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Sebastian Schwung,^ Solène Passemard,† Christelle Kasparian,‡ Gareth Clarke,§ Mathias Gerrmann,^

Ronan Le Dantec,§ Yannick Mugnier,§ Daniel Rytz,^ Daniel Ciepielewski, ) Christine Galez,§

Sandrine Gerber-Lemaire,† Lucienne Juillerat-Jeanneret,# Luigi Bonacina,‡,* and Jean-Pierre Wolf‡

†Laboratory of Synthesis and Natural Products, Institute of Chemical Sciences and Engineering, �Ecole Polytechnique Fédérale de Lausanne, Batochime, 1015
Lausanne, Switzerland, ‡GAP-Biophotonics, Université de Genève, 22 Chemin de Pinchat, 1211 Genève 4, Switzerland, §SYMME, Université de Savoie, BP 80439,
74944, Annecy Le Vieux Cedex, France, ^FEE Gmbh, Struthstrasse 2, 55743 Idar-Oberstein, Germany, )Nikon France, Division Instruments, 191 Rue du Marché Rollay,
94504 Champigny Sur Marne Cedex, France, and #Centre Hospitalier Universitaire Vaudois and Institute of Pathology, University of Lausanne, Rue du Bugnon 25,
1011 Lausanne, Switzerland

T
he development of imaging labels for
microscopy has followed some unex-
pected routes in the past decade.

Superresolution techniques based on sto-
chastic intensity fluctuations have rede-
fined the very requirements on fluoro-
phores, shifting the focus to the possibility
of photoactivation and dark states lifetimes
rather than stability against bleaching.1 On
the other hand, the diffusion of nonlinear
microscopy systems2 based on tunable Ti:
Sapphire laser sources, thanks to their in-
trinsic 3D sectioning capability, has raised
the demand for photostable fluorophores
with two-photon absorption bands in the
near-infrared (to limit sample degradation
and increase penetration depth) and nar-
row emission bands (to better distinguish
them from autofluorescence background).
Very recently, to complement the develop-
ment of fluorescence-based labels (dyes,
quantum dots, up-converting nanopar-
ticles3), a completely different approach
has appeared promoting the use of a novel
family of inherently nonlinear nanoparticles
(NPs), specifically conceived for multipho-
ton microscopy.4 These labels, based on
inorganic noncentrosymmetric crystals, ex-
ert an optical contrast mechanism by sec-
ond harmonic (SH) generation of the
excitation frequency: for example, convert-
ing a fraction of near-infrared pulsed excita-
tion light (800 nm) into visible blue light
(400 nm). Compared to fluorescent probes,
they possess a series of attractive proper-
ties, including complete absence of bleach-
ing and blinking,5 narrow emission bands,

excitation-wavelength tunability,6,7 orienta-
tion retrieval capability,4,8,9 and coherent
optical response.10�13 So far, what we be-
lieve is the immense imaging potential of
their coherent emission has not been fully
exploited, and just a few demonstration
measurements have been published on
specially conceived setups.10,14,13On theother
hand, the possibility to work in the infra-
red range with an infinitely photostable
signal clearly makes them readily amenable
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ABSTRACT

Nonlinear optical nanocrystals have been recently introduced as a promising alternative to

fluorescent probes for multiphoton microscopy. We present for the first time a complete survey

of the properties of five nanomaterials (KNbO3, LiNbO3, BaTiO3, KTP, and ZnO), describing their

preparation and stabilization and providing quantitative estimations of their nonlinear optical

response. In the light of their prospective use as biological and clinical markers, we assess their

biocompatibility on human healthy and cancerous cell lines. Finally, we demonstrate the great

potential for cell imaging of these inherently nonlinear probes in terms of optical contrast,

wavelength flexibility, and signal photostability.
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for long-term cell tracking with commercial nonlinear
microscopes.
In this work we perform a systematic screening of

most of the nonlinear nanomaterials proposed so far in
the literature: potassium niobate (KNbO3),

15 lithium
niobate (LiNbO3),

16 barium titanate (BaTiO3),
14,17 po-

tassium titanyl phosphate (KTiOPO4, KTP),
11,13 and zinc

oxide (ZnO).18,19 We specifically address the properties
of polyethylene glycol (PEG)-stabilized suspensions of
these harmonic nanoparticles (HNPs). For the first time,
we compare their ensemble nonlinear optical proper-
ties in terms of SH generation efficiency and chemical
stability in aqueous solution at biological pH. We then
assess their cytotoxicity on several human cancerous
and healthy cell lines derived from lung. In con-
clusion, we discuss their performance in terms of
multiphoton imaging. Such a thorough comparison is
meant to allow identifying the SH nanomaterial with
the best performances for future biomedical imaging
applications.

RESULTS AND DISCUSSION

Nanoparticle Colloidal Stabilization. The preparation
protocol applied to all HNPs under scrutiny is detailed
in the Materials and Methods section. This procedure
was found to be very reproducible for LiNbO3 and
KNbO3. Conversely, the results for ZnO, KTP, and
BaTiO3 were far less reliable in particular for the
sonication and sedimentation steps, and repeated
measurements did not yield consistent results. A higher
polydispersity in the raw powder (as shown in the
transmission electron microscope (TEM) images in the
Supporting Information) together with the presence of
agglomerates could account for such a poor reliability
for these three nanomaterials. Table 1 summarizes the
decantation time and the mean size distribution by
number retrieved by dynamic light scattering (DLS) of
HNP suspensions before adding PEG, and after adding
PEG and performing the final centrifugation. For all the
HNPs, the improved colloidal stability after PEG ad-
sorption was confirmed by the easy redispersion of
centrifuged powders in deionized water. For LiNbO3

and KNbO3, a systematic 10�20 nm shift was observed
in the DLS size distribution by number (see Supporting
Information), which can be attributed to a noncovalent
wrapping of HNPs with PEG. Moreover, PEG addition
also led to a systematic 5�10 mV decrease in the zeta-
potential absolute values, in agreement with previous
studies on oxide nanoparticles.20,21 Finally, a Fourier
transform infrared (FTIR) analysis was performed on
KNbO3 HNPs after centrifugation. In the infrared spec-
tra (see Supporting Information), all vibrational bands
of PEG could be identified, confirming the previous
observations.

Second-Order Nonlinear Optical Efficiency of Nanocrystals.
To assess the SH generation efficiency of the different

nanomaterials, we performed a systematic series of
hyper-Rayleigh scattering (HRS) measurements on
HNP suspensions. This approach22 leads to the deter-
mination of the squared hyperpolarizability averaged
over all possible NP orientations, Æβnp2 æ. Neglecting
solvent contributions, the SH intensity, I2ω, can be
expressed as

I2ω ¼ G(NnpTnpÆβ2npæ)I
2
ω

where G is an experimental proportionality constant,
Nnp the HNP concentration, and Tnp the reduction field
factor due to the refractive index change between
water and HNPs. After calibrating the experimental
setup by the external reference method,23 we derived
quantitative Æβnp2 æ values for a vertical polarization of
the incident laser and no polarization analyzer in front
of the detection. The Æβnpæ values reported in Table 2
can be directly related to the averaged bulk nonlinear
coefficient Ædæ by Æβnpæ = ÆdæVnp, where Vnp is the HNP
volume.22,24 As the HRS signal scales with the square of
the particle volume, the normalized hyperpolarizability
Ædæ = Æβnpæ/Vnp is also reported in Table 2 to allow a
direct comparison of the nonlinear efficiency of the
different nanomaterials tested. The Æβnpæ values
retrieved are large with respect to typical molec-
ular hyperpolarizabilities, pointing at the good non-
linear optical efficiency of the HNPs. These results
confirm previous measurements on BaTiO3,

25 and they
constitute the first experimental hyperpolarizabilities
obtained at the nanoscale for all the other materials.

An important source of error when determining Æβæ
and Ædæ is related to the difficulty of evaluating indivi-
dual NP sizes by DLS, mainly because of the broad size

TABLE 1. Decantation Time (tD) and Mean DLS Size (Size

Distribution by Number) for Different HNPs (a) before

PEG Addition and (b) after Centrifugation

nanocrystal tD [days] DLS (a) [nm] DLS (b) [nm]

KNbO3 7 123 132
LiNbO3 7 113 122
BaTiO3 1 119 123
KTP 2 119 196
ZnO 7 133 110

TABLE 2. Hyperpolarizability Æβnpæ, Normalized Hyper-

polarizability Ædæ, and Normalized Hyperpolarizability from

BulkMaterials Found in Literature <dlit.> of KNbO3, LiNbO3,

BaTiO3, KTP, and ZnO Nanocrystals

nanocrystal Æβnpæ ( Δβ (�10�24 esu) Ædnpæ ( Δd, pm/V Ædlitæ, pm/V

KNbO3 7.2 ( 2.4 3.4 ( 1.1 15.3
LiNbO3 21 ( 7.0 4.8 ( 1.6 17.3
BaTiO3 11.0 ( 3.5 4.6 ( 0.7 14.1
KTP 25.8 ( 6.0 1.4 ( 0.3 7.6
ZnO 9.6 ( 2.8 1.9 ( 0.6 2.8
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distribution and the presence of aggregates in
suspension.22 Being aware of this problem, we pro-
ceeded in a systematic inspection of the suspensions
prior to HRS measurement, obtaining reproducible
results and a correct agreement retrieved between
experimental Ædnpæ and calculated Ædbulkæ values. The
latter are deduced from the literature values of the dij
tensor elements, which range from Ædbulkæ= 2.8 for ZnO
to Ædbulkæ = 17.3 for LiNbO3. Our results confirm the
absence of a size effect in the SH properties and the
bulk origin of the nonlinear signal detected, in agree-
ment with the relatively large size of the HNPs. Further-
more, we point out here that the nonlinear optical
efficiencies of the different materials are relatively
similar. Consistently with previous microscopy experi-
ments on isolated HNPs, the SH intensity appeared to
bemore significantly affected by theHNP volume (with
a squared intensity dependence) and orientation4,8,5

than by the material itself.
Biological Assays. We carried out a thorough biologi-

cal evaluation of HNPs, including cytotoxicity and
hemolysis assays. Possible microbial contamination in
theHNP stock solutions and solutions of HNPs at 50 μg/
mL in the different culture media were tested in order
to avoid interference in cellular assays due to the
presence of bacteria or fungi. Only weak contamina-
tions in the stock solutions of KNbO3 (100 bacteria/mL)
and of KTP (300 bacteria/mL) were detected, but no
contaminations were observed for HNPs in cell culture
media in the presence of antibiotics (streptavidin/
penicillin).

HNP Cytotoxicity. The viability of cells exposed to
different HNPs was assessed by the MTT (3-(4,5-di-
methyl-2-thiazoyl)-2,5-diphenyltetrazolium bromide)
test. As a preliminary check, HNPs were tested for
interferences, as it is known that NPs can deplete
MTT in solutions, can catalyze MTT reduction, and
may directly influence the readout by increasing light
absorption.26 The absence of interference by both
uncoated and PEG-stabilized HNPs at 50 and 100 μg/
mL was verified by reading the absorbance of the HNP
solutions at 540 nm and by adding MTT directly in the
HNP solutions for 5, 24, or 72 h. The MTT test was then
applied on three human lung cancer cell lines, one
human adenocarcinoma cell line (A549) derived from
alveolar epithelial type II cells, one adenosquamos
carcinoma cell line (HTB-178), and one lung squamous
carcinoma cell line (HTB-182).27�29 Moreover, we also
tested nontumoral BEAS-2B cells. The latter are a
subclone of transformed adult human bronchial
epithelial cells that express phenotypic characteristics
of nonciliated mucus-secreting epithelial cells.30 The
cytotoxicity of HNPs was then measured at 10, 50, and
100 μg/mL. Lung-derived cell survival at 50 μg/mL is
reported in Table 3. KNbO3 and LiNbO3 HNPs show a
weak cytotoxicity in all the samples after 5 or 24 h
exposure. BaTiO3 was found to be the least cytotoxic

among the nanomaterials tested, its cytotoxicity being
comparable among the four cell lines under considera-
tion. Globally, HNPs at 50 μg/mL cause a 20�30%
decrease in cell survival in the majority of the cell lines
tested, leaving a sufficiently high number of living cells
for performing cellular assays and biological evalua-
tions. KTP caused a time-dependent decrease in cell
survival in all cell lines, an effect even more pro-
nounced in nontumoral BEAS-2B cells. Conversely, cell
exposure to ZnO HNPs was found highly cytotoxic,
already after 5 h incubation. On the ground of these
results, KTP HNPs were excluded from further biologi-
cal evaluations because of their instability in suspen-
sion and ZnO HNPs because of their high cytotoxicity.
The effects on cell survival after 72 h exposure of
KNbO3, LiNbO3, and BaTiO3 NPs at 50 μg/mL are shown
in the last row of Table 3. One can notice that none of
these HNPs show major effects on cell survival even
after such a long exposure.

Hemolytic Properties of the NPs. Hemolysis is defined as
the destruction of red blood cells, and in vivo it can
cause several pathological conditions. Hemolytic ef-
fects of NPs may be due to electrostatic interactions
between NPs and membrane proteins or by other NP-
specific mechanisms, such as generation of reactive
oxygen species. Although this assay is not often per-
formed, we found it of paramount importance to
characterize the hemolytic behavior of HNPs in order
to ensure that they can be used for future clinical
applications. The hemolytic effect of PEG-stabilized
KNbO3, LiNbO3, and BaTiO3 HNPs was determined at

TABLE 3. Cytotoxic Effect after 5, 24 or 72 h Exposure of

Human Lung-Derived Cells to KNbO3, LiNbO3, BaTiO3,

KTP, and ZnO Nanoparticles (50 μg/mL)a

% of surviving cells

5 h KNbO3 LiNbO3 BaTiO3 KTP ZnO

A549 81.2 ( 4.4 78.6 ( 3.7 91.0 ( 5.3 76.3 ( 4.2 57.7 ( 7.8
HTB-182 81.6 ( 6.7 82.6 ( 2.7 87.1 ( 9.4 67.8 ( 2.3 41.6 ( 7.8
HTB-178 74.3 ( 2.1 90.7 ( 8.8 87.7 ( 12.7 78.4 ( 6.2 27.8 ( 6.7
BEAS-2B 84.9 ( 5.3 87.9 ( 7.1 93.1 ( 0.6 63.2 ( 5.6 29.9 ( 6.7

24 h KNbO3 LiNbO3 BaTiO3 KTP ZnO

A549 82.0 ( 3.6 84.7 ( 5.7 84.7 ( 3.8 67.8 ( 2.5 17.7 ( 5.3
HTB-182 73.7 ( 6.7 80.9 ( 3.5 85.5 ( 1.3 61.4 ( 6.0 4.5 ( 1.0
HTB-178 74.2 ( 1.0 83.6 ( 3.3 91.8 ( 1.7 76.8 ( 7.7 6.8 ( 1.2
BEAS-2B 81.7 ( 4.0 93.9 ( 4.9 92.1 ( 3.7 55.8 ( 5.3 9.9 ( 3.3

72 h KNbO3 LiNbO3 BaTiO3 KTP ZnO

A549 69.8 ( 4.1 73.5 ( 5.2 81.4 ( 8.2 NA NA
HTB-182 77.4 ( 4.5 80.5 ( 5.5 88.9 ( 2.3 NA NA
HTB-178 56.9 ( 5.7 81.9 ( 6.5 74.5 ( 9.1 NA NA
BEAS-2B 64.4 ( 4.9 70.9 ( 4.3 78.2 ( 9.1 NA NA

a A549, HTB-182, and HTB-178: human lung cancer cells; BEAS-2B: nontumoral
lung-derived cells. Results are the mean ( SD of triplicates of two independent
experiments.
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50 μg/mL. All these nanoparticles hemolyzed human
red blood cells in a range of 4.6% to 7% (in Figure 1),
KNbO3 HNPs being less hemolytic. For a comparison,
HNPs were found to be less hemolytic than amorphous
silica NPs,31 their effect being comparable to that of
mesoporous silica nanoparticles (MSN)32 but more
prominent than that observed for PEGylated MSN. This
last finding suggests that a stable polymer coating of
HNPs might decrease their hemolytic effect.

Multiphoton Imaging. One essential aspect of our
study is to estimate the potential of HNPs for comple-
menting fluorescent labels for defined applications
including long-term cell tracking and deep tissue
imaging by infrared excitation. In this respect, an
essential comparison is to assess the contrast yielded
by individual HNPs against a commonly used cell dye
under different excitation conditions in a commercial
multiphoton imaging platform. In Figure 2, a compar-
ison of images obtained with the excitation laser set at
700 (A), 790 (B), 870 (C), and 970 (D) nm is reported. In
the top panel, the different excitation spectra (A�D)
are reported together with their corresponding sec-
ond-harmonic peaks calculated on the basis of the
experimental laser bandwidth (A0�D0). This plot also
includes absorption (dotted line) and fluorescence
(continuous line) bands of FM1-43FX cell membrane
dye, which was used to stain HTB-182 lung cancer cells
exposed for 24 h to PEG-stabilized KNbO3 HNPs. The
first image row displays the four detection channels
overlaid, while in the second row only the relevant SH
channel for each excitation wavelength is presented.
To allow a quantitative comparison among these
images, all the relevant laser parameters (pulse energy,
peak power, focus) were kept constant. Likewise, the
detection parameters (pixel dwell time, number of
averaging, detector gain) and image processing were
identical. Taking into account the photomultiplier's
sensitivity and overall transmission of spectral filtering
optics, the system detection efficiency varies less than
a factor of 2 between the extremewavelengths imaged
(360 and 485 nm). One can notice how theHNPs can be
easily retrieved at any excitation wavelength, and their
narrow emission band can be easily separated from the

broad band fluorescence of a dye expressly chosen for
its large absorption bandwidth. As we demonstrated in
a previous work, the HNPs can be efficiently excited in
the infrared spectral region (up to 1.5 μm and more6),
minimizing two-photon-induced autofluorescence33

and increasing imaging penetration depth due to the
reduced scattering at longer wavelengths.34

The photostability of the particles' harmonic signal
with respect to that of the FM1-43FX dye is striking, as
one can appreciate from the comparison reported in
Figure 2 E. Contrary to the exponential bleaching
observed for fluorescence, the HNPs' response remains
absolutely flat over hours of constant irradiation. Such
long-term stability opens the way to the monitoring of
labeled cellular structures evolving over days (stem
cells, neural structures).

To complete this survey, we have carried out a
systematic image screening over all the nanocrystals
and cell lines, to identify specific trends or peculiarities
related to the different nanomaterials and/or cellular
samples. A representative result of this comprehensive
study is reported in Figure 3, displaying BEAS-2B cells
exposed for 5 h to PEG-stabilized BaTiO3, KNbO3,
LiNbO3, KTP, and ZnOHNPs at 50μg/mL concentration.
For the former three materials (panels A�C), one can
observe a reasonable association to cells of the HNPs;
the latter have the tendency to remain confined at
the membranes (as confirmed by the slice views ex-
tracted from a z-stack in F), apart from a few individual

Figure 2. Excitation wavelength imaging comparison.
Upper plot: Laser excitation (A, B, C, D) and corresponding
calculated SH spectra (A0, B0, C0, D0). Absorption (dashed line)
and fluorescence (continuous line) spectra of FM 1-43 cell
membrane dye. First image row: Multiphoton images of
HTB-182 cells exposed for 24 h to KNbO3 with laser excita-
tion set at 720 nm (A), 790 nm (B), 868 nm (C), and 970 nm
(D). All detection channels overlaid. Second image row:
Images obtained plotting only the relevant SH detection
channel (A0, B0, C0, D0) for each excitation wavelength. The
scale bar corresponds to 20 μm. Lower plot: Long-time
behavior upon continuous laser irradiation of the simulta-
neously acquired signals from KNbO3 HNPs (SH, blue) and
from FM1-43FX (fluorescence, red) (E). **p < 0.01.

Figure 1. Hemolytic effect in human red blood cells ex-
posed for 2 h to KNbO3, LiNbO3, and BaTiO3 nanoparticles
(50 μg/mL). Results are the mean ( SD of triplicates of two
independent experiments. Treated sampleswere compared
to untreated using Student's t test: ***p < 0.001.
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exceptions of HNPs within the cytoplasm. This prefer-
ential association to the membranes is consistent with
the short contact time, as it is known that uptake by
endocytosis of solid core NPs typically takes place over
longer times.35,36 The cells look healthy, in agreement
with the survival rate determined byMTT. The situation
is different for KTP (panel D): in this case, the larger HNP
size together with the growth of micrometric rod-
shaped structures might be at the origin of the
observed reduced particle uptake. Incidentally, we
point out that the presence of such larger structures
is consistent with the DLS measurement and can
explain the poor reproducibility observed for KTP HNP
stabilization. An extreme situation, again in complete
agreementwith theMTT results, is found for ZnO (panel
E): there is almost no trace of HNPs on the sample, and
the round shape of the cells is a clear sign of their poor
health state. Such a high degree of toxicity has been
recently ascribed to ZnO partial dissolution and induc-
tion of oxidative stress.37 This explanation would be
consistent with the absence of HNPs in our images.

CONCLUSIONS

We have tested in a rigorous way under the same
experimental conditions the performance of five dif-
ferent nonlinear active nanomaterials to identify the
best candidate for biological applications. The very prop-
erties related to the nonresonant nature of the HNP
approach (wavelength flexibility, extreme photostability)
do not depend on the chemical composition and are
shared among all the samples. The optical characteriza-
tion, performed both on ensemble (by HRS) and on
individual HNPs (by multiphoton microscopy), indicates
that the harmonic conversion efficiency can be readily
related to that of the corresponding bulk materials and
that the harmonic responses of the different samples are
very similar. Moreover, for all samples tested, we ob-
served an excellent optical contrast exerted by the HNPs
with respect to a standard cell dye under normal imaging
conditions. Very notably, the SH signal presents a flat
responseover hoursof constant irradiationas opposed to
fluorescence bleaching. Given the similarities of the non-
linear optical properties among the different nanomater-
ials, a sensible choice must be made according to other
criteria including synthesis, stability, andbiocompatibility.
As discussed in Materials and Methods, we encountered
several difficulties in various steps of the KTP and BaTiO3

HNP preparation, which we attributed to the higher
polydispersity of these samples. KTP HNPs feature also
the largest average size among all the nanocrystals
tested. Concerning biocompatibility, which remains the
real point of comparison, to the best of our knowledge
two of these materials have been already employed for
SH cell labeling: ZnO HNPs17,19 and BaTiO3 HNPs,14,17

which have also been recently used for a proof-of-
principle in vivo application.38 For the former, several
authors reported high toxicity.39,40 For the latter, on the
other hand, two recent publications indicate high
cytocompatibility.41,42 In our work, HNP cytotoxicity was
generally foundacceptable alsoafter long-timeexposure.
The only notable exception is again ZnOHNPs, which
showed highly cytotoxic effects even after short con-
tact timeswith the cells. The hemolytic potential, which
would be an adverse occurrence for prospective clinical
applications of HNPs, was found to be very weak for all
nanomaterials under scrutiny. Finally, for a future use of
HNPs in human context, further analyses are needed,
specifically focused on their interactions with human
blood and cell-derived components, to assess their
biological behavior when coated by a protein corona.43

MATERIALS AND METHODS
Dispersion and Water Stabilization of Nanomaterials. KNbO3 and

BaTiO3 NPs obtained by grinding of bulk crystals were freely
provided by the company FEE GmbH (Idar-Oberstein, Germany);
KTP raw powders, by the company Cristal Laser S.A. (Messein,
France). ZnONPswere purchased fromNanoamor (Houston, TX,

USA): commercial nominal size 20 nm, 99.5% purity, 50 m2/g
specific surface area. Finally, LiNbO3 powders were kindly
supplied by the SRSMC laboratory (Nancy, France).16 PEG
(molecular weight 5000 g/mol, Sigma Aldrich) and all agglom-
erated nanopowders were used as received without further
purification.

Figure 3. BEAS-2B cells exposed for 5 h to (A) BaTiO3, (B)
KNbO3, (C) LiNbO3, (D) KTP, and (E) ZnO HNPs. (F) Sliced
views from a z-stack of cells exposed to KNbO3 HNPs. The
scale bars correspond to 10 μm.
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The protocol applied for colloidal suspensions is the follow-
ing: (i) Nanopowders are first dispersed into deionized water
with a typical concentration of 0.4 mg/mL. (ii) Dispersions are
exposed to sonication for 25 min (Vibra Cell 75043, Bioblock
Scientific) at a maximum input power of 750 W and at a
frequency of 20 kHz. A pulsed irradiation (1 s on and 4 s off)
at room temperature was found optimal for the preparation of
homogeneous dispersions.44 (iii) The pH of water dispersions is
fixed at 7 for LiNbO3, KNbO3, KTP, and ZnO and 3 for BaTiO3 to
match with the stability regions (Figure 4) previously deter-
mined at fixed ionic strength for each nanomaterial by zeta-
potential measurements (Zetasizer Nano ZS, Malvern Instru-
ments Ltd.). (iv) Solutions are then left to settle during one to
seven days to allow sedimentation of the larger particles and
aggregates. Note that for each nanocrystal sedimentation
kinetics was determined by time-dependent DLS measure-
ments. (v) HNP concentration at the end of the sedimentation
period is estimated by weighing the residual fraction (assuming
spherically shaped NPs). It corresponds to 10�30% of the initial
concentration according to the nanomaterial under consideration.

For biological evaluation, the colloidal stability of HNPs is
improved by PEG adsorption. Various amounts of PEG were
tested; in all cases a fixed concentration of 18 mg/mL was
necessary to obtain stable zeta-potential values. Typically, 1 g of
PEG was added to 55 mL of as-obtained supernatants. The
colloidal suspensions were then left under smooth agitation for
15 min in a standard ultrasonic bath. PEG in excess was finally
removed by centrifugation at 113000g for 90 min (Beckman L7-
65 ultracentrifuge, Rotor SW28, Beckman centrifuge tube poly-
carbonate thick wall: capacity 38.5 mL). The absence of HNPs in
supernatants after centrifugation was confirmed by DLS and
HRS measurements. PEG-stabilized HNPs of mean DLS size
120�140 nm were then readily redispersed in deionized water
at 1 mg/mL and at pH = 7.

Ensemble Optical Measurements. A commercial DLS apparatus
was employed for evaluating size and particle-size distribution
(Malvern Zetasizer NanoZS). For the HRS characterization, a YAG
laser at 1064 nm (Wedge HB, Bright solutions, 1 mJ/1 ns) was
focused by a 20 cm focal length lens into a glass cuvette. The
scattered SH radiation was collected perpendicularly to the
incident beam by a f/4 lens and detected by a photomultiplier
coupled to a boxcar integrator. A colored glass filter (short pass)
and an interferometric filter (532 nm)were placed in front of the
photomultiplier to ensure that exclusively the SH intensity was
accounted for.22

Cells. A549, HTB-178, HTB-182, and BEAS-2B cell lines are
available from ATCC (American Tissue Culture Collection,
Manassas, VA, USA). A549 and BEAS-2B cells were grown in
Dulbecco's modified Eagle's medium (DMEM) containing 4.5 g/L
glucose, 10% heat-inactivated fetal calf serum (FCS), and peni-
cillin/streptomycin (all cell culture reagents were obtained from
Invitrogen, Basel, Switzerland). HTB-178 cells were grown in
complete Roswell Park Memorial Institute (RPMI) 1640 medium
(Invitrogen) supplemented with 20% FCS and penicillin/strep-
tomycin. HBT-182 cells were grown in RPMI 1640 medium
supplemented with 10% FCS and penicillin/streptomycin.

Determination of Cytotoxicity. The cells were grown for 48 h in
48-well plates (250 μL/well) (Corning, NY, USA). Then the
medium was changed, HNPs diluted in complete culture med-
iumwere added at the indicated concentrations, and cells were
further incubated for different time periods (5, 24, 72 h). MTT
from Sigma-Aldrich was diluted at 5 mg/mL in phosphate-
buffered saline (PBS), and 10 μL per well was added for 2 h.
Then, cell culture supernatants were removed, the cell layers
were dissolved in 250 μL of 2-propanol/0.04 N HCl for 15 min,
and 200 μL of the solutions was transferred into a 96-well plate
(Corning). Absorbance at 540 nm was measured in a multiwell
plate reader (iEMS Reader MF, Labsystems, Bioconcept, Allschwil,
Switzerland) and compared to the values of control cells incu-
bated only with the appropriate culture medium. Experiments
were conducted in triplicate wells and repeated twice.

Evaluation of Microbial Contamination of the NPs. For the evalua-
tion of microbial contamination, HNP stock solutions at 50 μg/mL
in cell media were incubated for 24 h at 37 �C. Microbial
contamination assays were performed by a private company
(TIBIO, Comano, Switzerland) under a collaboration agreement.
Samples were tested for the contamination of aerobic bacteria,
facultative aerobic bacteria, and fungi.

Hemolysis Assay. Fresh human blood in lithium heparin-
containing tubes (BD Falcon, Erembodegem, Belgium) was ob-
tained from leftovers of analytical blood with normal values.
The plasma was removed by centrifugation for 10 min at
2500 rpmi, and the blood cells were washed three times with
sterile isotonic PBS, then diluted 1:10 in PBS. A 300 μL amount of
the cell suspension was added to 1200 μL of each NP solution in
PBS (final concentration of NPs: 50 μg/mL). Nanopure water
(1200 μL) was used as a positive control, and PBS (1200 μL) was
used as a negative control. The mixtures were gently mixed,
then kept for 2 h at room temperature and centrifuged for 2min
at 4000 rpm. Finally, the absorbance of the upper solutions was
measured at 540 nm in an absorbance multiwell plate reader
(iEMS ReaderMF). The hemolysis percentage of the sampleswas
calculated by dividing the difference in absorbance between
the samples and the negative control by the difference in
absorbance between the positive and negative controls. Experi-
ments were conducted in triplicate wells and repeated twice.

Sample Preparation for Multiphoton Imaging. Cells were grown
for 24 h on round glass slides (12mmdiameter) in 24-well plates
(Corning) (500 μL/well). HNPs diluted in fresh complete culture
medium were added at the indicated concentrations, and cells
were further incubated for the different time periods tested
(5, 24, and 72 h). Then, cells were exposed to 5 μg/mL of FM1-43FX
fluorescent probe (Invitrogen, 1mg/mL stock solution in DMSO)
for 1 min on ice, washed with PBS, and maintained in 4%
buffered paraformaldehyde at 4 �C until image acquisition.

Multiphoton Imaging. The imaging setup is based on a Nikon
A1R-MultiPhoton inverted microscope coupled with a Spectra-
Physics Mai-Tai tunable oscillator (100 fs, 80 MHz, 700�
1100 nm). Four independent non-descanned detectors acquire
in parallel the epi-collected signal spectrally filtered by four
tailored pairs of dichroic mirrors and interference filters, corre-
sponding to 395( 5.5, 485( 10, 531( 20, and 607( 35 nm. For
punctual measurements, we employed also two additional
filters: 360 ( 6 and 434 ( 8.5 nm. For spectral excitation
comparison, the laser mean power was kept constant at the
different wavelength settings bymonitoring it by a powermeter
placed at the sample position. In order to maintain the same
peak power across the Mai-Tai tunability range, the laser pulse
precompressor was adjusted at every wavelength by maximiz-
ing the SH signal from individual HNPs dispersed on a substrate.

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. This research has been conducted under
the European FP7 Research Project NAMDIATREAM (NMP4-
LA-2010-246479, http://www.namdiatream.eu). The authors are
grateful to the SRSMC Laboratory in Nancy for supplying LiNbO3

HNPs and for performing TEM and viscosity measurements.
We are also grateful to Patrick Hole at Nanosight Ltd. (U.K.) for
the nanoparticle tracking analysis.

Supporting Information Available: TEM images, DLS and
FTIR spectra, and additional information on the calculation

Figure 4. Zeta-potential variations as a function of pH of
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water. Each data point results from the averaging of three
independent measurements.
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procedure of the nonlinear coefficients are available free of
charge via the Internet at http://pubs.acs.org.
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