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Despite years of excellent individual studies, the impact of nanoparticle (NP) cytotoxicity studies remains
limited by inconsistent data collection and analysis. It is often unclear how exposure conditions can be
used to determine cytotoxicity quantitatively. Discrepancies due to using different measurement
conditions, readouts and controls to characterize NP interactions with cells lead to further challenges. To
examine which parameters are critical in NP cytotoxicity studies, we have chosen to examine two NP types
(liposomes and quantum dots) at different concentrations incubated with two primary vascular endothelial
cells, HUVEC and HMVEC-C for a standard time of 24 h. We paid close attention to the effects of positive
controls and cell association on interpretation of cytotoxicity data. Various cellular responses (ATP content,

oxidative stress, mitochondrial toxicity, and phospholipidosis) were measured in parallel. Interestingly, cell
Received 5th May 2018 iation data varied significantly with the different i lyses. H totoxicit
Accepted 16th June 2018 association data varied significantly wi e different image analyses. However, cytotoxicity responses
could all be correlated with exposure concentration. Cell type did have an effect on cytotoxicity reports.

DOI: 10.1039/c8ra03849) Most significantly, NP cytotoxicity results varied with the inclusion or exclusion of positive controls. In the
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Introduction

As nanoparticles (NPs) continue to be touted for their excellent
theranostic potential, there is a growing need to assess their
interactions with human cells leading to potential hazards. Yet,
there remains a lack of standardized protocols for measuring cell
interactions and cytotoxicity of engineered NPs. The different
techniques and analyses employed to quantify NP-cell associa-
tion, potentially limit comparability and reproducibility.
Different practices in assessing cytotoxicity signals further
contributes to a huge variability in the results of cytotoxicity
evaluations. Some examples include using different sets of
controls, awareness of interference between reporting chemistry
and the NPs themselves and colloidal stability testing of the NPs,
could result in different reports of the cytotoxic thresholds for the
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absence of positive controls, one tends to emphasize small changes in cell responses to NPs.

same NPs. A study is needed to address such discrepancies in
previous work, and to correlate cytotoxicity with the different
readouts characterizing NPs concentration in relevant terms.
One potential explanation for the conflicting published data®
is the deficiency of appropriate controls when using specific
assays to investigate cell viability or specific intracellular
responses due to exposure to NPs. Positive controls are integral
to the assay protocol to validate the assay itself and to determine
accurate cytotoxicity data ranges rather than normalizing the
data solely to the negative (untreated) control. The latter
approach rather determines the “fold decrease or increase from
the control experiment”, whereas working up the same data to
calculate percentage viability based on both negative and
positive controls will result in accurate values for the deter-
mined response.>® Deficiency of appropriate controls can
greatly reduce the explanatory power of cell-based toxicity
models and potentially lead to overestimation of toxicity.
Another confounding factor in comparative cytotoxicity
studies comes from the differences in cell lines employed.
Knowing that most proposed clinical applications of NPs
involve intravenous administration,* human primary vascular
endothelial cells (ECs) were used in the present study. HUVEC
(human umbilical vein ECs) are a frequently used macro-
vascular endothelial cell model, being inexpensive, easily
accessible, robust in culture and highly proliferative. On the
other hand, there is a growing evidence of differences in phys-
iology and pharmacology between microvascular and
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macrovascular ECs.*® For example, HMVEC (human microvas-
cular endothelial cells) were found to be more sensitive to
toxicity screening than other cell types” and have been used
routinely to test NP cytotoxicity.'*"> To our knowledge there is
no comparative study on screening NP cell interactions and
cytotoxicity using HUVEC and HMVEC.

In the present study, we first explore the use of different
fluorescence-based methods and image analysis approaches to
examine the differences in cell-association and internalized NP
ratios compared with the bulk solution concentrations that cells
were exposed to. We then correlate various toxicity responses of
ECs (ATP content, mitochondrial membrane potential, oxida-
tive stress and phospholipidosis) to the relative NP concentra-
tions (exposure, association and internalization) in vitro. Two
model NPs, liposomes and quantum dots (QDs), of biomedical
significance was employed in this study. Liposomes are drug
delivery vehicles of great clinical significance.** QDs have great
potential in cellular, tissue and whole-body multiplexed cancer
biomarker imaging.** Cytotoxicity screening is therefore inte-
gral to the development of these biomedical agents. The ulti-
mate objective of this study is to examine important criteria and
practices, especially the use of appropriate controls, when
correlating these toxicity responses to NP concentrations.

Experimental methods

Our study has followed good practices in developing reliable NP
cytotoxicity and cell association data.*** This includes checking
colloidal stability in acellular® and cellular conditions, testing
NP interference with assay reagents'®'” and use of appropriate
controls.»® This is further explained in the following para-
graphs. A schematic showing an overview of the present study is
presented in the ESI methods section.}

Preparation of PEG-functionalized liposomes

Liposomes were prepared following a protocol adapted from
Tekrony et al.*® A lipid mixture of 1 mM 2-dioleoyl-sn-glycero-3-
phosphocholine and 0.05 mM 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine-N-[methoxy(polyethylene glycol)-2000] (Avanti) in
5 ml chloroform was vortexed at 300 rpm for 5 min and dried
under nitrogen. The lipid film was hydrated with 5 ml water under
constant shaking, 300 rpm, for 45 min. The resulting multi-
lamellar liposomes were extruded using a handheld mini-extruder
(Avanti) through 200 nm then 100 nm polycarbonate membranes
(Whatman® Nucleopore track-etch membrane), 25 times each.
Fluorescently-labelled liposomes were similarly prepared using 5
x 1077 M Oregon Green® 488 1,2-dihexadecanoyl-sn-glycero-3-
Phosphoethanolamine (ThermoFisher Scientific). Prepared lipo-
somes were protected from light and stored at 4 °C until use.

Characterization of liposomes and QDs for colloidal
properties

Liposomes were characterized for mean diameter, poly-
dispersity index (PDI) and zeta potential (ZetaSizer Nano DTS
1060, Malvern) at 25 °C, with 173° backscatter measurement
angle and 633 nm incident laser wavelength. Measurements
were performed in triplicate and reported as mean =+ standard
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deviation. Theoretical calculation of the number concentration
of liposomes was determined based on the measured hydro-
dynamic diameter of the liposomes, as detailed earlier.”
Number concentration was then converted to a molar concen-
tration using Avogadro's number.

Commercially available QDs (Qdot® 605 ITK™, Life Tech-
nologies) were similarly characterized for mean diameter, PDI
and zeta potential. According to the supplier's specifications,
the core of these dots is CdSe and the shell is ZnS. These probes
are functionalized with amine-derivatized PEG and has emis-
sion maxima of ~605 nm. Further details on these probes could
be found on the supplier's website. Molar concentration of QDs
(based on the number of NPs) stated by the manufacturer was
confirmed by fluorescence correlation experiments as indicated
in an earlier study by our group.?

Cell culture

HUVEC and HMVEC-C (Lonza) were cultivated in EGM-2 and
EGM-2MV culture media (Lonza), respectively, in gelatin-coated
T-flasks, and used until passage 9.

Colloidal stability of nanoparticles in culture media

Colloidal stability of liposomes (8 nM) and QDs (200 nM) in
both culture media (EGM-2 and EGM-2MV) in terms of size and
PDI was tracked for 24 h at 37 °C.

Cell association and internalization of liposomes and QDs
using confocal microscopy

Sample preparation. Cells were grown in gelatin-coated 8-
well chamber slides (Life Technologies) at 12500 cells per well to
80-90% confluence. Cells were exposed to a volume of 250 pL
per well of fluorescent liposomes, sterilized by filtration, at
a series concentration of 0.08-8 nM in culture medium. QDs
(0.2-200 nM) were tested in parallel. Following 24 h, cells were
washed using HEPES buffered saline (Thermo Fisher Scientific),
fixed with 4% formaldehyde for 10 min, stained with 5 pg ml™*
CellMask™ Deep Red Membrane Stain (Life Technologies) in
PBS for 10 min, washed with PBS and mounted with Prolong®
Gold Antifade Mountant (Life Technologies). Prepared slides
were sealed, protected from light and stored at 4 °C until
imaging.

Confocal imaging. Treated cells were visualized using an
upright Olympus® Confocal Microscope BXGIXI equipped with
a 20x objective (NA 0.75). Excitation wavelengths of 405, 488
and 634 nm were used to detect signals from QDs, Oregon
green-labelled liposomes and CellMask-stained cell membrane,
respectively. The laser power of NP excitation wavelength was
kept constant for image acquisition of all samples. Z-stacks
were taken at 1 pm steps.

Image analysis and 3D-reconstruction of the confocal Z-
stacks. Images were analyzed using Image], version 1.49t
(National Institutes of Health) to quantify mean fluorescence
intensity and pixel count due to NP signal within a defined
region of interest (ROI) bound by the membrane stain. ROI was
defined in the membrane channel by thresholding to select the
stained cell regions, then overlaid onto the particle channel

This journal is © The Royal Society of Chemistry 2018
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image to quantify mean fluorescence intensity within the
defined ROL. For pixel analysis, ROI was further thresholded to
only select pixels due to NPs and not the whole cell area. The
effect of cell density per image field on the results of image
analysis was investigated. Both 2D (exported 2D total intensity
projection images of the membrane channel and QD channel
for each Z-stack) and 3D (analysis of each XY slice of the Z-stack)
image analysis were conducted. All intensity, pixel and voxel
measurements were background-corrected and normalized for
comparison of relative differences. A schematic summarizing
the workflow is included in the ESI methods (Fig. S1t).

3D-reconstructions of the confocal Z-stacks were generated
using image processing software ScanIP Simpleware (Synopsys).
NP adhesion and internalization were quantified in terms voxel
numbers and fluorescence intensities within the cell membrane
and cell interior volumes, respectively. Detailed description of the
3D re-construction, presumptions used to differentiate between
internalization and adhesion and a diagram summarizing the
workflow (Fig. S21), as well as statistical tests used to analyze cell
NP association and internalization data are included in ESI
methods.}

Cytotoxicity study of liposomes and QDs

HUVEC and HMVEC-C grown to 80-90% confluency in 96-well
plates (Thermo Scientific) were exposed to serial concentrations of
unlabelled liposomes (0.08-8 nM) and QDs (0.2-200 nM) in culture
medium at 37 °C for 24 h. Cell viability, in terms of cell-ATP level,
(ViaLight™ Plus, Lonza) on exposure to NPs was measured, as well
as specific toxicity mechanisms: oxidative stress (CellROX Assay
kit, Life technologies), mitochondrial membrane integrity (Mito-
chondrial Health Kit, Invitrogen) and phospholipidosis (LipidTOX
assay kit, Invitrogen). Brief background on the test markers,
detailed protocols, control experiments, interference tests and
equations used to quantify cell responses are described in the ESL.{
Sigmaplot, version 13 (Systat) was used for data fitting using
a sigmoidal dose-response model.

Results and discussion

The ultimate goal of this study was to explore the potential for false
positive or false negative interpretations of cytotoxicity data based
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on choice of readout parameters and data analysis methods. This
study also focused on discrepancies due to using different image
analysis readouts of the concentration of NPs associated with or
internalized within the cells, and due to the adequacy or deficiency
of appropriate controls in NP cytotoxicity experiments.

Characterization of nanoparticles

Two model nanoparticles (liposomes and QDs) were used in our
experiments. Reproducibly monodisperse unlabelled and
fluorescently-labelled liposomes shared comparable colloidal
properties with hydrodynamic diameters of 91 £+ 5 and 90 +
4 nm, PDI of 0.06 + 0.02 and 0.07 & 0.02 and zeta potentials of
—19 £ 5 and —25 £+ 2 mV, respectively. Both liposomes were
stable in culture media, EGM-2 and EGM-2MV, for 24 h at 37 °C
(Fig. 1A and B). It should be also noted that liposomes were
dispersed into the culture medium (using a vortex) at zero time
to ensure well distribution of the NPs. No significant changes in
size diameters and PDI were observed for all liposomes after
24 h incubation in both culture media. This precludes the
formation of aggregates settling down from the culture
medium, which would have been accompanied by an increase
in PDI (dispersed nanoaggregates) or visual observation of
a bigger aggregate or a precipitate.

The slight decrease in liposomal mean hydrodynamic
diameters in culture media (Fig. 1A and B) relative to water
could be attributed to a higher NP stability by means of the
proteins present in culture media® or due to a particle shrinkage
or decrease in the hydrodynamic diameter in response to
a higher buffer strength of the culture media relative to water.>

Colloidal stability of liposomes was further tracked in pres-
ence of cells to investigate the effect of cell milieu and cell
excretions as well as the physical barrier of the cell membrane
on NP stability. The presence of cells did not affect liposome
stability (Fig. S3, refer to the ESIt). To the best of our knowledge,
this is the first study to check for colloidal stability of NPs in
presence of cells.

Due to unchanged colloidal properties on fluorescent
tagging, fluorescent liposomes were used to track cell associa-
tion and uptake using fluorescence-based techniques. Unla-
belled liposomes were used in cytotoxicity assays to avoid
optical interference with assay reagents.
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Fig. 1 Colloidal properties and stability of nanoparticles in culture media over 24 h at 37 °C; EGM-2 (A) and EGM-2MV (B). Mean size diameter
(plotted as bars) and polydispersity index (PDI, plotted as black squares) were measured in water and in culture medium at zero-time and after

24 h.
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Commercially available amine(PEG)-terminated QDs with
a hydrodynamic diameter, PDI and zeta potential in water;
amine(PEG)-terminated QDs (diameter = 13.9 &+ 0.6 nm, PDI =
0.3 £ 0.1, and zeta potential = —1.6 £+ 0.4) were also stable in
both culture media for 24 h at 37 °C. No significant differences
were observed for QDs' size and PDI in water and in both culture
media at zero and 24 h.

Cell-NP association study using fluorescence-based
techniques

Fluorescence-based imaging techniques are crucial to probe
NP-cell association and mechanisms of NP-induced cell toxicity
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because fluorescence intensity is presumed to be a linear proxy
for concentration.”> However, different approaches to image
analysis are often used. To address this, the association of
different concentrations of liposomes and QDs with HUVEC
and HMVEC-C was tracked using confocal microscopy (refer to
ESI, Fig. S5-S8%) followed by thorough image analysis of
sequestered Z-stacks at 2D and 3D levels with the aim of pin-
pointing sources of variability in the results due to the different
approaches used.

Non-homogenous distributions of liposomes and QDs in
and on cells were observed using confocal fluorescence
microscopy (Fig. S5-S871). In other works, uneven distributions
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Fig. 2 Effect of cell density scatter among analyzed image fields (replicates) on nanoparticle association results as determined by confocal
imaging followed by 2D image analysis for fluorescence intensity of the nanoparticle signal using Imaged. A schematic depicting the cell density
scatter among both groups; wide-scattered and tight-scattered cell densities (A) and a bar chart showing the actual cell densities of repre-
sentative experiments (B) are represented. (C) Different significant levels were observed for quantum dot and liposome association with HUVEC
reference to control experiments with cells not exposed to nanoparticles. Data points represent mean =+ standard deviation (n = 3). * denotes
significant difference from control (p < 0.05) as determined by one way ANOVA and post hoc Tukey HSD test.
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of NPs have also been consistently published for monolayer
cells>** and within tissues.”*** This motivated us to investigate
whether analyzing image fields (replicates) that are either of
fairly similar (tight-scattered, Fig. 2A, replicates in the lower
panel) or varying (wide-scattered, Fig. 2A, replicates in the upper
panel) in cell density, would have an impact on NP cell associ-
ation results. Hypothetically, the wide scatter (replicates or
image fields varying in cell density, Fig. 2A, replicates in the
upper panel) could produce skewed NP distribution results
since lower cell density images may not be statistically repre-
sentative. This would exacerbate the non-homogeneous NP
distribution. In the current study, two groups of images (wide-
scattered and tight-scattered cell densities) were analyzed for
NP fluorescence per cells area (Fig. 2).

On analyzing tight-scattered image fields, average fluores-
cence intensity values (per cell area) with smaller standard
deviations were measured allowing the more accurate deter-
mination of significant differences in fluorescence intensities
(per cells area) at the different exposure concentrations. This

View Article Online
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suggests that using image fields with variable cell densities
(wide-scattered) might introduce some error in cell-NP associ-
ation results. Image analysis hereafter was dependent on using
the tight-scattered sets for both HUVEC and HMVEC-C exposed
to either of liposomes and QDs.

In order to later assess the correlation between NP associa-
tion and cytotoxicity, confocal Z-stacks were analyzed for NP
fluorescence intensity and pixel frequency of NP fluorescent
spots. The way in which these data are analysed may also play
a role in assessing the effects of NP association. Intensities and
(above a fluorescence threshold) pixel counts were estimated
per cell area (easier to estimate) and per cell number. Each set of
measurements were normalized to compare relative differ-
ences. The relative effect of these different approaches to
quantifying NP-cell association trends are presented in Fig. 3
and S9-S11.1 The statistical significance of the results are
summarized in Table 1.

The average intensity of NP fluorescence has frequently been
used to characterize the relative NP-cell association under
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Fig. 3 Effect of the method adopted for image analysis of sequestered Z-stacks on the association results of labelled liposomes as determined
by confocal imaging on exposure to HUVEC cells for 24 h at 37 °C; cells area versus cell number measurements (A and B), fluorescence intensity
versus pixel (C)/voxel (D) frequency, 2D versus 3D analysis (E and F). Representative images in this figure capture some of these trends: (A) 2D
Fluorescence intensities per cells area and cell number. (B) Pixel frequencies per cells area and cell number. (C) 2D Fluorescence intensity and
pixel frequency (per cells area). (D) 3D Fluorescence intensity and voxel frequency (per cells volume). (E) 2D and 3D Fluorescence intensities (per
cells area/volume). (F) Pixel and voxel frequencies (per cell number). Points with error bars represent mean =+ standard deviation. Differences
between the two curves in each panel (A, B, C, D, E and F) are statistically significant (two-way ANOVA, p < 0.05).
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Tablel Summary of the differences in cell-nanoparticle association trends observed between different image analyses of confocal Z-stacks. p-
values were calculated using two-way ANOVA or weighted least square regression when ANOVA assumptions were not met. p-value < 0.05

indicates statistical significance

(A)

p -value (ANOVA)

Analysis methods (2D image analysis)

Cell- quantum dot association

Cell-liposome association

HUVEC

Cells area vs Cell number (Intensity)
Cells area vs Cell number (Pixel)
Intensity vs Pixel (Cell area)
Intensity vs Pixel (Cell number)

HMVEC-C HUVEC HMVEC-C

(8)

p -value (ANOVA)

Analysis methods

HUVEC-quantum dot association

HUVEC-liposome association

Cell area/volume

Cell number [Cell area/Volume|Cell number

Intensity vs Voxel (3D)

2D vs 3D (Intensity)
2D vs 3D (Pixel/Voxel)

0.0424

©

p -value (ANOVA)

Analysis methods (3D image analysis)

HUVEC-quantum dot association

HUVEC-liposome association

Intensity

Cell volume vs cell number

Voxels Intensity Voxels

|

i

p>0.1

various experimental conditions.>**® The average fluorescence
intensity has been expressed as intensity per cell area® or cell
number.”®* In the present study, we observed significant
differences (p < 0.001) between normalized cell association
results per cell area and per cell number for certain experiments
(liposomes) (Fig. 3A and 2B, S9 (A and B)-S11(A and B)t and
Table 1A). A heterogeneous distribution of liposomes among
cells within the analyzed image fields could explain the
observed differences. These results suggest that such subtleties
in the data could be missed depending on the analysis method
and thus cytotoxicity mechanism data could be skewed.

Cell association of NPs was also assessed in terms of the
frequency of pixels above a certain fluorescence threshold.>*°
This approach was reported as superior over approaches based
on intensity measurements because intensities may vary with
the location of the NPs in the imaged 3D specimen owing to
light scattering. For pixel measurements, imaging settings
could be freely adjusted for each measurement individually
according to the signal level required to detect NPs at different
depths in the examined cells.’* Significant differences between
intensity and pixel measurements were often observed for 2D
projections of the confocal Z-stack (Fig. 3C and S9(A and B)-
S11(A and B)f and Table 1A). In contrast, 3D image analysis
resulted in similar HUVEC NP association results (p > 0.05)
using either of voxel count or average fluorescence intensity due
to NPs (Fig. 3D, S9D1 and Table 1B).

23032 | RSC Adv., 2018, 8, 23027-23039

p>0.05 p<0.01

Significant differences were also observed between associa-
tion trends measured from 2D (pixel frequency) and 3D (voxel
frequency) image analyses (Fig. 3E, S9Ff and Table 1B). It
should be noted here that pixels (counts per surface area) and
voxels (counts per volume) are entirely different parameters.
This was not the case for intensity per cell measurements (p >
0.05) where the intensity per pixel for each XY-slice image is
integrated across all slices to create the 3D stack or projected to
create a 2D image based on total intensity (Fig. S9Et and Table
1B). Statistical analyses of the differences observed between 2D
intensities per cells area and 3D intensities per cells volume (p <
0.001) can be found in Fig. 3F and Table 1B.

Results presented here indicate clear statistical differences
between the different approaches of image analysis: 2D and 3D
analysis of sequestered Z-stacks analyzed for fluorescence
intensity; or pixel frequency of fluorescent spots due to NPs
normalized to cell area or cell number (Fig. 3, S9-S111 and
Table 1). We submit that future cell-association studies must
accurately describe the analysis approaches. Methodological
errors in relative NP concentration distributions could also be
minimized on analysis of image fields with fairly similar cell
density.

We now examine the effect that different cell lines might
have on NP association and ultimately on cytotoxicity results
(next section). We first compared NP association with HUVEC
and HMVEC-C using fluorescence intensity measurements per

This journal is © The Royal Society of Chemistry 2018
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cells area (Fig. 4A and C) and cell number (Fig. 4B and D). Both
methods of analyses showed significantly (p < 0.0001) higher
QD association with HUVEC than HMVEC-C; six-fold higher
association was observed at 200 nM QD concentration with
HUVEC than HMVEC-C cells. Liposomes associated to
a different extent (p < 0.05) with both cells, with more differ-
ences observed in terms of intensities per cell number. Similar
differences but to a less extent were observed when using pixel
measurements as explained in the ESI (Fig. S127). Differences in
association of liposomes and QDs with each of the primary
human ECs (HUVEC and HMVEC-C) were observed (Fig. 4) and
could lead to different trends in NP-related toxicity. Differences
in NP association among the two cells might be explained by
differences in culture media, in which the particles were
dispersed. For example, the HUVEC media contained 2% fetal
bovine serum (FBS) while the HMVEC-C media contained 5%
FBS. Different cell-associations of silica NPs were reported in
presence and absence of serum proteins.** Differences between
large vessel (HUVEC) and microvascular (HMVEC-C) endothe-
lial cell phenotypes may also explain the observed differences in
NP-cell association. For example the expression of key surface
receptors, vascular cell adhesion molecule (VCAM-1) and
platelet endothelial cell adhesion molecule (PECAM-1) are more
expressed in HUVECs than HMVEC-Cs.* Significant differences
were also found in terms of their CD14, CD34 and vascular
endothelial growth factor (VEGF) receptor (1, 2 and 3) gene
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expression.* It could be that differences in cell surface receptor
expression between HUVEC and HMVEC-C are altering their
interactions with NPs. The effect of endothelial cell model on
their NP uptake efficiency has not been studied directly to the
knowledge of the authors. These differences in NP association
among the two cells infer that developed NP association and
cytotoxicity models are only predictive for the test cell. This
however cannot be generalized to the behaviour of other cell
types on exposure to these NPs.

In addition to using confocal microscopy as an imaging tool
to probe cell-NP association, other fluorescence-based spectro-
scopic techniques, fluorimetry and fluorescence correlation
spectroscopy, were employed to measure NP concentrations of
the cell lysate following exposure to NPs and non-associated
NPs in the culture medium, respectively. However, the low
signal to noise in the lysate and the larger error in the culture
medium measurements precluded further use (refer to ESI,
Fig. S47).

Cell-uptake of nanoparticles: 3D reconstruction of confocal Z-
stacks

We also wanted to assess the correlation between cell uptake of
NPs and cytotoxicity. Quantitative assessment of NP uptake into
cells still poses a technical challenge. It is difficult to distin-
guish between NPs inside the cell and on the cell surface.*® 3D
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Fig. 4 Effect of cell type (HUVEC AND HMVEC-C) on cell association of labelled liposomes (A and B) and quantum dots (C and D) following cell
exposure for 24 h at 37 °C as determined by confocal images and analyzed using imageJ to determine the baseline-corrected fluorescence
intensities per cells area (A and C) and per cell number (B and D). Particle association was significantly different among the two cells with p <
0.0001 and p < 0.05 for quantum dots (A and B) and liposomes (C and D), respectively.
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modelling and reconstruction of confocal stacks has been count and fluorescence intensity in each ROI. NP voxels found
successfully used to quantify NP uptake, however, it only allows in the region of the cell membrane were presumed to be
the analysis of one cell at a time.*>**® Using ScanIP, we attained adhered, while those found in the intracellular region were
a higher image analysis throughput to define cell membrane considered internalized.

and intracellular regions of interest (ROIs) of all the cells in Results obtained from analysis of the 3D models of NP-
a stack (Fig. 5). NP adhesion and uptake was quantified as voxel treated HUVEC indicate minimal cell surface adhesion and
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Fig. 5 (A) Representative images showing association of 200 nM quantum dots (upper panel), presented as red spots, and 8 nM labelled
liposomes (lower panel), presented as green spots with HUVEC following 24 h exposure at 37 °C as determined by confocal microscopy. ImageJ
was used to construct z projection images (left images) of membrane (grey) and NP Z-stacks. ScanlP Simpleware was used for 3D reconstruction
of the Z-stacks (right images) to distinguish nanoparticles adhering to the membrane surface (yellow) shown in the top view, and nanoparticles
taken up by the cells (red for quantum dots and green for liposomes) shown in the cropped view. Quantification of quantum dots (B) and
liposomes (C) by intensity of voxels due to nanoparticles fluorescence in cell membrane (adhesion), intercellular space (uptake). (D) A schematic
distinguishing between adhered, internalized and associated nanoparticles following 3D reconstruction of the Z-stacks is presented to further
explain the quantification graphs herein.
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almost complete uptake of cell-associated NPs (Fig. 5A). This
could be attributed to the long exposure time (24 h) and a rela-
tively small NP size.’”*® Cell internalization of QDs and lipo-
somes increased with exposure concentration (Fig. 5). The
number of internalized particles at the highest concentration
(200 nM for QDs and 8 nM for liposomes) was significantly
higher (p < 0.01) than internalization at lower concentrations.
Similarly, NP adhesion increased with higher exposure
concentration. These plots suggest that the system has not
reached NP saturation of the cell membranes and intracellular
medium.

In Table 1, a significant difference (p < 0.05) between
normalized voxel counts and fluorescence intensities per cell
volume for liposomes (Fig. 5C versus Fig. S13Af) is presented.
Since quantification by voxel count assumes all voxels have the
same fluorescence intensity, discrepancies between both
methods could occur owing to a wide range and dispersion of
fluorescence intensities per voxel, such as those shown in
Fig. S13Ct for liposomes. No significant difference was found
between the different analyses for QDs likely due to a lower
range and dispersion of the fluorescence intensity per voxel
(Fig. S13D¥). Nevertheless, the overall trend of the results was
similar; an increase in concentration generated an (often linear)
increase in uptake and adhesion.

Overall, a clear advantage of 3D reconstruction of confocal Z-
stacks is that it delivers spatial information. Distinction
between membrane-associated and internalized particles was
possible via 3D reconstruction of the cell membrane and the
intercellular space. Hence, 3D reconstruction should be integral
in studies where relative localization information is needed to
investigate NP-cell association and cell response mechanisms.
We believe that discrepancies between voxel counts and fluo-
rescence intensities per volume will depend on the intensity
threshold chosen. The advantage of voxel count is that it vastly
reduces the intensity artefacts from light scattering by tissues.

Cytotoxicity study of nanoparticles

Prior to tracking specific cellular events indicating potential
toxicity, possible NP interferences with test reagents, leading to
false positive or false negative results were examined. Interfer-
ence was only observed for QDs and liposomes with Mitohealth
and LipidTOX Kkits, respectively (Fig. S14, refer to the ESIt). QD
emission and excitation spectra overlap with those of the
Mitohealth reagent. The LipidTOX reagent has high affinity to
and detects intracellular accumulation of lipids, which could
explain its interaction with the lipid-containing vesicles. These
tests were excluded when interference was detected.

We now move to the examination of QD cytotoxicity. There
are some discrepancies in literature regarding toxicity of QDs
possibly owing to the different physicochemical properties of
QDs, the different cells used, etc.**** Our results show
a substantial and step-wise drop in percentage viability of
HUVEC and HMVEC-C; on exposure to amine (PEG) terminated
QDs over a concentration range of 0.2-200 nM (Fig. 6B). QDs
were toxic to HUVEC and HMVEC-C after 24 h at exposure
concentrations of 0.2 (46.9% cell viability) and 20 nM (35.8%

This journal is © The Royal Society of Chemistry 2018
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cell viability), respectively, and toxicity was maintained at the
same level up to 200 nM (highest test concentration). Alterna-
tively, liposomes, generally regarded in literature as safe and
biocompatible,>** resulted in a slight decrease in cell viability
with an increase in concentration (Fig. 6C). The percentage
viability of HUVEC decreased from 91 to 82% on increasing the
exposure liposomal concentration from 0.08 to 4 nM and
dropped to about 62% at 8 nM concentration. A similar trend
was observed with HMVEC-C cells.

Though HUVEC and HMVEC-C are both ECs with shared
morphology, they responded differently to test NPs. Higher
toxic responses (viability and oxidative stress) were generally
observed for HMVEC-C than HUVEC cells on exposure to QDs
(Fig. 6). This is despite the differential extents of cell-association
of QDs, whereas significantly higher association of QDs was
observed in case of HUVEC than HMVEC-C (Fig. 4). In other
words, HMVEC-C cells were found more sensitive to QDs than
HUVEC cells. However, the difference in association of lipo-
somes among the two cell types was not pronounced. This, in
addition to their minimal cytotoxic effects of liposomes resulted
in more or less similar toxic responses of the two cell types on
exposure to liposomes. Unsurprisingly, the sensitivity of two
cells with common origin and morphology differed in response
to NP exposure; this sends a warning to future studies using in
vitro cell models for screening NP cytotoxicity.

Further tests were conducted to examine possible cytotox-
icity mechanisms (oxidative stress, loss of mitochondrial
membrane integrity and phospholipidosis) on exposure of
HUVEC and HMVEC-C cells to liposomes and QDs. The lipo-
somes used in this study did not elicit the production of
significant oxygen species (tested using both cell types) nor
negatively affected the mitochondrial membrane relative to
non-treated HMVEC-C cells (Fig. 6C). In other words, release of
oxygen species and changes in mitochondrial health are not
mechanisms for realizing cytotoxicity by test liposomes under
the experimental conditions used in our study. Liposomes were
previously reported to interfere and fuse with the cell
membrane lipids.>***” We could not, however, test that due to
liposomal interference with the phospholipidosis assay reagent.
On the other hand, toxicity of QDs was observed to be at least
partially attributed to the production of reactive oxygen species
(Fig. 6B and Table 2). The generation of reactive oxygen species
upon cell internalization of QDs was previously reported as
a contributing QD cytotoxicity mechanism.****** No excessive
accumulation of intracellular phospholipids was measured on
cell exposure to QDs; phospholipidosis is therefore not a toxicity
mechanism for test QDs under the study conditions (Fig. 6B).

After careful analysis of NP-cell association and internaliza-
tion, and cell responses to NPs, we wanted to respond to the
main goal of the paper which was investigating how different
measurement techniques and parameters to characterize NP
interactions with cells, in addition to different practices in
cytotoxicity measurements (using appropriate controls) could
affect NP cytotoxicity reports.

A sigmoidal dose-response model is normally used to
describe toxicity trends with respect to toxin concentration. This
was employed to test the correlation of NP cytotoxicity and other

RSC Adv., 2018, 8, 23027-23039 | 23035
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measured cell responses to NPs, either normalized to both
positive and negative controls (Table 2A) or measured as fold
decrease or increase from the negative control experiments
(Table 2B). In these tests, we did not exclusively rely on exposure
NP concentration (concentration in culture medium). Indeed,
we further examined these correlations using the different
measured readouts of associated and internalized NP
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concentrations. Results were compared to determine the effect
of deficiency of appropriate controls in current common prac-
tices when investigating cell viability/toxicity and specific
intracellular responses due to exposure to NPs.

In this study, all cytotoxicity assays employed negative
(untreated cells) and positive controls. For a positive control
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Fig. 6

(A) Cytotoxicity reporters used in our study. Percentage cell viability (Vialight) and intracellular effects (release of reactive oxygen species,

mitochondrial membrane potential (MMP) and phospholipidosis using CellROX, Mitohealth and LipidTOX kits, respectively) of HUVEC (upper
panel) and HMVEC-C (lower panel) on exposure to quantum dots (B) and liposomes (C) at different exposure nanoparticle concentrations.
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Table 2 Summary of the linear regression analysis of the correlations between cytotoxicity and oxidative stress responses of both cell types,
HUVEC and HMVEC-C, due to liposomes and quantum dots, respectively, and their concentration. Concentration is expressed as either
exposure concentration in culture medium, associated NP concentration or internalized NP concentration. Cell responses to nanoparticles were
either normalized to negative and positive controls (A) or estimated as a multiple of the negative control only (B)

(A)

R’ for sigmoidal correlation

Quantum dots
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Parameters describing concentration

Cytotoxicity Oxidative stress

Mitochondrial

Phospholipidosis Cytotoxicity Oxidative stress

health
Vialight CellROX LipidTOX Vialight CellROX
(Vialight) ( ) (Lip ) (Vialight) ( ) (MitoHealth)
HUVEC [HmVEC-c[HUVEC  [HmvEc-c[Huvec  [HmVEC-c[HUVEC [HmvEc-c[HUVEC [HMVEC-c[HUVEC [HMVEC-C

1. Exposure nanoparticle concentration
Nanomolar concentration
2. Association nanoparticle concentration
2D intensity/ cells area
Pixels/cells area

3D intensity/cells volume
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2D intensity/cell number
Pixel/cell number

3D intensity/cell number

Voxels/cell number

3. Internalized nanoparticle concentration

Voxels/cells volume

3D intensity/cells volume
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1. Exposure nanoparticle concentration
Nanomolar concentration

2D intensity/ cells area
Pixels/cells area

3D intensity/cells volume
Voxels/cells volume

2D intensity/cell number
Pixel/cell number

3D intensity/cell number
Voxels/cell number

3. Internalized nanoparticle concentration
Voxels/cells volume

3D intensity/cells volume

R?<0.5

R?=0.5

permeabilization of the membrane and structural collapse on
exposure to Triton X-100 (non-ionic surfactant) at postmicellar
concentration.”® Menadione (100 uM) was recommended by the
manufacturer as a positive control in oxidative stress
measurement and was reported to induce the generation of
reactive oxygen species.*>*® Tolcapone was shown by Haasio
et al.>* to reduce the mitochondrial membrane potential in
a concentration-dependent manner. When using tolcapone at
12-20 puM concentrations, they observed a reduction in mito-
chondrial membrane potential to 0-7% of the initial value.

This journal is © The Royal Society of Chemistry 2018

R?<1 Experiment not conducted

Accordingly, tolcapone (20 M) was used as positive control for
Mitohealth kit which measure the mitochondrial membrane
potential. Propranolol (30 puM) was recommended by the
manufacturer as a positive control for measuring phospholipi-
dosis, being able to induce accumulation of phospholipids.*
When relying on both positive and negative controls (Table
2A) in defining cytotoxic thresholds of QDs (refer to the ESIT for
the equations), statistically relevant correlations were observed
between either of QD concentration in culture medium or
internalized QD concentration and cell responses with
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sigmoidal dependence on concentration. However, the analyses
using total cell associated NPs were not always representative of
viability trends depending on the approach used for image
analysis. Oxidative stress of HUVEC and HMVEC-C on exposure
to QDs was correlated with cell-internalized NP concentration,
cell-membrane associated NP concentrations; as well as with
QD concentration in culture medium. No correlations were
observed between phospholipidosis and the various QD
concentrations. On the other hand, measured cytotoxicity versus
exposure liposomal concentration also fit to the dose-response
sigmoidal function with high R* of 0.84 and 0.99 for HUVEC and
HMVEC-C cells, respectively (Table 2A). Sigmoidal dose-
response correlations were also calculated using internalized
and associated NP concentration and found to fit the data well.
No further sigmoidal correlations were observed between either
of oxidative stress and mitochondrial health, and liposomal
concentrations. Overall results from Table 2A show that observed
toxicity responses were related to exposure concentrations. This
confirms that future studies can rely on exposure concentration
of NPs as an easy readout when defining cytotoxicity of NPs.
However, this is only generalizable for infinite systems where NP
concentration is not depleted with time and using long time
frame (24 h) to allow for internalization of cell-associated NPs.
Future studies on finite systems are needed where toxic cell
responses-NP concentration correlations are plotted beyond
saturation level (saturation of the cell membrane with adhering
NPs or saturation of the intercellular spaces with internalized
NPs). Further, NP dose-response relationship could occasionally
vary with the approach adopted for image analysis while inves-
tigating cell association of nanoparticles. This was observed for
few correlations established with intensity-based artefacts of
liposome cell-associated concentration. Yet, we don't have an
explanation for this observation. Further future experiments on
a shorter time scale may also reveal some differences with
different practices of image analysis.

Interestingly, when calculating cell responses as fold increase
or decrease from negative control experiments, several different
correlations were observed (Table 2B). For instance, oxidative
stress of HUVEC and HMVEC-C was positively correlated to lipo-
somal concentrations (Table 2B), except for few associated lipo-
somal concentrations readouts. Further, cellular phospholipidosis
was also positively correlated to QD concentrations, except in case
of few QD association readouts. In other words, small cytotoxic
effects of NPs were overemphasized for those tests in absence of
positive controls. In contrast, similar correlations were observed
between cellular oxidative stress and QD concentrations whether
relying or not on positive control measurements, but with relatively
lower R* values in case of HUVEC oxidative stress responses to QDs
not normalized to positive controls.

In summary, based on the adequacy or deficiency of use of
appropriate controls in cytotoxicity analysis, different correla-
tions were sometimes observed between cell toxic responses and
NP concentration among all concentration types tested; exposure
concentration of NPs, surface associated NP concentration and
internalized NP concentration. Observed toxicity responses were
related to exposure concentrations. Further, NP dose-response
relationship could occasionally vary with the approach adopted
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for image analysis while investigating cell association of NPs. A
follow-up study focusing on investigating a series of NPs inter-
acting with the cells using different mechanisms leading to either
of dominant intracellular localization or surface adhesion of NPs
could be of interest, wherein NP cytotoxicity correlations with the
different NP concentration readouts are examined in parallel.
This will not only highlight the predictive limiting power of each
concentration readout but also the potential cytotoxicity mecha-
nism for each NP.

Conclusions

Three variations in common practices of image analysis of
confocal Z-stacks to investigate cell association of NPs:
normalization per cell or per area, pixel count or fluorescence
intensity as an association reporter, and analysis of 2D projec-
tions or image stacks, were shown in our study to result in
significantly different association trends as well as occasional
variations in cytotoxicity reports. This study also provides
a methodological approach to distinguish between membrane-
associated and internalized NPs on 3D reconstruction of the cell
membrane and the intercellular space. Based on comparison of
cytotoxicity results defined by exposed, associated and inter-
nalized NP concentrations, NP exposure concentration provides
an accurate parameter to define NP cytotoxicity.

Importantly, this study demonstrated the significance of
consolidating general practices of developing reliable data for
cytotoxicity of NPs and understanding the discrepancies among
the current literature. This includes checking for colloidal stability
under experimental conditions, screening for NP interference with
assay reagents and use of appropriate controls. Results in this
study are believed to direct future research lines towards mini-
mizing the discrepancies in literature on nanotoxicity and to better
define cytotoxicity of NPs using in vitro cell-based assays.
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