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Evaluating nanomaterial uptake and association by cells is relevant for in vitro studies related to safe-by-
design approaches, nanomedicine or applications in photothermal therapy. However, standard analytical
techniques are time-consuming, involve complex sample preparation or include labelling of the investi-
gated sample system with e.g. fluorescent dyes. Here, we explore lock-in thermography to analyse and
compare the association trends of epithelial cells, mesothelial cells, and macrophages exposed to gold
nanoparticles and multi-walled carbon nanotubes over 24 h. The presence of nanomaterials in the cells
was confirmed by dark field and transmission electron microscopy. The results obtained by lock-in ther-
mography for gold nanoparticles were validated with inductively coupled plasma optical emission spec-
trometry; with data collected showing a good agreement between both techniques. Furthermore, we
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demonstrate the detection and quantification of carbon nanotube-cell association in a straightforward,
non-destructive, and non-intrusive manner without the need to label the carbon nanotubes. Our results
display the first approach in utilizing thermography to assess the carbon nanotube amount in cellular
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1 Introduction

The investigation of fundamental interactions of nanoparticles
(NPs) with biological systems is a prominent area of research
with increasing patent applications, funding, and scientific
publications."™ The reasons for the rapid growth of research
activities in this field include economic (i.e., faster commercia-
lization) or health-related (i.e., understanding their potential
risk and hazard) factors. Imaging techniques including elec-
tron microscopies, confocal laser scanning microscopy, or
dark field microscopy are typically used to study NP-cell inter-
actions. The choice of technique strongly depends on the
studied NPs and the use of fluorescent dyes. For example, fluo-
rescent labeling and staining of NPs and cells, respectively,
allows for live cell imaging and thereby enables one to
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perform co-localization studies and real time observations of
particle-cell interactions. However, it has been shown that the
presence of surface-attached fluorescent dyes can strongly
change NP-cell interactions. Furthermore, these dyes are
prone to quenching, leading to inaccurate fluorescent signals,
e.g., during the detection of gold NPs (AuNPs).> Quantitative
data can be added in this context by using inductively coupled
plasma spectroscopy (ICP), which involves the chemical diges-
tion of organic matter (i.e., cells, proteins, etc.) and dissolution
of the AuNPs before quantifying the amount of gold in
solution.®”

When moving from model AuNPs to analytically more
complex multi-walled CNTs (MWCNTSs), which have become
one of the most widely used carbon-based materials,®® the
study of their interaction with cells becomes more challenging.
Although it is possible to image CNTs associated to cells with
dark field and electron microscopy, their detection and quanti-
fication in biological samples is arguably more demanding
than the previously described AuNPs due to the fact that (i)
CNTs do not show plasmonic properties, (ii) their contrast is
comparably low, (iii) their solubility and stability in aqueous
solution is limited, and (iv) they are only indirectly quantifi-
able by ICP and rely on the presence of metal catalyst impuri-
ties (related to the synthesis process).'®'" Other techniques,
such as stereology, radio-labelled "*C-CNTs or electrophoretic

This journal is © The Royal Society of Chemistry 2020
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separation methods, which have been used for this purpose,
involve tremendous workloads.'>'* However, CNTs are
efficient light absorbers and exhibit high thermal conduc-

tivities, which renders them suitable for photothermal
applications,"*™ and in turn opens up a door for
thermography.

Lock-in thermography (LIT) is a heat-sensitive imaging
technique which allows the visualization and characterization
of plasmonic NPs in a sample due to their ability to generate
heat in response to an external stimulus.*>*! In a recent study,
the applicability of LIT for plasmonic NPs has been demon-
strated, highlighting how NP aggregation can be resolved by
changing the excitation wavelength.?* LIT is based on exposing
the sample to a periodic amplitude-modulated stimulation,
while continuously imaging with an infrared (IR) camera to
monitor the sample surface temperature over time. Instead of
monitoring the change in temperature over time, the ampli-
tude of the temperature oscillations (i.e., between on and off
states of the external stimulus) is determined, thus enabling
the selective filtering of background noise that is not originat-
ing from the stimulus.”*** By using a sensitive IR camera and
averaging the signal over numerous cycles, LIT is able to
measure temperature differences down to 0.001 K.

In this study, we demonstrate the use of LIT to qualitatively
assess the interaction of CNTs and AuNPs with cells. As a
proof of concept, we studied the association of 14 nm and
42 nm AuNPs with different cell types, such as epithelial cells,
mesothelial cells, and macrophages, over 24 h. The quantity of
cell-associated NPs was estimated using the LIT technique and
compared to quantitative data obtained by ICP-OES. Our
results for these experiments show that LIT can reliably probe
NP-cell interactions. We also studied the association of Mitsui-
7 and Nanocyl MWCNTs to cells. We then established a cali-
bration curve by exposing cells to known concentrations of
CNTs in order to estimate the amount of CNTs associated to
the different cell lines. To the best of our knowledge, it is the
first time that a thermography technique is used to quantitat-
ively assess the amount of CNTs associated to cells. We high-
light that LIT is a straightforward and cost-effective technique,
which can be used by researchers in the field of bionanotech-
nology to assess nanomaterial (NM)-cell association without
dye-labelling or other laborious sample preparation.
Furthermore, LIT can be used for the analysis of CNTs,
enabling fast and sensitive detection and quantification of
cell-associated CNTSs.

2 Experimental section

2.1 Synthesis of polyvinylpyrrolidone-functionalized gold
nanospheres (Au@PVP)

AuNPs were prepared by the Turkevich method.”® Briefly, a
0.5 mM gold solution (99% tetrachloroauric acid,
HAuCl,-3H,0, Sigma-Aldrich, Switzerland) was boiled in the
presence of 1.5 mM of sodium citrate (>98%,
Ce¢HsNa;0,-2H,0, Sigma-Aldrich, Switzerland). The resulting
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citrate capped AuNPs with a core diameter of 14 nm were func-
tionalized with polyvinylpyrrolidone (PVP 8000 g mol
(C¢HoNO),,, Acros Organics, Switzerland), by mixing 0.47 mM
of Au sols with a 2.65 mM PVP aqueous solution. 42 nm
AuNPs were prepared by reduction of gold salt (0.25 mM) with
hydroxylamine hydrochloride (0.2 M) in the presence of
sodium citrate (0.5 mM) and as-prepared citrate capped 14 nm
AuNPs (0.0125 mM). Particles were subsequently functiona-
lized with PVP (1.1 mM) as described for 14 nm AuNPs.>”

2.2 Preparation of Mitsui-7 and Nanocyl MWCNTs
dispersions

Pre-weighed dry Mitsui-7 (kind gift of Prof. Vicki Stone, Heriot-
Watt University, Edinburgh, UK; Mitsui & Co, Japan) and
Nanocyl-7000 MWCNTs (Nanocyl SA, Belgium; JRCNM4000a,
received from European Commission Joint Research Centre,
Italy) powders were suspended in 0.05 mg mL™' of bovine
serum albumin (BSA, Sigma-Aldrich, Switzerland) ((MWCNTs]
=200 pg mL™"). The suspension was then sonicated using a
probe sonicator (Sonifier SFX550, Branson Ultrasonics Corp.,
USA) for 10 min at 21% amplitude under cooling. The suspen-
sion was stored at 4 °C and sonicated for 30 min in a water
bath before use. The preparation of the MWCNTs was per-
formed according to the NanoReg protocol, with the exception
of the CNT concentration, which was adjusted (200 instead of
2560 pg mL™1).%8

2.3 Coating of cell culture plates

48-Well plates were coated with Fibronectin and Collagen I to
optimize cell adhesion for all cell types. 600 pL of phosphate-
buffered saline (PBS) solution supplemented with 0.1 mg
mL™" of BSA, 0.03 mg mL ™" Vitrogen 100 (Collagen I, bovine)
and 0.01 mg mL~" Fibronectin (BD Laboratories, Switzerland)
were placed in each well and incubated for 3 h at 37 °C and
5% CO,. Subsequently, the solution was removed, and the
plates were stored at 4 °C until use. Plates were used within a
month after coating.

2.4 Cell culture

Mouse macrophage cell line J774A.1 and human alveolar epi-
thelial cell line A549 (both ATCC, Switzerland) were cultivated
in Roswell Park Memorial Institute 1640 (RPMI, Gibco, Life
Technologies Europe B.V., Switzerland) cell culture medium
supplemented with fetal bovine serum (FBS, 10 vol%, PAA
Laboratories, Chemie Brunschwig AG, Switzerland, Life
Technologies Europe B.V., Switzerland), t-glutamine (1 vol%,
Gibco, Life Technologies Europe B.V., Switzerland), penicillin
(100 units per mL, Gibco, Life Technologies Europe B.V.,
Switzerland) and streptomycin (100 pg mL~', Gibco, Life
Technologies Europe B.V., Switzerland), from now on referred
to as complete RPMI (cRPMI).

Human mesothelial cell line MeT-5A (ATCC, USA) was cul-
tured in medium-199 (Gibco, Life Technologies Europe B.V.,
Switzerland) supplemented with 10 vol% FBS, penicillin, strep-
tomycin, 3.3 nM epidermal growth factor (EGF) (final concen-
tration), 400 nM hydrocortisone (final concentration), 870 nM
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insulin (final concentration), 20 mM HEPES (final concen-
tration), 0.3869 mg L' sterile filtered selenous acid (Sigma-
Aldrich, Switzerland), and 1:1000 Trace Elements B
(Corning™, ThermoFisher Scientific, Switzerland), from now
on referred to as complete medium-199 (cM199).

The human bronchial epithelial cell line 16HBE14o0-, a gen-
erous gift from Dr D. Gruenert (Cardiovascular Research
Institute, University of California, San Francisco, USA), was
cultured in minimum essential medium (MEM, Gibco, Life
Technologies Europe B.V., Switzerland) supplemented with 10
vol% FBS, penicillin and streptomycin, from now on referred
to as complete MEM (cMEM).

Cells were grown in cell culture flasks (TPP Techno Plastic
Products AG, Switzerland) and kept at 37 °C, 5% CO, and 95%
humidity. At around 80% of cell confluence, the growth
medium was exchanged and the cells were either scraped
(J774A.1) or detached (A549, MeT-5A and 16HBE140-) with a
mixture of trypsin and EDTA (T/E, 0.25%, sterile-filtered,
Gibco, Life Technologies Europe B.V., Switzerland). For
J774A.1 and A549 cells, 10 vol% of the total cell suspension
was then added to a new flask and supplemented with the
corresponding fresh medium. In the case of MeT-5A 15 vol%
and in the case of 16HBE140- 25 vol% of the cell suspension
was transferred to the new flask. The remaining cell suspen-
sion was used to perform the experiments and its cell concen-
tration was determined by using the trypan blue assay and an
automated cell counter (EVE, NanoEnTek Inc., South Korea).
For this, the cell suspension was mixed at a 1:1 volume ratio
with trypan blue (Sigma-Aldrich, USA) and pipetted into a cell
counting slide.

The exposure experiments were carried out by seeding
75.000 cells (A549, MeT-5A and J774A.1) or 125.000 cells
(16HBE140-) per well in 1 mL of corresponding cell culture
medium (cCCM) in the above described pre-coated 48-well
plates and left growing for 48 h. Cell confluency was assessed
with bright field imaging and Image] v1.52b (NIH, USA). The
coverage percentage was calculated using 3 individual images
for every condition. Afterwards, the cells were exposed to
either 10 pg mL™" of MWCNTs (Mitsui-7 and Nanocyl) or 20 or
50 pg mL ™" of AuNPs (14 nm or 42 nm) previously dispersed in
the corresponding cCCM. The samples were incubated for 0, 2,
7, 16, 20, and 24 h, washed 3 times with PBS to remove non-
associated NPs, and subsequently dried in the desiccator over-
night. Samples were prepared in triplicate.

2.5 Lock-in thermography (LIT)

The NM-cell association was determined by recording the NM
heat generation using LIT. As previously reported, a custom-
made experimental setup, consisting of a homogeneous LED-
based light source which emits excitation light at various wave-
lengths; 400 nm, 525 nm and 730 nm (AN178 2 61 LED
module, ADOM); an infrared camera (Onca-MWIR-InSb-320,
XenICs, Belgium) mounted on a standard microscope stand
(Leica Microsystems, Germany) and a personal computer as a
processing used to carry the
measurements.

unit out

21,22,24
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Homogeneous spatial illumination of the sample was
ensured by placing a light homogenizing glass rod (N-BK7,
Edmond Optics, USA) between the LED panel and the sample.
All samples were loaded into custom-made, spherical and light
transparent sample holders.

The camera InSb array (320 x 256 pixels) operating in the
mid-IR range (3 to 5 pm) is capable of capturing full frame
images at a rate up to 200 Hz. A custom-made LabVIEW-based
software was employed to perform the data processing in real
time.>® The software demodulates the acquired infrared
images according to the digital lock-in principle to compute
amplitude maps (in Kelvin).*®

The resulting amplitude images were evaluated by using
Image] v1.52b and Origin 2016 (OriginLab, USA) to extract the
mean signal over the sample holder area and calculate the
standard deviation.

All measurements were performed using a stimulation fre-
quency of 1 Hz and an applied current of 150 mA for 400 nm
and of 200 mA for 525 nm and 730 nm LEDs, resulting in
power densities of 58.7 mW cm™?, 742 mW cm ’ and
114.4 mW cm™?, respectively. The duration of a single
measurement was set to 60 s (i.e., 60 cycles), kept constant for
every sample, and repeated five times consecutively.

2.6 UV-Vis spectroscopy (UV-Vis)

UV-Vis spectra of AuNPs and MWCNTSs were recorded at room
temperature to observe the evolution of the NMs in cCCM with
a V-670 spectrophotometer (Jasco, USA) using 10 mm path
length quartz suprasil cuvettes (Hellma Analytics, Germany)
and 8.5 mm path length micro UV-cuvettes (Brand, Germany).
For UV-Vis measurements over 24 h spectra were taken every
hour.

2.7 Inductively coupled plasma optical emission
spectrometry (ICP-OES)

For the analysis of cell-associated AuNP content, ICP-OES
(PerkinElmer Avio-200, USA, axial-viewing, A = 267.595 nm)
measurements using a radio frequency power of 1500 W, gas
flow rates of 8 L min™" (Ar, plasma) and 0.2 L min™" (N2,
auxiliary), pump 0.7 L min™" (nebulizer), and 1 mL min"
sample flow rate (equilibration delay of 15 s) were performed.
Before the analysis, all samples were digested to remove the
organic matter from the cells and dissolve the AuNPs. Briefly,
samples were frozen at —80 °C and subsequently thawed in
steps; first to —20 °C, then 4 °C and finally room temperature
with 2 h in between each temperature step. 300 pL of a
2:1 mixture of HNO; and H,0, were added to every sample
and left for pre-digestion for 3 h. Subsequently, all samples
were sonicated at 50 °C for 15 min. Finally, 400 pL of HCI was
added to each well and left overnight at room temperature for
digestion. The next day, the solutions were transferred to
Falcon tubes and diluted to 5 mL. The same procedure was
performed for 10 gold standards (Sigma-Aldrich, Switzerland).

This journal is © The Royal Society of Chemistry 2020
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2.8 Transmission electron microscopy (TEM)

A Tecnai Spirit transmission electron microscope (FEI, USA)
operating at 120 kV was used to visualize and confirm the pres-
ence of NMs in and on cells. 300.000 cells (A549) per well were
seeded on a 6-well plate and incubated for 48 h. After incu-
bation the cells were exposed to 50 pg mL~" of AuNPs or 10 ug
mL™" of MWCNTs for 24 h, further washed and fixed using
4 vol% paraformaldehyde (PFA) and 2.5 vol% glutaraldehyde
(both Sigma-Aldrich, Switzerland) in PBS. The samples were
then stained using Osmium tetroxide (OsO,), embedded in
resin and sectioned with an ultramicrotome (performed by the
Microscopy Imaging Center (MIC), University of Bern,
Switzerland). Finally, the sections were mounted on a copper
carbonated TEM grid for analysis. Images were acquired with a
Veleta CCD camera (Olympus, Japan) and treated with the
Image] software (v1.52b).

2.9 Fluorescence-enhanced dark field microscopy (DF)

Fluorescence-enhanced dark field imaging was used to visual-
ize the association of AuNPs and MWCNTs with cells. 1 mL
per well of cell suspensions (40.000 cells per mL) was seeded
in a 4-well microscopy slide. After overnight attachment, the
cells were exposed to 20 pg mL™" of AuNPs or 10 pg mL™" of
MWCNTs and incubated for 24 h. Then, the cells were washed
3 times with PBS and fixed with 4 vol% PFA in PBS for 10 min
at room temperature. The cells were washed with washing
buffer (PBS supplemented with 0.1 vol% BSA and 0.001 vol%
sodium azide) for 5 min, permeabilized in 0.2 vol% Triton
X-100 in PBS for 10 min at room temperature, and washed
three times with washing buffer for approximately 2 min per
wash. Then the cells were stained using DAPI (100 pg mL™")
and Phalloidin Rhodamine (1: 100) in PBS supplemented with
0.1 vol% Triton X-100 and 1 vol% BSA for 1.5 h at room temp-
erature in the dark. The staining solution was discarded and
the cells were washed 5 times with PBS for 5 min each. After
removing the PBS, a drop of Glycergel mounting medium was
added onto the cells and then covered with a glass cover slip.

The cells were then imaged using a CytoViva hyperspectral
microscope (CytoViva, Inc., USA) equipped with a Dolan-
Jenner DC-950 light source, UPL Fluorite 100x objective and
SPECIM V10E imaging spectrograph with a PCO pixel detector
(HSI) and 3D (EXi Blue) fluorescence/dark field detector.

2.10 Dynamic light scattering (DLS) and zeta potential

The hydrodynamic diameter (Dy,) and the zeta-potential of the
PVP-functionalized AuNPs were analysed with a 90Plus Particle
Size Analyzer (Brookhaven, USA). To assess the stability of
AuNPs in ¢CCM depolarized DLS (DDLS) measurements were
performed, using a commercial goniometer instrument (3D LS
Spectrometer, LS Instruments AG, Switzerland). Samples were
measured at 37 °C over 24 h. The effective surface charge of
the NPs was evaluated using phase-amplitude light scattering
(ZetaPALS, Brookhaven, USA) in water. To estimate the mean
and the standard deviation, ten DLS and zeta potential
measurements were recorded for each sample.

This journal is © The Royal Society of Chemistry 2020
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2.11 Calibration of quantification of Nanocyl MWCNTs

1 mL per well of an A549 cell suspension (75.000 cells per mL)
was seeded into pre-coated 48-well plates. After 48 h of cell
growth, the cells were washed with PBS and exposed to a
known amount of Nanocyl MWCNTs (0; 0.5; 1; 1.5; 2; 2.5; 3; 4;
6; 8; 10 and 12 pg) in 300 pL of Milli-Q water. Immediately
after exposure, samples were completely dried in an oven at
37 °C.

2.12 Limit of detection (LOD) and quantification (LOQ)

The LOD and the LOQ in all figures were obtained by 95% con-
fidence bands after Hubaux and Vos.>®

3 Results and discussion

Prior to the NP-cell association studies, the stability of PVP-
functionalized AuNPs and BSA-coated MWCNTs in different
complete cell culture media (cCCM) was investigated by UV-Vis
spectroscopy (Fig. S17). Overall, AuNPs remained stable in all
media with the exception of 14 nm AuNPs in cM199, which
can potentially be explained by the presence of selenous acid
in the medium (Fig. S1A-F}).*° These findings were also con-
firmed by DDLS measurements (Table S17). Rapid sedimen-
tation of Mitsui-7 MWCNTSs in cCCM was observed within 24 h
(Fig. S1G-It), while Nanocyl MWCNTs remained stable in the
dispersion (Fig. S1J-Lt). Table 1 summarizes the physico-
chemical characteristics of the NMs used in this study.

In order to test the versatility of the LIT technique to inves-
tigate NP-cell association, different cell lines were used, i.e.,
human epithelial type-II cells A549, bronchial epithelial cells
16HBE140-, immortalized mesothelial cells MeT-5A, and
J774A.1 murine macrophages. The first three cell types form
confluent epithelial and mesothelial cell monolayers, allowing
for measurements to determine the produced heat per surface
area of a single cellular layer. J774A.1 was included due to the

Table 1 Summary of relevant material parameters of the investigated
PVP-functionalized AuNPs and MWCNTSs recorded in water. It was not
possible to determine the hydrodynamic diameter (D;,) and zeta poten-
tial of MWCNTs, as these materials are highly polydisperse and exhibit
large aspect ratios

AuNPs MWCNTSs

14nm  42nm Mitsui-7 Nanocyl
Diameter (TEM) [nm] 14+1 424 — —
Length [nm]* — — 5660 850 +

4700 457

Width [nm]* — — 60 + 19 11+5
Aspect ratio (length/ — — 94 77
width)
Dy, (DLS) [nm] 21+2  51+3 — —
Zeta potential [mV] -9.8+ —12.0% — —

4 10
Max. absorbance [nm] 519 525 <300 <300

“The dimensions of the CNTs were taken from Chortarea et al. and
Poulsen et al.**"*

Nanoscale, 2020,12,17362-17372 | 17365
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fact that they are professional-phagocytic cells that efficiently
take up diverse NPs. As these cells do not form confluent
monolayers, a heat signal which was not evenly distributed
was expected.

The association of cell-exposed NMs, ie., attached to the
cell membrane and/or internalized, was first assessed by using
fluorescence-enhanced dark field microscopy (DF) and trans-
mission electron microscopy (TEM) (Fig. 1 and 2) after 24 h of
exposure. As shown in Fig. 1a, the overlay of DF images and
fluorescence micrographs confirms that both 14 nm and
42 nm AuNPs show a high degree of association for all tested
cell types (F-Actin stained). As expected, due to their phagocy-
tic nature, J774A.1 macrophages seem to incorporate more
NPs (independent of their size) compared to the other cell
types.*® Furthermore, by using TEM, the subcellular location
of the AuNPs was investigated in A549 cells. Both the 14 nm
(Fig. 1b) and the 42 nm (Fig. 1c) AuNPs can be observed intra-
cellularly grouped; presumably in endolysosomal vesicles.**>*

As with AuNPs, the association of MWCNTs with the cells
was confirmed. Mitsui-7 MWCNTSs were clearly detectable with
both techniques, whereas it was not possible to image Nanocyl
MWCNTs with TEM (Fig. 2b) due to their smaller size and low
contrast. DF indicated that Nanocyl are densely packed in cel-
lular vesicles, which can be explained by their tangled shape
compared to Mitsui-7, and thus a localization in the endo-lyso-
somal system is expected (Fig. 2a).>°

3.1 Cell associated AuNPs

Cells were exposed to 20 or 50 pg mL ™" of AuNPs for up to 24 h
to investigate their association with cells over time. After 2, 7,
16, 20 or 24 h, the cells were washed with phosphate-buffered
saline (PBS) to remove the loosely attached and non-attached
NPs. Once washed, the samples were completely dried in a
desiccator to avoid artifacts that could influence their heat
generation caused by the cCCM. After drying, the heat pro-
duction from AuNPs was evaluated using LIT. Additionally, it
should be stated that LIT measurements cannot distinguish
between membrane-attached and internalized NPs, as LIT
records 2D amplitude images from 3D samples. Therefore,
only association trends can be investigated.

A549 16HBE140- J774A1
! >

&

a
[
o
zZP
SH
<
£
c
I

42 nm AuNPs

View Article Online

Nanoscale

A control measurement with untreated cells was performed
and the LIT NP-cell association trends were compared to
ICP-OES data. The investigated AuNPs with diameters of
14 nm and 42 nm most efficiently absorb light around a wave-
length of 520 nm in their dispersed state. However, it has been
shown that NPs attached to the cells’ surface are often aggre-
gated or clustered, which strongly alters their light absorbance
and scattering behaviour (Fig. S21).*” Therefore, it is very likely
that in the presence of cells both single NPs and aggregates
contribute to the heat generation upon light irradiation. In
consequence, two different wavelengths (525 nm and 730 nm)
were used to irradiate the cell-exposed AuNPs to account for
single and aggregated AuNPs.*® It is important to note that
aggregated AuNPs absorb light over a broad wavelength range
and therefore also contribute to signal obtained from exci-
tation at 525 nm (Fig. S2,} red spectra), while single NPs do
not generate any detectable heat when excited at 730 nm
(Fig. S2, black spectra).

Fig. 3 shows the amplitude signal (i.e., the generated heat)
obtained by LIT and ICP-OES data of 14 and 42 nm AuNPs at
two different concentrations (i.e. 20 and 50 pg mL ™) for fully
confluent cells (i.e., A549, 16HBE140-, and MeT-5A cells). The
measured heat signals and the NP concentrations obtained by
ICP-OES show comparable trends over 24 h. Both methods
highlight that the MeT-5A (Fig. 3, blue triangles) cells associate
more NPs, which was demonstrated for both NP sizes and
exposure concentrations. Interestingly, saturation is reached
for the 14 nm AuNPs only at 50 pg mL™' at roughly 16 h,
whereas no plateau is reached at the lower concentration of
20 pg mL™". In contrast, 42 nm AuNPs reach a plateau at
approximately 7 h independently of NP concentration.

No distinct difference is observed between A549 (Fig. 3,
black squares) and 16HBE14o0- (Fig. 3, red dots) cells, although
A549 generally seem to have a slightly increased NP associ-
ation, with the only exception being the ICP-OES results of
20 pg mL™" in the case of the 42 nm NPs. Both cell lines do
not show saturation in case of the smaller 14 nm NPs for
either concentration. When using 42 nm AuNPs the associ-
ation reaches a plateau similar to the MeT-5A cells, but at a
lower level.

b ; c

500 nm 500 nm

Fig. 1 Visualization of AuNP-cell association for 14 nm and 42 nm NPs to confirm their presence inside of and on the surface of the four investi-
gated cell types. Overlay of DF microscopy of AuNPs (green) and fluorescence microscopy for various cell types (red) (a). TEM micrographs of 14 nm

(b) and 42 nm (c) AuNPs in A549 cells.
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Fig. 2 Visualization of MWCNT-cell association for Mitsui-7 and Nanocyl MWCNTSs to confirm the presence of CNTs in and on the surface of the
four investigated cell types after exposure for 24 h. Overlay of DF microscopy of MWCNTSs (green) and fluorescence microscopy for various cell

types (red) (a). TEM micrograph of Mitsui-7 in A549 cells (b).
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Fig. 3 AuNP-cell association trends over 24 h, obtained by LIT (top row, 525 nm excitation wavelength) and ICP-OES (bottom row). The association
trends of A549, 16HBE140-, and MeT-5A cells exposed to 20 and 50 pg mL™* of 14 nm (a and c) and 42 nm AuNPs (b and d) were investigated.
Hence, it was possible to determine that, independent of the NP size and concentration, the AuNP association is higher for MeT-5A. The plateau
reached under some conditions indicated a NP-cell association saturation. This figure is re-printed as Fig. S6 with identical y-axes in the ESIf to

facilitate the comparison of AuNP sizes and concentrations for the reader.

As the LIT amplitude signal is related to the available cell
surface area and J774A.1 cells do not form a confluent layer,
LIT measurements were adjusted to compensate for the fact
that the cells do not cover the whole well surface. Using phase
contrast imaging, the surface of J774A.1 covering the well was
determined and used to scale the generated heat to a hypothe-
tically 100% confluent cell population to enable the compari-
son with the other cell lines. The comparison between the
results of the mesothelial (MeT-5A) and epithelial (A549 and
16HBE140-) cells to the macrophages (J774A.1) (Fig. S37) high-
lights the influence of the cell type in terms of NP association.
Furthermore, results show that J774A.1 associate significantly

This journal is © The Royal Society of Chemistry 2020

more AuNPs than the epithelial cells, a behaviour similar to
the mesothelial cells, while no plateau is reached for any of
the conditions tested (Fig. 3 and S37%). These results demon-
strate the efficiency of macrophages in terms of NP clearance
from their surroundings.”®> However, direct comparison
between the epithelial and mesothelial cells and the macro-
phages is difficult due to the difference in surface area cover-
age (i.e., formation of cell monolayers at different levels of con-
fluence), which strongly alters the number of associated NPs.
The observed differences between the NPs (sizes and con-
centrations) and cells can be explained by many factors. It has
been shown that NP size, shape, degree of polydispersity, as
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well as protein-corona formation can strongly influence NP-
cell interactions.’*™* In this study, the use of different cell
culture media (cRPMI, cMEM or ¢cM199) could influence the
NP-protein interaction, or enhance the sedimentation/
diffusion profile of the NPs; consequently leading to altered
cell-association.**™*® Furthermore, depending on the origin of
the cells, cell surface receptor density is different, which might
impact NP-cell association and ultimately NP uptake.’” The
latter supports the similar NP-cell association for A549 and
16HBE140-, both human lung epithelial cells. Moreover, NPs
can be internalized by various endocytic mechanisms (e.g.,
caveolin-mediated and clathrin-mediated endocytosis).
Preference for one uptake mechanism is dependent upon the
NP size, which could explain the observed differences in
uptake and association of the various NpPs.*®*

For the AuNPs, no significant change in association for
both LIT excitation wavelengths, 525 nm and 730 nm, was
observed, indicating that NPs are either aggregated, or dis-
persed and aggregated, as all NPs show similar association
characteristics (Fig. 4). These findings are valid for both
exposure concentrations and both NP sizes. Additionally, the
limit of detection (LOD) and quantification (LOQ) for an exci-
tation wavelength of 525 nm was determined using the
Hubaux and Vos approach.”* A LOD of 11.8 ug mL™" and a

a - 14 nm AuNPs, A549

b - 14 nm AuNPs, 16HBE140-

View Article Online
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LOQ of 21.7 pg mL™" was obtained for 14 nm AuNPs. For the
42 nm AuNPs, 5.9 pg mL™" and 11.8 pg mL™" were found for
LOD and LOQ), respectively. In general, LIT exhibits a good pre-
cision and accuracy, with deviations from the mean value
between 5-10%. However, LIT usually has a lower sensitivity
when compared to e.g. confocal LSM or flow cytometry.

3.2 Cell associated CNTs

The different cell lines were exposed to 10 pg mL™" of Mitsui-7
and Nanocyl over 24 h, while bearing in mind that both CNTs
strongly vary in their size and stiffness (Table 1). Compared to
Nanocyl, Mitsui-7 have a higher aspect ratio (94 vs. 77), are
stiffer, and can pierce cell membranes (Fig. $41).°”" Lower
exposure concentrations for CNTs in comparison to AuNPs
were applied, as a significant increase in cytotoxicity for
increasing CNT concentration has been reported.*® Samples
were measured using LIT centred at a wavelength of 400 nm to
excite the MWCNTs due to their increasing light absorbance
in the lower wavelength range (Fig. S1t).

Results show that the amplitude signal increases in the first
hours, indicating that more CNTs are associated with cells
over time, independently of the cell line or CNT type (Fig. 5).
After 16 h, the heat generation reaches a saturation. As
observed for the AuNPs, this behaviour cannot be reproduced

¢ - 14 nm AuNPs, MeT-5A
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Fig. 4 Comparison of LIT measurements for cell-associated 14 nm (a—c) and 42 nm (d—f) AuNPs at an excitation wavelength of 525 nm (closed
symbols) and 730 nm (open symbols). The generation of heat at an excitation wavelength of 730 nm is a clear indication for NP aggregation.
However, association trends for 20 pg mL™ (black symbols) and 50 ug mL™ (red symbols) evolve in an almost identical manner over time. Therefore,
either all AuNPs aggregate due to the association or single NPs and aggregates associate to a similar extent. This figure is re-printed as Fig. S7 with
identical y-axes in the ESI to facilitate the comparison of AUNP sizes and concentrations for the reader.
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Fig. 5 MWCNT-cell association over 24 h, obtained by LIT. The association of A549, 16HBE140-, and MeT-5A cells exposed to 10 pg mL™* of
Mitsui-7 (a) and Nanocyl (b) MWCNTSs were analysed. Mitsui-7, despite their large size and poor uptake behaviour, generate significantly more heat

than Nanocyl MWCNTs.

for J774A.1 cells (Fig. S51) and the degree of the association
depends on the cell type (Fig. 5 and Fig. S51). Nonetheless,
trends indicate that at the same exposure time, cells have com-
parably associated more Mitsui-7 than Nanocyl. This result
might be explained by the higher dose of Mitsui-7 received by
the cells after 24 h, caused by their faster sedimentation,
which is related to the higher aspect ratio and higher stiffness
in comparison to Nanocyl,>>>® as has recently been reported
by Septiadi et al.>*

a - Nanocyl calibration curve

Fig. 5 shows that A549 cells associate more CNTs overall
than MeT-5A and 16HBE140- cells, independent of the
MWCNT type. When comparing A549 and J774A.1 over 24 h,
results show that the association of Mitsui-7 is higher for A549
than for J774A.1 (Fig. S51). This observation is contradictory to
the phagocytic nature of J774A.1 cells. However, this result is
supported by the fact that cells hardly uptake Mitsui-7
MWCNTs due to their dimensions; instead, they pierce
through the cellular membrane, or simply attach to it.”® The

b - Nanocyl quantification

0.05
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Fig. 6 Quantification of Nanocyl MWCNT content associated to the investigated cell types. Calibration curve, established with a known concen-
tration of non-associated amounts of CNTs (a). CNT mass per well in different cell types, as determined by using the calibration curve (b).
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difference in confluency between J774A.1 and the three other
cell lines can also help to explain this observation. Since
J774A.1 covers only about 70% of the surface area, it is pro-
posed that Mitsui-7 CNTs also attach to the free surface area in
the system and are subsequently removed from the system by
washing. In contrast, for the cells forming confluent layers, no
free surface area is available and, therefore, it is assumed that
the extent of non-associated CNTs is lower. As mentioned
above, in the case of Nanocyl, the amplitude signal does not
reach a plateau, which might indicate that Nanocyl is continu-
ously taken up by the macrophages.

Since ICP cannot easily be performed to quantify the inves-
tigated MWCNTSs associated to cells, as a proof of concept we
established a calibration curve by recording the heat generated
from samples containing a known amount of Nanocyl associ-
ated with A549. To do so, we chose Nanocyl over Mitsui-7 due
to their enhanced dispersibility in water, but the quantifi-
cation could in principle be performed for both of the investi-
gated MWCNT types. Cells were grown as explained above and
exposed to a defined amount of Nanocyl. As shown in Fig. 6a,
LIT showed an accurate linear relationship (Pearson’s r =
0.998) in the tested concentration range.

Extrapolating the data obtained in the Nanocyl exposure
experiments (Fig. 5 and S57), results show that the amount of
CNTs associated to A549, 16HBE140-, and MeT-5A cells
increases linearly until reaching a maximum after 16 h of
exposure, corresponding to a dose of 0.6 pg, 0.2 pg, and
0.25 pg, respectively (Fig. 6b). Since the initial total exposition
dose was 5 pg, these values relate to 12%, 4%, and 5%, respect-
ively. In contrast, the association of Nanocyl to J774A.1 experi-
ences a continuous increase after 16 h, reaching an amount of
1.3 pg (26% of the total dose) of CNTs after 24 h. These results
are in a comparable range with previously reported doses,
indicating LIT is a reliable tool for the quantification of cell-
associated MWCNTs. However, the marginal amount of pub-
lished papers focusing on quantifying MWCNT-cell associ-
ation to date highlights the need for appropriate analytical
methods within the field. The results reported in this paper
show that LIT has the potential to be a powerful tool for use in
such experiments.

4 Conclusion

In this study, we used LIT to investigate the collective heating
effects of cell-associated nano-heaters. Relying on the thermo-
plasmonic behaviour of AuNPs and the ability of MWCNTS to
generate heat, we were able to detect and characterize NM-cell
association.

Two different sizes, 14 nm and 42 nm, and concentrations,
20 and 50 pg mL™', of PVP-functionalized AuNPs, as well as
two different types of MWCNTSs, Mitsui-7 and Nanocyl, were
analysed. We exposed these NM systems to various cell lines,
i.e., epithelial cells, mesothelial cells, and macrophages. The
degree of NM-cell association was determined at several time
points over 24 h, which allowed us to draw conclusions about

17370 | Nanoscale, 2020, 12,17362-17372
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NM association trends in a precise and time-efficient way.
Macrophages exhibited high association rates, however, com-
paring them to the epithelial and mesothelial cells has proven
to be non-trivial due to their phagocytic nature and round
single-cell morphology. In addition, we were also able to high-
light the saturation point of NM-cell association. While macro-
phages seemed to constantly uptake NMs over 24 h, with the
only exception being Mitsui-7 MWCNTs, which are likely too
large and stiff to be uptaken by phagocytosis, epithelial and
mesothelial cells exhibited varying saturation timepoints
depending on the exposed NM size and concentration. For
both investigated MWCNT types a plateau was observed after
around 16 h, whereas diverse saturations were observed for
AuNPs.

ICP-OES was used to validate the association trends of
AuNPs with the different cells, confirming that LIT is a reliable
tool for the analysis of NP-cell association. Due to the inherent
heating properties of MWCNTs, LIT enables the quantification
of Nanocyl associated with cells, which was demonstrated by
using a calibration curve obtained by plotting the heat gener-
ated from samples where cells were exposed to a known con-
centration of Nanocyl.

Within this study, we exhibit that LIT is suitable to screen a
large number of samples in a time-efficient manner without
any complex sample preparation and via non-intrusive and
non-destructive means, thus allowing the comparison of
association trends. Especially for the detection and quantifi-
cation of CNTs in cellular environments, we demonstrate in
this work that LIT is a powerful tool, as the CNTs do not have
to be modified or labelled, e.g., with a fluorescent dye, before
analysis. It is important to note that LIT is a complementary
technique, which will not substitute established methods,
such as TEM or ICP, but is a valuable asset for the nanotechno-
logy community. For the future, the possibility to quantify
complex NMs by LIT should be investigated in detail, due to
its status as a time- and cost-effective analytical approach.
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