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ABSTRACT: The room temperature controlled crystallization of
monodispersed ZnS nanoparticles (average size of S nm) doped
with luminescent ions (such as Mn?*, Eu**, Sm*", Nd**, and Yb**")
was achieved via a microfluidic approach. The preparation did not
require any stabilizing ligands or surfactants, minimizing potential
sources of impurities. The synthesized nanomaterials were
characterized from a structural (XRD and XAS at lanthanide L,
edges), morphological (TEM), and compositional (XPS, ICP MS)
perspective, giving complementary information on the materials’
features. In view of potential applications in the field of optical
bioimaging, the optical emission properties of the doped nano
particles were assessed, and samples showed strong luminescent
properties while being less affected by self quenching mechanisms.
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Furthermore, in vitro cytotoxicity experiments were conducted, showing no negative effects and evidencing the appeal of the
synthesized materials for potential applications in the field of optical bioimaging.
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B INTRODUCTION

Thanks to its sensitivity and specificity in target detection,
optical bioimaging is one of the most practical approaches to
molecular imaging, which has been defined as “directly or
indirectly monitoring and recording the spatiotemporal
distribution of molecular or cellular processes for biochemical,
biological, diagnostic, or therapeutic applications”.1 A
successful optical probe should fulfill several requirements,
including excitation and emission wavelengths in the desired
energy range (vide infra), brightness, negligible cytotoxicity,
stealth properties,” bio and photostability, pharmacokinetics,
and nonspecific tissue accumulation.’ In particular, both
excitation and emission wavelengths should ideally be in the
near infrared range (NIR, typically 650—900 nm), one of the
so called “biological windows” (the second one being in the
1000—1400 nm range),4 which combines the virtues of good
tissue penetration and low autofluorescence.”® Whereas both
UV and visible light are absorbed by naturally occurring
endogenous fluorophores (mostly hemoglobin and related
molecules) leading to autofluorescence,” UV excitation also
causes ionization and tissue damage while additionally
exhibiting low penetration depths.”

Inorganic nanoparticle based fluorophores are particularly
appealing for applications in optical bioimaging due to their
notable fluorescence quantum yields, similar to most conven

tional organic fluorophores but with the additional advantages
of higher chemical stability and tunable photoluminescence
properties.” Among these inorganic fluorophores, zinc sulfide,
a wide band gap semiconductor (around 3.7 eV at room
temperature),” is especially interesting because of its low
toxicity (ZnS nanoparticles (NPs) showed an absence of
cytotoxic effects on human endothelial cells even after more
than six days)'’ and thermal and bio stability.'”'* ZnS NPs
also have the capability to host different dopants within their
structure, allowing tuning of their photoluminescence proper
ties.

The first paper reporting ZnS doping was published in 1994
by Bhargava et al."> who studied Mn doped Zn$ nanosystems,
yielding both high quantum luminescence efficiency and
lifetime shortening. Since then, luminescent materials partic
ularly based on Mn doped ZnS nanoparticles have been
extensively studied'*'® and additionally extended to various
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Figure 1. TEM and HRTEM micrographs of undoped (a, b) and S at. % Eu doped (d, e) zinc sulfide NPs and relative size distributions (c and f,
respectively). Lattice spacings of (111) and (220) planes of cubic ZnS are highlighted in red.

kinds of transition metal (TM) and rare earth (RE) ZnS
doping (TM = Cu*, Fe**, Pb**, Ni*", Cd**, Co*"; RE = Eu’*,
Sm*, Tb*, Er**).'¢7'8 Among these different scenarios,
doping zinc sulfide with RE is particularly appealing since it
allows us to achieve fluorescence in the first biological window
(NIR, 650—900 nm). Moreover, it is possible to co dope ZnS
with two or more different luminescent ions, enabling
multiplexed optical bioimaging."’

In order to apply NIR luminescent nanosystems such as RE
doped ZnS to optical bioimaging, it is important to develop a
synthetic approach providing a high degree of control on the
luminescence response of the final product and consequently
on the doping. Notably, the functional properties of the
nanoparticles, such as photoluminescence, are strongly affected
by the NP structure (crystal phase and crystallinity degree),
morphology (size, shape, and anisotropy),”’ and composition.
A certain degree of control on the NPs’ final features, especially
on size and shape, is commonly achieved by using ligands and/
or surfactants, which hinder nuclei growth and allow us to
control the final size of the products. Among these, an effective
approach for the synthesis of doped ZnS nanoparticles was
developed by Dolcet et al. using a two miniemulsions
technique.'” In such droplet based systems, the crystallization
of nanostructures takes place at room temperature in the
confined space of miniemulsion droplets, limiting the growth
of the nanoparticles within the individual droplet volume. Even
though the use of surfactants or organic capping ligands often
leads to well dispersed nanoparticles, their removal from the
NP surface is usually experimentally demanding, requiring
either stripping procedures or solvent assisted selective

removal. However, such synthetic approaches can often result
in impurities, detectable, for example, as carbon contamination
on the NP surface by XPS or TGA."*!

In order to accomplish a more sustainable water based
synthesis of functional inorganic materials, in this work, we
address the synthesis of doped ZnS nanoparticles by a simple
room temperature microfluidic approach. In addition, we aim
at circumventing the use of any surfactant, which would
require additional purification procedures and eventually an
atmosphere controlled heat treatment to completely remove
the organic impurities. We also aim to avoid high temperature
treatment since this is both energy demanding and will likely
lead to coalescence phenomena of the NPs.

In recent years, microfluidic reactors (i.e., continuous flow
reactors with micrometric size channels, processing 107° to
107"® L volumes of fluids)** have become highly attractive
devices for synthesizing NPs of exceptional quality.”>>°
Microfluidic systems enable (i) the achievement of homoge
neous reaction mixtures within the millisecond (ms) time
scale, thanks to the rapid and continuous mixing of liquid
precursors,”” and (ii) rapid heating and cooling of reaction
mixtures by precisely and rapidly controlling the reaction
temperature.”” This in turn ensures a high degree of control
over the reaction as well as over the structural evolution of the
inorganic nanocrystals. Moreover, microfluidic setups can be
easily integrated with in line detectors (e.g., based on optical
spectroscopies), allowing the rapid screening of a wide range of
experimental conditions and thus the optimization of synthetic
parameters within short time frames.”*>> Thanks to these
benefits, microfluidic techniques allow precise control over the
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final product in terms of size, size distribution, and
c01nposition.23’29

ZnS crystallization is a very fast process that was determined
to be mass transfer limited.”””" Achieving a high degree of
control over the mixing of the precursors, which is ensured in
microfluidic reactors, is therefore crucial. Moreover, in
continuous flow conditions, a temporal separation of the NP
nucleation and growth phases is pursued, leading to a small NP
size distribution and uniform morphology.**

The first study reporting the microfluidic synthesis of
undoped ZnS nanoparticles without cagg}ing agents or
surfactants was performed by Dengo et al,” who optimized
a synthetic approach, in particular, in terms of size and size
distribution of the obtained NPs using earth abundant and
cheap precursors such as zinc nitrate and sodium sulfide. In the
present work, we extend this approach to the continuous flow,
ligand free synthesis of small doped zinc sulfide nanoparticles.
In this way, we aimed at tuning the luminescent properties of
the nanoparticles. First, we synthesized Mn doped ZnS
nanoparticles via our microfluidic approach as a proof of
concept of the method. Subsequently, zinc sulfide was doped
with luminescent lanthanide ions in order to achieve
photoluminescence in the NIR range, which is important for
in vivo optical bioimaging applications.

Herein, we report the synthesis of zinc sulfide NPs doped
with Mn*', Eu**, Nd**, Sm**, and Yb** (at atomic percentages
of 0.1, 1, and 5% with respect to the total amount of metals Zn
+ M) via a simple, green, and room temperature microfluidic
approach. The resulting powders were characterized from a
structural, morphological, and compositional point of view, and
their luminescence properties were explored. Furthermore, the
local structure around Eu®" and Nd** in ZnS:Eu and ZnS:Nd
was elucidated by means of X ray absorption spectroscopy
(XAS). Finally, the cytotoxicity of the nanoparticles was
investigated in view of possible applications in the optical

bioimaging field.
B RESULTS AND DISCUSSION

Using a microfluidic approach to achieve optimal mixing of the
precursor solutions, we pursued the controlled formation of
highly crystalline doped ZnS nanoparticles. Several dopants
were added to the precursor feed, but the most promising
results were achieved with the samples doped with Mn**, Eu*',
and Nd*. Therefore, only the Mn, Eu, and Nd doped
samples are discussed in detail, while further samples (doped
with Sm and Yb) are presented in the Supporting Information.

Crystal Structure and Dimensions. The obtained NP
powders were first characterized by X ray powder diffraction
(XRPD), which confirmed the formation of ZnS nanocrystals
with a cubic sphalerite structure (ICSD no. 00 00S 0566).
Sphalerite or zinc blende is the thermodynamically stable
phase of zinc sulfide at room temperature (for bulk ZnS above
1020 °C, the stable form is wurtzite).”> By whole powder
pattern fitting (WPPF) of the diffractogram,34 an average ZnS
crystallite size of 4.6 = 0.1 nm was evaluated (fitting of
undoped ZnS diffractogram is shown in Figure S1 and the
corresponding refined parameters in Table S1). Bright field
transmission electron microscopy (BF TEM) micrographs
(Figure la) further evidenced the presence of rather
monodispersed nanoparticles with an average size of 4.8 +
0.5 nm (see size distribution in Figure 1c), thus confirming the
XRPD results. Moreover, high resolution TEM (HRTEM)
micrographs (Figure 1b and others in Figure S14) showed

lattice spacings of 0.19 and 0.31 nm that were assigned to
(220) and (111) planes of the cubic pattern of ZnS,
respectively, in agreement with XRPD results. Thus,
HRTEM micrographs demonstrated that every single NP
behaves as an individual coherently scattering domain. The
crystallites are not further organized in larger aggregates but
are constituted by single nanoparticles, retaining their own
identity and shape. This evidence confirms that, under our
microfluidic conditions, the aggregation and/or ripening of
nanoparticles is very limited. It is worth reiterating that such
small nanoparticles were obtained without the use of any
ligands and/or surfactants to control nuclei growth and the
final size of the NPs. This is a remarkable result as we recently
reported for the first time, to the best of our knowledge, a
surfactant free synthesis of zinc sulfide by microfluidics.*
Indeed, only one microfluidic synthesis of undoped and Mn
doped ZnS nanoparticles was retrieved in the literature, and it
employed thioglycerol as a capping agent.*®

Our significant results could be linked to the unique
conditions that are achieved in a microfluidic reactor and can
be explained by the mechanism of NP formation proposed by
LaMer and Dinegall‘.37’3’8 According to this model and, in
particular, its implementations by Sugimoto’”*’ and sub
sequently by Chu et al,*' the mechanism of NP formation
occurs through four distinct steps: (i) formation of a
supersaturated solution, (ii) nucleation, (iii) growth, and (iv)
aggregation of the nuclei. Once the solute concentration
exceeds the supersaturation limit, the formation of many nuclei
occurs in a short burst (“LaMer burst”) and the solute
concentration decreases below the critical nucleation concen
tration, thus hindering any further nucleation and freezing the
number of nuclei formed. Then, the overall free energy of the
system (particles and solutes) is lowered by particle growth,
occurring until all free solute has been consumed. In the
absence of an effective stabilization, another way of lowering
the free energy of the system consists in the aggregation of
individual nanoparticles. In order to obtain small mono
disperse NPs, growth should stop when particles are still in the
desired nanometer scale range, for instance, due to reactant
depletion, and NP aggregation should be avoided. Under the
unique conditions of a microfluidic reactor, this can be
achieved thanks to several advantages including (i) highly
efficient and fast mixing and (ii) the flowing and dynamic
nature of the system. First, the small dimensions of the tubing
(diameter of few hundreds of micrometers) and the controlled
mixing of precursors give rise to a highly homogeneous
chemical environment in terms of the reactant concentration
and temperature. Under such conditions, random (both timely
and spatially) nucleation bursts and growth by uncontrolled
agglomeration can be avoided. Then, the continuous flow
nature of the synthetic approach allows a temporal (and
consequently spatial) separation of the NP nucleation and
growth stages. Moreover, since the reactant feeding is dynamic,
the solute concentration can be accurately controlled, even
spatially. It follows that, if after a certain residence time (i.e.,
after a certain tubing length), a quenching step takes place,
growth through aggregation and/or ripening phenomena is
minimized and small and monodispersed NPs can be obtained.

When introducing Mn**, Eu*, Sm*, Nd*', and Yb** as
dopant ions, the cubic crystalline structure of zinc sulfide was
retained, as evidenced by XRPD. Comparisons between the
diffractograms collected from undoped, Mn doped, and Eu
doped ZnS samples (as an example of Ln doped samples) at



different atomic percentages are shown in Figure 2a,b,
respectively. Comparisons between XRPD patterns of undoped
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Figure 2. Comparison of diffractograms of undoped and (a) Mn
doped and (b) Eu doped ZnS samples at different atomic percentages.
Eu(OH)j; reflections are highlighted by a solid circle.

and Ln doped samples other than Eu (Ln = Nd, Sm, Yb) at
different atomic percentages are reported in the Supporting
Information (Figures S12 and S13). As can be seen, while in
the case of Mn doped samples, no other phases outside of
sphalerite were detected, diffractograms of lanthanide doped
samples with atomic doping percentages of 5% showed the
presence of Ln(OH); in addition to sphalerite, with the
exception of the Yb doped sample. The precipitation of
lanthanide hydroxides together with ZnS at high Ln**
concentrations can be rationalized considering the basic pH
of the reaction mixture (as sodium sulfide was used as a sulfur
precursor) and the well known oxophilicity of lanthanides.*
The Ln(OH); content in the S at. % doped samples was
estimated to be between 1.5 and 3.6 wt % of the total mass by
WPPF (fittings of doped ZnS XRPD patterns are reported in
Figures S2, S4, S6, S8, and S10; corresponding refined
parameters in Tables S2—S6). As expected, an increase in
the lattice parameter a4 upon doping was observed, indicating a
very slight expansion of the sphalerite unit cell when
introducing dopants (Figure S3, S5, S7, S9, and S11).
However, no trend as a function of the dopant concentration
was found. In addition, since the reflections were very broad,
no clear shift in the position of reflections was observed
between doped and undoped samples. The average crystallite
size of sphalerite in the doped samples was estimated by WPPF

to range from 4.8 to 6.2 nm (see the Supporting Information,
Tables $2—S6) and, as well as for undoped sample, this result
was confirmed by TEM micrographs, showing quite mono

dispersed NPs with average sizes of 5.4—5.8 nm (see S at. %
Eu doped NPs TEM micrograph in Figure 1d and others in the
Supporting Information, Figures S15, S16, and S18—S20). In
addition, HRTEM micrographs of the S at. % Eu doped
sample (Figure le and others in Figure S17) showed that,
notably, when introducing dopants, the synthetic output
always comprises single and independent nanoparticles.
Moreover, the lattice spacing of (111) and (220) planes of
ZnS:Eu § at. % obtained from HRTEM analysis did not show
detectable changes compared to the undoped sample (Figure
1b and Figure S14). In Table 1, a comparison between NP

Table 1. Comparison between Average Crystallite Size
Obtained from XRPD Fitting and Average NP Sizes
Obtained from TEM Micrographs for Undoped and $ at. %
Doped ZnS Samples

average crystallite size (nm)  average NP size (nm)

sample from XRPD from TEM
undoped ZnS 4.6 + 0.1 4.8 £ 0.5
ZnS:Mn S at. % 4.8 + 0.1 5.5+09
ZnS:Eu S at. % 5.1 +0.1 5.8+ 1.0
ZnS:Nd S at. % 5.5+£0.1 5.6 + 1.0
ZnS:Sm S at. % 62 + 0.1 5.5+ 09
ZnS:Yb S at. % 49 + 0.1 54 + 0.7

sizes evaluated from XRPD fitting and TEM of undoped and S
at. % doped ZnS samples is reported. Remarkably, within
experimental uncertainties, the sizes determined via XRPD
diffractogram fittings are comparable with TEM results,
confirming that primary NPs are obtained and no aggregation
occurs. Moreover, it can be observed that doped ZnS NPs are
slightly larger than undoped ones, but the control over the NP
size and size distribution enabled by the microfluidic approach
was confirmed to be effective in both cases.

The formation and stability of the obtained ZnS NP
suspension in water were investigated by Dengo et al. in a
previous work.”” There, it was found that, during the product
workup, an optically transparent and opalescent suspension
was formed, which did not change from visual inspection over
several weeks. The { potential on the suspension at autogenous
pH (10—12) was determined to be —40 mV.*

Surface and Bulk Composition. Since the interaction
between the metal sulfide nanostructures and their physio
logical environment occurs at the surface, an extensive
characterization of their surface chemistry is essential in view
of applications in optical bioimaging. In this regard, the surface
composition of undoped and § at. % doped NPs was analyzed
by X ray photoelectron spectroscopy (XPS). A representative
survey spectrum (0—1350 eV) collected from undoped ZnS is
reported in Figure 3, showing the presence of zinc and sulfur as
well as oxygen and carbon. The latter two were present due to
unavoidable adventitious contaminations during sample
handling.”> The effectiveness of the sample purification
protocol was proven by the absence of Na and N signals
(expected at 1072 and about 400 eV, respectively),”** which
could be present as impurities from precursor counterions.
XPS semi quantitative analysis showed that the sample surfaces
were slightly enriched in Zn with an average Zn:S atomic ratio
of 1:0.7 (see the Supporting Information, Table S7, for
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Figure 3. XPS survey spectrum of undoped ZnS. Binding energy is
corrected for charge effects.

detailed surface composition data of S at. % doped samples).
The formation of a metal rich surface is commonly observed
for the synthesis of metal chalcogenides in aqueous
suspensions.46

The Zn2p;,, signal was found for all samples at a binding
energy (BE) of 1021.6—1021.9 eV, whereas the S2p signal was
in the 161.2—161.6 eV range (detailed BEs are reported in
Table 2). Both values are compatible with literature reports for

Table 2. Binding Energy (BE) and Auger Parameter (AP)
Values

sample BE Zn2p;, (eV) AP (eV) BE S2p (eV)
7ZnS 1021.7 2011.1 161.4
ZnS:Mn S at. % 1021.9 2011.1 161.6
ZnS:Eu S at. % 1021.6 2011.4 161.2
ZnS:Nd S at. % 1021.8 n.a. 161.4

ZnS (Zn2p, ), = 1022.0 eV; S2p = 161.6 eV).''**1*7 Gince
it is not possible to discriminate between zinc sulfide and zinc
oxide from the position of the Zn2p;,, peak (a representative
fitting is shown in Figure 4a; the others are reported in
Supporting Information, Figures S21a—S25a), the modified
Auger parameter (AP, a = BEzu3p,, + KEznivm where KE is
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Figure 4. Fitting (red lines) of (a) Zn2p photoemission peaks (blue
line: photoemission peaks and pink line: shake up satellite peaks) and
(b) the S2p peak (blue line: S2p;/, component and green line: S2p,
component, separated for clarity) of ZnS:Nd S at. %. Sulfate species
would be expected at 169 eV. BE values are corrected for charge
effects.

the kinetic energy of the peak)"” was calculated. The resulting
APs (2011.1-2011.5 eV, detailed values in Table 2) confirmed
the presence of ZnS (AP = 2011.5 eV)* instead of ZnO (AP =
2009.5—2010.3 €V)>° on all sample surfaces. Moreover, the
S2p signal fittings (a representative one is shown in Figure 4b;
the others are reported in Supporting Information, Figures
S21b—25b) showed the exclusive presence of sulfide on the
NP surface, ruling out the presence of SO,*~ groups (a typical
signal at a BE around 169 eV),* which could be present due to
partial superficial oxidation commonly found in sulfides.**"'

Dopant signals could not be detected in any of the samples,
even in the ones featuring higher dopant concentrations (S at.
%). The absence of signals regardless of the dopant
concentration allowed us to exclude the segregation of dopants
to the NP surface, thus indicating that dopants were included
in the zinc sulfide matrix.

The presence of the dopants in the final materials was
nevertheless confirmed by inductively coupled plasma mass
spectrometry (ICP MS) measurements (Table 3). The

Table 3. ICP MS Measurements (Relative Error: + 5%)

. M
atomic percentage m X 100
nominal experimental
ZnS:Mn 0.1 0.10
1 1.06
S 5.96
ZnS:Eu 0.1 0.07
1 0.90
S 6.08
ZnS:Nd 0.1 0.08
1 0.48
S 2.78

incorporation of dopants in the final products is quantitative
in nearly all samples (i.e., the experimental dopant content is
comparable to nominal content), confirming that they are
included within the sample bulk. In the case of Nd doped
samples, an experimental doping percentage lower than the
nominal one was found. This might be due to only partial
precipitation of insoluble neodymium hydroxide (vide infra)
with soluble species washed away during the purification phase.
It is worth noting that the incorporation of lanthanide ions into
the zinc sulfide structure is particularly challenging due to their
trivalent charge (compared to the divalent zinc), their much
larger ionic radius with respect to Zn>" ions (rzn(ry = 60 pm,
Teamy = 947 pm, and rygqm = 98.3 pm),” and their well
known oxophilic behavior. On the other hand, the retrieved
experimental atomic percentage higher than the nominal
atomic percentage found for the S at. % Mn and Eu doped
samples could be due to the loss of zinc during the washing
step. It should be noted that the percentage of doping was
defined as the ratio between the dopant content and the
content of zinc plus dopant. A higher experimental doping
percentage than expected could therefore result from the loss
of zinc.

X-ray Absorption Spectroscopy. Although the S at. %
lanthanide doped samples showed the presence of Ln(OH);,
at lower doping levels it was not clear whether the same species
formed or whether instead the dopants were hosted in the
sphalerite matrix. To elucidate the structure around the
dopant, we performed X ray absorption spectroscopy (XAS)
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experiments at the Eu and Nd L; edge. At the Eu L; edge,
spectra were collected at intermediate (1 at. %) and high (S at.
%) Eu contents, while at the Nd edge, the low doping level
(0.1 at. %) was also investigated through measurements in the
fluorescence mode. The recorded X ray absorption near edge
structure (XANES) spectra for the experimental samples
doped with Eu or Nd are reported in Figures 5a and 6a,
respectively.
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Figure 5. Eu L; edge XANES spectra for Eu doped samples,
compared to (a) reference oxide and (b) the spectrum of the 1 at. %
doped sample compared with calculated theoretical references
(spectra shifted vertically for clarity).
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Figure 6. (a) Nd L, edge XANES spectra for Nd doped samples
acquired in fluorescence mode and (b) the spectrum of the 1 at. %
doped sample compared with calculated theoretical references
(spectra shifted vertically for clarity).

The experimental spectra for the Eu doped samples show an
intense white line at around 6980 eV. The peak position is
similar to the reference europium(IIl) oxide, indicating that
the dopant is indeed in a trivalent oxidation state, but the other
features of the two spectra are different. Eu,O; shows a less
intense white line and two features after the edge at about
6995 and 7014.6 eV. For the Eu doped ZnS samples, similar
features can also be found but at 6992.8 and 7012.5 eV. These
differences in the white line intensity and feature positions
indicate that the structure around the Eu ions is indeed

different from the oxide and with an increased number of
coordinated atoms. This is also confirmed by the comparison
between the ZnS:Eu 1 at. % sample and calculated references
(Figure Sb). Several possible structures were considered, in
particular, a Eu®* ion (to maintain charge balance) substituting
Zn in the sphalerite lattice (coordination number CN: 4),
Eu,0; (CN: 6), EuOOH (CN: 7), and Eu(OH); (CN: 9). As
can be seen in Figure Sb, with an increasing coordination
number, there is a clear sharpening of the white line. This
trend indicates that the expected coordination number around
the Eu ions in the experimental samples is therefore greater
than the reference oxide. In addition, the spectral features of
the experimental curves fit well with those of europium
hydroxide, even if exact positions of the features do not match
perfectly with those of the calculated spectra.

Analogous results also hold for the Nd doped samples where
the XANES data at the Nd L; edge is shown in Figure 6. The
formation of structures resembling that of the hydroxide
around the neodymium ions is also confirmed by the
comparison with the calculated spectra (in Figure 6b, the
simulated spectra of Nd,O; Nd(OH);, and NdOOH are
reported). Furthermore, with increasing Nd content, the white
line intensity decreases and, in the S at. % sample, a shoulder at
6224.5 eV grows. This indicates the coexistence at high Nd
concentrations of both Nd(OH); and Nd,0; moieties.

To confirm these hypotheses, a first shell fitting of the
EXAFS data was carried out for all the samples (see the
Supporting Information, Figures S26 and $27). Additionally,
models including a sulfur only or a mixed sulfur oxygen first
shell were considered during the fitting, but these models
could not reproduce the features in a satisfactory way. This
indicates that no Ln—S interaction is occurring, confirming the
oxophilic behavior of the lanthanide ions. The results derived
from the extended X ray absorption fine structure (EXAFS)
analyses are summarized in Table 4. The coordination number
for the Eu doped samples is close to 9 for both samples with
the Eu—O distance increasing with the doping level toward the
values of bulk crystalline Eu(OH);.

At a low Nd concentration, the Nd—O coordination number
is close to 9, as in the hydroxide, but as the content increases,
the CN reduces and also the Nd—O distance remains
intermediate between that of the hydroxide (Nd—O = 2.54
A) and the oxide (Nd—O = 2.47 A).

A comprehensive consideration of these results as a whole
indicates that, even though the dopants are incorporated in the
samples, as confirmed by ICP MS, the ions are not hosted
within the sulfide matrix but rather form separate phases.

Absorption and Photoluminescence Properties. Since
our synthesized doped nanoparticles could be employed in the
optical bioimaging field as fluorescent probes, their photo
luminescence properties were assessed. As a first step, the

Table 4. Results of the EXAFS Fitting Procedure of the EXAFS Curves for Eu and Nd Doped Samples

sample shell N distance (A) D cryst Eu(OH); (A) o® (107° A?) E, (eV) R factor

Eu L; edge

ZnS:Eu 1 at. % Eu-O 8.9 242 + 0.02 2.47 8.7 + 3.6 57+ 1.7 1.4%

ZnS:Eu S at. % Eu-O 9.4 2.44 + 0.02 2.47 10.7 + 3.3 6.5 + 14 1.0%
Nd L; edge

ZnS:Nd 0.1 at % Nd-O 8.6 + 19 2.50 + 0.02 2.54 9.7 + 43 27 £ 19 1.9%

ZnS:Nd 1 at % Nd-O 84 +19 2.51 £ 0.03 2.54 8.7 + 4.5 28 +£2.1 2.5%

ZnS:Nd S at % Nd-O 8.0 + 14 2.50 £ 0.02 2.54 7.8 + 3.6 29+ 1.6 2.0%
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optical absorption properties of the undoped ZnS NPs were
explored using the diffuse reflectance technique (Figure S28).
The optical band gap (E,) can be determined using the
following relation™

A(hv — Eg)"
hv

where F(R) is the diffuse reflectance, n is a constant equal to
1/2 for a direct band gap semiconductor such as ZnS, and A is
a proportionality constant. E, can be estimated from a plot of
(E(R)hw)* versus hv (“Tauc plot”, Figure 7) by extrapolating

F(R) =

600
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Figure 7. Tauc plot ((F(R)hv)* vs hv) of the undoped ZnS sample.

the straight portion to the energy axis at F(R) = 0. E, was
found to be 3.40(5) eV, corresponding to a wavelength of 365
nm. The obtained E, is similar to that found for bulk ZnS by
Kurnia et al. (around 3.6 eV).** It has to be noted that the
actual sizes of the present NPs (around 5—6 nm, see Table 1)
is much higher than the exciton Bohr radius for ZnS (2.5
nm)'" and therefore the quantum confinement effect is
negligible in line with the found energy bandgap value. On
the other hand, the emission of the undoped sample upon UV
excitation in the bandgap region (excitation around 365 nm) is
barely detectable as it can be noted from the picture shown in
the Supporting Information (Figure S28) where a comparison
among the ZnS NPs samples is shown upon excitation with a
Wood’s lamp.

The Mn** doped samples show a bright orange emission
when excited in the UV region. The excitation spectrum of the
S at. % doped ZnS:Mn sample (shown as a red line in Figure
8) evidenced a broad band in the 280—380 nm UV region,
showing a maximum value around 330 nm, corresponding to
the band edge transition in agreement with other authors. 330
This behavior is typical of Mn** doped ZnS, and it is very
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Figure 8. Emission spectrum (black line, A, = 320 nm) and
excitation spectrum (red line, 4, = 597 nm) of the 5 at. % Mn doped
ZnS nanoparticles.

similar to the ones obtained by other authors on the same
compound®’ due to bandgap transitions. Indeed, the
absorption band corresponding to band to band transition
for the undoped ZnS NPs perfectly overlaps with the excitation
band around 330 nm observed for the Mn doped samples (see
below and Figure S30), thus confirming the hypothesis of
bandgap transitions as responsible for the Mn>" excitation.

In agreement with literature data, Mn doped ZnS nano
particles showed a strong emission in the orange region,
extending from 525 to 700 nm (shown in Figure 8 for the S at.
% doped sample), which can be attributed to the *T; — A,
transition of Mn?* ions.”® In order to show at a glance the
relative brightness of the differently doped ZnS:Mn samples,
we prepared a series of quartz cuvettes filled with the undoped
and Mn doped samples at different doping percentages and
illuminated them with a Wood’s lamp (4 = 365 nm). Figure
S29 depicts samples under simultaneous illumination with UV
radiation. From this image, it can be observed that the
undoped sample has a negligible emission in the visible region,
while the brightest sample corresponds to the NPs with a
higher dopant concentration. This behavior is in line with that
reported by Meijerink et al. for similar ZnS:Mn samples®**”
and by other groups.60

To shed light on the excited state dynamics, the emission
decays of differently doped ZnS:Mn nanoparticles were
measured (Figure 9) and they appear to strongly shorten on
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Figure 9. Emission decay curves for 0.1 at. % (blue line), 1 at. % (red
line), and S at. % (green line) Mn doped ZnS nanoparticles. Black
line: multi exponential fitting.

increasing the Mn”* concentration in the ZnS host. The decay
of the luminescence in the red region (around 600 nm) of the
Mn®" ions in doped nanocrystalline ZnS was investigated in
detail by some authors (as for instance Bol and Meijerink™®
and Zheng et al.®"), who found a multiexponential behavior for
the emission decay curve. In particular, they observed fast
decays of the order of some tenths or even hundreds of
microseconds and a slow component in the millisecond
regime. According to Zheng et al,’" we fitted the emission
decays using a triexponential function:

I(t) =y + A ™ + A7+ AT

where 7, 7,, and 75 are the time constants and A}, A,, and A,
are normalized amplitudes of the components.

The time constants, amplitudes, and average lifetimes
obtained from the fittings are reported in Table S. The slowest
decay can be attributed to the *T; — A, transition of isolated
Mn?* ions in the ZnS crystalline host. On the other hand, the
fastest components can be attributed to exchange coupled
Mn?* ion pairs.”” These fast components could also be due to
emission of Mn** ions with an enhanced overlap between the
3d and sp host states caused by lattice strain,”* which is well
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Table 5. Decay Lifetimes 7, Normalized Amplitudes A, and Average Lifetimes 7,, Obtained from the Fitting of the Emission

Decay Curves for Mn Doped Samples

Mn?* concentration 7, (ms) A; (%) 7, (ms)
0.1 at. % 4.30 + 0.02 22 2.00 + 0.02
1 at. % 241 + 0.01 S 0.536 + 0.006
Sat. % 1.02 + 0.02 1 0.206 + 0.002

present in nanocrystalline hosts that have a high surface to
volume ratio and therefore relevant lattice strain at the surface
(see Tables S1—S6 for estimated microstrain values). From the
decay curves (Figure 9) and from the values obtained from the
fit (Table S), a strong decrease of the lifetimes on increasing
the Mn?" concentration in the ZnS host is observed. Indeed,
the average lifetime was found to be 3.09 ms for the sample
with the lowest Mn concentration, decreasing to 0.20 ms for
the one with a higher doping percentage. This behavior is in
perfect agreement with the trend found by Park et al.® for
Mn?* doped Zn$S thin films and also Chen et al.’® for Mn
doped ZnS NPs, who evidenced a strong emission
concentration quenching even at quite low Mn>* doping
percentages (2—3 mol %). Remarkably, the average decay time
for the *T| energy level of Mn®" for the sample with a lower
dopant concentration (0.1 at. %) is 3.09 ms. This value is
much longer than the one found for bulk ZnS:Mn** (1.8 ms,
according to Gumlich),”* confirming the high crystallinity of
the samples.

It is worth mentioning that the 0.1 at. % Mn doped sample
shows an emission decay that is among the slowest evidenced
in the literature for ZnS:Mn nanocrystalline samples,*”** and
therefore, it is interesting to consider for applications in which
a long fluorescence lifetime is needed, such as fluorescence
lifetime imaging (FLIM).®® Moreover, the strong decrease of
the luminescent lifetime with an increasing concentration of
dopants confirms that a self quenching mechanism involving
Mn** ions is present.

Since the luminescence properties of the Mn doped samples
showed the typical features of substitutional doping, we also
studied the luminescence properties of the Ln doped samples
to compare their response. The emission spectrum of Eu
doped ZnS nanoparticles displayed different behaviors for
different dopant concentrations. The emission bands of
ZnS:Eu 1 at. % (Figure 10) are typical of the Eu** ions with
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Figure 10. Emission spectrum (black line, A, = 393 nm) and
excitation spectrum (red line, A,,, = 614 nm) of the 1 at. % Eu’**
doped ZnS nanoparticles.

4, (%) 73 (ms) A (%) 7oy (ms)
35 0.330 + 0.005 42 3.09 + 0.03
30 0.134 + 0.002 65 1.04 + 0.02
20 0.059 + 0.001 79 0201 + 0.004

the most intense band around 614 nm due to the
hypersensitive D, — ’F, transition. We calculated the
asymmetry ratio (defined as the ratio between °D, —
"F,/°Dy — ’F, emission transitions), which provides
information about the average symmetry around the Eu®"
ions. This ratio was estimated to be around 3, evidencing a
significantly distorted local environment around the lanthanide
ion®” as also evidenced by the detailed EXAFS analysis (Table
4). This is a reasonable behavior due to the notable difference
between the ionic radii of the Zn** ions (0.6 A in a fourfold
coordination)®”* and the Eu®*" ions (1.07 A in a ninefold
coordination).52 Moreover, the widths of the emission bands,
which are very broad, also evidenced a high degree of local
disorder. On the other hand, the ZnS:Eu 5 at. % sample under
a 393 nm excitation exhibited emission bands (see the
Supporting Information, Figure S31) attributable to segregated
trivalent europium hydroxide, confirming what was also
evidenced by XRPD (see Figure 2b). The excitation spectrum
of the Eu doped sample shows the typical features due to
absorption from the D, state with relatively sharp bands
typical of lanthanide transitions.

Moreover, in the UV region, a large excitation band in the
300—350 nm range with a plateau maximum around 330—340
nm was observed. The overlapping of this band with the sharp
bands typical of the Eu®" ions is significant as its signal to noise
ratio is similar to the excitation band due to the ZnS host
shown in Figure 8. Therefore, a direct sensitization of the Eu®"
ions by the ZnS host is present. This behavior has been also
found by Mukherjee et al,,*® who proposed that ZnS:Eu®* can
act as a potential electron trap and the sensitization can be
achieved either by direct bandgap excitation or by a valence
band to Eu** transition, both mechanisms explaining the
experimental findings.

Concerning Nd doped samples, the excitation spectrum (red
line in Figure 11) of ZnS:Nd 1 at. % featured bands due to
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Figure 11. Emission spectrum (black line, A, = 582 nm) and
excitation spectrum (red line, A,, = 1062 nm) of the 1 at. % Nd**
doped ZnS nanoparticles.
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transitions attributed to Nd** ions. In particular, the excitation
band around 525 nm can be attributed to the ‘I, = (*G,,,
*Gy),) transitions, while the one around 580 nm can be
assigned to the *Iy,, — (*Gs,, 2G,),) transitions.”” As in the
case of the Eu doped ZnS sample, in the 300—350 nm range of
the UV region, a large excitation band with an intensity
maximum of approximately 330—340 nm is observed.
Similarly, this band in the UV region is significant, and
therefore a direct sensitization of the Nd** ions by the ZnS
host is present, explaining the origin of the observed excitation
band. On the other hand, after excitation at 582 nm, strong
emission bands in the near infrared region (black line in Flgure
11) were observed, one around 900 nm ( F3/2 — *1y,,)* and
another around 1065 nm (*F;/, — *I,,,),*" suggesting that the
studied nanomaterials may be suitable for applications in
nanomedicine in the near infrared biological window.

In Vitro Cytotoxicity. Since Eu and Nd doped samples
boasted strong luminescence intensities in the NIR range (vide
supra), they were considered promising for optical bioimaging
applications. A preliminary analysis of the effects of undoped
and Eu and Nd doped (at atomic percentages of 0.1, 1, and
5%, respectively) ZnS on cellular toxicity in human cells (A549
alveolar carcinoma cells) was carried out by means of the MTS
assay (3 (4,5 dimethylthiazol 2 yl) S (3 carboxymethoxyphen
yl) 2 (4 sulfophenyl) 2H tetrazolium salt assay), which meas
ures the reduction of tetrazolium salts to a water soluble
formazan product. The intracellular reduction of MTS is
primarily attributable to mitochondrial dehydrogenases, and
therefore, this conversion is used as a measure of cell viability.
The results were compared with cells not treated with NPs
(control) and showed that, in the tested concentration range
(ie, 0—400 ug/mL), undoped and Eu and Nd doped Zn$S
NPs did not affect cell viability (Figure 12a,b).

Since the MTS assay is based on the enzymatic activity of
cellular dehydrogenases (mainly mitochondrial) that can be
active also during the early stages of cell death, we further
evaluated the cloning efficiency of NP treated cells as a
measure of cytotoxicity. The clonogenic assay is a very
sensitive approach to assessing cell proliferation because it
measures the cycling ability of viable and healthy cells and can
therefore provide a better estimate of the cellular response of
NP treated cells. The doses for NP treatments analyzed here
were selected based on dose—response curves assessed in our
previous studies, which dealt with the same cells treated with
different types of NPs.'®’® Our results showed that the
capacity of cells to form colonies was not significantly affected
by the incubation of undoped and doped zinc sulfide NPs
(Figure 12c). The decrease of viability of cells incubated with
the lowest dose (10 yg/mL) of undoped ZnS, ZnS:Eu 0.1 at.
%, and ZnS:Nd 1 at. % is not significant and not accompanied
by a further decrease of viability at higher doses (50 and 100
ug/mL), indicating the absence of cytotoxicity for these NP
samples and, in general, for all the tested formulations of
undoped and doped zinc sulfide NPs.

B CONCLUSIONS

In this work, the continuous flow synthesis of very small
(around S nm) crystalline and monodispersed undoped and
doped zinc sulfide nanoparticles was successfully accomplished
via microfluidic synthesis. Remarkably, small and stable
nanoparticles were obtained without using any surfactant or
ligand to hinder particle growth. This success was ascribed to
the special features of the microfluidic approach. The dynamic
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Figure 12. Cytotoxicity of ZnS NPs toward human AS49 alveolar
carcinoma cells. Cell viability was determined by an MTS assay (NP
concentrations of (a) 10—50 ug/mL and (b) 100—400 pg/mL) and
(c¢) clonogenic assay at the end of a 24 h incubation in media
containing different concentration of ZnS NPs. Data are means + S.D.
from independent experiments performed in triplicate and expressed
as the percentage of NP treated cells over that of untreated control
cells (100%).

nature of the system as well as the highly effective and rapid
mixing of reactants combined with a quenching step allows the
formation of primary non aggregated particles with an average
diameter of 5 nm.

First, the synthesis of Mn doped ZnS nanoparticles was
performed. Subsequently, having successfully obtained lumi
nescent ZnS:Mn NPs, zinc sulfide was doped with lanthanide
ions (i.e., Eu®’, Nd*, Sm?', and Yb>"). The NPs obtained
displayed a crystalline cubic sphalerite ZnS phase, which was
retained when introducing the dopant ions at different
concentrations (0.1, 1, and 5 at. %), as evidenced by XRPD
analyses. The dopants could not be detected on the surface of
the samples (XPS), but their incorporation in the final
products was confirmed by ICP MS measurements. Eu L,
and Nd L; XANES and EXAFS data on Eu and Nd doped
samples showed that the dopant ions were not hosted within
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Figure 13. Schematic representation of the microfluidic setup used (HS™ is the predominant species at the native pH value of 0.2 M Na,S water

solution).

the sulfide matrix but rather formed separate moieties in which
lanthanide ions are coordinated to oxygen. These separate
phases were evidenced also by XRPD (Ln(OH)j, reflections in
samples doped with the highest amounts of Ln®") and
confirmed the oxophilic nature of lanthanides. Nevertheless,
Ln doped samples featuring the desired luminescence proper
ties were successfully obtained, displaying strong luminescence
intensities in the near infrared region, an important quality for
in vivo optical bioimaging applications. In addition, a slight
direct sensitization of lanthanide ions (Eu** and Nd**) by the
ZnS NPs was observed. This is a notable result as it was
obtained through a simple room temperature microfluidic
approach. In view of employing the synthesized systems in the
field of optical bioimaging, the effects of Eu and Nd doped
samples on human cellular toxicity were evaluated in vitro.
Overall, our results showed that ZnS NDPs at the tested
concentrations do not have cytotoxic effects on human in vitro
cultured A549 cells, strengthening their appeal as possible
contrast agents in bioimaging applications.

B EXPERIMENTAL METHODS

Chemiicals. Zinc(II) nitrate hexahydrate (Zn(NO,),-6H,0) was
purchased from Fluka. Manganese(II) chloride tetrahydrate (MnCl,-
4H,0), europium(III) chloride hexahydrate (EuCl;-6H,0),
samarium(III) nitrate hexahydrate (Sm(NO;);-6H,0), neodymium
(I11) nitrate hexahydrate (Nd(NO;);-6H,0), ytterbium(III) chloride
hexahydrate (YbCl;-6H,0), and sodium sulfide nonahydrate (Na,S-
9H,0) were purchased from Sigma Aldrich. All chemicals were used
without further purification.

Microfluidic Setup. The microfluidic setup was built using 0.63
mm diameter PTFE tubes and a T shaped stainless steel single mixer.
A 0.1 M MilliQ water solution of zinc nitrate hexahydrate and dopant
metal salt with the appropriate molar ratio (to yield the desired
dopant atomic percentage) was employed as a metal precursor
solution, while a 0.2 M sodium sulfide nonahydrate MilliQ water
solution was employed as a sulfide precursor. Each solution was
pumped separately into the reactor using a reciprocating syringe
pump (Syrris Asia Syringe Pump) with a flow rate of 1.2 mL/min.
The reaction system was kept at room temperature. A schematic
representation of the setup is reported in Figure 13. The obtained
slurry (ca. 150 mL) was collected in ca. 200 mL of cold MilliQ water,
kept in an ice bath, and left to settle down overnight in order to easily
remove most of the mother liquor. The slurry was then repeatedly
centrifugated (10,000 rpm, 10 min) and washed with MilliQ water.
The final powder was dried overnight in a vacuum desiccator at room
temperature.

X-Ray Powder Diffraction. The XRPD patterns of the doped
ZnS nanostructures (as grinded powder) were collected with a Bruker
D8 Advance diffractometer equipped with a Gobel mirror by using Cu
Ko radiation. Diffractograms were recorded in the 10—80° 26 range
with a 0.1° 26 scan step and a 10 s per step acquisition time. The
angular accuracy was 0.0010°, and the angular resolution was better
than 0.01°. All the experimental data were analyzed by using the
Material Analysis Using Diffraction (MAUD) software package’" to
deduce quantitative crystallographic and microstructural information
by using the whole powder pattern fitting (WPPF) method.>* The
average crystallite size and the microstrain (root mean square of the
variations in the lattice parameters) values were evaluated using an
isotropic model. The quality of fitting was evaluated by means of the
R indexes R, and R,,, and by the goodness of fit 1~ The refined
lattice constant a was reported to two decimal places because of the
low signal to noise ratio and broad peaks typical of nanocrystalline
materials.”>

X-ray Photoelectron Spectroscopy. Powder samples (depos
ited on conductive tape) were investigated by XPS with a PerkinElmer
¢ 5600ci instrument using Al Ko radiation (1486.6 eV), operating at
350 W. The working pressure was less than 5 X 10™° Pa. The
calibration was based on the binding energy (BE) of the Au 4f,/, line
at 83.9 eV with respect to the Fermi level. The standard deviation for
the BE values was 0.15 V. Reported BEs were corrected for charging
effects, and the BE value of 284.6 eV was assigned to the C 1s line of
carbon.** Survey scans were obtained in the 0—1350 eV range (pass
energy of 187.5 eV, 1.0 eV/step, 25 ms/step). Detailed scans (29.35
eV pass energy, 0.1 eV/step, S0—150 ms/step) were recorded for
Ols, Cls, Zn2p, ZnLMM, S2p, S2s, Mn2p, and Ln3d regions. The
atomic composition, after a Shirley type background subtraction,”
was evaluated using sensitivity factors supplied by PerkinElmer. Peak
assignment was carried out according to literature data, and fitting of
Zn2p and S2p regions was performed with KoIXPD software.”*

Transmission Electron Microscopy. TEM micrographs were
obtained with a FEI Tecnai G12 microscope operating at 100 kV,
equipped with an OSIS Veleta camera. Samples were prepared by
suspending the dried powders in MilliQ water through sonication and
then depositing them on 300 mesh lacey carbon coated copper grids.
Particles were manually segmented and measured using the Image]
package.”

High-Resolution Transmission Electron Microscopy.
HRTEM micrographs were obtained using an aberration (image)
corrected FEI Titan 80—300 TEM operating at 300 kV and equipped
with a Gatan US1000 slow scan CCD camera. Samples were prepared
suspending the dried powders in a solution of 107> M of oleylamine in
n hexane (0.5 mg/mL) and subsequently ultrasonicating the
dispersion at high power (280 W) using a tip sonicator.

X-ray Absorption Spectroscopy. X ray absorption experiments
at the Eu and Nd L; edges were performed at the XAFS beamline at
Elettra Sincrotrone Trieste, operating at 2.4 GeV and 140 mA. For
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energy selection, a Si(311) double crystal monochromator was used.
For Eu containing samples, the spectra were recorded in transmission
mode using two ionization chambers, both upstream and downstream
of the sample. Spectra were recorded in the range of 6782—7600 eV.
In the case of measurements conducted at the Nd L, edge (collection
range 5913—6710 eV), the fluorescence collection mode with a silicon
drift detector was employed. Samples were prepared by pressing the
dry powders (using cellulose as binder) into homogeneous pellets
with the aid of a hydraulic press.

The XAS output data were reduced and analyzed with the freeware
Demeter package.”® The spectra were summed up, deglitched,
background subtracted, and calibrated to yield the EXAFS function
x(k) (up to k 12.5 A™" for Eu and 11 A™" for Nd). The edge positions
were determined from the zero crossing of the second derivative
spectra. The Artemis software was used to fit the EXAFS curves in the
R space, which were Fourier filtered over a 3—9 A™' range and
weighted by a smooth Hanning function. The amplitude reduction
factor (Sy*) was calibrated against crystalline oxide references and
determined to be 0.8 for both Eu and Nd. For fitting (on phase
corrected data), the threshold energy, E,, the interatomic distances, R,
the number of atoms, N, in the first shell (either O or S) and Debye
Waller factors, %, were allowed to vary. For final fittings, a Ln(OH),
model was used as a reference compound.

Quantum Chemical Calculations. Ab initio quantum chemical
calculations of Eu and Nd L; edge XANES spectra were performed
with the FEFF9.6 code based on the multiple scattering theory.”” The
potentials of free atoms were calculated with a relativistic Dirac—Fock
code. The scattering potentials were calculated self consistently by
overlapping the free atomic density in the muffin tin approximation
within a cluster of approximately 30 atoms. The energy dependent
exchange Hedin—Lundquist potential was used for the fine structure
and the atomic background. The full multiple scattering XANES
spectra were calculated for an atomic cluster of approximately 40
atoms centered on the absorbing Ln atom.

Absorption and Photoluminescence Spectroscopy. Diffuse
reflectance spectrum of the undoped sample was measured with a
CaryS000 spectrophotometer (300—800 nm). Photoluminescence
spectra were carried out on powder samples with a Nanolog/
Fluorolog 3 2iHR320 modular spectrofluorometer equipped with a
xenon lamp (450 W, ozone free) and an R928P (Hamamatsu)
photomultiplier. The samples were prepared for the emission
measurements simply by filling the appropriate sample holder adapted
for the used spectrofluorometer. In this regard, it should be noted that
the same amount of powders was present in the optical path for the
photoluminescence measurements, assuring reproducibility of the
luminescence measurements. Since the experiments were conducted
in a front face geometry at 22.5°, the artifacts in the excitation spectra
due to the radiation penetration depth variations are negligible.
Emission decay measurements were recorded using the xenon flash
lamp as the excitation source. The average lifetimes were determined
by the expression

v = A’ + A0 + A3T32)/(AIT1 + A1, + AsTy)

The near infrared emission was measured using a liquid nitrogen
cooled InGa$S photodiode array (Horiba). The optical resolution for
both the visible and near infrared spectra is 1 nm. All the
measurements were carried out at room temperature.

ICP-MS Analysis. ICP MS measurements were carried out with an
Agilent Technologies 7700x ICP MS (Agilent Technologies Interna
tional Japan, Ltd, Tokyo, Japan). Operating conditions and data
acquisition parameters were chosen according to a previous work.”®

The internal standard mixture (Agilent, 5183 4681) containing Bi,
Ge, In, Sc, Tb, Y, and °Li (at 10 ug/mL each) in 3.5 wt % HNO; was
used. Multielement standard solutions (IV ICPMS 71A INOR
GANIC VENTURES) for calibration were prepared by gravimetric
serial dilution at nine different concentrations (from 10 to 1000 ug/
L). The solvent used was 3.5 wt % HNOj, obtained from concentrated
HNO; and diluted with MilliQ water. Regression parameters of the

calibration lines were obtained according to the Theil Sen non
parametric regression technique.

Procedure of Digestion of Doped ZnS Nanoparticles. In order to
correctly digest the samples, 5S—10 mg of the analyte was dissolved in
S g of 69 wt % HNOj; and heated in a water bath for 30 min at 100
°C. After cooling, solutions were diluted in order to obtain
concentrations of the elements in the required calibration range and
in a 3.5 wt % HNOj solution.

Cell Culture and Treatments with ZnS NPs. The human A549
cells (lung adenocarcinoma) were purchased from the American Type
Culture Collection (ATCC n. CCL 185) and cultured in Ham’s F12
K nutrient mixture (Invitrogen Life Technologies, Carlsbad, CA,
U.S.A.) supplemented with 10% heat inactivated fetal bovine serum
(FBS, Biochrom, Berlin, Germany), 38 units/mL streptomycin, and
100 units/mL penicillin G in T75 cm? flasks (FALCON). Cells were
kept at 37 °C in a humidified atmosphere of 95% air and 5% CO, and
maintained in an exponential and asynchronous phase of growth by
repeated trypsinization and reseeding prior to reaching subconfluency.
Cell treatments with NPs have been carried out as previously
reported.'®”° In brief, the cells were seeded and maintained for 24 h
in complete culture medium (10% FBS) before starting the NP
treatment; then, the cells were incubated for 24 h in culture medium
(3% FBS) in which the NP stock suspensions were freshly diluted.
Control cells were subjected to the same treatments except for NP
incubation. The NP stock solutions were diluted in ultrapure water (2
mg/mL), sonicated for 15 min using a homogenizer (Branson 3510
Ultrasonic Cleaner, Marshall Scientific, Hampton, NH, U.S.A.), and
then sterilized by filtration with 0.22 4M immediately before use.

Cell Viability. Cytotoxicity induced by ZnS NPs was evaluated by
the MTS assay (CellTiter 96 Aqueous One Solution Cell Proliferation
Assay, Promega, Madison, W1, U.S.A.) as previously described.”® In
brief, 5 X 10° cells were seeded in triplicate in 96 well plates (200 uL/
well) in culture medium with FBS 10%. After 24 h, the culture
medium was removed, and the cells were incubated with fresh culture
medium containing 3% FBS and increasing concentrations of NPs
(0—400 pug/mL). After 24 h, the medium containing NPs was
removed, and the cells were incubated for 60—90 min in the dark with
20 pL of the MTS reagent diluted in 100 L of serum free medium.
The absorbance of the formazan product was recorded at 490 nm
with a microplate reader (Spectramax 190, Molecular Device). As the
amount of 490 nm adsorbance is directly proportional to the number
of living cells in culture, cell viability was determined by comparing
the absorbance values of treated versus untreated control cells that
were considered as 100%.

For clonogenic assays, AS49 cells were seeded in 24 well plates and
24 h later were incubated with ZnS NPs as previously reported.'® NP
treated and untreated control cells were then trypsinized and plated in
60 X 15 mm dishes (500 cells/dish) in complete fresh medium. The
cloning efficiency (CE) was calculated as the proportion of cells that
formed colonies (greater than >S50 cells) to the total number of cells
plated, expressed in percentage. The CE values were then used to
determine cell survival, expressed as the percentage of the CE of NP
treated cells over that of untreated control cells (100%).

XRPD patterns comparisons of undoped and doped
samples, XRPD fittings and corresponding refined
parameters, trend of average crystallite size and lattice
parameter a as functions of the doping concentration,
HRTEM and TEM micrographs and size distribution
histograms, XPS fittings, surface atomic composition
obtained from semi quantitative analysis, XPS data of
Sm and Yb doped samples, ICP MS data of Sm and
Yb doped ZnS samples, EXAFS fittings, UV—vis diftfuse
reflection spectrum of undoped ZnS, picture of undoped



and Mn doped samples under UV illumination,
comparison between the absorption band of undoped
ZnS and the excitation band of Mn doped samples, and
photoluminescence spectra of ZnS:Eu S at. % (PDF)
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