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Abstract The present paper describes the synthesis, char-
acterization, and utilization of multi-functional magnetic
conjugates that integrate optical and magnetic properties in
a single structure for use in many biomedical applications.
Spontaneous interaction with eukaryotic cell membrane
(HEK-239 cell culture) was determined using fluorescence
microscopy, and fluorescence analyses. Both, differences in
excitation, and emission wavelength were observed, caused
by glutathione intake by cells, resulting in disintegration of
core—shell structure of quantum dots, as well as adhesion
of conjugate onto cell surface. When compared with quan-
tum dots fluorescent properties, HEK-239 cells with incor-
porated nanoconjugate exhibited two excitation maxima
(Aex = 430 and 390 nm). Simultaneously, application of
ideal A, for quantum dots (A., = 430 nm), resulted in two
emission maxima (A = 740 and 750 nm). This nanoconju-
gate fulfills the requirements of term theranostics, because
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it can be further functionalized with biomolecules as DNA,
proteins, peptides or antibodies, and thus serves as a tool
for therapy in combination with simultaneous treatment.

Keywords Excitation - HEK-239 - Luminescence -
Nanoconjugate - Theranostics

Introduction

Over the past decade, magnetism and magnets have found
a growing field of application in the areas of biotechnology
and medical technology. Combining the forces of magnet-
ism with micro- and nanotechnology has further miniatur-
ized the modes of application [1]. Examples of applications
range from magnetoresistive-based biosensors, visualiza-
tion of common biological events, to nanomedicine [2—4].

Maghemite (y-Fe,03) is iron oxide, able to form particles
smaller than 10 nm showing superparamagnetic and para-
magnetic properties at room temperature [5]. The possibilities
of iron oxide nanoparticles have markedly increased due to
the versatile characteristics of these materials arising from the
ability to manipulate and control their surface functionalities,
and thus to form potentially novel material with wide range
of applications. One big advantage of iron oxide nanoparti-
cles is their biocompatibility and low toxicity vertebrates [6,
7], predestining nanomaghemite to enhance the theranostic
possibilities. Within the medical field, nanomaghemite has
been studied widely to enhance cancer treatment, and diag-
nostic techniques, such as drug delivery systems [8—10], pho-
toabsorbers in photodynamic therapies [11, 12], hyperthermia
in cancer therapies [13—15], and magnetic resonance imaging
(MRI) contrast agent carriers [16—18].

Nanoparticles like maghemite, as well as carbon nano-
tubes, and others lack fluorescent properties sufficient to
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monitor their optical transport in vitro or in vivo, limiting the
study of their transport [19]. Even though gadolinium has
been used to enhance contrast of iron oxide nanoparticles by
Kim and colleagues, and they demonstrated the potential of
iron oxide nanoparticles as T; MRI contrast agents in clinical
settings [20], only few attempts have been made to optically
track nanomaghemite interaction in eukaryotic cells [21, 22].

Employment of quantum dots as labels offers numerous
advantages, as they are resistant to both photo- and chemi-
cal degradation over time, and they provide a wide excita-
tion band with a narrow emission band [23]. Furthermore
they exhibit pronounced brightness compared to other fluo-
rophores. A lot of studies have been aimed at determination
of both in vitro and in vivo toxicity of these nanoparticles
and the results are promising to use these nanomaterials in
vivo. It was shown that QDs toxicity is highly dependent
on QDs crystal size, stability in solution, as well as physi-
cal environment [24-26]; however, the use of properly pre-
pared and modified QDs had negligible toxicity. Moreover,
these particles can be conjugated to other materials as they
were successfully conjugated to maghemite nanoparticles
through covalent binding [27], or using binders like 3-ami-
nopropyltrimethoxysilane (APTES) [28]. Generally, in
core—shell QDs such as ZnSe/CdS or CdTe/CdS the shell
material is grown onto the core material to reduce the non-
radiative recombination effectively by confining the wave
function of an electron—hole pair to the interior of core
material [29, 30]. Such core—shell particles display efficient
luminescence with stability superior to single phase nano-
particles and organic dyes and are of great interest for bio-
logical imaging and light-emitting devices [31].

The aim of this study was preparation of conjugate com-
prising CdTe/CdS quantum dots (QDs) with nanomagh-
emite and application of the human embryonic kidney 293
cell culture (HEK-293). We hypothesized that GSH stabi-
lization of QDs may provide interaction with cell mem-
branes. Moreover, the adsorption of cells on surface of con-
jugate can be utilized for separation of cells from medium.

Experimental Section
Chemicals

Standards and other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) in ACS purity, unless noted
otherwise. Working solutions like buffers and standard solu-
tions were prepared daily by diluting the stock solutions
with deionized water obtained by using reverse osmosis
equipment Aqual 25 (Aqual s.r.o., Brno, Czech Republic).
The deionized water was further purified by using an appa-
ratus Direct-Q 3 UV Water Purification System equipped
with an UV lamp (Millipore, Billerica, MA, USA). The
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resistance was established to 18 MQ cm™'. The pH was
measured using a pH meter WTW inoLab (Weilheim,
Germany).

Cell Culture

The HEK-293 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10 %
foetal bovine serum (FBS, Gibco, Grand Island, NY,
USA), 2 mM L-glutamine, 100 U mL~! of penicillin, and
100 g mL~! of streptomycin in a humidified chamber at
37 °Cand 5 % CO,. Selected cells were subjected to in vitro
interaction with 10 pL of GSH-QDs@nanomaghemite in
concentration of 500 wg mL~! prepared in the presence of
phosphate-buffered saline (PBS).

Synthesis of Nanoparticles

Nanomaghemite particles were prepared according to the
following protocol: Briefly, 5 g of FeCl;-6H,0 was dis-
solved in 400 mL of water and subsequently 1 g of NaBH,
in 50 mL of 3.5 % NH; [7 mL 25 % NHj; in 43 mL of H,O
(v/v)] was added. Mixture was heated for 2 h at 100 °C.
After cooling to room temperature, nanomaghemite was
separated using the magnetic force of external magnetic
field. Further, maghemite nanoparticles were washed five
times with water and dried at 40 °C.

CdTe/CdS quantum dots were prepared as follows: (I)
solution of CdTe QDs was prepared by dissolving the cad-
mium acetate dihydrate (0.044 g) in 76 mL of MiliQ water
using the stirrer Biosan OS-10 (Biosan, Riga, Latvia). Fur-
ther, 60 mg of mercaptosuccinic acid (MSA) dissolved in
1 mL of water was added followed by addition of 1.8 mL
of 1 M NH;. Finally, solution of Na,TeO; (0.0055 g) was
added and after few minutes 50 mg of NaBH, was poured
into the stirred solution. After 1 h lasting stirring, volume
was adjusted to 100 mL using water and further, the solu-
tion was heated in microwave reactor Multiwave 300
(Anton Paar, Graz, Austria) using conditions as follows:
300 W, 120 °C, 10 min. (II) solution of CdS was prepared
using a reaction of cadmium acetate dihydrate (0.022 g)
with reduced glutathione (0.1229 g) and 1 mL of 1 M NH;
in 24 mL of water. Further, sodium sulphate nonhydrate
(0.012 g) in water (25 mL) was added under stirring, lasting
2 h. (III) finally CdTe/CdS QDs were prepared by mixing of
1 mL of both solutions together in glass vial subsequently
heated in microwave reactor at 90 °C for 10 min (Multiwave
300, Anton Paar, Graz, Austria).

GC Organic Elemental Analysis

To obtain the basic information about QDs organic element
composition, liquid sample of QDs was dried at 220 °C,
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and analysed using Automatic elemental analyzer Flash
2000 (Thermo Fisher Scientific, Waltham, MA, USA),
equipped with two isothermal GC separation columns
(CHN/NC separation columns, 2 m, 6 x 5 mm Stainless,
PQS, 2 mm unions, OEA Laboratories Limited, Callington,
UK) and thermal conductivity detector (TCD). The flow
rate of helium was set to 140 mL min~!, and the separation
temperature was set to 65 °C.

Fluorescence Measurements

X-ray fluorescence element analysis was carried out on
Xepos (SPECTRO analytical instruments GmbH, Kleve,
Germany) fitted with three detectors: Barkla scatter—al-
uminium oxide, Barkla scatte—HOPG and Compton/
secondary molybdenum respectively. Analyses were con-
ducted in Turbo Quant cuvette method of measurement.
The parameters for analysis were as follows—measurement
duration: 300 s, tube voltage from 24.81 to 47.72 kV, tube
current from 0.55 to 1.0 mA, with zero peak at 5,000 cps
and vacuum switched off. Fluorescence analyses were car-
ried out on multifunctional microplate reader Tecan Infinite
200 PRO (TECAN, Maennedorf, Switzerland). Sample was
applied into UV-transparent 96 well microplate with flat
bottom Costar® purchased from Corning Inc. (NY, USA).
The dose per well was 50 nL of sample for all analysed
variants. All measurements were performed at 30 °C con-
trolled by Tecan Infinite 200 PRO (TECAN, Switzerland).
For the fluorescence measurements of QDs, excitation
wavelength was set to A, = 430 nm, and the fluorescence
scans were carried out within the range from 500 to 870 nm
(emission wavelength step size: 5 nm, gain: 90; number of
flashes: 5).

UV/VIS Spectrophotometry

Absorbance analyses were carried out using UV/VIS
spectrophotometer SPECORD 210 (Analytik Jena, Jena,
Germany). Carousel was tempered to 37 °C by a flow
thermostat Julabo F25 (Julabo, Seelbach, Germany), with
volume of sample 200 wL per analysis.

Ion-Exchange Liquid Chromatography

For identification of glutathione presence in the synthe-
sized quantum dots, the ion-exchange liquid chromatogra-
phy with post column derivatization by ninhydrin and the
absorbance detector operating in the VIS range at 440 nm
was employed. Glass column tempered to 60 °C with inner
diameter of 3.7 mm and 350 mm length was filled manu-
ally with strong cation exchanger in sodium cycle LG ANB
with approximately 12 pm particles and 8 % porosity. The
elution mobile phase (pH 2.7) contained 11.11 g of citric

acid, 4.04 g of sodium citrate, 9.25 g of NaCl, 0.1 g of
sodium azide and 2.5 mL of thiodyglycol per liter of solu-
tion, using the flow rate of 0.25 mL min~'. Other experi-
mental conditions were used as previously published [32].

Microscopy

Microscopic studies were performed using an inverted
Olympus IX 71S8F-3 fluorescence microscope (Olympus,
Tokyo, Japan) equipped with a mercury arc lamp HBO
50 W (OSRAM GmbH, Munich, Germany) for illumina-
tion. The excitation filter 545-580 nm and the emission fil-
ter of 610 nm was employed. Images were acquired with
a Camera Olympus DP73 and processed by Stream Basic
1.7 software with the software resolution of 1,600 x 1,200
pixels.

Descriptive Statistics

Mathematical analysis of the data and their graphical inter-
pretation were made using Microsoft Excel®, Microsoft
Word® and Microsoft PowerPoint®. Results are expressed
as mean = standard deviation (SD) unless noted otherwise.

Results and Discussion
Characterization of Nanomaghemite @QDs Conjugate

To demonstrate the fluorescence properties of CdTe/CdS
quantum dots prepared by us and their conjugate with
nanomaghemite, we firstly prepared conjugate comprising
QDs@nanomaghemite. As it was described previously by
Chowdhury et al. [33], iron oxide nanoparticles adsorption
towards cadmium proceeds very willingly. In their adsorp-
tion study, using mixture of maghemite and magnetite it
was shown that cadmium may become fixed by complexa-
tion with oxygen atoms in the oxy-hydroxy groups at the
shell surface of the iron oxide nanoparticles. Moreover,
the coupling between the CdTe/Cds QDs and the nanomet-
ric iron oxide particles was supported by thiol chemistry.
Thiols (-SH) are probably the mostly utilized functional
groups for modifying the QDs, due to thiol groups natural
ability to bind with metals on the surface of QDs [34-36].
Therefore we decided to use self-assembly adsorption of
1 mL of QDs onto 2 mg of nanomaghemite, and after 5 min
lasting interaction, remaining liquid was removed using
external magnetic field. This procedure was made once and
then conjugate was resuspended with 2 mL of phosphate
buffered saline (PBS).

Figure 1 shows the photographs of the CdTe/
CdS @nanomaghemite solution after 5 min lasting inter-
action (Fig. la), CdTe/CdS (Fig. 1b), and the solution
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of nanomaghemite in PBS without QDs (Fig. 1c). QDs
exhibited a homogenous physical state, until binding to
nanomaghemite was established (Fig. 1a). Although magh-
emite nanoparticles quickly sink to the bottom, they should
be rapidly dispersed using a force of external magnetic field,
due to their excellent paramagnetic properties [37—40]. When
excited under UV lamp (\,, = 312 nm), as it is shown in
Fig. laa—ca, both the solution of CdTe/Cds @nanomaghemite
(10 min stirred for perfect dispersion of nanoparticles), and
CdTe/Cds exhibited red—orange emission, caused by the uni-
formity in particle size as a result of the quantum-confine-
ment effect [41].

To obtain more information about elemental character-
istics of glutathione-modified CdTe/CdS quantum dots,
X-ray fluorescence (XRF), and gas chromatography with
TCD were employed. As it is shown in Fig. 2a, express-
ing percentual representation of elements forming QDs,
the most abundant element was sulphur, represented with
21.25 %. Sulphur was primarily used for synthesis of CdS

as a part of CdTe/CdS QDs. Moreover, sulphur is contained
in glutathione comprising thiol groups as the most utilized
ligands for stabilization of semiconductors and noble metal
nanocrystals [31, 42]. Cadmium was identified as sec-
ond in row, in the manner of quantity with 19.49 % from
total elemental composition, as it was used as a main ele-
ment in QDs synthesis. Finally tellurium was determined
as plentiful in QDs sample with 7.8 %. Although sulphur
was determined as the most abundant element using X-ray
fluorescence, this method is limited in sense of detection of
organic elements. Hence, to obtain further insight into QDs
organic elemental composition the GC-TCD was employed
(Fig. 2a). Interestingly it was found that even though the
sulphur amount, determined using XRF was approxi-
mately comparable with other determined elements, using
GC-TCD; sulphur was shown to form only a small amount
of organic elements portion when compared to nitrogen,
hydrogen and carbon. This phenomenon aims at large
amount of glutathione, covering the surface of quantum

Fig. 1 Photography of quantum dots a bound on nanomaghemite nanoparticles, b without nanoparticles binding, ¢ of nanoparticles dispersion
without QDs. With down case letters (a, b, ¢) there are shown pictures of the same solutions under the UV light (., = 312 nm)
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Fig. 2 Characterization of GSH-stabilized CdTe/CdS core—shell
quantum dots (hereinafter GSH-QDs). a X-ray fluorescence expres-
sion of elemental composition of our semiconductor nanocrystals with
(aa) showing gas chromatographic (GC-TCD) results. b Absorbance
of GSH-QDs and absorbance of complex after binding on nanomagh-
emite (hereinafter GSH-QDs@nanomaghemite). ¢ The expression
of fluorescence of GSH-QDs and GSH-QDs@nanomaghemite with
detector gain set to 90, and excitation (A, = 430 nm). d The presence

dots, making the nanoparticles more stable, and accessible
for interaction with other molecules.

It is shown in Fig. 2b that absorbance of both QDs
and QDs@nanomaghemite conjugate shows the same
maximum at approximately A 660 nm, pointing at
red colour of QDs. The elevation in absorbance val-
ues of QDs@nanomaghemite conjugate is caused by
the presence of maghemite nanoparticles, causing the
measured solution turbid, and thus more immersive for
spectrophotometer’s beam. Hence, the absorption maxi-
mum of QDs@nanomaghemite is shifted slightly to the
right in the VIS region. Fluorescence measurements of
QDs and QDs@nanomaghemite conjugate, according to
emission maxima, show that the fluorescence behaviour of
CdTe/CdS after binding with nanomaghemite was retained,
but the emission yield was decreased, due to binding, and
thus partial quenched (Fig. 2c). Quenching may be caused
due to several reasons, like non-radiative transfer on the
surface of the particle, leading to a strong absorption of the
transmitted light by the iron oxide nanoparticles, as it was
described by Dubertret et al. [43], or due to a close pres-
ence of individual fluorophores, causing inter-molecule

of glutathione in GSH-QDs complex determined using ion-exchange
chromatography with postcolumn derivatization with ninhydrin,
and subsequent VIS detection (A = 440 nm). e Microphotograph of
GSH-QDs@nanomaghemite f as well as fluorescence micropho-
tograph; and g merging of these two images. The particles were
photographed under a microscope using magnification x 100.
h Microphotograph (merged) of GSH-QDs@nanomaghemite using
magnification x 600

quenching [44]. Despite the quenching of luminescent
QDs, quantum yields are still sufficient for labelling
applications.

Because elemental analysis showed relatively large
portion of organic elements, probably originated from
glutathione, we carried out ion-exchange liquid chroma-
tography (IELC) analysis to gain further insight into glu-
tathione portion in quantum dots (Fig. 2d). Both QDs and
QDs@nanomaghemite conjugate were dissolved in 3 M
HCI prior to LC analysis, and subsequently evaporated
using nitrogen blow-down evaporator Ultravap 96 with spi-
ral needles (Porvair Sciences Limited, Leatherhead, UK),
following protocol commonly used by us for LC analy-
ses of various analytes bound on paramagnetic particles
[32, 45]. According to calibration curve, carried out for
glutathione (y = 0.2985x + 0.695, R = 0.9965), amount
of peptide in CdTe/CdS quantum dots was determined as
13 wg mL~! of QDs solution, and glutathione retained
very similar retention time (7.11 min) when compared with
standard in concentration of 30 g mL~! (7.25 min). GSH
content in QDs@nanomaghemite conjugate was evaluated
to 9 wg mL~!, and retention time of peptide was slightly
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shifted (8.09 min). The shift can be related to the interac-
tions of GSH covered QD with nanomaghemite. Lower por-
tion of glutathione was caused by recovery of nanoparticles
that may be calculated as GSHqps@nanomaghemite/ GSHqps
x 100, and was found as 69 %. Recovery in this manner
was caused by partial clustering of nanometric maghemite
particles that were shown to cluster willingly in powder
form [46], and thus reduce their functional surface.

As it was mentioned above, although quenching, and clus-
tering phenomenons were observed, QDs@nanomaghemite
conjugate was still very simple detectable using fluorescence
microscopy (Figs. 2e-h), exhibiting red—orange emission,
using QD fluorescence filter which operates in A, = 430-
475 nm (Nikon, Tokyo, Japan).

Cell Experiment

To demonstrate further the practical application of
QDs@nanomaghemite conjugate, we carried out experi-
ment with HEK-239 cells (Fig. 3). The obtained results
revealed that conjugate can be used as a fluorescent and
magnetic forced tool for distribution of therapeutics tar-
geted to membrane organelles of cells. It was shown that
after >30 min lasting interactions, the prepared conjugate
adhered onto cells surface, as it is distinctly indicated in
Fig. 3a—cb, using magnification x400. This effect is caused
by high absorption capability of maghemite nanoparticles,
as well as by modification of glutathione providing NH,;
—COOH or —SH moieties’ that can be possible available for

HEK cells

Ambient light

Fluorescence

Merge

Fig. 3 Microphotographs of a HEK-239 cells in ambient light;
b their fluorescence; and ¢ merged ambient light with fluores-
cence. As a downcase letter there are highlighted microphotographs
of HEK-239 cells a after 30 min lasting interaction with GSH-
QDs@nanomaghemite, b after 1 h lasting interaction with GSH-
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30 minutes interaction + QDs ‘

60 minutes interaction + QDs

QDs@nanomaghemite, and ¢ merged ones. The cells were photo-
graphed under a microscope (x100; and x400 respectively in the
case of a—cb). Interactions were performed at 37 °C under a humidi-
fied atmosphere containing 5 % CO,
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Fig. 4 a Expression of excitation scans (excitation i, = 350- sion of emission scans, using ideal excitation obtained from previous

490 nm) carried out for all individual parts of complex as well as
for HEK-239 cells. There are emission maxima for the ideal excita-
tion wavelengths, showing different fluorescent behaviour of com-
plex adhered on a surface of the HEK cells (red square). b Expres-

interaction [47, 48], but the mostly utilized binding moiety
has to be further examined. Cells intake of glutathione is
rapidly increasing during various pathological conditions,
as oxidative stress, nitrosative stress, inflammatory, cancer,
chemotherapy, ionizing radiation, heat shock, heavy metals
intake and many others [49-51], and thus conjugate may
serve as a targeted nanotransporter, as well as a diagnostic
tool, meeting the conditions of theranostics term. Moreo-
ver, conjugate also offers many possibilities to be function-
alized with biomolecules as DNA, proteins, peptides, or
antibodies. There is also important to mention that this sys-
tem can be utilized as bimodal anticancer agents for com-
bined chemotherapeutic and hyperthermia and/or photody-
namic therapy [52, 53].

Besides basic microscopy, fluorescence analyses were
performed to obtain information about cells influence on
quantum dots excitation, and emission yields. Prior to fluo-
rescence analyses, HEK-239 cells were divided of DMEM,
after interaction with QDs@nanomaghemite using exter-
nal magnetic field for their separation from medium and
intriguingly, the bond between conjugate and cells was

measurement (., = 430 nm). Two peaks of emission maxima were
observed after adhesion of complex on a surface of the HEK cells
(red square). Detector gain for both analyses was set to 100

strong enough to withstand three washing steps with PBS.
Further cells were resuspended with PBS to final volume
of 50 pL in 96-well microplate with flat bottom Costar®
purchased by Corning (NY, USA). Primarily, we carried
out excitation scan analysis (Fig. 4a). Interestingly, when
compared with QDs and QDs@nanomaghemite, in HEK-
239 cells, after interaction, there were determined two
excitation maxima at cell culture. First one, identical with
excitation of QDs ()., = 430 nm), but with different emis-
sion maximum (A = 740 nm for HEK-239 cells, compared
with 745 nm for QDs), and second one at 390 nm with
emission maximum of 735 nm. This phenomenon points
at interaction elapsed on the cell membranes, likely influ-
enced by degradation of glutathione from the surface of
QDs@nanomaghemite conjugate, causing partial disinte-
gration of CdS shell from CdTe core. Hence, the fluores-
cence properties of QDs composite are changed. Similar
results were observed using ideal excitation, obtained from
previous analysis (., = 430 nm), to obtain emission max-
ima scans (Fig. 4b). Expected emission maximum of cell
culture (740 nm) was observed, but second maximum was
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determined also at emission wavelength of 750 nm. This
maximum exhibited lower fluorescence value, but again
pointed at changed luminescence properties of the prepared
conjugate, after interaction with cell membrane. These data
may serve as evidence that QDs@nanomaghemite conju-
gate spontaneously interact with eukaryotic cell membrane,
and thus has a potential to offer many biomedical possibili-
ties, such as nanotransporters into tumorous cells, where
increased oxidative stress commonly occurs.

Conclusions

In our study, we showed that water dispersible, multi-func-
tional CdTe/CdS quantum dots, stabilized with glutathione
may be utilized for labelling of maghemite nanoparticles,
and thus they can offer the possibility to observe the inter-
actions between iron oxide nanometric particles and eukar-
yotic cells (HEK-239 in this case). Moreover, the resulting
conjugate QDs@nanomaghemite demonstrated excellent
fluorescent and paramagnetic properties. We revealed the
possibility of QDs@nanomaghemite to serve as a labelled
nanotransporter of drugs, targeted to the molecular struc-
tures, placed on cell membranes. Approach in this manner
may fulfil the requirements of theranostics term, because it
can be further functionalized with biomolecules as DNA,
proteins, peptides or antibodies, and thus serve as a tool for
therapy in combination with simultaneous treatment. More-
over, the presence of iron nanoparticles provides the possi-
bility of application in hyperthermic, and/or photodynamic
therapy. Functionalization of magnetically doped QDs with
Gd** ions may show potential also as a MR contrast agent,
too.
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