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The model of the semiconductor quantum dot with a multilayer shell and the quantum dot-human serum
albumin bionanocomplex, which are contained in a living cell, was constructed. The regularities of changes in
deformation of materials of the CdSe-core/ZnS/CdS/ZnS-shell quantum dot with changes in cell elasticity
(comprehensive modulus) at different core radii, thicknesses of individual shell layers, and surface concentration
of albumin molecules were investigated. It is shown that the presence of human serum albumin on the surface of
the quantum dot significantly increases its sensitivity to pressure caused by the surrounding medium (living cell).
The obtained results indicate the prospect of using the core-shell quantum dot-human serum albumin
bionanocomplexes for the diagnosis of cancer diseases in the early stages. This is due to the fact that such diseases
are accompanied by a sharp change in the elasticity of the cell (its elastic constants).
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Introduction

Cancer progression is associated with changes in the
cytoskeletal architecture of cells and thus in their
mechanical properties, such as stiffness. Changes in cell
mechanics allow cancer cells to migrate and invade distant
organs. This process, metastasis, is a major cause of cancer
mortality [1]. According to the most common results on
the mechanics of different types of cancer, softness is a
prominent characteristic of cancer cells, and its degree can
give an estimate of cancer migration and invasiveness [2].

For example, it has been reported that the metastatic
activity of human breast cancer cells can be increased by
reducing cell stiffness [3, 4]. The results obtained in [5]
showed that the actin organization of malignant thyroid
cells is disrupted, giving malignant cells a two to five
times lower Young’s modulus compared to primary
normal cells of the thyroid gland. Although in some works
[6-9] it is shown, on the contrary, that the elastic constants
of the diseased cells increase.

An analysis of the literature shows that for liquid-like

675

cancer cells, which are softer than normal cells, the
stiffness index is negative (elastic constants decrease), and
for solid cancer cells, which are stiffer than normal cells,
the stiffness index is positive (elastic constants increase).

In works [10, 11], it was established that cancer cells
already at an early stage reduce their elasticity, change the
value of the elastic constants. This fact can be used to
diagnose disease using quantum dots (QDs) that are
sensitive to deformation.

Semiconductor QDs have a wide absorption
spectrum, narrow emission spectrum, large Stokes shift,
high quantum yield and photostability, significant
sensitivity and biocompatibility [12-14]. Therefore, QDs
have prospects for use in nanobiology and nanomedicine,
in particular, they can be used as fluorescent labels to
control the targeted delivery of drugs in real time or to
monitor the treatment of malignant tumors. The CdSe QDs
are widely used in this area. But QDs have a high density
of surface defects (due to the high ratio of surface area to
volume), that act as centers of non-radiative
recombination of carriers in QDs. This leads to a decrease
in the intensity of photoluminescence due to the transfer
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of electric charge from the QD to the molecule of the
anticancer drug. One method of solving this problem is to
create quantum dots with a protective shell that contains
one or more layers. Therefore, CdSe QDs, which have a
multicomponent structure of the shell (ZnS/CdS/ZnS), at
a small thickness, passivate much better the reduction of
the QD photoluminescence quantum yield, compared to
both thin and thick ZnS shells. Such QDs can become
optimal fluorescent labels for the creation systems of
diagnosis and treatment of cancer. Mechanical
deformation is an important factor that affects the optical
and electrical properties of QDs with a multilayer shell.
Cancer cells absorb quantum dots more actively than
healthy cells. This is due to a change in the elasticity of
the surrounding medium, namely, a change in elastic
constants. All this should be reflected in the change in
mechanical strain and deformation of the QD, and the
established regularities of the change in the spectral
composition of the radiation of the fluorescent label based
on the QD will make it possible to assess the stage of the
disease. The deformation of the QD leads to a local shift
of the edges of the allowed bands, and this, in turn, leads
to a change in the energy spectrum of electrons and holes
and, accordingly, the optical properties of the QD. Thus,
establishing the regularities of changes in the deformation
of CdSe QDs with a multicomponent shell when changing
the elastic constants of the cell (cytoplasm or core) is an
urgent task in the context of their use in medicine.

One of the directions of research of QDs for their
biomedical applications is the study of their interaction
with proteins, in particular with human serum albumin
(HSA) [13, 15-17]. The addition of human serum albumin
to the colloidal solution of nanoparticles leads to a
decrease in the optical density and a blurring of the exciton
structure in the absorption spectra [15, 16]. This behavior
indicates the interaction of semiconductor nanoparticles
with  HSA with the formation of appropriate
biocomplexes.

In this work, the model of the QD with a multilayer
shell and its bionanocomplex with HSA, which undergoes

a)

cell

deformation under the influence of the elastic medium of
the cell of the biological object into which it enters, is
constructed.

I. The model

Let’s consider the QD with a multilayer shell (QD-
HSA bionanocomplex) as an elastic dilatational inclusion
in the elastic medium of the cytoplasm or core of a living
cell (Fig. 1). The spherical CdSe / ZnS/CdS/ZnS QD with
a three-layer shell with core radius Ro and thicknesses of
the i-th layer of the shell di = Ri - Rix (i=1, 2, 3) is
considered. QD, due to the non-zero volume V, deforms
the living cell, creating a mechanical strain o = =K V /V,
where K is the module of comprehensive compression of
the cell; V, is the volume of the cell per one QD. As a
result, the deformed elastic medium of the cell creates
pressure on the QD surface:

P.=—0 =KV/V, 1)

The volume of the QD with a three-layer shell:
V= gnRg’, where Rs is the radius of the outer layer of the

shell.
The volume of the QD with a three-layer shell-HSA

bionanocomplex: V=§n(R3+da)3, where d, is the

thickness of the HSA layer.
To determine the components of the deformation
tensor, it is necessary to find an explicit form of the

displacements of atoms u}(,i) in the materials of the QD

core (i =0) and the shell layers (i =1, 2, 3) [18, 19]. To
this end, we write down the equation of equilibrium

Vdivi =0 2

with the following boundary conditions:

b)

cell

Fig. 1. The model of the spherical QD of the core-three-layer shell type (a) and the QD-HAS bionanocomplex (b),
which are located in a living cell.
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corresponding layers of the shell, the values of which for
CdSe, ZnS, CdS nanoparticles were determined in works
[21, 22]. The right part of the third equation determines
the pressure from the elastically deformed cell P and the
pressure due to the attraction of HSA molecules to the QD
surface P, (for the case of the QD-HSA bionanocomplex)
[22]:

(a® is the crystal lattice parameter)
is the Laplace pressure;

y® = [20] is the surface energy of the core or the

_ dE

N
T 14n,S pd_
SOA Tlr=R,

(4)

Ry

where ns is the surface concentration of HSA molecules;
Sa is the effective cross section of HSA molecule,
Sa=9-10" cm?; p is the dipole moment of the aloumin
molecule; Rs is the radius of the outer layer of shell, E is
the intensity of the electric field created by QD. In more
detail, the procedure for determining the pressure created
by human serum albumin on the QD surface is described
in[22].

The mechanical strain oﬁ) in the core and the shell
layers of QD is determined by the formula:

M _ ___Ei 0 @ , M
Grr = (1+vi)(11—2vl-) [(1 —videy + vi(sw + &gg )] 5)
Knowing the displacement, we determine the

components of the deformation tensor of the materials of
the core and the shell layers of QD:

sr(lr) = auf)/ar,
® ® ®
Epp = Egp = Uy /T,

® ®
+ &gy T Epp-

(6)

e® =g

I1. Calculation results and their
discussion

In Fig. 2 shows the dependence of the deformation of
the CdSe-core/ZnS/CdS/ZnS-shell QD materials on the
value of the comprehensive compression modulus of the
cell in the interval up to 0.2 MPa for different thicknesses
of the inner layer of the ZnS shell at the core radius of
Ro =10 nm (the deformation of QD, which is not subjected
to pressure from the cell, is taken as zero deformation).
Such dependence has a linear character. The values of the
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modulus of elasticity for a healthy cell lie in the range (0.1-
1) bar. Cytoplasm has lower values, cell core has higher
values. In a diseased cell, these values may decrease
(increase) several times. In case of decrease or increase in
cell elasticity (depending on the disease), the amount of
deformation of QD materials and, accordingly, the energy
spectrum of QD radiation will change. The QD core is the
most sensitive to changes in cell elasticity. An increase in
the thickness of the shell leads to an increase in the
compression deformation of all layers of the
heterostructure.

The sensitivity of QD materials to changes in cell
elasticity increases significantly when using QD-HSA
biocomplex (Fig. 3). In this case, the character of the
dependence of the deformation on the modulus of
elasticity does not change, but the deformation of QD
materials and its change with a change in the
comprehensive ~ compression ~ modulus  increases
approximately 4-6 times depending on the surface
concentration of albumin (Fig. 3a,b). This is due to the
occurrence of additional pressure due to the electrostatic
attraction of albumin molecules to QDs.

In Fig. 4 shows the dependence of the deformation of
the CdSe-core/ZnS/CdS/ZnS-shell QD materials (Fig. 4a)
and QD-HSA biocomplex (Fig. 4b) on the radius of the
QD core, at a surface concentration of HSA of 10%* cm™.
An increase in the radius of the QD core, as well as the
thickness of the shell layers, leads to an increase in the
compression deformation of all materials of the
heterostructure. This is mainly due to an increase in the
QD volume and, accordingly, an increase in the
deformation of the cell itself, which exerts greater pressure
in response. The inner layer of the CdS shell undergoes a
slight compression deformation, which slowly increases
(compared to other layers of the heterostructure) as the
core radius increases. The presence of HSA molecules on
the QD surface makes it significantly more sensitive to the
deformation created by the pressure of the cell at any radii
of the QD core.

In Fig. 5 shows the dependence of the deformation of
the CdSe-core/ZnS/CdS/ZnS-shell QD materials on the
surface concentration of HSA (Ro = 10 nm) and different
thicknesses of the shell layers. An increase in the
concentration of albumin leads to an increase in the
absolute value of the compression deformation of all
materials of the nanostructure. But it should be noted that
a significant increase in compressive deformation is
observed for insignificant concentrations of HSA
(ns <0.6-10% cm?). With a further increase in the
concentration of albumin, the QD deformation practically
does not change. This is explained by the fact that a



0.V. Kuzyk, O0.0. Dan’kiv, R.M. Peleshchakl, 1.D. Stolyarchuk, V.A. Kuhivchak

e.10%

. .1.0.
K, bar

Fig. 2. The dependence of the deformation of the CdSe-core/ZnS/CdS/ZnS-shell QD materials on the value of the
comprehensive compression modulus of the cell at the core radius of Ry =10 nm and for the thickness of the shell
layers: d; = 2a¥) (a); d, =2a®@; d3 = 2a®; d; = 6a® (b)
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Fig. 3. The dependence of the deformation of the CdSe-core/ZnS/CdS/ZnS-shell QD materials on the value of the
comprehensive compression modulus of the cell compression for the QD—-HSA biocomplex at the surface
concentration of ns = 10 cm and at the core radius of Ro =10 nm for the thickness of the shell layers: d; = 2a®) (a);
d2 =2a?; d; =2a®; dy = 6a® (b).
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Fig. 4. The dependence of the deformation of the CdSe-core/ZnS/CdS/ZnS-shell QD materials (a) and QD-HSA
biocomplex (b, ns = 10'* cm) on the radius of the QD core for the thickness of the shell layers: d; = 2a\® (a);
d>=2a®@; ds = 2a®. Here K = 1 bar
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Fig. 5. The dependence of the deformation of the CdSe-core/ZnS/CdS/ZnS-shell QD materials on the surface
concentration of HAS at the core radius of Ry =10 nm and for the thickness of the shell layers: d; = 2a® (a);
d,=2a®; d; = 2a®; d; = 6a® (b)
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Fig. 6. The dependence of the parameter o) of the CdSe-core/ZnS/CdS/ZnS-shell QD materials on the surface
concentration of HSA at the core radii Ro =10 nm (a, b) and Ro =4 nm (c, d) for the thickness of the shell layers:
di=2a® (a, ¢); d, =2a®; d3 =2a®; d; =6a® (b, d).

limited number of HSA molecules can interact with the
QD surface. When using QDs for the diagnosis of cancer
diseases, an important parameter is not only the absolute
value of the deformation, but also the sensitivity of the
deformation of the QD materials to changes in the elastic
constants of the cell:

a(l) = dg(l)/dK

In Fig. 6 shows the dependence of the parameter o
of the CdSe-core/ZnS/CdS/ZnS-shell QD materials on the
surface concentration of HSA for different geometric sizes
of the QD core and shell. An increase in the concentration
of HSA molecules increases the sensitivity of
nanoheterostructure materials to changes in the elasticity
of a living cell. Depending on the core radius and the
thickness of the shell, the presence of HSA on the QD
surface allows to increase the parameter o by 3-3.5
times. Moreover, this parameter is the largest in absolute
value for the CdSe core and the smallest for the CdS inner
layer for any QD size and HSA concentration. Increasing
the radius of the QD core and the thickness of the ZnS
shell layers also increases the parameter of?. Thus, when
the core radius changes from 4 nm (Fig. 6¢) to 10 nm
(Fig. 6a) at the HSA concentration ns = 0.5-10* cm?, the
parameter @ increases from 0.63-10° 1/bar to
2.4-10°5 1/bar (almost 4 times). Increasing the thickness of
the ZnS shell layer from d; = 2a® (Fig. 6a) to d; = 6a®
(Fig. 6b) increases the parameter o/ by 50%. Changing
the thickness of the inner layer of the shell practically does
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not change the deformation of QD materials and the
parameter o, which characterizes the sensitivity of QD
to changes in cell elasticity.

Conclusions

The model of the core-three-layer shell QD and the
QD-HSA bionanocomplex which are placed in a living
cell was constructed. The proposed model considers the
QD as an elastic dilatational inclusion, which is subjected
to pressure from the cell depending on the comprehensive
compression modulus.

On the basis of the developed model, the regularities
of the change in deformation of the CdSe-
core/ZnS/CdS/ZnS-shell QD materials when the elasticity
of the cell changes depending on the geometric sizes of the
QD and the surface concentration of human serum
albumin have been established.

It was established that the CdSe/ZnS/CdS/ZnS — HSA
bionanocomplex has greater sensitivity to changes in the
elasticity of a living cell than the CdSe/ZnS/CdS/ZnS QD.
This is explained by the occurrence of additional pressure
on the QD surface due to the electron-deformation
interaction.

It was established that QDs of larger sizes are more
sensitive to changes in the elasticity of the cell in which
they are located. This is mainly due to an increase in the
QD volume and, accordingly, an increase in the
deformation of the cell itself, which in response exerts
greater pressure.
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MonemoBanns aegopmaiii HAMIBIPOBITHNKOBOI KBAHTOBOI TOUYKH 3
0araTomapoBo 000JI0HKOK B *KHUBiil KJIITHUHI

UIpozobuybkuii depoicasnuii nedazozivnuii ynisepcumem imeni leana @panka, Jpozobuy, Ypaina, olehkuzyk@dspu.edu.ua;
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[loGynoBaHo Monens HamIBIPOBIAHUKOBOI KBAaHTOBOI TOYKM 3 0araromrapoBoi0 OOOJOHKOIO Ta
010HaHOKOMITJIEKCY KaHTOBA TOYKAa — ajJbOyMIiH KpOBI JIFOJMHH, SIKi MICTATHCS B JKUBif KiIiTHHI. JlocmimkeHO
3aKOHOMIpPHOCTI 3MiHK JIedopmaliii MaTepianiB kBaHTOBOI ToukH s1apo-CdSe/o6ononka-ZnS/CAS/ZnS npu 3mini
€NaCTUYHOCTI KIIITHHHU (MOIYJISA BCEOIYHOTO CTHCKY) 3a Pi3HUX PaJiycCiB sapa, TOBIIMH OKPEMHUX IIapiB 000JIOHKU
Ta TOBEPXHEBOI KOHIEHTpawii Moiekyn ampOyminy. ITokasaHo, mo HasBHICTH anb0OyMiHY KpOBI JIOOWHH Ha
HOBEPXHI KBAHTOBOI TOYKH CYTT€EBO 301IbIIIYE 11 Uy TIIMBICTb 10 THCKY, CIIPUYHHEHOTO OTOYYIOUMM CEPEAOBHUILEM
(xkuBorO KiiTHHOW0). OTpHMaHi pe3ynbTaTH CBITYAaTh NPO IMEPCHEKTHBY BUKOPHCTAHHS Oi0HAHOKOMILIEKCIB
KBAaHTOBA TOYKA BHAY SIPO-O000JIOHKA — CHPOBATKOBUII aJbOyMiH KPOBI JIFOIMHH JUIS JIarHOCTUKH PAKOBHX
3aXBOPIOBAaHb HA PaHHIX cTajifX. Lle moB’s3aHO 3 THM, 110 TaKi 3aXBOPIOBAHHS CYIPOBOIKYIOTHCS Pi3KOI0 3MiHOIO
€NIACTUYHOCTI KIITHHU (i IPYKHUX CTAJHX ).

KoarodoBi ciioBa: xBaHTOBa TOYKa BUAY SPO-O0OJOHKA, anbOyMiH KpPOBI JIFOMUHH, AedopMaltisi, MOIYJIb
BCEOIYHOTO CTHCKY, )KHBA KJIITHHA.
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