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Interest in multiphotonmicroscopy for cell imaging has considerably increased over the last decade. Silicon

carbide (SiC) nanoparticles exhibit strong second-harmonic generation (SHG) signal, and can thus be used

as nonlinear optical probes for cell imaging. In this study, the surface of SiC nanoparticles was chemically

modified to enable cancer-cell-specific labeling. In a first step, an aminosilane was grafted onto the surface

of SiC nanoparticles. The resulting nanoparticles were further modified with folic acid, using an

isothiocyanate-based coupling method. Nanoparticles from different functionalization steps were

investigated by zeta potential measurement, colorimetric titration, infrared and ultraviolet-visible (UV-Vis)

absorption spectroscopy, X-ray photoelectron spectroscopy (XPS), and time-of-flight secondary ion

mass spectrometry (ToF-SIMS). Characterization results confirmed successful covalent grafting of silane

and folic acid to nanoparticle surface. Finally, the efficacy of these folate-modified SiC nanoparticles for

cancer-cell-specific labeling was evaluated by multiphoton microscopy, by measuring SHG-emitting cell

area on multiphoton images. The average cancer-cell labeling percentage was about 48%, significantly

higher than for negative controls (healthy cells, competition assay and poly(ethylene glycol) modified-SiC

nanoparticles), where it ranged between 10% and 15%. These results demonstrated good efficiency and

specificity for these folate-modified SiC nanoparticles in cancer-cell-specific labeling.
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Introduction

With the increase in life expectancy, cancer has become one of
the most important health issues around the world. Treatment
efficacy correlates with early and accurate diagnosis. Thus
continual improvement is necessary in diagnosis techniques,
particularly in imaging. Progress has been made, using acoustic
waves or various electromagnetic waves such as X-rays, radio-
frequency waves and visible or infrared photons, allowing
highly sensitive and non-invasive observation.1 Of all these
techniques, optical imaging offers high sensitivity without the
drawbacks of ionizing radiation. Fluorescence microscopy is, by
far, the most widely used technique in histopathology, due to its
simplicity and good lateral resolution. It usually requires cell
labeling with various uorophores. However, uorescent labels
have drawbacks, such as narrow absorption spectra in the
visible range and generally large emission bands. This can
impair the signal-to-noise ratio, due to the uorescence of
biological tissues. Moreover, many uorophores are highly
sensitive to photobleaching, and some exhibit high toxicity.2

Quantum dots have been proposed as a solution to overcome
the problem of photobleaching, but their toxicity, due to heavy-
metal release, is a limiting factor for biological application. To
counterbalance these limitations, imaging techniques based on
RSC Adv., 2017, 7, 27361–27369 | 27361
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nonlinear optical properties have been developed during this
last decade. Second-harmonic generation (SHG) and two-
photon excited uorescence (TPEF) microscopies are the most
frequently used nonlinear optical (NLO) techniques. Although
NLO properties can be observed in some biological molecules or
structures, such as collagen, lipid membranes or NADH,3–6 the
NLO signal of living tissue is quite low.5 Thus, to improve
imaging quality, many studies have focused on developing new
and effective NLO probes.7–12 Similarly to uorescence, two
kinds of probe have been studied: organic molecular probes,
and nanoparticles. Nanoparticle probes with NLO properties,
also called harmonic nanoparticles (HNPs)11,12 or second-
harmonic radiation imaging probes (SHRIMPs),10,13 are of
great interest for cell imaging. The HNPs so far studied for
biological imaging were mainly based on metal oxides such as
KNbO3,14–16 LiNbO3,11 BaTiO3,9,10,16–18 ZnO,8,9,16 BiFeO3,19 or
KTiOPO4;11,16 ZnO and KTiOPO4, however, exhibit non-
negligible toxicity11 and are less interesting for application in
living cells. Due to their non centrosymmetric crystal structure,
HNPs exhibit an intense and sharp SHG signal, without pho-
tobleaching and in a wide range of excitation wavelengths. This
ability to tune the excitation wavelength allows near-infrared
excitation radiation to be used. This spectral region is very
interesting, since light absorption and scattering by living
tissue are greatly reduced in this range, thus enhancing exci-
tation intensity and allowing use of thicker samples, due to the
greater penetration depth of the exciting light.12 Unlike HNPs,
for which the exciting light is scattered only during the SHG
process, nonlinear active molecules in solution exhibit TPEF
properties which require a specic excitation wavelength to
achieve light absorption between two molecular energy levels.
By contrast, the excitation wavelength of HNPs can be tuned in
a wide range. Moreover, scattering does not induce photo-
bleaching. Furthermore the nonlinear cross-sections of HNPs
are greater by one to two orders of magnitude18 than in
nonlinear active molecules. Silicon carbide (SiC) nanoparticles
present numerous advantages for living-cell imaging. Firstly,
they exhibit strong SHG properties20,21 with low toxicity for
cells,22–24 although this low toxicity has to be set against some
reports of proinammatory response and oxidative stress.22,23;
this type of behavior seems to be limited to nanoparticles with
diameters in the 15 nm range.23 Secondly, SiC surface can be
modied using silane chemistry25,26 or radical chemistry.27–29

Multiphoton imaging, used to observe NLO probes, is particu-
larly useful for cancer diagnosis.11,13,19 In fact, multiphoton
microscopy presents various advantages over linear techniques,
including an inherent 3-dimensional sectioning capability
without the need for a confocal pinhole, deeper imaging
penetration thanks to lower scattering at longer wavelengths,
and longer sample stability because of reduced absorption
beyond the focal region.30 HNPs efficiently emit SHG under two
photon excitation, and some of these nanomaterials have
recently shown also strong third harmonic emission31 which
can be detected simultaneously with SHG to increase selectivity
against the tissue background.32 To specically label tumor
cells, HNPs must be functionalized with a cancer-cell-specic
ligand, and for this folic acid is of particular interest. Folic
27362 | RSC Adv., 2017, 7, 27361–27369
acid receptors are overexpressed by a wide range of cancer
cells,33 giving this molecule versatile recognition properties.
Moreover, as folic acid receptors are found at low levels in
normal tissue, a folic acid ligand provides high specicity.
Finally, folic acid is chemically stable and offers several covalent
coupling possibilities for nanoparticle functionalization.

In this paper, we describe a method to prepare folate-
modied SiC HNPs. The surface of SiC nanoparticles was
rstly chemically modied in order to gra a synthetic poly(-
ethylene glycol)-folate (PEG-folate) molecule. The role of the
PEG spacer is to increase the affinity between folic acid and
cancer-cell receptors, thanks to its length and exibility.34 The
nanoparticles from different functionalization steps were fully
characterized using spectroscopic and chemical analyses.
Finally, aer incubation with healthy and cancer cells, the
labeling efficiency of folate-modied SiC HNPs was evaluated
on multiphoton laser scanning microscopy.
Materials and methods
Materials

SiC–3C nanoparticles were purchased from KM Labs (Ukraine).
All chemicals were obtained from Sigma-Aldrich and used as
received. Milli-Q water (18.2 MU cm) was used in all the
preparations.
Surface modication of SiC nanoparticles

The initial powder of SiC nanoparticles was heated at 600 �C, in
air, for 1 h. Aer cooling, the powder was dispersed at
a concentration of 80 mg mL�1 in an aqueous potassium
hydroxide (KOH) 9 M solution and the dispersion was sonicated
during 1 h. Then, nanoparticles were washed 3 times by
centrifugation (1000g, 1–5 min) and redispersed in water. Aer
redispersion, nanoparticles were le for sedimentation for 24 h.
The resulting precipitate was discarded and the supernatant
was kept for functionalization. The supernatant concentration
was estimated at 2.7 mg mL�1 by weighing. A dispersion of
nanoparticles was prepared by mixing 9 mL anhydrous ethanol
with 1 mL supernatant. Then 155 mL of a 0.1 M ethanol solution
of 3-aminopropyltriethoxysilane (APTES) was added to the
nanoparticle dispersion. The mixture was le to react overnight
under magnetic stirring (300 rpm), and nally heated to reux
for 1 h. During the reux, a syringe pump was used to introduce
ethanol at a ow rate of 10 mL h�1, to compensate for solvent
evaporation. Aer reaction, nanoparticles were briey soni-
cated, washed twice by centrifugation (1000g, 1 min) and
redispersed in ethanol. The same functionalization protocol
was then repeated a second time, to increase the density of
APTES molecules on the nanoparticle surface. Aer each step of
functionalization, nanoparticles were characterized by zeta
potential measurements and infrared spectroscopy. Amine
surface density was quantied by a colorimetric titration
method, described below. X-ray photoelectron spectroscopy
(XPS) and time-of-ight secondary ion mass spectrometry (ToF-
SIMS) were used to compare KOH-treated and APTES-modied
SiC nanoparticles.
This journal is © The Royal Society of Chemistry 2017
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Synthesis of PEG-folate

PEG-folate was synthesized as described by Lee et al.34 In a rst
step, folic acid was activated using N-Hydroxysuccinimide
(NHS) chemistry: 1 g (0.11 M) of folic acid was dissolved in 20
mL anhydrous dimethyl sulfoxide (DMSO), and then activated
by adding 950 mg (0.23 M) dicyclohexyl carbodiimide (DCC),
525 mg (0.23 M) NHS and 500 mL (0.18 M) triethylamine. The
solution was stirred magnetically (1000 rpm) overnight at room
temperature. Aer reaction, the solution was concentrated
under vacuum heating (60 �C). Then NHS-folate was precipi-
tated and washed with diethylether. In a second step, PEG-folate
was obtained by dissolving 35 mg (13 mM) NHS-folate, 190 mg
(13 mM) PEG-diamine (molecular weight ¼ 3000 g mol�1) and
500 mL (0.72 M) triethylamine in 5 mL anhydrous DMSO. The
solution was stirred (500 rpm) overnight at room temperature,
then dialyzed (Spectra/Por, molecular weight cut-off ¼ 1 kDa)
against water for 3 days. Finally, PEG-folate powder was ob-
tained aer freeze drying.
Graing of PEG-folate onto SiC nanoparticles

Amino-functionalized SiC nanoparticles were centrifuged and
redispersed in dimethylformamide (DMF) at a concentration of
5.4 mg mL�1. Then 500 mL of this nanoparticle dispersion was
mixed with 1500 mL of a 170 nM 1,4-butane diisothiocyanate
solution in DMF (Scheme 1). Themixture was stirred (1500 rpm)
overnight. Aer reaction, nanoparticles were washed twice by
centrifugation (6700g, 2 min) and redispersed in 1 mL DMSO.
Then, 1000 mL PEG-folate solution (750 mM) in DMSO was added
to the dispersion. The mixture was stirred (1500 rpm) overnight.
Aer reaction, nanoparticles were washed twice by centrifuga-
tion (6700g, 2 min) and redispersed in DMSO. The resulting SiC-
PEG-folate nanoparticles were characterized on XPS, ToF-SIMS,
infrared and ultraviolet-visible (UV-Vis) absorption spectros-
copy. The same process was used, using O-(2-aminoethyl)
polyethylene-glycol (molecular weight ¼ 3000 g mol�1), to
synthesize simple PEGylated nanoparticles (SiC-PEG) as nega-
tive control.
Scheme 1 Functionalization of SiC nanoparticles with PEG-folate.

This journal is © The Royal Society of Chemistry 2017
Cell incubation with SiC nanoparticles

Cell cultures of 3T3-L1 mouse broblasts (American Type
Culture Collection, Manassas, VA, USA) and human
hepatocarcinoma-derived HuH7 cells (European Collection of
Cell Cultures, Salisbury, UK) were initially grown in Dulbecco's
modied Eagle's medium (DMEM) containing 4.5 g L�1 glucose
supplemented with 10% newborn calf serum (American Type
Culture Collection, Manassas, VA, USA), 100 IU penicillin, and
100 mg streptomycin at 37 �C in a water-saturated atmosphere
with 5% CO2, in a Heraeus incubator. Cells were seeded at 2500
per well. Two days before nanoparticle incubation, cells were
transferred in folate-free DMEM. Cells were incubated for 4 h in
presence of SiC nanoparticles (70 mg mL�1) in 500 mL folate-free
DMEM. Four different assays were performed (Table 1). For the
competition assay, 100 mg folic acid was added to the culture
medium, in addition to cells and nanoparticles. Aer incuba-
tion, cells were rinsed 3 times, stained with Nile Red uo-
rophore, rinsed again, and xed on glass slides by
formaldehyde (4%).

Multiphoton imaging

Fixed cells were observed with a Nikon multiphoton inverted
microscope (A1R-MP) coupled to a Mai-Tai tunable Ti:sapphire
oscillator (Spectra-Physics; 100 fs, 80 MHz, 700–1000 nm). A
plan apochromat 20� water-immersion objective with a 0.75
numerical aperture was used to focus the excitation laser at
790 nm and epi-collect the Nile Red and SHG emission. The
collected signals were processed by non-descanned detectors
with using band-pass lters (SemRock) of 395/11 nm for SHG
and 607/70 nm for Nile Red uorescence.

Characterization methods

Infrared absorption spectra were obtained in ATR mode on
a diamond crystal using a Nicolet 6700 spectrometer (Thermo
Scientic). Zeta potential was evaluated using a Zetasizer
apparatus (Malvern Instruments). UV-Vis absorption spectra
were collected in a quartz cell with 1.0 cm path length using
RSC Adv., 2017, 7, 27361–27369 | 27363
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Table 1 Conditions for cell incubation in presence of SiC nanoparticles

Cell type 3T3-L1 HuH7 HuH7 HuH7
SiC type SiC-PEG-folate SiC-PEG-folate SiC-PEG-folate SiC-PEG
Competition assay No No Yes No
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a SAFAS-UV mc2 double-beam spectrophotometer. Proton
nuclear magnetic resonance spectroscopy (1H NMR) was per-
formed using an Avance III – 400 MHz (Bruker) spectrometer.
Colorimetric amine titration was performed by adapting
a method35 based on the electrostatic interaction between
protonated amine groups from nanoparticles and sulfonate
groups from Coomassie Brilliant Blue (CBB) dye; the detailed
procedure for CBB titration is given in ESI.† XPS measurements
were performed with an Axis Ultra-DLD spectrometer (Kratos,
Manchester, UK), using an Al(Ka) monochromatic source (1486
eV) operating at 150 W with X-ray spot size 400 � 700 mm2. ToF-
SIMS analysis was conducted using a reection-type TOFSIMS
IV spectrometer (ION-TOF GmbH, Münster, Germany) equip-
ped with a 25 keV liquid metal-ion gun (LMIG) operating with
bismuth primary ions. Detailed experimental conditions for
XPS and ToF-SIMS can be found in ESI.†
Results and discussion
Surface modication of SiC nanoparticles

SiC–3C nanoparticles with a mean diameter of 150 nm were
selected (Fig. S1†). Their non-centrosymmetric crystalline
structure and their large diameter (associated with a large two-
photon absorption cross-section) provide an intense SHG peak,
as shown in ESI (Fig. S1D†). Amine functionalization of SiC
nanoparticles was performed using silanization reaction. To
monitor APTES graing on SiC nanoparticles, zeta potential
measurements and amine titration onto nanoparticles were
performed before and aer each silanization step, as shown in
Table 2. Zeta potential values shied from �40 mV for KOH-
treated SiC nanoparticles to �20 mV aer the rst step of
APTES silanization (APTES-1) and to +20 mV aer the second
step (APTES-2). Amine surface density increased from 0 for
KOH-treated nanoparticles to 0.5 amine nm�2 for APTES-2.
These results are consistent with a strong surface modica-
tion throughout the various steps of the process. The strongly
negative zeta potential of KOH-treated SiC nanoparticles can be
attributed to silanol groups initially present at the surface aer
alkaline treatment. These silanols react gradually with APTES
during the two steps of silanization and are replaced by amine
Table 2 Zeta potential measurements and amine surface density for
KOH-treated SiC nanoparticles, after the first silanization step with
APTES (APTES-1) and after the second silanization step with APTES
(APTES-2)

SiC nanoparticles KOH-treated APTES-1 APTES-2
Zeta potential (mV) �40 �20 +20
Amine surface density (NH2 nm

�2) 0 0.36 0.5

27364 | RSC Adv., 2017, 7, 27361–27369
functions, explaining the increase in zeta potential aer each
step of reaction. Amine surface density results presented
a similar increase, conrming qualitative results obtained with
zeta potential measurement. Infrared spectroscopy data (Fig. 1)
revealed C–H stretching vibrations at 2845 cm�1 and 2915 cm�1

for APTES-1 and APTES-2 modied SiC nanoparticles. These
peaks were not observed for KOH-treated SiC nanoparticles, and
can be attributed to C–H bonds from the silane when graed on
the nanoparticle surface.25 There was also a signicant evolu-
tion in the 1000–1200 cm�1 region, corresponding to the
stretching vibration of Si–O–Si bonds. The NH2 peak at 1620
cm�1 could not be observed, due to the presence of broad SiC
phonon36 and water peaks (the full infrared spectra are given in
ESI, Fig. S2†). For KOH-treated and APTES-1 modied SiC
nanoparticles, no Si–O–Si peak was observed. However, for
APTES-2 modied SiC nanoparticles, a broad Si–O–Si peak
appeared. The delayed appearance of this peak was consistent
with the gradual increase in zeta potential. Indeed, we can
consider that, for APTES-1 modied SiC nanoparticles, only
some APTES spots were graed on the SiC surface. During the
second step of functionalization, the additional APTES mole-
cules could react with the remaining silanol groups onto SiC
nanoparticles but could also condense with the available silanol
functions onto the already graed APTESmolecules. This 2 or 3-
dimensional condensation process may enable a continuous
layer of silica to be reached on the surface of the particles aer
the second silanization step. Therefore, the APTES-2 modied
SiC nanoparticles were used for PEG-folate graing. XPS anal-
yses conrmed results obtained with previous analysis tech-
niques. Atomic percentage results showed a clear increase in
oxygen content, related to a clear decrease in silicon content
and appearance of nitrogen, whereas carbon content remained
largely unchanged (Table 3). This is consistent with APTES
graing on the nanoparticle surface. Analysis of the Si2p level of
Fig. 1 Infrared transmission spectra of KOH-treated (a), APTES-1 (b),
APTES-2 modified SiC nanoparticles (c) and APTES (d).

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03961a


Table 3 Atomic percentages of carbon, oxygen, silicon and nitrogen for KOH-treated and APTES-2 modified SiC nanoparticles, determined
using XPS

Atomic percentage (%)

C O Si N

KOH-treated SiC 51.52 � 0.48 13.50 � 0.42 34.95 � 0.50 —
APTES-2 SiC 45.90 � 0.30 32.14 � 0.60 8.40 � 0.15 8.91 � 0.40

Fig. 2 Si2p level XPS spectra of KOH-treated (A) and APTES-2 modi-
fied SiC nanoparticles (B). Inset: magnification on the peak located at
a binding energy of 100.30 eV observed for APTES-2 modified SiC
nanoparticles.

Fig. 3 Infrared transmission spectra of folic acid (a), PEG-diamine (b)
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KOH-treated SiC nanoparticles (Fig. 2A) revealed intense peaks
at 100.42 and 100.96 eV, typical of Si–C bonds, and a smaller
peak at 102.08 eV, ascribable to Si–O bonds. Aer modication
with APTES, a dramatic decrease in the Si–C peaks and a very
intense Si–O peak at 102.64 eV indicated the formation of layers
containing many Si–O bonds due to a successful silanization. In
addition, the peak at 102.64 eV was typical of silicon sub-
oxides,37 which is compatible with triethoxysilane structure.
Finally, an intense peak at 400.38 eV appeared aer silanization,
corresponding to the N 1s level and indicating the presence of
nitrogen in N–H bonds from APTES (Fig. S3 in ESI†).38 The low-
intensity peak located at 398.03 eV can be attributed to C–NH2

bonds.39 ToF-SIMS analyses were also performed, to charac-
terize the evolution of nanoparticle surface chemistry during
the silanization process. Results are summarized in Table 4.
Table 4 Main negative and positive fragments for KOH-treated and APT

m/z
KOH-treated
SiC APTES-2 SiC F

45.01 Present Absent Si
91.95 Present Absent Si
175.88 Present Absent Si
44.00 Absent Present Si
57.05 Absent Present C
86.99 Absent Present Si

This journal is © The Royal Society of Chemistry 2017
Before silanization, fragmentation revealed combinations of
carbon, oxygen and silicon, indicating the presence of an
oxidized surface with silanol groups on the nanoparticle
surface. Aer APTES graing, these fragments were absent and
replaced by a new type of fragments. In these new fragments,
nitrogen was detected, coming from APTES. The presence of
C3H7N

+ and SiC3H9N
+, corresponding to the aminopropyl chain

of APTES, conrmed APTES graing on the SiC nanoparticles.
Synthesis of PEG-folate

The PEG folate molecule was obtained by coupling folic acid
with PEG-diamine. The reaction was mediated by dicyclohexyl-
carbodiimide/N-Hydroxysuccinimide (DCC-NHS) and the
product was characterized by infrared (Fig. 3) and 1H NMR
spectroscopy (Fig. S4 in ESI†). A typical peak at 1690 cm�1,
corresponding to carbonyl bonds of folic acid (Fig. 3a), could be
ES-2 modified SiC nanoparticles, determined using ToF SIMS analysis

ragment formula Potential origin

OH+ Silanols from SiC surface
2C3

� SiC fragments
4O4

�/Si4C4O
� Oxide layer on SiC

NH2
+ Secondary ion with Si and N from APTES

3H7N
+ Aminopropyl fragment from APTES

C3H9N
+ Aminopropyl + Si fragment from APTES

and PEG-folate (c).
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seen on the PEG-folate infrared spectrum (Fig. 3c). This peak
may be associated with free carboxylic acid groups remaining
on the PEG-folate (Scheme 1). Then, C]O stretching vibration
at 1645 cm�1 and N–H bending vibration at 1605 cm�1, coming
from amide groups, can be observed in both Fig. 3a and c.
Additionally, in Fig. 3c, the characteristic peaks coming from
PEG (Fig. 3b) can also be identied, such as C–H stretching at
2880 cm�1, C–H bending at 1460 cm�1 and 1342 cm�1 and C–O
stretching at 1107 cm�1. These peaks conrmed the successful
graing of folic acid on PEG-diamine. Furthermore, on the 1H
NMR spectrum of PEG-folate (Fig. S4†), typical protons of folic
acid were also observed (400MHz, D2O, d in ppm): 3.5–3.66 ppm
(m, 276H), 3.72 ppm (t, 2H), 4.74 ppm (s, 1H), 6.76 ppm (t,
1.3H), 7.61 ppm (t, 1.3H) and 8.71 ppm (d, 0.6H).
Fig. 5 C 1s level XPS spectra of PEG-folate (A), APTES-2 modified SiC
nanoparticles (B) and folate-modified SiC nanoparticles (C).
Graing of PEG-folate on SiC nanoparticles

Isothiocyanate-based coupling was used to conjugate PEG-
folate to SiC nanoparticles. Contrary to classical coupling with
carbodiimide-NHS chemistry, this method leads to high yields
without by-products needing to be removed. PEG-folate graing
on isothiocyanate-modied SiC nanoparticles was monitored
on infrared spectroscopy (Fig. 4), XPS (Fig. 5), UV-visible
absorption (Fig. 6) and ToF-SIMS (Table 5). Analyses were per-
formed on pure PEG-folate and folate-modied SiC nano-
particles. The infrared spectrum of folate-modied SiC
nanoparticles (Fig. 4b) revealed 2 peaks, at 1610 cm�1 and 1107
cm�1. The 1610 cm�1 peak can be attributed to C]O stretching
vibration from carbonyl functions of folic acid, while the 1107
cm�1 peak was associated with C–O stretching vibration from
ether bonds of PEG.40–42 This peak can also be attributed, to
a lesser extent, to stretching vibration of thiocarbonyl func-
tions,43 which are generally localized close to 1100 cm�1. The
presence of ether bonds from PEG was also conrmed by the C
1s level XPS spectrum of PEG-folate (Fig. 5A). The two lowest
energy peaks (284.99 and 286.61 eV) can be attributed to C–C
and C–O bonds, respectively. In particular, the 286.61 eV peak
was very intense and could be used to characterize the presence
Fig. 4 Infrared transmission spectra of PEG-folate (a), folate-modified
(b) and APTES-2 modified SiC nanoparticles (c).

27366 | RSC Adv., 2017, 7, 27361–27369
of ether bonds on folate-modied SiC nanoparticles.44 This peak
was also observed on C 1s level XPS spectrum of folate-modied
SiC nanoparticles at 286.56 eV (Fig. 5C). Its intensity reached
48% of the total signal measured for C 1s level, compared to
only 26% for APTES-2 modied SiC nanoparticles (Fig. 5B),
conrming the success of PEG-folate graing. Finally, the peak
observed around 287.9 eV (287.99 eV for PEG-folate and
287.94 eV for folate-modied SiC nanoparticles) is character-
istic of amide bonds and also indicates the presence of PEG-
folate on SiC nanoparticles. PEG-folate also showed strong
absorption in the UV-Vis region, due to folic acid (Fig. 6a).
APTES-2 modied SiC nanoparticles exhibited a continuous
scattering background in the UV-Vis range (Fig. 6c). This signal
was subtracted from the spectrum of folate-modied nano-
particles (Fig. 6b, inset), aer which a band at 285 nm was
clearly obtained for folate-modied nanoparticles, correspond-
ing to that of folic acid (Fig. 6a).45,46 ToF-SIMS analyses of pure
Fig. 6 UV-visible absorption spectra of PEG-folate (a), folate-modified
SiC nanoparticles (b) and APTES-2 modified SiC nanoparticles (c).
Inset: UV-Vis absorption spectra of PEG-folate (a) and folate-modified
SiC nanoparticles after subtraction of scattering signal coming from
APTES-2 modified SiC nanoparticles (b).

This journal is © The Royal Society of Chemistry 2017
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Table 5 Main positive and negative fragments for pure PEG-folate and folate-modified SiC nanoparticles, determined with ToF SIMS analysis

m/z PEG-folate
Folate modied
SiC Fragment formula Potential origin

44.04 Present Present C2H4O
+ Ethylene oxide sub-unit from PEG

58.03 Present Present C2H4NO
+ Aminoethyl tail from PEG-diamine

87.05 Present Present C2H7NO2
+

162.04 Present Present C6H4N5O
� Pteridine from folic acid

176.04 Present Present C7H6N5O
� Pteridine from folic acid

295.13 Present Present C22H16O
+

295.14 Present Present C19H19O3
+

71.99 Absent Present CSN2
+/C2H2NS

+ Thiourea
138.95 Absent Present SiH5SNO2

+

139.95 Absent Present S2N3O2H2
+
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PEG-folate and folate-modied SiC nanoparticles are summa-
rized in Table 5. Concerning PEG-folate, the fragments withm/z
equal to 162.04 and 176.04 are of particular interest, since they
can easily be attributed to the pteridine cycle of folic acid. In
addition, fragments at 44.04 and 58.03 can be attributed
respectively to ethylene oxide sub-units of PEG-diamine and
aminoethyl tails of PEG-diamine. These peaks were also present
for folate-modied SiC nanoparticles. In addition, ToF-SIMS
detected fragments containing sulfur, and notably a fragment
withm/z¼ 71.99, which can be attributed to the thiourea groups
which may indicate covalent binding between PEG-folate and
SiC nanoparticles.
Labeling results

Aer incubation with SiC nanoparticles and xation onto glass
slides, cells were observed with a multiphoton microscope. Nile
Red was used to stain cells and help to localize them. With a 790
nm excitation, Nile Red emits a TPEF signal at 607 nm and SiC
nanoparticles emit strong SHG at 395 nm. To evaluate labeling
efficiency, 3T3-L1 cells were used as healthy cells and HuH7
cells as cancer cells. HuH7 cells are known to interact strongly
Fig. 7 Multiphoton images of HuH7 cancer cells (A) and 3T3-L1
healthy cells (B) after incubation with folate-modified SiC nano-
particles. Blue-purple spots correspond to SHG signal measured at
395 nm and red spots correspond to TPEF signal measured at 607 nm.
Excitation wavelength is 790 nm.

This journal is © The Royal Society of Chemistry 2017
with folic acid and folate derivatives,47 and can therefore be
used as a cancer model with positive response to folate-
modied probes for diagnosis or therapy. The SHG signal
coming from SiC nanoparticles and the TPEF signal coming
from Nile Red dye were superimposed on microscopy images
(Fig. 7). On the one hand, many folate-modied SiC nano-
particles were identied in and around cancer HuH7 cells
observed as blue-purple SHG spots (Fig. 7A). On the other hand,
only very few SHG spots were observed on healthy cells (Fig. 7B).
To quantify the labeling specicity of the folate-modied
nanoparticles, 3 negative controls were used: folate-modied
SiC nanoparticles on healthy cells, PEG-modied SiC nano-
particles on cancer cells, and a competition assay (folate-
modied SiC nanoparticles on cancer cells in presence of free-
folic acid in the culture medium) as previously shown in
Table 1. Then, counts were made using about 10 different image
elds for each assay; percentage SHG-emitting area on cells was
measured on the corresponding images. This methodology
discriminated highly from poorly labeled cells. In contrast,
simple labeled/unlabeled quantication did not distinguish
between poorly and highly labeled cells. Indeed, even negative
controls can present a few SHG spots, due to non-specic
interaction between cells and nanoparticles. The average
labeling percentage for HuH7 cells was about 48% whilst
healthy 3T3-L1 cells presented a signicantly lower rate of about
10% (p < 0.0001, Student's test), as shown in Fig. 8. The speci-
city of the labeling and the impact of folic acid were also
evaluated with a competition assay and PEGylated SiC nano-
particles. These two additional negative controls provided quite
similar results, with 13% and 15% labeling, respectively,
signicantly lower (p < 0.0001) than the labeling percentage of
folate-modied SiC nanoparticles on HuH7 cells. These results
indicate the high efficiency of these folate-modied SiC nano-
particles for cancer-cell-specic labeling. Furthermore, no effect
of the nanoparticles was observed on healthy cell proliferation,
suggesting that SiC nanoparticles have low cytotoxicity (see ESI,
Fig. S6†). Finally, we compared our results to the other studies
related to SHG-emitting nanoparticles for bio-imaging found in
the literature. To our knowledge, there are still only very few
papers dealing with the use of SHG-emitting nanoparticles for
bio-imaging and therapeutic applications, as summarized in
RSC Adv., 2017, 7, 27361–27369 | 27367
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Fig. 8 Evaluation of SHG-emitting cell area for HuH7 cells with folate-
modified SiC nanoparticles (a), 3T3-L1 cells with folate-modified SiC
nanoparticles (b), competition assay for HuH7 cells with folate-
modified SiC nanoparticles (c) and HuH7 cells with PEG-modified SiC
nanoparticles (d), Student's t test: ***p < 0.0001.
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Table S1 in ESI.† SiC exhibits one of the highest nonlinear
coefficients of all SHG-emitting materials. Combined with low
cytotoxicity and a surface that is easy to modify with silane
chemistry, SiC nanoparticles are promising candidates for
specic cell labeling that could be applied in histological
diagnosis of cancer based on patient biopsy.

Conclusions

In this paper, SHG-emitting SiC nanoparticles were bio-
functionalized for cancer imaging purposes. The
isothiocyanate-based chemistry allowed simple coupling
between amino-modied SiC nanoparticles and folic acid. The
success of the different functionalization steps was shown by
zeta potential measurement, colorimetric titration, infrared and
UV-visible absorption spectroscopy, XPS and ToF-SIMS. Finally,
the cancer-specic labeling efficiency of folate-modied SiC
nanoparticles was demonstrated by measurement of the SHG-
emitting cell area. Compared to other NLO nanoprobes, SiC
nanoparticles offer the advantage of being a biocompatible
material. Combined with a strong SHG signal that can be
excited in the near-infrared region and the cancer-labeling
specicity demonstrated in this study, PEG-folate-modied
SiC nanoparticles can be seriously considered as effective
cancer-specic labels for multiphoton imaging of biopsy
samples.
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