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interaction between quantum dots (QDs) with human serum albumin (HSA) and human cell culture
as important for nanomedicine applications. The optical properties of bio-nanocomplexes formed by
nanoparticles including colloidal QDs (e.g., CdTe, CdS, CdCoS) and albumin are displayed. The absorption
spectra show that adding HSA to colloidal QDs leads to a gradual decrease of absorption and broadening
of the exciton structure. The photoluminescence quenching results indicate that the quenching effect of
QDs on HSA fluorescence depends on the size and temperature. The nature of quenching is rather static,
resulting in forming QD-HSA complexes. The CdTe QD-HSA complexes show chemical stability in a PBS
buffer. Furthermore, it is stable in cytoplasm and suitable for cell labeling, tracking, and other bioimaging
applications.

© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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1. Introduction

_— Semiconductor nanocrystals (NCs), also known as quantum dots
* This article is an expanded version of the scientific reports presented at the (QDs) because of their unique optical and electronic properties, are

International Conference on Semiconductor Nanostructures for Optoelectronics and . . . . . . . .

Biosensors 2016 ICSeNOB2016, May 22-25, 2016, Rzeszow, Poland. promising materials for a number of applications including opti-
* Corresponding author. cal [1], electronic [2], biological [3], and medical [4]. In the recent

E-mail address: rwojnar@ur.edu.pl (R. Wojnarowska-Nowak). decades, the employing of II-IV QDs in nanomedicine has rapidly
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Table 1

Photophysical properties of quantum dots and chemical dyes [6-8].
Properties QDs Organic fluorophores
Photoluminescence (PL) phenomenon Present Present
Photostability Superior Low
Photoluminescence lifetime Longer (>10ns) Shorter (<10 ns)
Quantum yield High (10-90%) Lower
Molar extinction coefficients High Lower (~10-100x lower than QDs)
Excitation-emission range Wide (UV-vis-IR) VIS
Excitation band Broad band Narrow band
Emission band Narrow band (FWHM ~25-40 nm) Broad band

Photobleaching threshold
and chemical degradation

Additional advantages
Excitation of multicolor light
Large Stokes shifts

High resistance to photobleaching, as well as photo

Size-dependent emission spectra

Poor resistance

Fixed emission wavelength
Excitation of monochromatic light

Efficient fluorescence resonance energy transfer (FRET) -

donors

Easy surface modification and change in optical and -

utility properties

Easily observable by conventional microscopic and

spectroscopic techniques

Easily observable by conventional microscopic
and spectroscopic techniques

increased [5]. Quantum dots, which are characterized by pho-
toluminescence phenomenon, superior photostability and longer
photoluminescence (PL) lifetime [1] can be successfully used for
bioimaging. The main photophysical properties of quantum dots in
comparison to chemical dyes are provided in Table 1.

The QDs, due to their unique optical properties, are used as flu-
orescent probes for cancer cells’ detection [9]. The use of QDs for a
bioimaging application has many advantages. One of the most valu-
ableis the size-dependent emission spectra [10]. This allows e.g. for
a multi-color detection. The different sizes of QDs may be excited
with a single wavelength of light, while many emission colours may
be detected simultaneously. Additionally, in comparison with con-
ventional chemical fluorophores, the QDs have a narrow, tunable,
and symmetric emission spectrum. High photochemical stability
makes the nanocrystallites stand out. They are more resistant to
a photo and chemical degradation, as a result of their endurance
to bleaching, and a fluorescence signal, as well as microscopic
images can be analyzed longer and more precisely [6,7]. More-
over, the semiconductor QDs allow for a fluorescence resonance
energy transfer process (FRET) and, as a result, can be commonly
used as biological molecular probes [11]. FRET is a nonradiative
transfer of energy from a donor molecule to an acceptor molecule
through a near-field dipole-dipole interaction. The phenomenon
is very sensitive and utilitarian in the development of biosensors
and detection assays [7]. The QDs optical properties could be eas-
ily modified in composition with other chemicals or materials,
e.g., the surface of QDs can be changed and bio-functionalized by
organic molecules, nucleic acids, proteins or antibodies [12,13].
These changes can improve usability of QDs and greatly expand
the possible usage, e.g.,improve the biocompatibility, precision tar-
geting of nanoparticles and specificity of molecules’ detection [6].
Thus, such nanocrystal probes are complementary to biosensors
and in some cases may be superior to existing fluorophores.

All presented advantages result in QDs having an important
role in fluorescence imaging techniques, which can provide high
sensitivity and high spatial resolution. According to publications
[4,10,14], fluorescent nanoparticles can be useful for in vitro, as
well as for in vivo imaging in medical diagnostics, to image different
kinds of cells and tissue in the biological research. Medintz et al. [6]
presented a detailed list of cellular components and proteins that
have been labeled with QDs: nucleus, mitochondria, microtubules,
actin filaments, endocytic compartments, mortalin, cytokeratin,
serotonin transport proteins, prostate-specific membrane antigen,
glycine receptors and p-glycoprotein [6]. QDs have been also used

for a real-time tracking of single molecule dynamics for in vitro and
targeting tumor sites of mice cancer [8].

Despite above mentioned superiority, the pure QDs have some
disadvantages. The main problem is their toxicity, resulting from
the elemental composition of nanocrystals and their nanometric
size [7,15]. It is known, that Cd, Se, Te, Hg, Pb, which are often
used in QDs, are toxic. Additionally, some reports describe the
QDs DNA damage [6]. There are not enough results of the QDs
researches to have clear information about their long-term toxic
effects. The additional problem, that researchers have to overcome,
is the reproducibility improvement. One of them, is the inorganic
passivation which could cause the undesirable changing of the QDs
properties.

The biocompatibility and bioavailability of QDs constitute very
important issues. QD cytotoxicity is the induced effect, which
depends not only on the elemental composition, butalsoitisrelated
to the concentration of nanocrystals. The lack of influence on cell
growth and development of concentration below 1 x 10~7 mol/l is
observed in the case of CdSe/ZnS core-shell QDs [8]. For other types
and sizes of nanocrystals a toxicity threshold is different. How-
ever, several works have demonstrated the remarkably reduced
toxicity of in vitro cells after coating of the QDs with albumin
[16]. Apart from protein binding, there are two other ways to
target more biocompatible QDs: connection with antibodies or
with small molecules [17]. Furthermore, the binding of additional
molecules (multi-functionalized QDs), which specifically affects
cellular receptors or other cell molecules, may improve the cellular
uptake of QDs [16].

As mentioned in the previous paragraph, the toxicity of QDs
restricts their use in the human body. This leads to the creation
of such QDs which will preserve their unique optical proper-
ties, biological sensitivity and primarily will be safe for using in
nanomedicine. Toxicity of QDs can be minimized in different ways
e.g. appropriate composition of nanoparticles or combining them
with some bionanoparticles [15]. The information on the optical
properties of some important QDs types: CdTe, CdS and CdCoS QDs
is presented in this work. The main part of the research is ded-
icated to the interaction of the QDs with human serum albumin
(HSA) and bioimaging properties of this bio-nanocomplex - QD-
HSA.The different methods are used for the optical properties of the
QD-HSA complex characterization: the UV-vis absorption, fluores-
cence spectroscopy and fluorescence microscopy. The results of the
excitation and absorption edge as well as the photoluminescence
spectra of QDs, are presented. The excitation—emission studies are
complemented by infrared spectroscopy used for chemical func-
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Fig. 1. Illustration of HSA protein interacting with QDs surface for QD-HSA complex
formation.

tional groups identification, and detection of some changes in HSA
protein secondary structure, through a change in the recorded oscil-
lation spectra.

The paper consists of six sections including introduction and
conclusion. The role of HSA in human organism as well as in the
QDs usage is presented in Section 2. In Section 3 the preparation
of the QD-HSA complexes is described, while the optical properties
- in Section 4 as well as in Section 5 - the bioimaging properties
of QD-HSA complex and examples of their use as a fluorescence
probes are shown.

2. Role of human serum albumin

The HSA is the most abundant and one of the most important
proteins in blood plasma. It was firstly described by Denis in 1840
and it is one of the earliest known proteins in the human body. This
protein occurs in plasma, cerebrospinal fluid and lymph. HSA is pro-
duced by liver and it provides more than 50% of the total proteins
in plasma. Albumin has many different and very important physi-
ological functions: connecting and handling to the cells a variety of
endogenous and exogenous ligands (including hormones, metabo-
lites, ions or fatty acids), drug transportation, toxins binding, and
maintaining of the oncotic pressure (through the water-binding
capacity)[17-20].It can be also a diagnostic marker for determining
some diseases like inflammatory states [21]. From the biochemical
point of view, albumin is a protein composed of three a-helical
domain (I-III), which are divided into two sub-domains: A and B.
By the presence of the elastic loop it is possible to move the relative
domains toward each other, which makes the structure of protein
easily adaptable to binding a large number of ligands [22].

As mentioned previously, the protein plays an important role
in the transportation of many ligands and during this property it
is used to create new diagnostic methods, contrast agents or drugs
[23]. Albumin with the capability of binding metal ions can be used
to create a biosensor chip that detects and quantifies such ions:
Cd?*, Ni%*, Zn?* [24].

Besides the optical and functional properties of the QDs, the
interactions between QDs and HSA and their mechanisms, have
been investigated in many works. Several reports have been
devoted to the study of such kinds of interactions of the II-VI based
nanoparticles with HSA as well as with bovine serum albumin
(BSA) [25-31]. However, the processes of the interactions of these
molecules between each other and with other molecules in human
body are highly complex and complicated and still are not well

known. Therefore, it is very significant for nanomedicine purpose
to investigate the processes occurring between the nanoparticles
and the major carrier protein like HSA.

Furthermore, covering of QDs by the natural protein seems to be
a promising solution for reducing their toxicity. Therefore, forming
the QD-HSA complexes is important in order to remove toxicity
from the QDs. The toxic effect of QDs is mainly related to the
processes occurring on the surface of nanoparticles. The most sig-
nificant is the release of metal ions, particularly heavy metals and
the oxidation processes connected with the reactive oxygen species
forming. This effect can be minimized by combining the QDs with
some materials e.g. with other metals, polymers or biomolecules
which cover the QD surface. However, such modifications alter
their properties and functional features. As shown below, the HSA
covering is neutral and slightly change the properties of the CdTe

QDs.

3. Preparation of QD-HSA complexes

The synthesis of quantum dots with the precisely defined sizes
requires the use of appropriate technologies. The chemical colloidal
methods of QDs synthesis fulfill those requirements. They involve
the creation of colloidal quantum dots by precipitation of nano-
semiconductor crystal in the solution [32] with the size of few
nanometers and usually spherical symmetric shape. Two types of
quantum dots can be obtained by such methods: pure and homo-
geneous QDs or core-shell QDs with semiconductor core (with a
smaller band gap) surrounded by a layer of a second semiconductor
material (with a larger band gap).

The role of the QDs has increased rapidly due to their optical
properties [25,33]. The CdTe and CdS QDs are one of the most widely
examined II-VI semiconductor nanocrystals. An energy band gap
of the CdS QDs is located at 2.42 eV, at 300 K. However, co-doped
[I-VI semiconductor QDs are even more promising because of their
chemical stability and strong fluorescence in visible region. Fediv
et al. [34] described the properties of the CdS QDs modified by
adding magnetic manganese ions. The optical and magnetic prop-
erties of these nanocomposites have been changed. Additionally,
nanoparticles behave as a typical paramagnet. Properties of the
CdS quantum dots doped by cobalt ferromagnetic chemical element
have also been studied [35,36].

Nanoparticles of CdTe can be prepared in aqueous solution at
high pressure and high temperature [37] but also it is possible to
synthesize them at room temperature [33,38,39]. As it is described
in publication by Savchuk et al. [33] CdCl, solution can be used as a
Cd precursor and mixed with thioglycolic acid (TGA), which is com-
monly used for the QDs modification and stabilization [40,41]. The
pH value is adjusted to 10.0 by a drop wise addition of the NaOH
solution. Then the gas mixture of Ar and H;Te is passed through
the solution. The reaction time is fixed to obtain certain molar ratio
of Cd?*:Te? :TGA. In other publication [41] the sodium tetrabo-
rate NaHTe (formed by a suspension of the tellurium in the sodium
borohydride solution) and the CdCl; solution in the presence of the
TGA were used as a substrate for the CdTe QDs preparation. The
solution was mixed and it was heated to 100°C at the N, atmo-
sphere.

The pure CdS QDs and doped Cd;_xMexS (Me: Mg, Mn, Co,
Zn) can be prepared by a co-precipitation method. In order to
vary the nanoparticle compositions the [CdCl,]:[NayS], or the
[CdCl;]:[CoCl;] molar ratios can be changed. The CdS QDs can
be also synthesized by using wet chemistry method, where
the cadmium acetate solution is mixed with the thioglycerol
capping agent, and the sodium sulfide solution is added drop
by drop. The colloidal CdS QDs starts to precipitate rapidly
[31].
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Fig. 2. TEM and AFM images of the colloidal CdCoS QDs (A - TEM; B - AFM) and CdTe QDs (C - TEM; D - AFM).
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Fig. 3. EDX scheme of presence of chemical elements: Cd, Co, and S in the CdCoS QDs structure.

Quantum dots must be more biocompatible for bio-imaging
and other biological applications. It can be achieved by linking
QDs with biomolecules. However, it is necessary to preserve the
biological activity of the conjugated molecules. A lot of success-
ful conjugation methods have been described in the literature.
They can be divided into different types of a binding mechanism:
covalent, non-covalent attachment and specific conjugation [42].
Albumin, as well as other proteins can be bonded with QDs using
all of the above mentioned methods. The QD-HSA bio-nanocomplex
can be easily prepared by mixing the set amount of albumin
with colloidal solution of QDs to obtain a certain concentration
of reagents. The mixture is usually stirred and incubated for at
least 15 minutes to several hours at room temperature to form
connections between molecules [8,30,43]. The schematic picture
of the QD-HSA complex formed by a non-covalent (electrostatic)
interaction between nanocrystal and protein is presented in Fig. 1.
The specific chemicals named as linkers are used for covalent
connections of the QDs with proteins. 2-mercaptoethanol [44],
N-acetyl-L-cysteine, glutathione reduced, cysteamine chydrochlo-
ride [45], and EDC-NHS linker (1-(3-dimethyl-aminopropyl)-3-
ethylcarbodiimide hydrochloride; N-hydroxysuccinimide) [8] are

often employed for this purpose. In this case, there is no direct
bonding between the QD and the protein.

4. Characterization: microstructure and optical properties
4.1. Microscopy analysis

Transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and atomic force microscopy (AFM) are often
used in order to confirm the structure of nanoparticles and
bio-nanocomplexes. The estimate shape and average size of
nanocrystals, as well as the composition and crystal structure are
analyzed by the above mentioned methods. A drop of colloidal sus-
pension is placed on a carbon-coated copper grid and dried for the
TEM analysis. Samples are usually placed on the highest grade mica
or graphite surface before an AFM measurement. The composi-
tion SEM microscope with an energy dispersive X-ray spectroscopy
(EDS) can be used for the chemical analysis of QDs.

The TEM and the AFM images of the colloidal CdCoS and CdTe
nanoparticles are shown in Fig. 2. As can be seen, the shape of the
nanoparticles is close to spherical and the average diameter of the
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Fig. 4. Optical density as a function of photon energy for solution of colloidal CdTe (A) and CdCoS (B) QDs with average size of 3 nm and 5 nm, respectively; curve 1 -
corresponds to QDs only, 2 - corresponds to HSA+QDs (1.5 x 10~3 mmol/l for CdTe and 0.9 x 10~3 mmol/I for CdCoS), 3 - corresponds to HSA +QDs (0.9 x 103 mmol/l for

CdTe and 0.6 x 10~3 mmol/l for CdCoS), 4 - corresponds to HSA solution only.
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Fig. 5. Photoluminescence (PL) spectra of an HSA solution, CdTe QDs (3.0 nm)
solution, and CdTe QD-HSA complexes (curve 1 - corresponds to pure HSA
solution, 2 - corresponds to HSA+0.6 x 10-3 mmol/l QDs, 3 - corresponds to
HSA +0.9 x 103 mmol/l QDs, 4 - corresponds to HSA+1.5 x 10~3 mmol/I QDs, 5 -
corresponds to pure CdTe QDs).

nanocrystals is found to be approximately from 2.5 to 5 nm for CdTe
QDs (Fig. 2C, D) and 4 to 8 nm for CdCoS QDs (Fig. 2A, B). In the AFM
image some larger structures can be also observed. This aggregate
can be created by sample drying in air atmosphere.

Fig. 3 shows EDX results on the content of chemical elements for
CdCoS QDs. All of the compounds are clearly visible in the structure
of the material.

4.2. Optical spectra

The absorption spectra are recorded and analyzed for the eval-
uation of optical properties of pure QDs, pure HSA and QD-HSA
complex. The region of the fundamental absorption edge of the
CdTe QDs and the CdCoS QDs are studied. Fig. 4A shows optical
density as a function of photon energy for four samples. Curve 1
corresponds to the sample of the CdTe QDs, curve 2 was obtained
for the CdTe QDs+HSA with a higher concentration of QDs of
1.5 x 10-3 mmol/l, curve 3 for the CdTe QDs+HSA with a lower
concentration of QDs (0.9 x 10-3 mmol/1), and curve 4 corresponds
to pure HSA solution. Curves 1 and 2 in Fig. 4A demonstrate the
exciton states of QD [46] - pronounced plateau at photon energies
2.3-2.5eV as well as at 2.8-3.2 eV. An addition of HSA to colloidal
CdTe nanoparticles leads to a gradual decrease of optical density
(curve 2) and broadening of exciton structure (curve 3). However,
energy position of the exciton bands is not shifted. The obtained
results indicate that the binding process between the QDs and the
protein molecules do not change the electron states in the QDs.

200

-
3]
o

100

PL Intensity

[$)]
o

270 320 370

Wavelength (nm)

420

Fig. 6. The photoluminescence spectra of 10 mg/ml HSA under interaction with dif-
ferent concentration of CdCoS QDs (a - 0; b - 0.1; c-02;d-03; e -04; f -
0.5 mg/ml).

AsshowninFig. 4B, the energy position of the excitation band for
CdCoS QDs is at around 3.4-3.45 eV. An addition of HSA to colloidal
CdCoS QDs does not change the position of the band, however, it
leads to a gradual decrease of the optical density and broadening of
an exciton structure [47], similar to the previously described CdTe

QDs.

4.3. Photo-luminescent assay

The photoluminescence of QDs is characterized by practically
a 100% efficiency. The increase in a photoluminescence quantum
efficiency results from a surface passivation effect of the core,
where the number of non-radiative recombination sites, such as
holes and gap states are reduced, enhancing the charge transfer
[42,48]. Avariety of the molecular interactions canresultin quench-
ing, including excited-state reactions, energy transfer, ground-state
complex formation, and collisional quenching [47].

Photoluminescence spectra of HSA under interaction with QDs
have been recorded on spectrofluorymeter upon the excitation
wavelength optimal for the investigated QDs. The optical properties
are dependent on composition, size and shape of QDs, resulting in
a certain position of absorption bands. For the CdS QDs and the
CdCoS QDs the excitation band is approximately at 250 nm and
325 nm for CdTe QDs, respectively. The measurements are usually
performed at room temperature. The changing of photolumines-
cence properties of HSA by the presence of QDs is described in
several scientific reports [24-31]. The fluorescence of HSA mainly
comes from tryptophan, tyrosine and phenylalanine amino acids.
When small molecules bound to HSA, the changes of the protein
luminescence are mainly due to the tryptophan side chains [49,50].
The phenomenon of fluorescence quenching is commonly regis-
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Table 2

Identification of the lines observed in the FTIR spectra (Fig. 8); s - strong, m - medium, w - weak.

Chemical bonds

Peak position

Peak position (cm~1) - Peak position (cm™') -

(cm~1) - HSA HSA +CdTe HSA +CdCoS
Amide I (C=0 stretch, CN stretch, CCN deformation, NH bend) 1651 (s 1652 (s) 1650 (s)
Amide II (NH bend, CN stretch, CO in plane, CC, NC stretch) 1546 (s 1548 (s) 1541 (s)
C—H bend 1446 (w) 1446 (w) 1452 (w)
COO— stretch and C—H bend 1402 (m) 1402 (m) 1390; 1410 (m)
Amide III (CN stretch, NH bend, CO in plane, CC stretch) 1236 (w) 1236 (w) 1238 (w)

tered, however, sometimes the strengthening of the light emission
is noticed. The modification of the QDs photoluminescence by the
HSA presence is not so thoroughly described.

Fluorescence quenching is a powerful tool for determining the
type of interaction between protein and quenchers dispersed in
a solution. The photoluminescence quenching mechanism can be
calculated by the Stern-Volmer equation [51]:

Fo
F

where Fy and F are the fluorescence intensities before and after the
addition of the quencher, Ky is the quenching rate constant of the
bimolecular, 7 is the average lifetime of the fluorophore without
quencher, Ksy and [Q] are the Stern-Volmer dynamic quenching
constant and the concentration of the quencher, respectively.

The mechanisms of quenching are usually classified as the
dynamic quenching or the static quenching [51,52]. These can be
distinguished by their varying dependence on temperature or by
luminescence lifetime measurements. Since the dynamic quench-
ing depends on diffusion [53] the quenching constants are expected
to increase with increasing temperature [54]. In contrast, increased
temperature result in decreased stability of the complexes, and
therefore, lower values of the static quenching constants [48].

As mentioned in previous part, interactions between some
molecules including nanoparticles, ions or other ligands can affect
the changes in the protein photoluminescence properties. Fig. 5
shows photoluminescence spectra of an HSA solution (curve 1), col-
loidal CdTe QDs (curve 5) and their combinations (curve 2-4). The
photoluminescence intensity of the protein is decreased with the
increasing concentration of CdTe QDs. The quenching effect occurs.

Fig. 6 shows photoluminescence spectra in the range between
270 and 470 nm, which is typical for the HSA photoluminescence
emission spectrum. HSA has a strong fluorescence emission band at
336 nm, with the excitation wavelength at 250 nm. When different
amounts of CdCoS QDs are added to the HSA solution, the decrease
in the fluorescence intensity of protein is observed. These suggest,
that the quenching effect occurs in the CdCoS QD-HSA complex and
may lead to changes in the protein conformation [30]. Xiao et al.

=1 +KqT0[Q] =1+ Ksy[Q] (1

studied the relationship between sizes of CdSe/ZnS QDs (nanocrys-
tals size from 2nm to 4.8 nm) and occurrence of changes in the
BSA molecular structure. Conducted research confirmed stronger
reduces of the protein biological activity by QDs with bigger diam-
eter [27].

The photoluminescence intensity of the HSA progressively
decreases with the increase of the CdTe QDs, as well as the CdCoS
QDs concentration. Similar experiments were carried out also for
other types of QDs: ZnS [28,29], ZnO [30], CdSe/CdS [55], and
CdSeS/ZnS [56], e.g., the obtained results have been similar, and
they have shown the occurrence of quenching effect. However,
different intensity of the process was noticed.

In Fig. 7 the Stern-Volmer plots for CdTe QDs (A), and CdCoS QDs
(B) in the interaction with HSA are shown. Both studied QDs have
static mechanism of quenching. However, the Co concentration in
the CdCoS QDs plays animportant role in this mechanism. The static
mechanism occurs when the interaction between the quencher and
the fluorophore takes place in the ground state of molecules. This
type of interaction is also demonstrated by Hemmateenejad and
Yousefinejad [30]. They described the presence of static mechanism
of fluorescence quenching in the interaction between the HSA and
the ZnS nanoparticles.

The quenching constant K; of CdTe QDs with the average
radius of 3.0nm for HSA was calculated to be approximately of
2.2 x 103 Imol-1s~1. It occurred, that the quenching constants
decrease with the increase of temperatures, which indicates that
the quenching mechanism mainly arises from static quenching
as mentioned before [57]. According to Refs. [57,58], the maxi-
mum scatter collision quenching constant of various quenchers
with the biopolymer is of 2.0x10'0lmol~'s~! for dynamic
quenching. The rate constants of the HSA quenching procedure
initiated by nanoparticles were calculated much greater than
2.0 x 101%Imol~1s~1, it can be concluded and additionally con-
firmed that the nature of quenching is not dynamic, but probably
static, resulting in forming QD-HSA complexes. Simultaneously the
interaction between QDs and HSA does not affect the electron struc-
ture of QDs.
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———HSA Advantages and disadvantages of QD-HSA complex in biomedical applications
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0,005 - g Good stability (short term)
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Fig. 8. FTIR spectra of the HSA (blue), HSA after interaction with: CdTe QDs (red)
and CdCoS QDs (green).

4.4. Oscillation spectra

The infrared spectroscopy and Raman spectroscopy are
commonly used for the chemical structure determination, confor-
mation changes identification, and the study of the interactions
between molecules [41,59]. The results of oscillation spectra can
give important information about the processes occurring during a
bio-nanocomplex formation. In Fig. 8 the spectra of pure HSA, and
HSA after interaction with the CdTe QDs and the CdCoS QDs are
shown. Table 2 contains the most important oscillation lines of the
investigated protein, and their shifting after the HSA connection
with different types of QDs.

Changes of molecules, chemical structure (including changes
in the secondary structure of proteins) can be observed through
the infrared spectroscopy method [60]. The two main peaks at
1651 cm~! and 1546 cm~"! are observed in all IR spectra and they
correspond to the amide I and the amide II bands, respectively
[61-63]. Amide I is mainly associated with C=0 stretch vibration,
amide II is described by C-N stretch coupled with N-H bending
vibrations. Both of them indicate the secondary structure of pro-
tein [49,64]. Apart from these two main lines, weaker line was
observed at 1236 cm~! and it corresponds to the amide III band. It
can be assigned mainly to CN stretching, and NH bending vibrations
[62,65] (Table 2).

The changes of the peaks position and shape are small for the
HSA in the interaction with the CdTe QDs. The position of the
peak maximum is shifted, from 1651 cm~! to 1652cm~! for the
amide I and from 1546cm~! to 1548 cm~! for the amide II. The
peaks’ shapes and peaks intensity slightly changed also. However,
for HSA +CdCoS QDs sample the secondary structure of the pro-
tein is modified more strongly. The amide II band is shifted from
1546cm~! to 1541 cm~! for HSA in the interaction with CdCoS,
while the amide I peak at 1651 cm~! is shifted only at about 1 cm™!
(Table 2). However, the peaks’ shapes changed more significantly,
which indicates the secondary structure modification [60]. The
shape of amide II line of the pure HSA is mainly characteristic
for the a-helical protein structure [41]. After interaction with the
CdCoS QDs some HSA signals at around 1626 cm~! and 1682 cm™!
which are associated with a 3-sheets’ structure [66,67] are noticed.
An additional maximum at 1514cm~! in amide II bond was also
observed. It can be associated with tyrosine amino acid vibrations
or changes in the vibrations of C—N or N—H chemical bonds. The
results indicate a slight reduction of a-helical folding protein type.
The HSA conformation is not much changed after the interaction
with CdTe QDs, and the protein structure is similar to the nat-
ural one. However, the presence of the CdCoS QDs modified the
structure of albumin more strongly than CdTe QDs.

Flexible modifications (multifunctional probes)
Insignificant quantum yield decrease

5. Bioimaging properties

The unique optical properties of QDs allow them to be widely
used in medicine for diagnostic purposes, including detection of
cancer cells, as well as their labeling and tracking, especially
with using a fluoresce microscopy technique [9,68-71] and other
bioimaging methods [72,73]. Many researches focus on an early
cancer diagnosis such as breast cancer, cervical carcinoma, prostate
cancer, and hepatocellular carcinoma [8]. Functionalized quantum
dots seem to be the most promising material, which can be com-
bined with selected biological or chemical ligands like proteins or
DNA sequences. They can detect the cancer cells or other molecules
as a magnificent fluorescent probe [68]. Specific detection of the
cancer cells or other tumor markers is possible in case of using
quantum dots connected with antibodies. This solution gives bet-
ter visibility of the tumor during the diagnosis and the treatment
process [69].

Developed quantum dots are also used for modern nanosen-
sors creations. A biosensors which are based on the nanocrystals
often employ fluorescence resonance energy transfer phenomenon
(FRET) [11]. The mechanism of FRET consists of the energy transfer
between donor and acceptor. The excited donor transfers energy to
the acceptor, which emits it in the form of fluorescence. Generally,
the use of quantum dots involves the formation of new systems,
that will be delivered to the body and the monitoring of their dis-
tribution in the body will simultaneously be possible.

As mentioned, the surface of QDs can be easily modified. It gives
several advantages, e.g., improving endocytosis process, selective
molecules recognizing, fluorescence properties developing and
finally toxic effect reduction [70,71]. In the literature we can find
some reports which indicate that the attachment of the protein to
the QDs surface can have benefits. Researchers describe better bio-
compatibility, the reduction of toxicity, as well as the improvement
of other functional properties of the material. Mansur et al. [72]
present the results concerning the formation of the CdS QDs + BSA
complex leading to the stabilization of quantum dots’ fluorescence
in the dispersion systems. Nithyaja et al. [25] demonstrate that
the effective control of the CdS QDs band gap may be possible by
varying the concentration of the protein or nucleic acid. Other pub-
lished results show that the protein improves the stability and the
luminescence quantum yield of CdTe quantum dots [73]. The main
advantages and disadvantages of QD-HSA complex in biomedical
applications are presented in Table 3.

The side-effects of the pure QDs and the QD-HSA complexes
using in living organisms could be different. The nanoparticles can
induce oxidative stress in living cells, that may lead to cell death
and/or stress adaptation. Stress-induced premature senescence
(SIPS) should be also taken in consideration [74]. The nanoparti-
cles are usually taken up by the phagocyte cells of the immune
system (e.g., macrophages) that may promote undesirable inter-
actions between nanoparticles and the immune system such as
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Fig. 9. Osteosarcoma cells incubated with CdTe QDs (A-C) and CdCoS QDs (D); orange colour — CdTe QDs (A, B) and CdCoS QDs (C), blue colour - Hoechst 33342 fluorescent

dye (A, C, D).

Fig. 10. Osteosarcoma cells treated by pure CdTe QDs (A) and CdTe QD-HSA bio-nanocomplex (B).

immunostimulation or immunosuppression. The latter ones could
stimulate inflammatory or autoimmune disorders, as well as could
increase host susceptibility to infections and cancer [75]. The main
function of the immune system is to protect the host from foreign
substances. However, improper recognition of nanoparticles as for-
eign agents by the immune cells may result in a multi-level immune
response against the nanoparticles and eventually lead to toxic-
ity in the host and/or lack of therapeutic efficacy [75]. Therefore,
covering the QDs with specific molecules can complicate its inter-
action with the immune system while covering the surface of the
nanoparticles with human protein may cause greater biocompat-
ibility of the material. The QDs may become to be invisible to the
immune system and in this way to deceive them if their surface
possesses the specific HSA antigen.

A current imaging techniques like X-ray, computed tomogra-
phy or ultrasound are very important for the cancer diagnosis, but
they have two major limitations. They do not have sufficient sen-

sitivity (especially in case of small numbers of malignant cells),
and sufficient specificity. Quantum dots imaging probes, provide
the potential to fulfill the requirements for cancer cells imag-
ing [47] and searching for nanoparticles with optimal properties
for bioimaging and diagnostic applications is still widely pursued
[76-79].

A semiconductor QDs such as: CdTe, CdS, CdSe, PbTe, PbS, PbSe
and InP QDs [76] were tested for their utility in the study of cancer
cells. Rodriguez-Torres et al. [77] prepared TGA-capped CdSe QDs
with varying content of selenium (10 and 15 mM) as a bioimaging
agents to efficiently detect colo-205 human cancer cells. Prepared
QDs do not have toxic effect in small concentrations. They are cyto-
toxic above the concentration of 2.0 mM. Investigated TGA-CdSe
QDs were distributed within the cytosolic side of cell membranes
and can be potentially employed for colo-205 cancer cells marking
with strong fluorescence emission efficiency after 48 h of incuba-
tion with the cells.
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CdSe QDs were also investigated by Vibin et al. [78] for the
human cervical cancer cell line bioimaging. In this study the CdSe
QDs were covered by silica and used for in vivo, as well as in vitro
study. In both cases the small toxic effect was observed. It is so low
that it does not preclude using them. As we can find in Jankiewicz
et al. [79] the surface of silica particles or core/shell particles with
silica layer can be easily modified by a number of chemical com-
pounds having various functional groups and molecular structure.
Through these modifications, some physical and chemical proper-
ties of nanoparticles can be altered and improved.

In the presented review, the investigation of using of CdTe,
CdCoS QDs and QD-HSA complexes for 134b osteosarcoma cells
bioimaging is described more precisely as one of the examples of
using this type of nanomaterials for cancer cell bioimaging. The
human osteosarcoma is the primary malignant bone tumor in chil-
dren and adult. Early detection is particularly important, because
the tumor is prone to metastasize (especially in the lung) and fur-
ther mutation and genetic changes often occur [80].

Both types of pure CdTe and CdCoS QDs do not penetrate into
the living osteosrcoma cells. The fluorescence of QDs is not detected
inside the cells. The emission of light is noticed only on the surface
of cells which suggest that the QDs interact with cells and covered
them. Only damage or dead cells have a relatively higher uptake of
the QDs, and fluorescence inside these cells is noticed. To improve
the diffusion through the cell membrane without cells modifica-
tion, the surface of QDs should be modified by connecting some
chemicals, e.g. mercaptopropionic acid, PEG - polyethyleneglicols,
Pluronic F127 [81], methotrexate [82] or chitosan-peptide conju-
gate [83], which interact with some cell’s receptors.

The uptake of CdTe and CdCoS QDs to the cytoplasm space of
permeabilized osteosarcoma cells is demonstrated in Fig. 9. The flu-
orescence intensity is higher for CdTe QDs than CdCoS QDs which
suggests better optical properties and usability as a bioimaging
probe. The QDs fluorescence is recorded in the whole cell except
for the nucleus region, which is marked by a standard fluorescence
dye - Hoechst. However, the strongest signal is noticed around the
nuclear membrane. It suggests, that most of QDs are located on
the surface of nuclear membrane, but cannot penetrate it. Similar
conclusions are also described by Kuo et al. [84]. The fluorescence
intensity of intra cellular QDs was noticed even after very short
incubation (10 min) and stability during 24 h. Additionally, cells
treated with QDs could be imaged even after 30 days. The images
are still clear and informative. The CdTe QDs are recognized as
strong cells’ fluorescent indicator (Fig. 9A, B), which can be used
for marking, labeling and tracking of the cells.

The CdTe QD-HSA bio-nanocomplex is recognized as a more
biocompatible fluorescence material, which can be used for fluores-
cence analytical methods as a measuring probe. Less fluorescence
intensity is observed after cells’ treatment by the CdTe QDs con-
nected with albumin than CdTe without the protein (Fig. 10). It
is caused by the quenching effect described in previous section,
but also it can be associated with less penetration of the bio-
nanocomplexes into the cells. However, the fluorescence efficiency
is still satisfactory and it provides opportunities for bioimaging
applications of this material.

More complicated system than the described above is presented
by Meng et al. [16]. CdTe/ZnS quantum dots were conjugated with
BSA and additionally, with folic acid (FA) for FA-BSA-QDs com-
plex forming. According to the authors this system can be used
for monitoring cancer cells with overexpression of FA receptors
such as human nasopharyngeal carcinoma cells. The presented
characteristics suggest that FA-BSA-QDs have better efficiency of
luminescence for FA-positive cells. As a result, they can also be
the potential candidates for cancer diagnosis. It is also possible
to include selective antibodies to the surface of QDs and to use
immunofluorescence methods to achieve even greater specificity

than the receptor-ligand interaction. However, the problem of non-
specific binding, as well as improving other properties such as
solubility or stability in aqueous solutions requires more research.

6. Conclusion

As shown, searching for new tools and methods for a more accu-
rate and earlier diagnosis of cancer is still valid and it is the main
problem of nanomedicine. Currently, numerous studies of the pro-
duction, modification and practical use of such nano-materials as
the semiconductor QDs are conducted. They are becoming com-
mon fluorescence markers for in vitro imaging rather than in vivo
analysis, not to mention the possible toxicity of some components.

Covering of QDs by natural protein seems to be a promising
solution for the reduction of their toxicity. Therefore, forming the
QD-HSA complexes is important in order to remove toxicity from
the QDs.

Two different types of QDs: CdTe and CdCoS are the interesting
examples of bioimaging properties of biofunctionalized of QDs pro-
tein. Their interactions with HSA, as well as fluorescence properties
after QD-HSA complex forming seem to be particularly promising.

In most cases of a QD-protein interaction the fluorescence
is modified through static quenching mechanism but quantum
yield decreases insignificantly. Therefore, CdTe QD-HSA bio-
nanocomplex could be a useful material for cancer cell marking,
labeling and tracking, as a more biocompatible than pure QDs.

Traditional fluorescent probes are still used more often than
modern fluorescent nanoparticles. However, we can expect that
because of their favorable properties like a high fluorescence effi-
ciency, increased ability to multiplex of emitted light wavelength,
long fluorescence life time and resistance to photo-bleaching they
will be increasingly used.
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