
properties with a band gap at ~3.3eV*, making them a popular
candidate for development of solar cells, excitonic lasers as
well as luminescent and piezoelectric devices. Despite their
widespread applications, there is potential for NP to become
released from products during their natural lifecycle, thereby
posing a risk of human exposure.” This has raised concerns
over possible toxicity of NP if they are ingested, inhaled or
absorbed through the skin or if NP undergo functional changes
following exposure through interactions with biological fluids.
Due to potentially adverse effects of NP on human and the
environment, current research efforts are focused on the
development of their less toxic and more biocompatible
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versions®, a concept known as ‘safe by design’. One popular
way to achieve this is to modify the NP surface with organic
ligands, like silane derivatives and biomolecules or to dope
with less toxic inorganic components, such as iron oxide.’
Carefully chosen ligands or dopants form an outer layer
encapsulating the ZnO core, which prevents direct contact with
the surrounding environment, leading to substantial reduction in
the toxicity of the materials and preventing degradation, thus
the NP properties can be retained for longer.

Verification of the ligands (or dopands) suitability and the
resulting changes in NP toxicity is typically performed using in
vitro cellular screens in a defined biological media, often
containing serum proteins. These systems not only support the
growth of the cells but also mimic the corporeal environment
that NP are likely to encounter following human exposure.
However, while the biological media is good for supporting cell
proliferation it presents a challenging environment in which to
characterise the types of physical and chemical changes that NP
may undergo.® There are also many difficulties associated with
the adaptation of traditional in vitro assays for toxicological
assessments of metal and metal oxide NP. In particular,
possible interferences of NP with soluble indicators used in

Toxicol. Res., 2014, 00, 1-3 | 1



Toxicology Research

viability assays’, due to the luminescent and semiconductor
properties of NP, often enhance or quench the test signal
leading to false positive or negative readouts.

A number of reports have highlighted the need to develop
reliable strategies to measure the physical and chemical
changes that NP undergo when they encounter biological
matrices and link these changes to their potential toxicity.®'
This is a complex task requiring a combination of NP
characterisation techniques and toxicological screening
approaches. In this study we use a multi-platform approach to
characterise the physicochemical and extrinsic changes that
ZnO NP capped with an array of surface ligands undergo in a
defined serum containing biological media (in situ) in a time
dependent manner, demonstrating both the extent and rate over
which exchange/capping reactions occur. We also demonstrate
how different capping ligands affect the toxicity of ZnO NP in
the HepG2 cell model using impedance spectroscopy based
real-time cell electronic sensing (RT-CES) which is known to
overcome the limitations of traditional viability screens''. ZnO
NP were selected for this study since the materials toxicity is
well studied and it has numerous commercial applications
which use surface functionality to potentially reduce toxicity.
The HepG2 model was selected as it is a model of the liver
which is a major site for bioaccumulation of NP following
exposure, irrespective of their entry route into the body. Using
this approach we demonstrate how the presence of proteins on
the NP surface triggers the activation of different NP uptake
mechanisms. Taken together these results show how surface
modifications influence NP interactions
their

ultimately their toxicity, providing a platform for assessing

with biological

matrices, cellular uptake, cellular trafficking and

their overall safety.

Experimental

Preparation of plain and capped ZnO NP. Commercially
available zinc oxide nanopowder (10-30nm, US Research
Nanomaterials) was dispersed in water or capped with a
selection of ligands using previously described protocol.'?
Briefly, 5Smg of powder was sonicated for 15min. at room
temperature (plain, APTMS and APTMS-BSA) or at 4°C
(BSA, in order to avoid protein denaturation) in the ultrasonic

bath (power 150W) with 50ul of isopropanol. Next, Sml of
ultrapure water (plain), Sml of 2% 3-
aminopropyltrimethoxysilane ~ (APTMS) in  isopropanol

(APTMS and APTMS-BSA) or Sml of 0.05% bovine serum
albumin fraction V in ultrapure water (BSA) was introduced
and the suspension was sonicated for 1h at room temperature
(plain, APTMS and APTMS-BSA) or with a gradual
temperature increase to room temperature (BSA). NP were
then reacted for additional 24h at room temperature (plain and
BSA) or at 60°C (APTMS and APTMS-BSA) with shaking,
prior to purification from excess ligands and/or organic solvent
residues by triple centrifugation/decantation (13°000rpm,
15min., room temperature). Capped NP were redispersed by
sonication in ultrapure water at 5Smg/ml. BSA was covalently
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conjugated to APTMS capped NP (APTMS-BSA) using
EDC/sulfo-NHS coupling agents. Briefly, 0.34mg of APTMS
capped NP was redispersed by sonication in 5ml of 0.01M
borate buffer pH9. Then, 100pl of BSA fraction V stock (1mM
in ultrapure water), 50ul of EDC (0.198M in ultrapure water)
and 100pul of sulfo-NHS (0.198M in ultrapure water) were
introduced.  After, 48h stirring at room temperature, the
conjugates were purified by triple centrifugation/decantation
(13°000rpm, 15min., room temperature) and redispersed by
sonication in ultrapure water or cell culture media at Smg/ml.
Sizing and zeta-potential characterisation in solution.
Suspensions of NP (30-70 pg/ml) were prepared in ultrapure
water or cell culture media (EMEM 10% FBS) by sonication.
The movement of NP in suspensions under Brownian motion
(sizing) or under applied electrical current (zeta-potential) was
recorded with NanoSight NS500 over 15-90 sec. The influence
of cell culture media on NP was studied over 0-24h time
course, at 37°C and room temperature. Recorded movies were
analysed with NTA 2.2 software using detection threshold
value 9 and a minimum expected particle size of 30nm. All
experiments were performed in triplicates using different
batches of NP and are presented as average =+ standard
deviation.

Organic corona quantification. NP surface coverage with
ligands was quantified with a colorimetric assay (FluoroProfile,
Sigma-Aldrich), based on
The assay was

individually prepared standard
the
manufacturer protocol in a 96-well format (high quality flat

curves. performed according to

bottom black microplates; Sigma-Aldrich). The fluorescence
intensity at 620nm was recorded with 510nm excitation
wavelength and Tecan Infinite M200 plate reader. Estimated
empirical number of ligands and theoretically calculated
number of NP in the sample (based on the size values obtained
with NTA; see ESI) gave the average number of ligands per
NP.
different batches of NP and are presented as average + standard
deviation.

All experiments were performed in triplicates using

TEM imaging. 10pl of NP suspension (0.5mg/ml) was
deposited on a TEM grid (carbon film on 400 mesh Cu, Agar
Scientific) and air dried. TEM grids were imaged with an
Hitachi H7000 transmission electron microscope operating at
75kV  voltage with 100,000x magnification (Biomedical
Imaging Unit, Southampton, UK).

NP dissolution rate. NP suspensions were incubated in water
or cell culture media (30-70pg/ml) for 24h at 24 or 37°C
respectively, and then centrifuged at 13°000rpm for 15min.
Collected supernatants (dissolved ions) as well as the whole
samples (NP plus dissolved ions) were mineralised using a
rotor) by
supported digestion in 1:1 nitric acid and hydrogen peroxide
and analysed for the ®Zn ®*Zn content with an Agilent 7700x
spectrometer, operating in a He mode.

microwave (Milestone, equipped with SKI10

All experiments were
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performed in triplicates using different batches of NP and are
presented as average + standard deviation.

Dose response to NP. HepG2 cells (passage 80-83, LGC
Standards UK) were seeded directly in a standard E-Plate (96-
well, Roche Diagnostics) at a density of 20,000cells/well and
grown in 200ul EMEM supplemented with 10% FBS, PAA
Laboratories for 24h in an air balanced incubator (5% CO,,
37°C) with the cell impedance measured every hour using a
standard RT-CES instrument (Acea Biosciences). Following
the initial 24h after seeding the cells were exposed to various
concentrations of NP (10-70pg/ml) suspended in cell culture
media, and their biological status was monitored for further 24h
with the impedance values recorded every hour.

NP uptake determination. HepG2 cells (passage 80-83, LGC
Standards) were seeded in a culture dish (24-well microplate,
PAA Laboratories) at density of 200,000cells/well. The cells
were grown in 1ml EMEM supplemented with 10% FBS for
24h in an air balanced incubator at 5% CO,, 37°C. After the
initial 24h incubation, cell culture media was removed and
freshly prepared NP suspensions were introduced (Iml/well,
30pg/ml). Cells were incubated for a further 4h, washed twice
with PBS (0.5ml/well, Sigma-Aldrich), then briefly with
trypsin/EDTA solution (0.5 ml/well, Sigma-Aldrich) to remove
excess NP weakly associated with cell membrane and harvested
with trypsin/EDTA Collected
suspensions/lysates were mineralised using acid supported

solution for 1h. cell
microwave digestion (Milestone, Analytix) and analysed for the
total content of °Zn and **Zn with ICP-MS (Agilent 7700,
Postnova) operating in the He mode.

Inhibition of the NP uptake. HepG2 cells (passage 80-83,
LGC Standards) were seeded directly in a standard E-Plate (96-
well, Roche Diagnostics) at the density of 20,000cells/well and
grown in 190ul EMEM supplemented with 10% FBS for 24h in
an air balanced incubator at 5% CO,, 37°C with the impedance
measurements taken every hour. Following the initial 24h after
seeding, solutions of the following drugs were added to the
wells: nocodazole (10ul, 20uM final, Sigma-Aldrich), benzamil
(10ul, 50uM final, Sigma-Aldrich), chloroquine (10ul, 100pM
final, Sigma-Aldrich) or chlorpromazine (10pl, 15uM final,
Sigma-Aldrich) and the cells were incubated for 0.5h with the
impedance measured every 5min. Subsequently, media was
removed and the cells were exposed to NP suspended in drugs
containing cell culture media (200ul, 30pg/ml) for 4h with the
After the treatment, NP
suspensions were removed and the cells were incubated in fresh
cell culture media (200pul) for an additional 20h with the cell
impedance measured every hour.

impedance measured every 0.5h.

This journal is © The Royal Society of Chemistry 2012
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Results and Discussion

Surface modification of ZnO NP.

The ZnO NP with a primary crystal size of 10-30nm (as
specified by the manufacturer and verified with SEM analysis;
ESI, Fig. S1) either 3-
aminopropyltrimetoxysilane (APTMS), a loosely bound corona
of bovine serum albumin proteins (BSA), or with APTMS
followed by covalent attachment of BSA using EDC/sulfo-NHS
(schematic representation of different surface functionalities is
shown in Figure 1A).
semiconductor properties of ZnO NP, whilst only slight shifts

were functionalised with

Functionalisation did not affect the

in the absorption maxima were observed, due to changes in the
refractive index of the surrounding media, as previously
reported.'? The number of ligands attached to the surface of NP
(Figure 1B) was determined with a fluorescent probe for water
suspensions of NP (dark bars) or after 24h incubation in cell
culture media containing 10% serum at 37°C (10% FBS
EMEM; light bars).
suspended in water NP capped with small inorganic molecule
APTMS had the highest number of ligands attached to their
surface, which based on calculations accounts for ~90% surface

These analysis showed that when

coverage.”> NP capped with large proteins (BSA alone or
APTMS-BSA) generally had a lower number of ligands on
their surfaces, although the NP with loosely bound corona
(BSA) had ~4 times more BSA ligands, suggesting the
formation of multiple layers. As expected, only background
levels of ligands were measured on the surface of plain NP.
After 24h in cell culture media, there was ~27-fold increase in
the number of ligands attached to the surface of plain NP, as
they adsorbed constituents from the media. The number of
ligands on the surface of NP capped with APTMS and APTMS-
BSA remained stable, while the NP capped with BSA alone
underwent an approximately 4-fold reduction in the number of
ligands on their surface.

Characterisation of ZnO NP suspended in serum-containing
cell culture media.

To understand how the differently capped NP behave during
the in vitro testing they were characterised for their physical
(hydrodynamic diameter) and extrinsic ({-potential) properties
following suspension in cell culture media over 0-24h time
course. NP characterisation within biological matrix, whilst
challenging, is essential as it informs on structural and
functional changes NP undergo, which in turn could alter the
toxicity profile of the material.'* Changes in the selected NP
properties were observed in the real-time using nanoparticle
tracking analysis (NTA) platform in the presence of serum
proteins and other components of the cell culture media. Size
analysis showed that the hydrodynamic diameter of NP
suspended in cell culture media changed compared to water
suspensions (Table 1), and also that the trend NP follow
depends on the type of ligand, however the differences between
the individual test groups were not significant.
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Figure 1. Schematic representation of plain and capped ZnO NP (A) and estimated average number of ligands per NP (B; average +

stdev, n=3).

Tablel. Changes in hydrodynamic diameter of ZnO NP in
10% FBS EMEM over 0-24h time course (average * stdev,
n=3).

NP diameter [nm] *

10% FBS EMEM
NP type 0% FBS
water Oh 4h 24h
plain 31.0+0.5 29.0+2.6 357+32 28.0+26
APTMS 31.4+0.6 343+25 31.3+03  34.0+2.6
BSA 28.7+29 353+21 31.7+03 32.7+06
APTMS-BSA 323+0.8 37.9+2.0 37.7+20 373+32
*diameter was measured in situ
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Figure 2. Changes in (-potential of ZnO NP in biological media
over 0-24h time course (average * stdev, n=3); measured in situ (A
and B). Representative FTIR spectra of ZnO NP in water (C) and

10% FBS EMEM (D).
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Measurements of {-potential showed that in water (~ pHS5.4)
plain ZnO NP (Figure 2A, Ctrl) do not possess any significant
positive or negative surface charge ({-potential of -7.13 £7.08).
In comparison, NP functionalised with APTMS became
positively charged (Figure 2B, Ctrl) and NP capped with BSA
directly (Figure 2A, Ctrl) or with BSA covalently conjugated
to APTMS (APTMS-BSA Figure 2B, Ctrl) became negatively
charged. Following suspension in cell culture media (EMEM
supplemented with 10% FBS, ~ pH7.4), plain and BSA capped
NP (Figure 2A) underwent significant changes in their (-
potential within the first 4h, becoming positively charged,
likely due to the rapid ligand exchange with components of the
cell culture media. Following the initial increase, their charge
gradually decreased over the next 20h and eventually stabilised
at around 24mV. FTIR spectra (Figure 2D) confirmed the
association of media components with these NP, compared to
water suspensions (Figure 2C, ESI Fig. S2), and since, culture
media used in this study was well defined, containing known
quantities of organics, mostly proteins (4.2g/litre; albumin,
globulins and haemoglobin) and glucose (1g/litre), it was
possible to determine the occurring binding events. FTIR
showed a strong peak in the region around 1070cm™
wavenumber, associated with the C-O stretch in a primary
alcohol (-CH,-OH), which in this case most likely comes from
glucose.'® The presence of glucose on the surface of the NP is
of particular interest, since other studies have shown it can
increase NP uptake by >30% and have further implications on
the cellular response.'® FTIR also showed peaks at 1600-
1690cm™ and 1480-1575cm™, which are typical features of
amide I and amide II respectively and therefore correspond to
binding of proteins. Among proteins associated with the NP,
predominantly haemoglobin and albumin were identified (from
tryptic digests, using Agilent nanoLC-QToF mass spectrometer
and the Mascot data base; data not shown). The presence of
haemoglobin explains the observed changes in zeta-potential

values of the NP in cell culture media. Haemoglobin is

This journal is © The Royal Society of Chemistry 2012
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positively charged in the media (calculated PI is 9.84, whilst
cell culture media pH is 7.4) and as it sorbes onto the
negatively charged BSA NP (calculated PI value for BSI is
5.71) it causes a rise in the zeta-potential values, until an
equilibrium is reached. In comparison, the NP capped with
APTMS or APTMS-BSA (Figure 2B) had no significant
change in surface charge when suspended in cell culture media
and both retained their original charge status throughout the test
period. It is worth noting that after 24h in cell culture media
APTMS-BSA NP were the only type of test NP remaining
negatively charged, whilst the other three types of NP (plain,
BSA and APTMS capped) showed relatively similar {-potential
of around 24mV (Figure 2A and 2B).

More traditional techniques like ICP-MS and TEM,
involving sample pre-processing before analysis, were adopted
to assess the structural changes NP undergo in cell culture
media, such as their dissolution rate (Figure 3A). Following
functionalisation, all types of NP were relatively stable, with a
dissolution levels <5% when suspended in water (dark grey
bars).

A 30 . EBwater 0O10% FBS EMEM
S

d Ba

e

=

o

z

ke

(0]

>

(o]

2

a

APTMS BSA APTMS-BSA

Figure 3. Dissolution rate of ZnO NP in water and 10% FBS
EMEM (A; average + stdev, n=3), determined after 24h incubation.
Representative TEM images of ZnO NP after 24h incubation in 10%
FBS EMEM (B); arrows indicate decomposed NP.

However, after 24h incubation in cell culture media (light
grey bars) the percentage of dissolved Zn fraction increased,

This journal is © The Royal Society of Chemistry 2012
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with higher dissolution levels (>20%) for plain and BSA
capped NP and significantly lower dissolution rate (~14%) for
APTMS and APTMS-BSA samples, suggesting that
functionalisation with APTMS prevents direct contact with the
surrounding media and offers the inner core some level of
protection. The degradation of NP in cell culture media can
also be seen on TEM images (Figure 3B, arrows).
Decomposed NP appeared smaller with sharper edges and
irregular shape, as opposed to other near-spherical objects.
Areas with NP of uneven or checkered contrast indicate inner
disintegration. Overall, higher content of decomposed NP were
found on TEM images for plain and BSA NP, than APTMS and
APTMS-BSA NP, in line with the ICP-MS dissolution data.
No shape variation between NP with different
functionality was noted. Particles displayed on the TEM
micrographs formed larger agglomerates and/or or aggregates,
which was attributed to an artefact arising from the sample
preparation (air drying), since the size as well as (-potential
distributions in suspension (ESI, Fig. S3) indicated well
dispersed materials.

clear

Toxicity of ZnO to HepG2.

Human liver cell model (HepG2) was employed to examine the
effects of NP surface functionality as well as subsequent
changes in physicochemical and extrinsic profiles (following
incubation in cell culture media) on their biological activity.
Toxicity levels of NP after 24h treatment over a concentration
range between 10pg/ml and 70pg/ml are shown in Figure 4A.
label
spectroscopy and is shown as a percentage of total cell number

Toxicity was determined using free impedance
as there is a direct linear correlation between impedance
measurement and cell number (ESI, Fig 4).

The response of HepG2 to ZnO NP was dose dependent
with similar ECs, values observed for plain, APTMS and BSA
NP at 37.3pg/ml, 33.1pg/ml and 29.4pug/ml, respectively. In
comparison, APTMS-BSA NP were much less toxic to HepG2
with an ECsy value of 62.7pug/ml. This difference in the
observed toxicity is likely due to the negative charge exhibited
by APTMS-BSA NP, which could cause them to be slightly
repelled from the negatively charged surface of the cells,
lowering the number of particles directly interacting with the
cells and thereby reducing the toxic response.
response has been reported for anionic NP, which have much

A similar

lower toxicity than their neutral or anionic forms and elicit
differential mechanisms of cell death.!” Furthermore, no
toxicity was measured in the HepG2 cell model when exposed
to the capping ligand alone or non-toxic NP such as TiO,
capped with the same ligands (ESI, Fig. S5) indicating that the
observed toxicity is not due to microbial or chemical
contamination introduced during NP processing.

To investigate if the toxicity profiles correlate with the
effect of NP on cell behaviour, kinetic responses of cells to NP
at a concentration of 30pg/ml were examined (Figure 4B). The
selected concentration correlates with the approximate ECs,
values for plain, APTMS and BSA capped NP. These analyses

Toxicol. Res., 2014, 00, 1-3 | 5
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showed that plain NP instigated a strong cellular response,
indicated by a rapid increase in the impedance values, sustained
for ~16h and peaking twice, with a stronger secondary response
after 8h of treatment. This was followed by a development of
mild cellular toxicity and a reduction in viability to 85%. NP
capped with APTMS induced a weaker cellular response that
lasted for ~6h, although they induced stronger toxicity,
reducing cell viability to 65% after 24h. The lowest cellular
response occurred in the presence of BSA NP and lasted for
only 3h, followed by a strong toxic response reducing cell
viability to 47% after 24h. The NP capped with APTMS-BSA
induced a cellular response comparable to the NP capped with
APTMS alone but had no significant toxic effect on the cells,
with viability stabilising at 94% after 16h. Previous studies
looking at the toxicity of ZnO NP in other cell lines such as the
A549 respiratory model have shown similar toxicity and
demonstrated that this initial response is linked to uptake and
subsequent extrusion of NP by cells before the onset of
apoptosis '!.
correlation between the strength of this initial cellular response

In this study we show a reversely proportional

(i.e. NP extrusion) and the NP toxicity, with less toxic particles
such as the plain or APTMS-BSA NP inducing a stronger
response than the more toxic BSA and APTMS capped NP. It
is also interesting to note that the negatively charged APTMS-
BSA capped NP have not triggered a cell response until 4h after
exposure, compared to 2h for the other NP, further suggesting
that they may be repelled from the surface of the negatively
charged cells reducing NP-cell contact and subsequent toxicity.
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Figure 4. Determined with impedance sensing cytotoxicity of ZnO
NP administrated at a dose range 10-70pg/ml (A); ECs, values
marked in red. HepG2 response to ZnO NP at 30ug/ml (B);
normalized to untreated cells (Ctrl HepG2, marked in red).
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Table2. Uptake rate of ZnO NP by HepG2 and corresponding

intercellular levels of ROS (n=3), determined after 4h
treatment.
Uptaken NP ROS production
NP type [% introduced *®Zn] [% increase]
Average Stdev Average Stdev
plain 0.08 0.01 8.03 1.39
APTMS 1.02 0.01 8.89 3.09
BSA 0.86 0.04 10.14 3.58
APTMS-BSA 0.15 0.01 11.24 4.00

ZnO NP uptake rate and internalisation route.

It is often speculated whether NP-cell contact is sufficient for
the activation of a cytotoxic response or if cellular uptake is
required.'® To investigate this we have determined the level of
internalised NP with ICP-MS, whilst their effect on cells was
measured through the production of reactive oxygen species
(ROS, Table 2).

The production of ROS is often used as a key marker in the
assessment of NP toxicity, because it acts as a trigger for
secondary processes such as the production of proinflammatory
cytokines and other signalling molecules, representing all
stages in the hierarchical oxidative stress model and ultimately
leading to cell damage and death.'® In all cases the uptake of
the NP was associated with an increase in ROS with an average
increase across all the NP types of 9.6 £ 3.0% compared to
untreated controls. Similar levels of ROS suggest that the
observed toxic effects are linked with the NP direct interaction
with cells (i.e. NP uptake) and not with the release of ions into
the surrounding media due to the NP dissolution, which has
varied significantly between the tested types of NP’s surface
ligands.

For all tested materials, the amount of internalised NP was
below 1.5% of the introduced quantity, indicating that the
administrated dose of NP was in excess, hence, their uptake
rates were not controlled or limited by the number of NP
available to cells. The uptake rates of NP with different surface
functionalities varied significantly, with plain and APTMS-
BSA NP taken up in relatively low numbers (<0.2% of initial
NP concentration) compared to the uptake of NP capped with
APTMS (1.02%) and BSA (0.86%). Such prominent
differences in the levels of NP uptake is likely to be correlated
with the explicit mechanisms of interaction between the cells
and NP, including the internalisation routes the NP follow, as
well as the intracellular processing.

There are several possible entry routes of NP into HepG2
(Figure 5),
Individual pathways of this complex machinery can be blocked

including macropinocytosis and endocytosis.

or inhibited with carefully chosen drugs, introduced at non-
lethal doses prior to administration of NP, to interfere with their
uptake and intracellular processing,'* an approach commonly
used in virology."’

This journal is © The Royal Society of Chemistry 2012
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Figure 5. Schematic representation of possible cell entry routes and
intracellular fate of ZnO NP in HepG2. The following pathways can
be disrupted with carefully chosen inhibitors: microtubules and
endosome trafficking (A; nocodazole), clathrin mediated endocytosis
(B; chlorpromazine), endosome acidification (C; chloroquine) and
macropinocytosis (D; benzamil).
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Figure 6. Inhibition of ZnO NP uptake by HepG2 with selected
drugs (average + stdev, n=3).

Table3. Percentage change in the uptake of ZnO NP by HepG2,
following pre-treatment with inhibitory drugs (% change
compared to non-drug treated controls).

% Change in NP Uptake

Inhibitor

plain ATPMS BSA Al;TSIXIS'
Benzamil 91+3.6 99+4.2 67+2.7 34+2.7
Chlorpromazine 125+2.5 86+4.3 72+2.2 34+2.1
Nocodazole 113+5.6 92+3.7 65+3.3 130+6.5
Chloroquine 124+5.0 161+8.4 115+2.3 142+45.7
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Figure 6 shows the difference in cell number (derived from
label free impedance measurements and representative of cell
viability), after treatment with selected uptake inhibiting drugs
prior to exposure to NP, as a percentage change from controls
treated with NP but without the inhibitors. Table 3 shows the
percentage inhibition of NP uptake by the cells compared to
non-drug treated controls as determined by ICP-MS. Pre-
incubation of cells with benzamil, an inhibitor of
macropinocytosis, lead to an increase in the viability of cells
following exposure to NP capped with BSA and APTMS-BSA
(as shown by an increase in cell number) and a corresponding
decrease in NP internalisation (-33% and -66%, respectively)
indicating that this is a likely mechanism of their uptake. This is
in agreement with a study showing that inhibition of
macropinocytosis and clathrin-mediated endocytosis reduce the
uptake of fluorescently labelled albumin®® and indicate that the
surface modification of ZnO NP directly influence their uptake
by the cells. No change in cell viability was measured
following exposure to plain and APTMS capped NP, indicating
that this is not their likely uptake mechanism. Reduction in
toxicity and internalisation of APTMS, BSA and APTMS-BSA
NP following treatment with chlorpromazine, an inhibitor of
clathrin-mediated endocytosis, suggests that clathrin is involved
in their uptake. This indicates the most likely uptake
mechanism of APTMS capped NP and suggests that BSA and
APTMS-BSA NP are taken up by more than one mechanism,
indicating that albumin triggers an additional uptake
mechanism.

Pre-incubation of cells with nocodazole, and inhibitor of
endosome trafficking, lead to an increase in viability following
exposure to NP capped with APTMS and BSA, indicating that
the endosome trafficking plays an important role in the
intracellular fate of these two materials and that the cellular
processing of NP is linked to their toxicity. There was also a
corresponding reduction in internalisation of the APTMS (-8%)
and BSA (-35%) NP as determined by ICP-MS. This suggests
that following uptake these NP are encapsulated in membrane-
bound endosome vesicles which deliver the NP for sorting and
packaging within the cells, a process which also allows the NP
to exert a toxic effect upon the cells once they are internalised.

In comparison, pre-incubation of the cells with chloroquine,
an inhibitor of endosome acidification, lead to a decrease in cell
viability following exposure to all test materials and an increase
in NP uptake of between 15-61%. It indicates that this process
is involved in cellular mechanism of dealing with toxins. It is
suggested that as a defence mechanism, the cells activate
endosome acidification machinery to dissolve NP and to allow
easier transport and recycling to the extracellular milieu than
ZnO in its particulate form. Locked in a particulate form ZnO
was shown to be more toxic to cells than when dissolved as
ions, because of a different mechanism of action and systemic
pathways activation by the particulate matter.'®

None of the drugs used increased the viability of cells
exposed to plain ZnO NP, indicating that macropinocytosis and
receptor mediated endocytosis are not their likely uptake
mechanisms, pointing towards receptor independent
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endocytosis as possible internalisation route of this material,
since HepG2 used in this study do not express caveolae.?!

Conclusions

Commercial strategies aiming to fully utilise the unique
characteristics of NP are increasingly implementing approaches
involving NP capping with ligands to reduce their potential
toxicity. the effect of NP
modifications on the bioactivity of coated NP is challenging

However, testing surface
and often requires NP characterisation in the presence of a
complex test matrix. In this study we apply a label-free
approach to study how different NP surface modifications
influence their behaviour in biological matrix as well as cellular
toxicity and demonstrate how the ligand exchange process can
of

particular importance in this study is the use of kinetic response

influence NP uptake rate and processing by the cells.

measurements that not only allow the NP toxicity profiles to be
monitored over time, but also permit more comprehensive
investigation of NP interactions with cells, ascertained through
Taken together the
data presented in this study highlights that carefully selected

inhibition of selected cellular processes.

and thorough physicochemical and biological in vitro
characterisation techniques could be used to assess fine
differences in potentially adverse effects NP may -cause,
offering possibility to influence future commercial strategies

for NP surface engineering during product development.
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