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The interaction between CdTe quantum dots (QDs) with human serum abumin (HSA) and human cell
culture was studied by optical spectroscopy technique. Performed research explored the interaction between the
CdTe QDs and HSA, and fluorescence imaging efficiency of the QD-HSA bioconjugates in comparison with
colloidal QDs. The secondary structure of the HSA is similar to the native form, which suggest a biocompatibility
of prepared bionanocomplex. The CdTe QD-HSA bionanoconjugate shows chemica stability in phosphate-
buffered sdine (PBS) under ambient conditions, furthermore, it is stable in cytoplasm and suitable for cell
labeling, tracking, and other bioimaging applications. The CdTe QDs located in an osteosarcoma cancer cells
show a high luminescence intensity. The light emission of the CdTe QDs connected with abumin is less than the
pure QDs, but it is still satisfactory, and additionally it is stable and have long photoluminescence lifetime. It
suggest, that the CdTe NC-HSA bionanocomplex can be used as a fluorescent probe for cell labeling, tracking,

and other bioimaging applications.
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I ntr oduction

Nanotechnology plays a central role in the recent
technological advances in the areas of disease diagnosis,
drug design and drug delivery. The nanotechnological
applications to disease treatment, diagnosis, monitoring,
and to the control of biological systems have been
referred to as “nanomedicing’[1,2]. Nanomedicine
needbiologically relevant nanostructures including
semiconductor nanoparticles, magnetic nanoparticles,
carbon-based nanostructures and metallic nanoparticles.
Research on semiconductor nanocrystals (NCs), aso
known as quantum dots (QDs), and their application in
nanomedicine, has intensified rapidly in the past few
decades [3-10].

QDs are useful asanovel probein biosensors as well
as for bio-imaging due to unique size dependent ther
opticl and  dectricadl  properties.  Moreover,
semiconductor QDs are aso becoming valuable
analytical tools for nanomedicine as they offer the
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opportunity to design luminescent probes for labeling,
imaging, and sensing with unprecedented performance
[4].From a point of view of biomedical applications the
I1-V1 based QDs have particular interest due to broad
absorption spectra, narrow photoluminescence spectra,
sizetunable spectra and high sendtivity. These
nanoparticles are brightly fluorescent, enabling their use
as imaging probes both in vitro and in vivostudy
[5].Moreover, a semiconductor QDs are able to
fluorescence resonance energy transfer process (FRET)
and by this effect can be commonly used as a biological
molecular probes [3]. In composition with other
chemicals or materias their optical properties could be
easily modified [6, 7].

There has been increasing interest in estimating the
toxicity of the I11-VI based undoped (as well as doped)
QDs because the tremendous focus on these
nanoparticles due to their biologica and biomedical
applications. However, the toxicity of QDs including
CdTe QDs can be minimized by their composition with a
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biocompatible shell [8].

It is well known that the human serum abumin
(HSA) is the most abundant protein in blood plasma
which is involved in the transport of a variety of
endogenous and exogenous ligands [9]. Transportation,
distribution, physiological and toxicological actions of
the ligandsin vivoare closely related to their binding with
proteins. Several reports have been devoted to study such
kind of interaction between the 11-VI based nanoparticles
and HSA as well as bovin serum albumin (BSA) [9-14].
So, it is very significant for nanomedicine to investigate
the interaction between the nanoparticles and the major
carrier protein like BSA and HSA.

One of nanomedicine applications of the I1-VI based
QDs is earlier diagnostic of cancer cels including
osteosarcoma cells. Osteosarcoma is the primary
malignant tumor of bone in adult, young people and
children.Patient’ sb-year survival rate is between 50 to
63 % [15]. The tumor is frequently localized in femur
and tibia bones, but the cancer diagnosisis very difficult
and often too ineffective. Researchers proved that
osteosarcoma cells have numerous genetics mutations
and other abnormalities, which additionally hinders the
effective diagnosis and treatment [16]. Early detection is
particularly important, because the tumor is prone to
metastasize (especially in the lung). The human
osteosarcoma cell line was selected to determine the
interaction of the CdTe QDs with human cancer cdlls
[17].To improve the cancer detection and treatment
effectiveness, researches on the cedl lines with
nanoparticles are conducted increasingly [9-18].

In our previous short communication [19,20] the
results onoptical spectroscopy in the region of the
fundamental absorption edge of the CdTe QDs connected
with HSA as well as the photoluminescent spectra of
some size of QDs, were presented. In the present work,
the results of research dedicated to the CdTe quantum
dots interaction with human serum abumin and human
cel culture are reported. Perticularly, the size and
temperature influence on these interactions is considered
in wide region of these parameters. The different
methods are used for this aim: the UV-VIS absorption
and fluorescence spectroscopy(as well as fluorescence
microscopy)as main methods, complemented by Infrared
and Raman spectroscopy for chemical functional groups
identification, and detection of changes in protein
secondary structure through changes in oscillation
spectra. Prepared constructs of different concentrations
of CdTe QDs under interaction with HSA protein as well
as pure CdTe QDs are investigated to found an optimal
product for human cancer cellsbio-imaging.

|. Experimental

Nanoparticles of CdTe were prepared in aqueous
solution a room temperature using procedure similar to
described in [17,18]. Briefly, Cd precursor solutions
were prepared by mixing 3 mmol of CdCl, with 225 ml
of ultrapure water followed by 7.7 mmal of thioglycolic
acid (TGA) under magnetic gtirring. The pH value of the
mixed solution was adjusted to 10.0 by dropwise addition
of IMNaOH solution. Then, gas mixture of Ar and H,Te
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was passed through the solution. The reaction time was
varied to achieve different molar ratio of Cd*": Te*:TGA.

Transmission eectron microscopy (TEM) was used
in order to confirm the structure of the grown
nanoparticles. estimate shape and determine the average
size of nanocrystals as well as their composition and
crystal structure. A TEM instrument Tecnai Osiris X-
FEG TEM microscopy that provides maximum
resolution of 0.136 nm has been used. For this kind of
microscopic analysis a drop of colloidal suspension was
placed on special carbon-coated copper grid.

HSA was purchased from PJSC Biofarma (Ukraine) at
the concentration of 1.5x10° mol ™. Solutions of
CdTenanocrystals with HSA were prepared by adding the
set amount of quantum dots (from 0.1 x 10° moll™to 1.9
10° mal 1) to fixed volume of HSA (1 ml) and stirred for
2 min. The experiments were garted in 10 min after the
sample preparation. It alow to achieve the temperature
equilibration.

The absorption spectra of HSA, CdTe QDs and
HSA-QDs solutions were recorded at room temperature,
with using a UV-VIS Evolution 300 (Thermo Scientific)
spectrophotometer. Whereas, photoluminescence spectra
of the colloidal CdTe QDs, pure HSA solution and HSA
under interaction with different concentrations of the
QDs (0.6; 0.9; 1.5 10°moal I™* of QDs), were measured by
means of F-2500 Hitachi spectrofluorymeter, equipped
with a 1.0 cm quartz cell. An excitation radiation with
wavelength of 325 nm was chosen to record the emission
intensity in the wavelength region from 350 to 850 nm at
room temperature.

The oscillation spectra are obtained using Fourier
transform infrared (FTIR) spectrometer Vertex 70v
(Bruker) applying the Attenuated Total Reflectance
(ATR) technique. The measurements were performed
with 60 scans, and the 1 cm™spectral resolution. The
Raman spectra were acquired with the Smart Raman
DXR (Thermo Scientific) spectrometer in narrow
spectral range of 1000 — 1800 cm™. The 14 mWpower
and 780 nm wavelength semiconductor laser was used as
alight source.

The human bone osteosarcoma 143b cells were
maintained in Dulbecco's Modified Eagle's medium
(DMEM), supplemented with: fetal bovine serum (FBS)
(10%), and penicillin-streptomycin (1%) antibictic. The
cells were incubated in 5% CO, at 37°C. The cdlls were
collected and centrifuged for 7 min, a 4°C, a 6009
force. Then, the cells were seeded in a 96-well plate at a
density of 8.0x10cells per ml, and incubated during
24h. The CdTe QDs were mixed with DMEM medium to
8, 20, 30x10°mol I*of QDs concentration. An aliquot
(100ul) of prepared solution was added to each well, and
incubated by 3, 6, 9 and 24h.In the next experiment of
the QDs-cdll interaction, osteosarcoma cells were fixed
by pre-cooled methanol and the cdl membrane was
permeated by incubating in 0.1% Triton X-100 reagent.
In this case of experiment CdTe nanoparticles were
mixed with phosphate-buffered saline (PBS buffer), and
100ul aliquot was added to cell culture, and incubated for
10 minutes.

The fluorescence ability of the CdTeQDs under
interaction with additional amount of albumin (inside
cancer cells) were also investigated. Cell nuclei were



stained with Hoechst 33342 fluorescent dye, for 5 min, at
room temperature, in the dark. The image were taken by
In Cdl Anayzer 2000 automated microscope (GE
Healthcare, UK). Image were taken with two different
excitation/emission filters (543/605 nm for CdTe QDs
and 350/455 nm for Hoechst 33342 dye).

Il. Resultsand Discussion

The TEM and HR TEM images of typica colloida
CdTe nanoparticles are shown in Fig. 1.In insert of Fig. 1
is shown an atom-resolved image of one CdTe-QD. As
can be seen the shape of the nanoparticles is close to
spherical and the average diameter of the nanoparticlesis
found to be approximately from 2.5 to 3.2 nm. It is seen
in insert the crystaline structure of QDs is perfect.
Averaged size of bi onanoconjugates (or
bionanocomplexes) were confirmed by AFM
measurement, and it was about 10-15 nm.

For the evaluation of optical properties of pure QDs,
pure HSA and QDs CdTe-HSA complex absorption
spectra are recorded and analyzed. An addition of HSA
to colloidal CdTe nanoparticles leads to a gradua
decrease of optical density and broadening of exciton
structure [20]. However, energy position of the exciton
bands is not shifted. The obtained results indicate that the
binding process between the QDs and the protein
mol ecul es change not the el ectron states in the QD.

Photoluminescence spectra of HSA under interaction
with QDs have been recorded on spectrofluorymeter
upon excitation wavelength optimal for the investigated
QDs which is dependent on their size and shape resulting
in a certain position of absorption bands. The
photoluminescence intensty of HSA progressively
decreases with increasing of the of CdTe QDs

Fig. 1. TEM and HR TEM (insert) images of the
colloidal CdTe quantum dots.

to characterize changes of the optical properties and
determine the type of interaction between protein and
guenchersin solution. The photoluminescence quenching
mechanism for quantum dots can be determine from the
Stern-Volmer eguation. Obtained results, as in [19, 20]
suggest that the nature of quenching is static, resulting in
forming QDs CdTe-HSA bionconjugates.

Infrared and Raman spectroscopy are complementary
techniques and they are commonly used for the chemical
structure determination of molecules as well as the
conformation changes and interaction between molecules
[21, 22]. For andyze the oscillation pectra of the HSA,
and tested the changes of the HSA dructure after
interaction with CdTe QDs, at first the FTIR spectroscopy
was investigated. The obtained results are shown in Fig. 2
and presented in Table 1.

Infrared spectra of HSA contains typical lines
corresponding to amide bands of proteins. Amide | band

mainly occurs in the region of 1600 to 1700 cm™ and
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Fig. 2. FTIR spectra of the CdTe QDs (blue), HSA (red), HSA after interaction with CdTe QDs (grey).

concentration. Fluorescence quenching is a powerful tool

amide Il band in the region of 1500-1550 cm™. Amide |
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Table1

Identification of the lines observed in the FTIR spectra of HSA (Fig. 5); s-strong, m-medium, w-weak

Position of line (cm™) I dentification Reference

1 3429 (m) O-H stretch 24,25

2 3278 (m) N-H stretch 24-26

3 2960, 2934, 2873 (m) C-H stretch (asymmetric and symmetric methyl-) 24, 25

Amide | (C=0 dretch, CN stretch, CCN deformation,

6 1650 (s) NH bend) 23, 24, 26

7 1547 (3) Amide Il (NH bend, CN stretch, CO in plane, CC, NC 23,24, 26
stretch)

8 1446(w) C-H bend 24,25

9 1402 (m) COO- stretch and C-H bend 24,26

10 1319 (m) O-H bend 25

11 1259 (w) Amidelll (CN stretch, NH bend, CO in plane, CC 23,24, 26
stretch)

13 1129 (w) skeleton vibration 25, 26

corresponds mainly to the stretching vibration of peptide
carbonyl group (C=0), but aso to CN stretching, CCN
deformation, NH bending vibrations. Amide Il band is
attributed to C—N stretching coupled with N—H bending
vibrations and in less intense to CO, CC, NC dgtretching
vibrations [23, 24]. Apart from these two main lines,
other characteristic signals for the HSA protein were
reported. The weak line observed a 1259
cm *corresponds to the amide 11l band and it can be
assigned mainly to CN stretching, and NH bending a
vibrations [23, 24].The region from 2800 cm* to 3600
cm™ is also interesting, and associated with the bands
corresponding to C-H , N-H and O-H dtretching
vibrations [25]. The N-H vibration lines recorded at 3278
cm™and 3070 cm™ (very weak) are named amide A and
amide B [26]. The line attributed to O-H bonds is
observed approximately at 3429 cm™, and C-H bands at
around 2960cm™, 2934cm™, 2873 cm®, (stretching
vibration) aswell as at 1446 cm*(bending vibration) [24,
25]. Other bands are assigned to the chemica group of the
amino acids in the HSA protein and to molecule's
skdeton. The most unique for each sample is the region
from 500 to 1300 cm™, it is called as the fingerprint region
[23, 25].

Both of the amide | and amide Il lines indicate the
secondary structure of protein (especialy amide 1)[27,
28]. Shifting of position of the peak maximum is not
large, from 1650 cmto 1652 cm*for amide | and from
1547 cm™to 1548 cm™*for amide II. However, the peak’s
shapes and peak’s intensity dightly changed also, and
confirmed only dightly modification in the secondary
structure of the HSA protein after interaction with the
CdTe QDs. In the region from 1200 to1500 cm™,
described as amide 111 region the structural changes were
noticed also [29].Collected Raman spectra confirmed
results based on the analysis of infrared spectra The
major line observed at 1657 cm™in Raman spectra and at
1650 cm™ for FTIR spectra assigned to the amide | bonds
is characteristic for the a-helical protein structure [23]. o-
helix and p sheets are the most common type of
secondary structure of protein. The a-helix is coiled in a
right-handed structure, and is stabilized by hydrogen
bonding occurs between successive turns of the helix. In
B sheets conformation (named zig-zag) an amino acids
lie either parallel or antiparallel to one another, and the
hydrogen bonds are localized between the strands
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[30].The mentioned amide | line was shifted from 1650 to
1652 cm™ in FTIR spectraand from 1657 cm™ to 1651 cm’
lin Raman spectra, and itsintensity decreased, indicating a
dight reduction of a-hdical folding protein type. That
means HSA conformation is not much changed, and the
protein sructureis similar to natural one.

In order to prove that the CdTe QDs and CdTe QDs
connected with HSA are useful for bio-imaging, ther
performance as fluorescent labels have been investigated.
The pure CdTe nanoparticles without surface
modification do not penetrate into the living cdls.
However, some of the cellsin the culture has arelatively
higher uptake of the QDs, and they fluorescence inside
cell was noticed. Probably, they were dead and damaged
cdlls. This suggest, that pure CdTe QDs can be used like
a marker for determination of vitality of the damaged
cel.

The surface of quantum dots can be modified, for
improving fluorescence properties as wel as the
endocytosis process [31, 32]. In [32] the thiol-capped
CdTe QDs proved to be a good fluorescence marker for
study of cdl cycle of some human carcinoma cdl lines.
In first step of presented study the CdTe QDs were not
modified, but the cells are fixed or permeabilized by
standard laboratory methods, for increasing cell
membrane  permeability. Methanol-fixed 143b
osteosarcoma cells treated with QDs give stained interior
of the cdls induding nuclear region (Fig.3). The
fluorescence of the CdTe quantum dots is strong and
clearly visible as orange color in Fig. 3 (@) and Fig. 3 (b),
even in the lowest concentrations of CdTe QDs (8x10?
mmol |I™). The Hoechst 33342 fluorescent dye was used
like a standard for cell nucleus localization, it is visible
as blue color in Fig. 3(a) (weaker than quantum dots),
and Fig. 3(c).

Permeabilization of cell membrane by Triton X-100
increased cell labeling, and uptake of CdTe QDs. It was
demonstrated by strong quantum dots fluorescence,
especialy within the nucleusregion, near the center of
cel (Fig.4 c,d). After cels treatment by the CdTe QDs
connected with albumin, less fluorescence intensity than
CdTe without the protein was observed. However, the
fluorescence efficiency was ill satisfactory and it
provides opportunities for bio-imaging applications of
this materia (Fig. 4; 8x10”mmol I'of CdTe QDs
concentration).



Fig. 3.0steosarcoma cells incubated with CdTe QDs and Hoechst 33342 fluorescent dye: orange color - CdTe
QDs (aand b),blue color - Hoechst 33342 fluorescent dye (a and c).

CdTe QDs

not permeabilized

permeabilized

CdTe QDs + HSA

Fig. 4. Osteosarcoma cellstreated by (a) CdTe QDs without HSA, without cell permabilization; (b) CdTe QDs
with HSA, without cell permabilization; (c) CdTe QDs without HSA, with cell permabilization; (d) CdTe with
HSA, with cell permabilization.

CdTe QDs show chemical stability in PBS buffer
under ambient conditions. Furthermore, the intracellular
CdTe QDs can be imaged by strong fluorescence even
after several days. As was demonstrated by Zheng et a.
[33] glutathione-coppedCdTe QDs were stablein cytoplasm
and suitable for cdl labdling, tracking, and other bioimaging
applications. The conduct sudy also confirmed utility of
pure QDs and QDs connected with human serum abum for
bioimaging of human carcinoma cdls. Under the same
procedure, there was no detectable emisson from the
control cdls (without QDs in medium). Additionaly,
morphology of the cells treated with defined concentrations
of CdTe QDs under standard conditions was not changed,
compared to the contral. Thisindicatesthe very low toxicity
of the CdTe QDs in the case of presented bio-imaging
marker. Toxic effect can comes from the disintegration of
nanoparticles on toxic cadmium ions, therefore short time of
expogtion or nanoparticdes covering partialy prevents the
toxic effect [8,34].

Obtained results confirmed a good luminescence
intensity, stability and long photoluminescence lifetime
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of CdTe QDs as well as CdTe QD-HSA. BSA and HSA
are often used to modify the surface of nanoparticles,
including semiconductors nanoparticles [22], and leads to
increase of its biocompatibility. The photoluminescence
properties of prepared construct were still strong and
they are useful for bioimaging of osteosarcoma cells. The
CdTe QDs were mainly localized in nuclear region, what
can be useful for labeling this part of cell. The QDs could
be used for marking and tracking other organelles or
molecules, with additional biofunctionalization.

Conclusions

In summary, CdTe QDs with average radiuses of 3
nm were obtained by chemical colloidal method,
conjugated with human serum abumin to create CdTe
QDs-HSA hionanocomplex. The potential ability to
cancer cells bioimaging was examined. Quenching effect
of QDs fluorescence is noticed, but the fluorescence
properties are still satisfactory. Obtained data enable us
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to find optimal concentration of the CdTe QDs-HSA can be potentialy employed for bicimaging
bioconjugate: 20x10° M. However, it is strongly osteosarcoma cells with minimal adverse effect.
associated with the concentration of HSA. The covering

of QDs by protein reduce the ability of Stolyarchuk |.D. — Dr.Phys.-Math.Sci., Ass. Prof. of
photoluminescence, but it is ill at a high level. Through the theoretical and Applied Physics and Computer
the use of a natural human protein with native structure, Modelling;

the marker is more biocompatible, and would have less Vojnarovska-Novak R. — PhD-student;

cytotoxicity. The low toxicity as well as high stability PalitY. — Prof., Dr.Phys.-Math.Sci.;

and long fluorescence lifetime of the CdTe QDs-HSA Sheregiy E. — Prof., Dr.Phys.-Math.Sci.;
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The results suggest that CdTe QDs-HSA bioconjugate
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KBanToBi Toukn CdTera ix 0iokoH' 1oraTH i3 aJb0yMiHOM KPOBi JIIOAMHM JJIsST
(dayopecuenTHoi Bizyanizamii

Meroay ONTHYHOI CIEKTPOCKONiI BHKOPUCTOBYBAIWCH ISl JOCHTIJDKCHHS B3a€MOIIl MK KBaHTOBHMH
toukamu (KT) CdTe 3 ansbyminoM kposi momuan (HSA), a Takoxk eekTHBHICTS (uryopeclieHTHOI Bisyaiizawii
6iokon'toratiB KT CdTe-HSA B nopiBHsHHI 3 KONOigHMMM KBaHTOBHMH Toukamu CdTe y pakoBHX KIiTHHaX
ocTeocapkoMu JoarHA. Bropunna crpykrypa HSA moni6na HatuBHIN (opMi, IO CBITYUTE PO G10CYMICHICTB
migrorosieHux OioHaHokomIuiekciB. biokon'roratm KT CdTe-HSA neMOHCTpYIOTh XiMidHY CTaOiIbHICTH B
dbocarHo-conpoBoMyOydepi (PBS) B yMOBaX HaBKOIMIIHBOIO CEpPEOBHUINA Ta CTaOLIBHICTh B LMTOILIA3MI i
I IXOIATH JUTsl MapKyBaHHs KIIITHH, BiICTEXEHHS Ta iHIoi 6ioisyaiisauii. KBanrosi Toukn CdTe, po3ramoBani
B PaKOBHX KIITHHAaX OCTEOCapPKOMHM, JIEMOHCTPYIOTb BHUCOKY IHTCHCHBHICTb JIFOMiHecleHILil. IHTeHCHBHiCTH
BUIIPOMiHIOBaHHs KBaHTOBHX TOo4ok CdTe, moB'si3aHux 3 anbOyMiHOM y OiOKOMIUICKCH, MEHILIA KOJOiAHHX
KBaHTOBHX TOYOK, aJIe € 33/I0BJIbHA 1 CTabijbHA Ta Mae TpUBAIHH dac ¢poromominectenmii. Lle cBiguuts mpo Te,
mo Gionanokomiuiekcu KT CdTe -HSA Moxyrb BHKOPHCTOBYBAaTHCH B SKOCTi (DIIyOpECLIEHTHOTO 30HIA UL
MAapKyBaHHsI PAaKOBUX KJIITHH, BIJICT&)KCHHS Ta IHIINX 3aCTOCYBaHb y OioBizyauizamii.

Kuouosi cioBa: CdTe, kBaHTOBa TOYKA, HAHOYACTHHKA, aJIbOYMIH KPOBI JIIOJMHH, TaCiHHS (IIyopecleHILT,
PaKoBi KJIITHHH OCTEOCApKOMH, 010HAHOKOMILIEKC, O10KOH' forar, 6ioBi3yai3ais.
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