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Sodium-alginate biopolymer as a template for the
synthesis of nontoxic red emitting Mn®*-doped CdS
nanoparticlesy
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Manganese-doped cadmium sulfide (CdS:Mn) nanoparticles were prepared by chemical synthesis using
sodium-alginate as template. The preparation of the nanocomposites involved ionic crosslinking of the
biopolymer by dimerization of its a-L-guluronic monomers with Cd?* and subsequent formation of the
semiconductor nanoparticles upon addition of sulfide ions in the presence of Mn?*. The crystalline phase
of CdS in the material was confirmed by XRD. The surface morphology of the nanocomposites was
investigated by SEM. The observation by TEM showed that the CdS:Mn particles were spherical in shape
with diameters of approximately 4 nm. EPR measurements of the CdS:Mn-alginate nanocomposite
showed that the Mn?* ions were incorporated in cationic sites of CdS with lower symmetry. Due to
a distorted crystal field induced by the Mn2* ions, photoluminescence spectra of the CdS:Mn-alginate

Received 6th October 2017 showed red fluorescence between 650 nm and 750 nm falling into the optical window for bioimaging in
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which the light has its maximum tissue penetration depth. It was demonstrated that the interaction

DOI: 10.1038/¢7ral1011a between the nanoparticles and the matrix prevents release of CdS into the environment, leading to low
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1. Introduction

An important part of modern nanoscience and nanotechnology
is the investigation of new materials composed of a polymer
matrix filled with semiconductor nanoparticles."* These types
of nanocomposites combine characteristic optical, electrical,
magnetic or catalytic properties of semiconductors with the
chemical stability and processability of polymers. Apart from
representing good host matrices, polymers can also act as
templates to control semiconductor nanoparticle growth and
surface properties. These specific features have inspired inves-
tigations directed towards disclosure of possible applications of
semiconductor-polymer nanocomposites.*®> An ongoing
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acute toxicity of the nanocomposites.

endeavor of fabrication of semiconductor nanostructures for
biomedical applications has led to the development of proce-
dures that employ polysaccharides, such as starch, cellulose,
chitosan, alginate etc., as matrices for encapsulation of semi-
conductor nanoparticles.*** In addition to being highly abun-
dant, biocompatible and biodegradable, these biopolymers
have specific macromolecular structure that presents a good
environment for the controlled growth of metallic and semi-
conductor nanoparticles.

Alginic acid or alginate, a macromolecule extracted from
brown marine algae, is a block-copolymer of (1,4)-linked B-o-
mannuronic and a-1-guluronic (G) acids.”” The key property of
alginate regarding its application as a template for the
controlled growth and stabilization of nanostructures is its
affinity for divalent metals.'® The interaction of alginate with
divalent cations takes place via carboxylate groups of a-i-
guluronic monomers that results in dimerization of a-L-gulur-
onic block sequences and ordered, e.g. “egg-box”, conformation
of the biopolymer. Due to this ionic cross-linking the diffusion
of cations throughout the matrix is limited that, in the case of
nanoparticle formation during in situ chemical syntheses,
results in narrow size distribution of the resulting nano-
structures and good dispersion of the inorganic phase in the
matrix. Besides, as a consequence of the change in conforma-
tion of alginate high concentrations of the nanoparticles rela-
tive to the polymer can be achieved. Moreover, due to its
amphiphilic nature, alginate can be employed to obtain

This journal is © The Royal Society of Chemistry 2017
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biocompatible and water-soluble quantum dots via phase
transfer, as it was previously shown by Wang et al. in the case of
CdSe/ZnS nanoparticles.'” This polysaccharide was already used
as an environment for controlled growth of II-VI semi-
conductors,”® Co, Ni, and CoNi nanoparticles,” iron oxide
nanostructures® as well as antimicrobial ZnO nanoparticles****
and hybrid ZnO/Ag nanocubes.>® However, to the best of our
knowledge, alginates were not used for the preparation of
diluted magnetic semiconductor nanoparticles such as the
CdS:Mn described in the present work. In this study, we used an
in situ chemical synthesis for the preparation of CdS:Mn-
alginate nanocomposites in which the nanoparticles were
formed directly within the biopolymer matrix.

Cadmium sulfide is an n-type II-VI semiconductor with
a direct band gap of ~2.4 eV and an exciton Bohr radius, a, of
~2.8 nm.* Furthermore, due to size-dependent luminescence in
the visible range, CdS nanostructures have found application in
optoelectronics and photoconductive devices** or as a core
component in core-shell quantum dots for biomedical imaging.®
Photoluminescent properties of CdS nanoparticles, as well as
quantum dots in general, are very sensitive to their environment,
as well as to surface characteristics of the nanoparticle, because of
the presence of surface defects such as sulfur vacancies or sulfur
dangling bonds.* Efficient modification of optical properties of
CdS nanomaterials can be achieved by doping of the semi-
conductor with transition metal ions (Cu®", Fe>*, Mn*" etc.). This
way, discrete energy states, formed by splitting of the ionic levels
under the influence of the crystal field of the host's lattice, are
being introduced into the band gap of the semiconductor.”® The
excitation/emission processes from these atomic-like states are
usually very efficient and the photoluminescence of the dopant
usually dominates the exciton photoemission from the host.*”*
Furthermore, a complete suppression of the emission from
surface states of CdS upon doping with Mn** ions was reported.>”
For bioimaging applications in particular, the photoemission
from atomic-like states of doped quantum dots provide additional
advantages in comparison to exciton luminescence such as
negligible self-quenching, substantial Stokes shift and large
photoluminescence lifetime.

In the case of Mn>" doped wide band gap II-VI semi-
conductors, the emission originates from localized 3d states
that are strongly affected by the crystal field of the lattice site
occupied by the ion.***' For Mn** positioned in sites with
tetrahedral coordination, spin-sextet °S ground state and spin-
quartet G, *P, D, and “F excited states of free ion split into
°A; (%), *Ty (*G), *T, (*G), “E (*G), *A; (*G), “E (D), and “T, (‘D)
energy levels under the influence of the crystal field.”*** The
transitions between the energy levels in free Mn>" ions are spin
forbidden and inefficient. On the other hand, upon light
absorption, electrons from the °A; (°S) state are being trans-
ferred to “E (*G) and “A; (*G) energy states and, subsequently
recombine the first excited “T; (*G) state by nonradiative tran-
sitions.®® Finally, transitions between the *T; (*G) state and the
lowest °A; (°S) state take place resulting in a typical 2.12 eV
(585 nm) yellow emission of Mn>" in the semiconductor host.>”
Contrary to II-VI semiconductor nanostructures, the photo-
luminescence of Mn*" is not affected significantly by the change
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in size of the particles and it does not depend significantly on
the composition of the nanostructured host.*** However, it
does depend on the crystal field strength since, in the case of
tetrahedral coordination, the increased splitting of the triplet
T, (*G) state would lead to decrease in the energy difference
between “T; (*G) and °A, (°S) state and, consequently, to the red
shift of the emission.***” The effect of the crystal field strength,
however, on the position of the photoluminescence band of Mn-
doped semiconductor nanostructures is very small,** whereas
the energy of emitted photons is affected to a greater extent by
the changes in the crystal field symmetry. Sarma and co-
authors® showed that luminescence of Mn** doped ZnS-CdS
alloy nanocrystals can be tuned in the wide range between
1.9 eV and 2.4 eV, as a consequence of the availability of
different lattice sites with different crystal fields that Mn>" ions
can occupy.

In this article, we report on structural and optical charac-
teristics of manganese doped cadmium sulfide nanoparticles
prepared in aqueous solution by an in situ chemical synthesis
using biocompatible Na-alginate biopolymer as a template. It
will be studied how the distorted crystal field surrounding the
Mn>" ions affects the CdS:Mn-alginate nanocomposites photo-
luminescence regarding their potential use in bioimaging, since
particular photoluminescent characteristics of the nano-
composites coupled with the biocompatibility of alginate open
up a possibility of application of the prepared materials as
fluorescent substrates for tissue imaging in the NIR domain.*®

2. Experimental

2.1. Materials

The following materials were purchased from Sigma-Aldrich
Chemical Co. and used as received: alginic acid sodium salt
from brown algae (Na-alginate), cadmium acetate (Cd(CH;-
COO0),), thioacetamide (C,Hs;NS), and manganese(u) nitrate
tetrahydrate (Mn(NOs),). High purity water was used as
a solvent in all synthesis steps.

2.2. Preparation of the CdS-alginate and CdS:Mn-alginate
nanocomposites

Batch aqueous solutions of Na-alginate (1 wt/vol%), Cd(CH;-
CO00), (0.1 M), C,H;NS (0.1 M), and Mn(NO3), (0.1 M) were
prepared shortly before the synthesis of the nanocomposites. To
remove the residual oxygen the solutions were purged by nitrogen
for 30 min prior to the synthesis of the nanocomposites.

To prepare CdS-alginate and CdS:Mn-alginate nano-
composites, 25 mL of the Na-alginate solution was added drop
by drop to 50 mL of 0.1 M of Cd(CH3COO), solution mixed
previously with 0 mL, 0.5 mL, 1 mL, or 2 mL of 0.1 M Mn(NOj3),
solution subjected to a continuous flow of nitrogen. Due to the
presence of Cd*" ions, the biopolymer underwent the process of
ionic cross-linking, which was manifested by the formation of
a white solid precipitate in the reactor flask. The cross-linked
polymer was collected and purified by 3 times centrifugation
(3000 rpm for 5 minutes) and subsequent re-dispersion. After
that, the purified cadmium cross-linked alginate (Cd-alginate)
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biopolymer was mixed with 50 mL of water and heated to 80 °C
under constant stirring. While heating, 50 mL of the C,HsNS
was added drop by drop to the dispersion. The cross-linked
polymer pellets changed their color to yellow upon the addi-
tion of the sulfide source indicating the formation of the
CdS:Mn nanoparticles. The reaction was carried out for 1 h
under the same conditions, after which the dispersion was
cooled to room temperature and centrifuged 3 times (3000 rpm,
15 min) in water and ethanol to separate the precipitate and
remove residual chemicals. Finally, the nanocomposites were
dried at ambient conditions and pulverized using a mortar. The
estimated composition of the nanoparticles with respect to the
biopolymer was 10 wt% CdS:Mn.

2.3. Characterization of the CdS-alginate and CdS:Mn-
alginate nanocomposites

The X-ray diffraction (XRD) measurements were performed on
a Philips X-PERT instrument using the Ka,,, doublet lines of
copper (wavelength A = 0.154 nm).

The surface morphology of the CdS-alginate and CdS:Mn-
alginate nanocomposites was investigated by scanning elec-
tron microscopy (SEM) using a FEG SEM Jeol JSM-7600F
instrument. Due to the poor conductivity of the materials, the
samples were previously coated with gold using a Baltec SCD005
sputter coater.

The morphology of the CdS and CdS:Mn nanoparticles, as
well as their dispersion within the alginate matrix were inves-
tigated by transmission electron microscopy (TEM) using
a Philips Tecnai 20F FEG analytical microscope operating at
200 kv. High resolution TEM (HREM) images were acquired for
studying the local crystalline quality. For these analyses the
materials were grinded and mixed with ethanol, then a single
drop of the resulting suspension was deposited on carbon-
coated copper grids. TEM images were analyzed using Fiji
software.*

The electron paramagnetic resonance (EPR) experiments
were performed on an X-band MagnetTech MS300 spectrometer
operating at a nominal frequency of 9.5 GHz. The used micro-
wave power was 1 mW (microwave attenuation 20 dB), with
a modulation amplitude of 0.2 mT.

The UV-vis diffuse reflectance spectroscopy measurements
(DR) of the nanocomposites were carried out on a Thermo
Evolution 600 spectrophotometer equipped with an integrating
sphere diffuse reflectance accessory in the wavelength range
from 200 nm to 900 nm. The UV-vis absorption function (F(R))
of the materials was estimated from the reflectance spectra
using the Kubelka-Munk equation*’

FR) = 1o, )

where R is the reflectance of the sample. The optical band gaps
(E;) of the nanocomposites were determined using Tauc
relation™

(F(R)hw)* = const.(hv — Ey) (2)

in which Av stands for the energy of the incident light.
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The photoluminescence emission and excitation spectra of
the CdS-alginate and CdS:Mn-alginate nanocomposites were
recorded on a Edinburg, Analytical Instruments CD900 fluo-
rescence spectrophotometer. The spectra were acquired using
10 pm slits and 1000 ms of integration time.

The analytical measurements of the amount of Cd*" released
from the CdS-alginate and CdS:Mn-alginate nanocomposites
were performed by atomic absorption spectrometry (AAS) using
Perkin Elmer AAnalyst 300 instrument. To perform these
measurements, 10 mg of each nanocomposite was placed into
clean glass vials containing 10 mL of sterile saline solution
(0.9% NacCl). Subsequently, the vials were placed into an oven
preheated to 37 °C and incubated for either one or two hours.
Upon incubation, 1 mL of the solution obtained for each sample
was diluted with 9 mL of saline. Thus obtained solutions were
filtered using 0.45 um filter, adjusted to pH = 2 using HNO;,
and investigated by AAS. It is worth to mention that as
a consequence of ionic crosslinking, the nanocomposites were
not soluble in saline solution and the nanocomposite powders
remained as precipitate at the bottom of the containers.
Therefore, only Cd** ions released from the material into the
saline solution were considered.

The Fourier transform infrared (FTIR) spectroscopy (Model
Perkin Elmer Spectrum GX) was employed to study the specific
interactions between the semiconductor nanoparticles and the
alginate biopolymer in the nanocomposites. The measurements
were carried out at room temperature in the 4000-400 cm ™!
spectral range with a resolution of 4 cm ™. For these analyses,
the nanocomposites were dried in vacuum and 2 mg of the
material was mixed with 100 mg of KBr and pressed into pellets.

The thermogravimetric analysis (TGA) of the materials was
performed on a Perkin Elmer STA 6000 device in the tempera-
ture interval from 50° to 800 °C with a heating rate of § =
20 °C min~" and 20 mL min~" flow of either nitrogen gas or air.

2.4. Cell toxicity studies of the CdS-alginate and CdS:Mn-
alginate nanocomposites

Human fetal lung fibroblasts MRC-5 (ECACC no. 84101801) cell
line was used in this study. The human cells were grown in
Dulbecco’'s modified Eagle's (DMEM) medium containing 4.5%
glucose and 2 mM of i-glutamine, supplemented with heat
inactivated 10% fetal bovine serum, penicillin G (100 U mL ™)
and streptomycin (100 pg mL '), at 37 ©C with 5% CO, and
100% humidity. Cell line grows attached to the surface and
a single cell suspension was obtained using 0.1% trypsin. All
media, enzymes and supplements for cell cultures were
purchased from PAA Laboratories GmbH, Austria.

The CdS-alginate and CdS:Mn-alginate nanocomposites
were suspended in DMEM medium (in concentrations 0.5 and
1 mg mL™") to allow elution of the material. The samples of
each material were used after 1 h, 2 h and 24 h of elution. The
eluates were sterilized by filtration through 0.22 pm filters
(Sartorius, Germany) and subsequently used for the cytotoxicity
testing. The pH values of the eluates (1 h, 2 h, and 24 h post-
elution) were measured on a calibrated Sartorius PB-11 pH
meter. The eluates of all tested materials were alkaline (pH = 8)

This journal is © The Royal Society of Chemistry 2017
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for the duration of the experiment and there were no changes in
the pH value over time.

The cytotoxicity of the nanocomposites was determined with
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) reduction assay. MRC-5 cells were seeded onto 96-
well plates at a density of 3 x 10* cells per well and incubated for
24 h at 37 °C to attach. The DMEM medium was then replaced
with 200 pL of the eluates of each material (6 wells per group).
Cells without added material served as a positive control. The
cells were incubated for another 24 h at 37 °C and 5% CO,.
Subsequently, the MTT (final concentration 0.5 mg mL ‘)
was added and the plates and they were incubated for addi-
tional 3 h. At the end of the incubation with MTT, the medium
was removed, and the formazan crystals were dissolved in the
DMSO. The optical density (OD) of the DMSO solution was
measured at 570 nm (reference filter 690 nm) using a Thermo
Scientific Multiscan FC microplate reading spectrophotometer.
Cell viability was determined by comparing the OD of the wells
containing cells treated with the eluates from the nano-
composites to the untreated cells. Six individual wells were
measured per treatment point in two independent experiments.

The one-way analysis of variance of the results of the cyto-
toxic assay (non-parametric ANOVA, Mann-Whitney U test) was
performed using Statistica software (StatSoft Statistica Ver. 6.0,
USA).

The obtained results were compared to the MTT cytotoxicity
test of a bulk CdS powder (99.99% pure powder, Sigma-Aldrich).

3. Results and discussion

3.1. Characterization of the nanocomposites

The preparation of CdS-alginate and CdS:Mn-alginate nano-
composites involved transformation of the biopolymer solution
into cross-linked network by complexation of divalent cations
with a-r-guluronic monomers and subsequent formation of the
semiconducting nanoparticles within the cross-linked matrix by
interaction of sulfide and cadmium ions at elevated tempera-
ture. FTIR analyses of the starting biopolymer, Cd** cross-
linked alginate and CdS-alginate nanocomposite confirmed
the interaction between the nanoparticles and the biopolymer
(ESI, Fig. S17). As it was shown by the TGA, the formation of the
nanoparticles caused partial elimination of the interactions
between the Cd*>" and COO~ ions as suggests a lower thermal
stability of the CdS-alginate nanocomposite in comparison to
Cd-alginate both in inert and oxidative atmosphere (ESI,
Fig. S27).

Structural analysis of synthesized biopolymer nano-
composites was carried out by XRD technique, and the results
are presented in Fig. 1. The representative diffraction patterns
of CdS-alginate and CdS:Mn (4 mol%)-alginate samples show
maxima at 26 angles 26.8°, 44.3° and 52.3° that correspond to (1
11), (22 0),and (3 1 1) crystallographic planes of a cubic F43m
(sphalerite) CdS lattice (lattice parameter a = 0.5811 nm),
respectively.*” The small contributions at ~38° and 39.5° origi-
nate from the substrate. The XRD results suggested that the
described synthesis procedure lead to the formation of the
crystalline CdS phase in the material. The XRD peaks were very

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances
by —— CdS-alginate
- —— CdS:Mn (4 mol.%)-alginate
T ——ref. cubic CdS
—-—-ref. hexagonal CdS
S5
s
2
‘®
c
[]
£
|
R
i | {1y
i 'l l l" ' L) |
1 1 1 1 1 1
20 30 40 50 60

angle 20

Fig. 1 The XRD patterns of CdS-alginate and CdS:Mn (4 mol%)-algi-
nate nanocomposites.

broad indicating small crystallite sizes. Using the Scherrer's
equation, the average crystallite size of both CdS and CdS:Mn
(4 mol%) particles was estimated to 3 nm from the half width of
the diffraction peak corresponding to planes (1 1 1). The XRD
patterns of CdS:Mn (1 mol%)- and CdS:Mn (2 mol%)-alginate
showed similar features as the diffractogram of the nano-
composite with the highest concentration of manganese. It is
important to mention that CdS, as well as Cd;_,Mn,S, crystals
can also adopt hexagonal (wurtzite) crystalline lattices.**** In
the study on mercaptoethanol capped CdS nanoparticles, the
authors showed that both phases coexist in equal proportions
in the system.** However, we were unable to estimate the rela-
tive contributions of the two phases due to the substantial width
of the XRD peaks in the diffraction pattern of the
nanocomposite.

SEM micrographs of the grinded CdS-alginate, CdS:Mn
(2 mol%)-alginate, and CdS:Mn (4 mol%)-alginate samples are
presented in Fig. 2. In the case of the CdS-alginate nano-
composite (Fig. 2a), spherical formations approximately 50 nm
in size can be observed on the surface of the sample. Although
less pronounced, these structures were also detected in the SEM
images of the CdS:Mn-alginate nanocomposites (Fig. 2b and c).
We assume that these formations originate from the alginate
that was cross-linked in the early stages of the process. More
precisely, the formations are the regions with a high ionic cross-
linking degree, since the concentration of the divalent cations
at time of their creation was the highest. On the other hand,
a lower occurrence of the regions with a high degree of the ionic
cross-linking in the images of the CdS:Mn-alginate samples
suggests that the presence of manganese interferes with the
formation of chemical bonds between the Cd*" ions and the
carboxylate groups. Bearing in mind that, regardless of the
composition of the biopolymer, Mn has a lower affinity for
alginate than Cd,* the observed decrease in the amount of
spherical formation with an increase in Mn concentration

RSC Adv., 2017, 7, 53422-53432 | 53425
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Fig. 2 SEM images of (a) CdS-alginate, (b) CdS:Mn (2 mol%)-alginate,
and (c) CdS:Mn (4 mol%)-alginate nanocomposite.

further supports our assumption. As it will be seen in the
Section 3.3, the differences in the surface morphology of CdS-
alginate and CdS:Mn-alginate samples result in differences in
the Cd ions release and cell toxicity of these nanocomposites.
Typical TEM images of the CdS-alginate and CdS:Mn
(4 mol%)-alginate nanocomposites are presented in Fig. 3. The
micrographs show spherical particles well dispersed within the
alginate matrix. The images are weakly out of focus to increase
the contrast. The good dispersion of the inorganic phase is
a consequence of an in situ approach of the synthesis of the
nanostructures, supplemented by the interaction between the

53426 | RSC Adv., 2017, 7, 53422-53432
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Cd*" ions and carboxylate groups of the o-r-guluronic residues
of the biopolymer. In addition, the approach resulted in small
particles with narrow size distribution (Fig. 3c). The average
diameter of CdS nanoparticles was estimated to 3.6 + 0.2 nm,
while in the case of the CdS:Mn (4 mol%)-alginate nano-
composites the corresponding nanostructures were 3.9 =+
0.2 nm slightly longer than those estimated from the DRX
results. TEM images of CdS:Mn (1 mol%)- and CdS:Mn
(2 mol%)-alginate samples showed negligible differences in size
and morphology of the nanoparticles in comparison to CdS:Mn
(4 mol%)-alginate.

High resolution TEM (HRTEM) analyses of an individual
nanoparticle in the CdS:Mn (2 mol%)-alginate sample are pre-
sented in Fig. 3d. The image shows lattice fringes oriented in
one direction along the whole surface of the nanoparticle
indicating that the CdS:Mn nanostructures are composed of
single crystals. This was further demonstrated by calculating
the Fourier transform of the image (Fig. 3d), which was used to
simulate the electron diffraction pattern. The single crystalline
structure of the nanoparticle suggests that the final particles
synthesized in situ are being formed by nucleation and growth
processes rather than the aggregation of the neighboring
cluster or particles. This formation mechanism is a conse-
quence of Cd**-COO~ interaction (ESI, Fig. S1f) that must
hinder diffusion of the CdS through the matrix. The distances
between the crystallographic planes on the nanoparticle surface
were calculated by averaging the interplanar separations in a 3
by 1.5 nm particle area (yellow rectangle on the HRTEM image
in Fig. 3d). The average value was 0.205 + 0.007 nm that, with
the resolution achieved, corresponds to the distance between
two consecutive (2 2 0) planes in sphalerite CdS. The distance
profile of the HRTEM image intensity (gray value) along the
direction perpendicular to the (2 2 0) planes is also presented in
Fig. 3d. In addition, the profile illustrates irregularities in the
periodicity of the fringes that is the consequence of the pres-
ence of defects in the crystalline structure of the nanoparticle.

The EPR spectrum of CdS:Mn (4 mol%)-alginate nano-
composite recorded at room temperature is shown in Fig. 4. It
can be seen that the spectrum consists of a group of six narrow
bands superimposed on a broad resonance. The broad signal
originates from the smeared contribution due to non-central
transitions and the magnetic dipole-dipole interaction of
proximate Mn** ions, whereas the narrow six bands appear
because of the hyperfine interaction between the electron and
nuclear spin (I = 5/2) of Mn>" ions. The sextet comes from
isolated Mn>" ions incorporated in the CdS lattice since Mn-Mn
pairs or MnS do not produce the six-line spectrum that we
observed. This result suggests that a much lower amount of
Mn>" than 4 mol% was incorporated in the lattice, while the
residual manganese was removed in the purification steps (see
Experimental). Since the hyperfine interactions strongly depend
on the local environment of Mn** ions, the EPR spectrum can
be used to provide more information on the specific location of
the ions in the CdS lattice.

More specifically, a six-line pattern with a hyperfine splitting
of A ~ 6.9 mT is typical for Mn>" located in cation sites with
tetrahedral coordination and it is attributed to Mn>" near the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Bright field TEM images of (a) CdS-alginate and (b) CdS:Mn (4 mol%)-alginate nanocomposites. (c) Particle size distribution histogram for
CdS and CdS:Mn (4 mol%) particles. (d) HRTEM image a single CdS:Mn (2 mol%) particle, the corresponding FTP, and the HRTEM image distance
profile in 3 nm x 1.5 nm particle area (the rectangle in the HRTEM image).

center of the nanocrystal.** However, the spectrum of the
sample under consideration (Fig. 4.) shows hyperfine structure
with hyperfine splitting constant closer to the A ~ 9.6 mT value
that corresponds to the case when Mn>" ions occupy sites with
octahedral coordination. The high A value indicates an increase
in the ionic character of the Mn** bonding, which is likely to be
the case of cations located near the surface of the nano-
crystals.”” This is somewhat expected result since for spherical
CdS nanoparticles of approximately 4 nm in size, about 64% of
cations are located in the surface shell one lattice constant wide
(@ = 0.5811 nm), while 93% of the cations are in the surface
region that extends two lattice constants. Similar A values were
established for Mn®" doped CdS nanocrystals (9.6 mT),*
ZnS:Mn nanocrystals (9.5 mT),* and in the surface layers of Mn-
doped CdSe nanocrystals (8.9 mT).*

To determine contributions to the EPR spectrum of CdS:Mn-
alginate nanocomposite other than that of Mn>" ions in the
octahedral coordination, we simulated a six line hyperfine
spectrum with A = 9.7 mT and D = 0 (red line in Fig. 4b) and
subtracted it from the experimental curve. The difference
spectrum is presented by the green line in Fig. 4b. As it can be
seen, it is composed of 5 equidistant peaks with positions in the
middle of the corresponding simulated spectrum. Near the

This journal is © The Royal Society of Chemistry 2017

surface of the nanoparticle the crystal field symmetry is dis-
torted and the axial fine structure parameter becomes relevant,
leading to the relaxation of the Am; = 0 selection rule. Conse-
quently, the peaks in the residual spectrum originate from 5
pairs of otherwise forbidden Am; = =£1 lines. The intense
forbidden transitions are characteristic for polycrystalline and
disordered materials,* and reflect distortion of the crystal
lattice surrounding Mn*" ions. As it will be seen in the following
section, the fact that Mn** ions occupy lattice sites with lower
symmetry has significant implications on the photo-
luminescence spectra of CdS:Mn-alginate nanocomposites.

3.2. Optical properties of the nanocomposites

In Fig. 5 UV-vis diffuse reflectance spectra of CdS-alginate and
CdS:Mn (4 mol%)-alginate nanocomposites are shown. Both
curves show onsets at approximately 550 nm that corresponds
to the optical electron transitions across the band structure of
the semiconductors. Using the Tauc relation (eqn (2)) the
optical bandgaps for the materials were estimated to E, = 2.35
+ 0.08 eV (inset to Fig. 5). Previous reports®*?*> also gave
evidence of the negligible effect of doping by Mn>" ions in low
concentrations on the bandgap of the semiconductors. Ob-
tained values are in agreement with the bandgap of the bulk,*

RSC Adv., 2017, 7, 53422-53432 | 53427
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Fig. 4 (a) Experimental EPR spectrum of CdS:Mn (4 mol%)-alginate
nanocomposite. (b) Simulated EPR spectrum for Mn?* ions in the CdS
lattice for A = 9.7 mT and D = O (red line) and the corresponding
difference spectrum (green line).

indicating absence of the exciton confinement in the nano-
structures. This result is expected bearing in mind that the sizes
of CdS and CdS:Mn nanoparticles exceed the value of the
exciton Bohr radius of CdS. In addition, the similar values of the
bandgaps found for both materials suggest that the introduc-
tion of Mn>" ions into CdS lattice does not induce additional
optically observable defects in the host, otherwise the bandgap
of the CdS:Mn nanostructures would decrease.

The photoluminescence emission spectra of CdS:Mn
(1 mol%)-, CdS:Mn (2 mol%)-, and CdS:Mn (4 mol%)-alginate
nanocomposites obtained for 490 nm excitation are presented
in Fig. 6a. The spectra of the materials show bands with maxima
at approximately 570 nm (2.17 eV), as well as a broad red
emission band with maxima at 650 nm (1.91 eV), 667 nm
(1.86 eV), and 690 nm (1.80 eV) in the case of CdS:Mn (1 mol%)-,
CdS:Mn (2 mol%)-, and CdS:Mn (4 mol%)-alginate nano-
composite, respectively. For comparison, the spectrum of CdsS-
alginate nanocomposite is also presented. The high energy
band corresponds to exciton emission due to band to band
electronic transitions in the nanostructured semiconductor,
while the red photoluminescence originates from combined
effects of the radiative transitions from the recombination of
charge carriers via defect or surface states and the Mn**
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Fig. 5 UV-vis diffuse reflectance spectra F(R) curves of CdS-alginate
(red line) and CdS:Mn (4 mol%)-alginate (blue line) nanocomposites.
Inset: Tauc graph corresponding to F(R) for both materials.

photoemission. The described photoluminescence of the
nanocomposites was consistent with the change in the excita-
tion wavelength between 470 nm and 500 nm (Fig. 5b).

As it was mentioned previously, Mn** emission originates
from localized 3d states that are strongly affected by the
symmetry of the crystal field of the lattice site occupied by the
ion. It was not possible to unambiguously resolve the yellow
emission (585 nm) in the photoluminescence spectra of
CdS:Mn nanocomposites that originates from the “T; to °A;
transitions of Mn>" ions positioned in sites with tetrahedral
coordination. Consequently, the observed red emission of the
nanocomposites, which, in addition is concentration depen-
dent, indicates different local environments of the dopant. The
red emission of Mn>" in II-VI semiconductors was reported
previously for hollow Cd;_Mn,S quantum wires,** 1-thio-
glycerol caped Mn>* doped CdS nanoparticles,*?* as well as on
individual nanocrystals of ZnS-CdS alloys doped with Mn.** In
their combined experimental and ab initio theoretical study,
Nag et al.** showed that the red emission comes from the 3d-
internal transition of Mn”>" ions located near the surface
regions of the CdS host that are influenced by crystal fields of
distorted tetrahedral symmetry. The EPR results of the present
work are in accordance with that study. In addition, Chen et al.**
reported that the yellow Mn>" emission can be red-shifted by
applying pressure to ZnS:Mn”" nanopatrticles.

Therefore, due to limited diffusion of the Cd*" and Mn>**
cations within the alginate matrix, Mn>" ions are able to occupy
only sites near the surface of CdS nanoparticles of lower than
tetrahedral symmetry that leads to the observed red emission of
the CdS:Mn-alginate nanocomposites. In addition, with an
increase in Mn>" concentration, the number of occupied sites

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) Photoluminescence emission spectra of CdS-alginate and

CdS:Mn-alginate nanocomposites (Aexe = 490 nm). (b) Photo-
luminescence emission (PL) and excitation (PLE) spectra of CdS:Mn
(4 mol%)-alginate nanocomposite.

with lower symmetry also increases, leading to the red shift of
the red-emission band. It is worth to mention that the photo-
luminescence of the CdS:Mn-alginate nanocomposites falls into
the near-infrared window useful for bioimaging and then
opening the possibility of using this nanomaterials for tissue
imaging applications.’

3.3. Cytotoxicity of CdS-alginate and CdS:Mn-alginate
nanocomposites

Due to the inherent acute cytotoxicity of Cd-based quantum
dots,** CdS:Mn-alginate nanocomposites should be tested using
MTT assay in order to see if they are suitable materials for the
fluorescence bioimaging applications. The toxicity of CdS
quantum dots is a consequence two factors. First factor is the
toxicity of cadmium, which is well established and relies on an
increase in oxidative stress, since this heavy metal acts as
a catalyst in the formation of reactive oxygen species.”® The

This journal is © The Royal Society of Chemistry 2017
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second factor is related to the small dimensions of quantum
dots that results in their facile diffusion through tissues and
their possible accumulation in the intracellular regions.>*
Manganese, on the other hand, is an essential trace element
required for enzymatic reactions. A recent study, however, re-
ported that continuous exposure to this element may promote
neurodegenerative damage.*® It was previously reported that
coating of quantum dots by an appropriate surface layers
reduces their toxicity (see for example ref. 52 and references
therein). Consequently, we assume that the cytotoxicity of Cds-
alginate and CdS:Mn-alginate nanocomposites would be low,
since both the diffusion of the nanoparticles and the leaching of
cadmium from the nanomaterial is inhibited by the interaction
between the Cd>" ions and the o-i-guluronic monomers of
alginate.

The amount of cadmium released from the 1.0 wt/vol%
saline dispersion of CdS-alginate and CdS:Mn (4 mol%)-algi-
nate nanocomposite, after 1 h and 2 h of leaching at 37 °C was
measured by the AAS. The results are presented in Table 1. In
the case of CdS-alginate sample, the detected concentration of
Cd?* did not exceed 1.5 ppm, while the amount of Cd** released
from the CdS:Mn (4 mol%)-alginate nanocomposite was
approximately 6 times higher. It is important to note that the
initial concentration of Cd** in both samples was the same. The
reason behind the difference in the leaching of cadmium
between two samples arises from the different surface
morphologies (Fig. 2). More specifically, in the CdS-alginate
nanocomposite the Cd>" ions are chemically bound to the o-1-
guluronic monomers and form spherical structures of the
biopolymer in the initial stages of the ionic cross-linking. On
the other hand, in the CdS:Mn-alginate nanocomposite, due to
competitive ion exchange with Mn>" part of the Cd>" ions might
remain in the vicinity of the biopolymer surface. This assump-
tion can be supported by noting that the majority of Cd** was
immediately released, since the additional hour of leaching
from the CdS:Mn (4 mol%)-alginate nanocomposite resulted in
an increase of cadmium concentration by less than 5%.

The results of the toxicity of CdS-alginate and CdS:Mn
(4 mol%)-alginate nanocomposites versus human fetal lung
fibroblasts MRC-5 cells obtained using MTT assay are presented
in Fig. 7. The tests were performed using eluates obtained after
1 h, 2 h, and 24 h of elution of the nanocomposite dispersions
prepared in high concentrations (0.5 wt/vol% and 1.0 wt/vol%).
It can be seen that the metabolic activity of MRC-5 cell line was
not significantly affected by a 24 h of treatment with the eluates
of the nanocomposites obtained after 1 h of elution. The
reduction in viable cells to 87%, was measured for the eluate of
the 1.0 wt/vol% CdS:Mn (4 mol%)-alginate DMEM dispersion,

Table1 The amount of cadmium released from the 1.0 wt/vol% saline
dispersion of CdS-alginate and CdS:Mn (4 mol%)-alginate
nanocomposites

Time CdS-alginate CdS:Mn (4 mol%)-alginate
1h 1.4 ppm 8.5 ppm
2h 1.5 ppm 8.9 ppm

RSC Adlv., 2017, 7, 53422-53432 | 53429
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Fig. 7 Influence of CdS-alginate and CdS:Mn (4 mol%)-alginate

nanocomposites on the viability of human fetal lung fibroblasts MRC-5
cells determined by MTT assay. The cells were exposed for 24 h to the
eluates of CdS-alginate and CdS:Mn (4 mol%)-alginate nano-
composite DMEM dispersion (concentrations 0.5 wt/vol% and 1.0 wt/
vol%) obtained after 1 h, 2 h, and 24 h of elution.

while 92% of the cells survived in the case of the dispersion of
CdsS-alginate of the same concentration. As it was shown by AAS,
the higher toxicity of the material containing Mn-doped CdS
nanoparticles is a consequence of a larger amount of Cd that
was released from this nanocomposite.

With an increase in the elution time to 2 h and 24 h, the
mortality of the cells generally increased. However, the eluates
of the CdS:Mn (4 mol%)-alginate dispersion obtained after 2 h
of elution showed lower cytotoxicity (cell viability was 98% and
96% for the 0.5 and 1.0 wt/vol% concentration, respectively),
probably due to a depletion of cadmium from the surface
regions of the nanocomposite. Therefore, since cadmium
induces acute cytotoxicity, upon depletion of the heavy metal
from the surface of the CdS:Mn (4 mol%)-alginate nano-
composite the MRC-5 cells recuperate and recover their normal
metabolic activity. The lowest percentage of cell survival for all
investigated cases was 77%, measured for the eluates of the
1.0 wt/vol% CdS-alginate dispersion after 24 h of elution time.

Concentration dependent cytotoxicity of bare CdS nano-
particles, 5-7 nm in size, determined by MTT assay was reported
previously.*® The study showed that the metabolic activity of
CHL cells reduced from 84%, upon exposure to 2.5 ppm of the
particles, to about 20% when the cells were treated with CdS
quantum dots of concentrations ranging from 20 to 80 ppm. In
our case, the nominal concentration of the nanoparticles in the
nanocomposite was 10 wt% that leads to a total CdS concen-
tration in the 1.0 wt/vol% nanocomposite dispersion of
approximately 100 ppm. However, as a consequence of the
chemical structure of the biopolymer and chemical bonding
between Cd>" and a-L-guluronic monomers, the nanoparticle
diffusion from the matrix into the environment is inhibited and
the amount of released cadmium is reduced significantly (Table
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1). Consequently, the MRC-5 cells were exposed to CdS in
a much lesser concentrations, which resulted in the low cyto-
toxicity of CdS-alginate and CdS:Mn-alginate nanocomposites.

4. Conclusions

In this study, we employed biocompatible Na-alginate
biopolymer as a template for an in situ chemical synthesis of
manganese-doped cadmium sulfide nanocrystals in aqueous
solution. The results of the structural investigations showed
that the dopant was distributed in octahedral sites near the
surface of nanocrystal and suggested a distortion of the crystal
lattice surrounding Mn>" ions. This preferential positioning in
the sites of lower symmetry resulted in the photoluminescence
of the nanocomposites between 650 nm and 750 nm. Because of
the chemical bonding between Cd*" ions and alginate, the
cytotoxicity of the prepared nanocomposites, was low in
comparison to the data reported for bare CdS nanoparticles.

Few additional remarks are worth to mention regarding the
study on CdS:Mn-alginate nanocomposites. First, the presented
synthesis results in high concentration of the nanoparticles
with respect to the polymer and can be easily scaled to produce
larger amounts of the nanocomposite. Also, the general proce-
dure can be used for the preparation of alginate nano-
composites with a variety of transition metal doped II-VI
semiconductor nanoparticles (ZnS:Mn, CdS:Cu, etc.). Further-
more, by using water soluble precursors and the biopolymer in
the synthesis, we have avoided the use of toxic capping agents
and organic solvents that are typically employed for the prepa-
ration of semiconductor nanoparticles. Finally, low cost red-
emitting CdS:Mn-alginate nanocomposites of low toxicity
could be advantageous for future fluorescence bioimaging
studies.
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