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ABSTRACT

In this paper, InAs/ZnS mixed nanocrystals were synthesized by dry high-
energy milling approach in the first step. The obtained nanocrystals were
characterized from structural point of view by X-ray diffraction analysis and
Raman spectroscopy, and from the morphological point of view by scanning
electron microscopy. In the next step, the nanocrystals were subjected to wet
ultra-fine milling in order to obtain a nanosuspension of chitosan-coated InAs/
ZnS nanocrystals with bio-imaging properties. The stability of the nanosus-
pension was examined by zeta potential and particle size distribution mea-
surements. The prepared nanosuspension was stable with high values of zeta
potential. Its optical properties were also studied using UV-Vis and PL spec-
troscopies. The determined fluorescent properties confirming the potential in
bio-imaging applications were verified on cancer cell lines Caco-2, HCT116,
HelLa, and MCF7.
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The band gap of InAs is 0.354 eV. Its combination
with another inorganic semiconductor with a wider

Introduction

Indium arsenide (InAs) is known for its excellent
electron transport properties, such as high bulk
mobility, small effective mass, and low ohmic contact
resistivity. Moreover, the band gap of InAs
nanocrystals is size-tunable through the near-IR
spectral region [1]. These properties have led to their
applications in optical imaging, hologram recording,
electro-optical information storage devices, and
optical mass memories.
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band gap can lead to even better optical properties.
Therefore, in recent years, InAs nanocrystals have also
been applied for biological imaging, when combined
with another semiconductor [e.g., (InAs)ZnSe and
(InAs)ZnCdS (core) shell quantum dots [2, 3]]. Also,
zinc sulfide (ZnS) (with the band gap 3.54 and 3.91 eV
for cubic and hexagonal structures, respectively) was
applied. The successful synthesis of (InAs)ZnS
(core)shell structure was documented in paper [4].
Subsequently, these quantum dots were coated with
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the biocompatible polymer polyethylene glycol (PEG).
The authors obtained tissue and organ-selective bio-
distribution using this highly fluorescent semicon-
ductor material. The properties of InAs/ZnS nano-
material were also described in a book [5].

When using inorganic nanocrystals for bio-imaging
applications, it is necessary to cover them by organic,
biocompatible material. In a plethora of available
alternatives, chitosan has been often chosen because
of its many advantages. The source of chitosan is
a naturally occurring polymer, the chitin, which is
the second most abundant polysaccharide (after cel-
lulose) [6]. Chitosan is a nontoxic, polycationic poly-
mer that has been broadly used in pharmaceuticals,
drug carriers, and delivery systems [6-8]. Its chemical
name is poly-B(1 — 4)-2-amino-2-deoxy-D-glucose.
Both chitin and chitosan chemical formulas are
depicted in Fig. 1a, b, respectively.

There are plenty of methods for the preparation of
organic-coated nanomaterials including wet chemical
procedure [9], sol-gel coatings [10] and wet aerosol
synthesis [11]. The mechanochemical approach also
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has an important place in the preparation techniques,
because of many advantages connected with the
milling [12]. Using this method, it is possible to
control and regulate the course of solid-state reac-
tions and phase transformations. Moreover, it is
possible to produce metastable and nonstoichiomet-
ric compounds [13, 14]. Another advantage in com-
parison with other procedures is a decrease in the
number of technological stages and its easy scale-up.
In the connection with the preparation of organic-
coated nanomaterials using mechanochemistry, sev-
eral papers have been written [15-17].

In this work, InAs/ZnS nanocrystals were pre-
pared by dry mechanochemical synthesis in the first
step. The samples were characterized from structural
and morphological points of view. The second step
was their biofunctionalization. It was done by the
preparation of a stable nanosuspension, composed of
these nanocrystals, dispersed in 0.1 % chitosan solu-
tion using a wet ultra-fine milling. The nanosuspen-
sion was studied with respect to the stability, and the
interaction between InAs/ZnS nanoparticles and

(b)

InAs

ZnS

InAs/ZnS

T = T b T = T M T * T . 1

20 30 40 50 70 80
2 theta (degree)

Figure 2 a Overall scheme of InAs/ZnS nanocrystals preparation, b XRD patterns of InAs, ZnS, and InAs/ZnS prepared by milling.
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chitosan was determined by FTIR spectroscopy. The
optical properties were also studied, and the
nanosuspension was tested for bio-imaging applica-
tion on four cancer cell lines.

Materials and methods

Firstly, InAs was prepared by milling of elemental
indium and arsenic by the procedure described in
[18]. Subsequently, InAs/ZnS mixed nanocrystals
were synthesized by co-milling of InAs and ZnS pre-
cursors [zinc acetate dihydrate (CH;COO),Zn-2H,O
(99 %, Ites, Slovakia) and sodium sulfide nonahydrate
NayS-9H,0 (98 %, Acros Organics, USA)], resulting
in molar ratio InAs:ZnS = 1:4. The sample was pre-
pared in a planetary mill Pulverisette 6 (Fritsch,
Germany) in argon atmosphere for 20 min. The mil-
ling was performed in a 250 mL tungsten carbide
milling chamber with 50 tungsten carbide balls,
10 mm in diameter. The rotational speed of the planet
carrier was 500 rpm. After the reaction, the resulted
sodium acetate was removed from the product by
washing with distilled water, and after drying (70 °C,
180 min), a solid phase of InAs/ZnS was obtained.
The preparation process of mixed InAs/ZnS
nanocrystals is depicted in Fig.2a and can be
described by the reaction:

InAs + (CH3COO)ZZI‘1~2H20 + NayS-9H,0
— InAs/ZnS + 2CH;COONa + 11H,0. (1)

The nanosuspension was prepared in a laboratory
circulation mill MiniCer (Netzsch, Germany). Five
grams of InAs/ZnS sample was subjected to milling
in the presence of 300 mL chitosan (high molecular
weight, M(w) = 310-375 kDa, >75 % deacetylated,
Sigma-Aldrich, USA) water solution (0.1 wt%) for a
duration of 240 min at a milling speed 3500 rpm. The
mill was loaded with yttrium-stabilized ZrO, milling
balls, 0.6 mm in diameter. The resulting nanoparticle
suspension was centrifuged at 13,000 rpm. After-
wards, the nanosuspension was characterized and
stored in refrigerator (4 °C).

X-ray diffraction (XRD) measurements were carried
out using a D8 Advance diffractometer (Bruker, Ger-
many) equipped with a ®/0® goniometer, Cu K,
radiation (40 kV, 40 mA), a secondary graphite
monochromator, and a scintillation detector. The
diffraction data were collected over an angular range

of 15° <20 < 87°, with the steps of 0.03° and a
counting time of 10 s/step. The commercial DiffracP™
Topas has been utilized for Rietveld analyses.

Scanning electron microscopy (SEM) images were
recorded using a MIRA3 FE-SEM microscope (TES-
CAN, Czech Republic) equipped with the EDX
detector (Oxford Instrument, United Kingdom).

The particle size distribution was measured by a
photon cross-correlation spectroscopy using a
Nanophox particle size analyzer (Sympatec, Ger-
many). A portion of each nanosuspension was dilu-
ted with the stabilizer-containing solution to achieve
a suitable concentration for the measurement. This
analysis was performed using a dispersant refractive
index of 1.33. The measurements were repeated four
times for each sample.

The zeta potential (ZP) was measured using a
Zetasizer Nano ZS (Malvern, Great Britain). The
zetasizer measures the electrophoretic mobility of the
particles, which is converted to the ZP using the
Helmholtz-Smoluchowski equation built into the
Malvern zetasizer software. The ZP was measured in
the original dispersion medium, and the measure-
ments were repeated three times for each sample.

The FTIR spectra were recorded using a Tensor 29
infrared spectrometer (Bruker, Germany) using the
ATR method.

The optical spectra were recorded using a UV-Vis
spectrophotometer Helios Gamma (Thermo Electron
Corporation, Great Britain) in the range of
200-800 nm.

The photoluminescence (PL) spectra at room tem-
perature were acquired at the right angle on a photon
counting spectrofluorometer PC1 (ISS, USA) with an
excitation wavelength of 365 nm. A 300 W xenon
lamp was used as excitation source. The emission
was collected in a 25-cmm monochromator with a
resolution of 0.1 nm equipped with a
photomultiplier.

The Raman spectra at room temperature were
recorded using a MonoVista 750 CRS system, with
excitation wavelengths of 325 and 488 nm.

The dissolution tests were performed by stirring
100 mg of solid phase of InAs or InAs/ZnS in 100 mL
of physiological solution (0.9 % NaCl) for 30 min at
36.5 °C. The amount of dissolved arsenic was deter-
mined by atomic absorption spectroscopy method
using a SPECTRAA L40/FS equipment (Varian,
Australia).
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Figure 3 Micro-Raman measurements of InAs/ZnS nanocrystals at a 325 nm, b, ¢ 488 nm with b 20 %, ¢ 50 % laser intensity.

The human cancer cell lines HCT116 (human col-
orectal carcinoma) and HeLa (human cervical ade-
nocarcinoma) were cultured in RPMI 1640 medium
(Biosera, Kansas City, MO, USA). Caco-2 (human
colorectal adenocarcinoma) and MCF7 (human breast
adenocarcinoma) cell lines were maintained in a
growth medium consisting of high glucose Dul-
becco’s modified eagle medium with sodium pyru-
vate (GE Healthcare, Piscataway, NJ, USA). Both
media were supplemented with a 10 % fetal bovine
serum (FBS), penicillin (100 IU/mL), and strepto-
mycin (100 pg/mL) (all Invitrogen, Carlsbad, CA,
USA) in an atmosphere containing 5 % CO, in a
humidified air at 37 °C. The cell viability, estimated
by the trypan blue exclusion, was greater than 95 %
before each experiment.

The metabolic activity colorimetric assay (MTS)
was used to determine the effects of InAs/ZnS
nanosuspension (cas = 0.1-1 pg/mL) on the meta-
bolic activity of different cell lines. After 72 h of
incubation, 10 pL of MTS (Promega, Madison, WI,
USA) was added to each well according to the Cell-
Titer 96° AQueous One Solution Cell Proliferation
Assay protocol. After minimum of 1 h incubation, the
absorbance was measured at 490 nm using the
automated Cytation™ 3 Cell Imaging Multi-Mode
Reader (Biotek, Winooski, VT, USA). The absorbance
of the control wells was taken as 100 %, and the
results were expressed as a percentage of the control.
All experiments were performed in triplicate.

For the flow cytometry analyses of cell granularity,
the cells were seeded at a density of 3 x 10* in Petri
dishes (Sarstedt, Niimbrecht, Germany). Twenty-four
hours after cell seeding, the cells were treated with
InAs/ZnS nanosuspension (cas = 0.5 pg/mL) for
72 h, washed two times with 1x PBS (Sigma-Aldrich,
Great Britain), and harvested by trypsinization. The
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uptake of the nanoparticles by the different cell lines
was analyzed through granularity (SSC-H vs. FSC-H)
changes on FACSCalibur flow cytometer (Becton-
Dickinson, USA).

For cell imaging analyses, the cells (6 x 10*) were
seeded on 6-well plates (Sarstedt) and cultivated for
24 h in a complete medium with 10 % FBS. After-
wards, the cells were treated with InAs/ZnS
nanosuspension (cas = 1 pg/mL) for 72 h. At the end
of the incubation time, the cells were washed twice in
1X PBS, fixed with 4 % paraformaldehyde, and per-
meabilized with 90 % methanol (Ites, Slovakia) for
20 min on ice. The nuclei were stained with
SlowFade® Gold antifade reagent with 4'6-di-
amidino-2-phenylindole  dihydrochloride (DAPI)
(Invitrogen). The slides were analyzed using Cyta-
tion"™ 3 Cell Imaging Multi-Mode Reader (Biotek).

Results and discussion

Synthesis and characterization of InAs/ZnS
nanocrystals

The corresponding XRD pattern, shown in Fig. 2b,
gives evidence of the successful mechanosynthesis of
indium arsenide, InAs (JCPDS 0-15-0869), as well as
of the mechanosynthesis of zinc sulfide, ZnS (JCPDS
01-0792), from their precursors. The result of the two-
step mechanosynthesis is also documented by XRD
data, confirming the coexistence of both components
(InAs/ZnS). The broad diffraction peaks indicate a
very fine crystalline structure. Rietveld analyses of
InAs/ZnS nanocrystals yielded a crystallite size
d=454+15 and d =2+ 1 nm for InAs and ZnS
phases, respectively. It should be noted that ZnS
appeared in the resulting mixture in two
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Figure 4 SEM photographs of InAs/ZnS nanoparticles with EDX mapping and particle size distribution.

crystallographic modifications, namely as cubic
sphalerite, which represents the majority of the total
ZnS, and hexagonal wurtzite. According to the semi-
quantitative phase analysis, the composition of the
sample can be estimated as InAs—22 %, sphalerite—
60 %, wurtzite—11 %, and also a small amount of
In,O3—7 %.

The micro-Raman spectra of InAs/ZnS powder
were measured in the spectral range of
100-1000 cm ™! at room temperature, and the results
are shown in Fig. 3. Firstly, an excitation wavelength

d,, =630 nm
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d,, =562 nm /\/\/;G.Onun
d50 = 576 nm /\M‘
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d,,=310nm /\/_\ 13.000 rpm'

r T v v 1
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Figure 5 Evolution of particle size distribution during wet ultra-
fine milling of InAs/ZnS nanocrystals in chitosan.

of 325 nm was used (Fig. 3a). In this mode, only the
peaks belonging to ZnS nanoparticles were observed.
The intensive peak at 346 cm ™' is associated with the
first-order longitudinal-optimal phonon (1LO)
vibrational mode. The second-order (2LO) vibrational
mode is located at 693 cm™' [19]. The values are
shifted in comparison to bulk ZnS, where for 1LO, the
values from 348 to 352 cm ™' were identified [20-23].
In the case of 2LO, the value 673 cm ™! was described
[22]. Further, the excitation wavelength was changed
to 488 nm. At lower laser intensity (20 %), only the
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Figure 6 Zeta potential versus pH for InAs and InAs/ZnS
nanocrystals measured in water and chitosan.
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Figure 7 FTIR spectra of a pure chitosan, b hydroxyl group in a ring, ¢ amide I and II bands, d secondary and primary alcohol vibrations.
Black lines vibrations for pure chitosan. Red lines vibrations for chitosan-coated InAs/ZnS nanocrystals.

peaks corresponding to InAs nanocrystals were
observed (Fig. 2b). The transverse optical (TO) fre-
quency was found at 218 cm ™', and the longitudinal-
optical (LO) phonon frequency was found at
238 cm ™. These values are very close to pure bulk
InAs [24, 25], where 217 and 239 cm ™' for TO and
LO, respectively, were defined. Moreover, the
obtained values are shifted in comparison to our
previous results (215 cm ™' for TO and 243 cm™' for
LO frequencies), in which we prepared only pure
InAs nanocrystals by mechanosynthesis [18]. By
increasing the laser intensity to 50 %, also the peak
that attributed to 1LO of ZnS can be identified
(Fig. 3c). The presence of both phases was definitely
confirmed. According to [26], the phonon peak shifts

@ Springer

in nanostructures can be attributed to three mecha-
nisms. Since the size of the obtained InAs nanocrys-
tals is relatively large (45 nm), the obtained shifts can
hardly be attributed only to the optical phonon con-
finement by the nanocrystals boundaries. While the
phonon peak shifts were found from few of cm™' to
tens of cm ™', it is supposed that the obtained shifts
are due to the combination of the defects present in
the structure as well as by laser-induced heating
during measurement, which can be connected with
the recrystallization of the sample, as higher laser
intensity causes higher shifts (Fig. 3b, c).

The morphology of the mechanochemically pre-
pared InAs/ZnS mixed particles was studied using a
SEM (Fig. 4). As can be seen from the photographs,
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Figure 8 Schematic
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there are two types of particles—larger and smaller
ones, all with irregular shape. The smaller ones can
be found on the surface of the larger, but they are also
scattered among the particles. Using electron energy-
dispersive X-ray (EDX) mapping, it was found that
the bigger ones can be attributed to InAs and the
smaller to ZnS compound. This method also confirms
that the system is a mixture composed of individual
InAs and ZnS phases. The particle size distribution
measured by photon cross-correlation spectroscopy
of the InAs/ZnS system is depicted as inset of a SEM
micrograph in Fig. 4. The distribution is trimodal
with the fractions from 200 to 400 nm, from 400 to
750 nm, and the small fraction from 750 to 1200 nm.
The finer fraction can be attributed to the ZnS and the
coarser to the InAs system.

Preparation of chitosan-coated InAs/ZnS
nanosuspension

In order to obtain liquid nanosuspension, which is
suitable for testing of biological activity and bio-

imaging properties in cancer cells, the second stage of
milling was applied. InAs/ZnS particles were sub-
jected to the wet ultra-fine milling process in chitosan
solution. The evolution of particle size distribution
during milling is shown in Fig. 5. As can be seen, the
average particle size (dso) gradually decreased with
milling time (from 630 to 487 nm). The largest parti-
cles, with the size above 1 pm, disappeared as a
consequence of milling. After 240 min of milling, the
particles were only in nano-range. By a subsequent
centrifugation of the sample, it was possible to affect
the parameter dso further, and at 13,000 rpm, the
average size of 310 nm was obtained. The colloid
suspension prepared by this way was stable, and the
particles did not settle down.

Relevant information on how chitosan protects the
particles of InAs/ZnS from agglomeration and
ensures the stability of the system can be obtained by
the ZP measurements. Their values were recorded in
the pH range from 3 to 9 (Fig. 6). The sample of pure
InAs dispersed in distilled water (InAs-H,O) was
positively charged at lower values of pH. The
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Figure 10 Arsenic leaching from InAs and InAs/ZnS nanocrys-
tals (0.9 % NaCl solution, t;, = 30 min, Ty, = 36.5 °C).

maximum value of ZP (4+52 mV) was obtained at pH
4. The isoelectric point (IEP) was reached at pH 4.9.
Above this point, with increasing amount of a base,
the particles acquire more negative charge (up to
=35 mV at pH 9). In the case of InAs/ZnS sample
diluted in distilled water (InAs/ZnS-H,0), the values
of ZP in the range of pH 4.5-9 were shifted to more
positive values in comparison to sample InAs-HO.
The sample is positively charged in the almost whole
measured pH range, and the IEP was detected at pH
8.8. This shift is connected with the presence of Zn(Il)
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ions in ZnS and their transfer from the sample surface
into the solution.

After the milling of InAs/ZnS sample in the envi-
ronment of chitosan, the values of ZP were shifted to
the even more positive areas in a comparison with
the samples diluted in distilled water (up to 461 mV
at pH 3), into the more stable area. In the case of pure
chitosan, the highest value of ZP was also obtained at
pH 3 with the ZP value +97 mV. The IEP was
reached at pH 8. The same identification of neutral
charge of chitosan was also documented in paper
[27]. Chitosan is a cationic polymer, with pKa ~6.5,
which is insoluble in water at neutral pH, at which
the majority of amines from the molecule are
deprotonated. At acidic pH, it is positively charged
and it becomes water soluble [28]. The coating of
InAs/ZnS nanocrystals by chitosan has led to high
positive values of ZP and consequently to their better
stability.

The local microenvironment and possible interac-
tion between InAs/ZnS particles and chitosan were
studied in detail by FTIR spectroscopy. The spectrum
of the pure chitosan, used in our experiments, is
depicted in Fig. 7a. The absorption peak at 3358 cm ™"
is attributed to NH stretching vibration, which
overlaps with the vibration of OH hydroxyl group
from the carbohydrate ring. The peak at 2876 cm ™
represents the symmetric or the asymmetric CH,
stretching vibration attributed to pyranose ring. The
peaks at 1649 and 1583 cm™' correspond to the car-
bonyl C=0 stretching of the amide group (amide I
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Figure 11 a Flow cytometry and fluorescence microscopy analysis, b relative survival of Caco-2 cells after their treatment with chitosan-

coated InAs/ZnS nanocrystals.

band) and the N-H bending vibrations in amide
group (amide II band) and of the deacetylated pri-
mary amine-NH,, respectively. The amide I and
amide II bands originate from chitin and deacetylated
primary amine from chitosan. The absorption peaks
at 1419 and 1316 cm ™' are attributed to the OH and
CH vibrations in the ring. The 1372 cm™' peak rep-
resents the C—H bond vibrations of the methyl group
present in the amide group. The C-N stretching and
N-H in-plane bending in the amide group (amide III
band) are evidenced by the peak present at
1264 cm™'. The absorptions between 1180 and
840 cm™! indicate the C-O stretching vibrations in

chitosan. Concretely, the peak at 1064 cm ™' is asso-

ciated with the C3-OH vibration in the secondary
alcohol and one present at 1027 cm ™" with the C6-
OH vibration in the primary alcohol. These amine,
amide, and hydroxyl groups are the most reactive
sites of chitosan and are involved in the interactions
with the ambient cations and anions [29-33].

After conjugation of the InAs/ZnS nanoparticles
with chitosan, several changes were noticed in the
characteristic bands of polymer in the FTIR spectra
(Fig. 7b—d). These changes denote the possible interac-
tion between these entities. As it can be seen from the
figures, the most visible shifts of vibrations occurred
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mainly in the hydroxyl group present in the ring (from
1419 and 1316 to 1398 and 1337 cm™!, respectively,
Fig. 7b), in the amideIand Il bands (from 1649 and 1583,
to 1550 cm ™, respectively, Fig. 7c) and in the secondary
and primary alcohol vibrations (from 1064 cm ™" for C3—
OH and 1027 cm™}, for C6~-OH to 1059 cm™!, and
1020 cm ™}, respectively, Fig. 7d). According to ZP
measurements, the Zn(Il) ions, present at the surface of
InAs/ZnS particles, are responsible for the obtained
positive values. The schematic illustration of the possi-
ble interaction between chitosan and InAs/ZnS
nanoparticles is depicted in Fig. 8.

The UV-Vis spectrum of 0.1 % chitosan solution
(Fig. 9a, black line) showed the characteristic
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absorption below 220 nm [34], revealing the presence
of this polymer. In the case of InAs/ZnS particles
milled in this environment (red line), the red shift of
the chitosan peak (at 235 nm) and the appearance of a
new broad absorption band between 280 and 350 nm
with the maximum at 320 nm can be seen. This is
associated with the first excitonic transition indicat-
ing the presence of ZnS nanocrystals and their syn-
thesis within the ‘quantum confinement regime’ [35].
The nanoparticles are blue-shifted compared to bulk
ZnS with absorption at 343 nm [24]. The obtained
absorption peaks indicate the existence of a chemical
bond between chitosan and InAs/ZnS nanoparticles
[36].
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Figure 13 a Flow cytometry and fluorescence microscopy analysis, b relative survival of HeLa cells after their treatment with chitosan-

coated InAs/ZnS nanocrystals.

The PL spectrum of chitosan-coated InAs/ZnS
nanocrystals was measured with the excitation wave-
length 325 nm in the region 350-700 nm (Fig. 9b). In
this region, the observed peaks show a typical emis-
sion of ZnS nanocrystals. The PL consists of a strong
emission peak at 360 nm (3.4 eV) and weaker peaks at
425 nm (2.9 eV) and 470 nm (2.6 eV). The emission
peak at 360 nm is attributed to the band edge. The
wavelength region from 400 nm to 550 nm is primarily
associated with point defects, such as vacancies and
interstitial ions and also surface states [37, 38].
According to the energy level diagrams reported by
Wageh et al. [37], the emission band at 425 nm

observed in the spectrum is associated with sulfur and
interstitial zinc ions states. The band present at 470 nm
may be assigned to surface states. It is assumed that all
defects in nanocrystals may be generated as a conse-
quence of the high-energy milling.

Biological activity

Dissolution of arsenic from InAs and InAs/ZnS
nanocrystals

The dissolution of toxic arsenic ions from the InAs
and InAs/ZnS nanocrystals is illustrated in Fig. 10.
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Figure 14 a Flow cytometry and fluorescence microscopy analysis, b relative survival of MCF7 cells after their treatment with chitosan-

coated InAs/ZnS nanocrystals.

The leaching experiments were performed in a
physiological medium used in medicine for the
intravenous management (0.9 % NaCl solution), for
30 min at human body temperature (T, = 36.5 °C).
The highest arsenic leakage was attained for the pure
InAs nanocrystals (up to 0.64 %). On the other hand,
the dissolution of this toxic element from the mixed
InAs/ZnS nanocrystals was considerably lower
(0.17 %). In this case, the coating (albeit partial) of
ZnS particles on the surface of InAs hinders the
leaching of arsenic into the solution, what is very
important from the environmental and the toxicity

@ Springer

point of view. The similar phenomena were observed
also in [39, 40], where the effect of preventing cad-
mium leakage was achieved in the case of the mixed
CdS/ZnS nanocrystals and CdS/ZnS film catalyst,
respectively.

In vitro studies

For in vitro tests of chitosan-coated InAs/ZnS
nanocrystals, four cancer cell lines, namely Caco-2,
HCT116, HeLa, and MCF7, have been applied. In
order to study the in vitro behavior of the



J Mater Sci (2017) 52:721-735 733

nanoparticles, the methods of fluorescence micro-
scopy and flow cytometry were applied. The fluo-
rescence microscope images of the four different
cancer cell lines cultivated with InAs/ZnS
nanocrystals (cas = 0.5 pg/mL) for 72 h as well as
flow cytometry analysis showing the granularity are
given in Figs. 11, 12, 13, and 14a. For the microscopy
analysis, the cell nuclei were stained with DAPI, and
the images of the nanocrystals autofluorescence were
acquired sequentially and then combined using
instrument analysis software (merge).

From the microscopic point of view, it can be seen
that the nanocrystals have evident fluorescent prop-
erties (see comparison of autofluorescence of control-
and InAs/ZnS-treated cells). The nanocrystals passed
through the cell membrane, entered into cytoplasm,
and surrounded the nucleus (Figs. 11, 12, 13, 14a
bottom). In many cells, the nucleus was observed as a
distinct object with nanocrystals outlining it, as is
shown on the merged pictures. Similar observations
were found also in the case of TiO, and silver
nanoparticles [41, 42].

In the flow cytometry analysis (Figs. 11, 12, 13, 14a
top), the forward and the side scatter of detectors (FSC-
H and SSC-H) are proportional to the cells’ size and to
their granularity, respectively. When looking at these
parameters in the case of control, Caco-2 and HCT116
cancer cells are small in size with poor granularity.
HelLa cells are also small, but they are more granular in
comparison to previous ones. From the studied cell
lines, MCF7 cells are the largest and the most granular.
When applying InAs/ZnS nanosuspension, obvious
changes can be seen in these two characteristics simi-
larly as in [43, 44]. The cells granularity was rapidly
increased in all cases, as a consequence of cellular
uptake of the nanoparticles into the cytoplasm.

The metabolic activity of the four cancer cell lines after
their exposition toward the InAs/ZnS nanocrystals was
also pursued. The results are depicted in Figs. 11, 12, 13,
and 14b. The introduction of InAs/ZnS nanocrystals
brought about the visible changes. The relative viability
of the cells was sharply decreasing with the increasing of
arsenic concentration. Moreover, the cells are very sen-
sitive to these nanocrystals, because even a low arsenic
concentration (approx. 1 ng/mL) causes the cell death;
hence, these nanocrystals can be considered as toxic. At
the concentration of arsenic equal to 7.5 pg/mL, only
30-50 % of cells survived.

According to these observations, it can be con-
cluded that the studied nanosuspension has

fluorescent properties and in perspective it could be
used in bio-imaging applications. However, InAs/
ZnS nanocrystals seem to be highly toxic and require
serious toxicity studies in the future.

Conclusions

In the first step, InAs/ZnS nanocrystals were prepared
by mechanosynthesis in a dry mode. Their structural
and morphological properties were studied. The sys-
tem consists of mixed InAs and ZnS nanocrystals with
sizes of 45 &+ 15 and 2 £ 1 nm, respectively. As a con-
sequence of aggregation, which comes into existence
during milling, the particles with the sizes from 200 to
1200 nm are composed of several nanocrystals. In the
next step, these particles were subjected to the wet
ultra-fine milling in chitosan solution to obtain
stable suspension, suitable for the in vitro study of their
metabolic activity on the selected cancer cell lines. Such
prepared suspension shifted the ZP values from
incipient stability to good stability area as a conse-
quence of cationic nature of chitosan.

Using FTIR spectroscopy, it was determined that the
chemical interaction between zinc ions from InAs/ZnS
and amine, amide, and hydroxyl groups from chitosan
takes place. The combination of InAs with ZnS
nanocrystals is very beneficial from the environmental
point of view. The arsenic concentration in the physi-
ological solution after leaching of InAs/ZnS was four
times lower in comparison to the leaching of pure InAs.
The ZnS particles partially cover the surface of InAs
and hinder the arsenic dissolution. The nanocrystals
exhibit fluorescent properties, due to which it is possi-
ble to study their distribution in the cells. The results
have shown that they entered into the cytoplasm and
surrounded the nucleus. The granularity and the
metabolic activity of the cells were strongly influenced.
Moreover, this sample seems to be very toxic. There-
fore, it is strongly recommended before its future
application in the field of bio-imaging to perform a
detailed toxicity study.
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