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ABSTARCT

Advantages of semiconductor quantum dots for study and diagnostics of biological

nanosystems are discussed. A new method for amino acid diagnostics used semiconductor quantum

dots is posed. Interaction of isolated quantum dots with charged amino acids is studied in detail. It

is shown that such interaction results in a shift of the quantum dots |luminescence spectra by several

dozens of meV. This effect provides new possibilities for identification of biological nanoobjects

using quantum dots.
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INTRODUCTION

Semiconductor quantum dots (QDs) are used effdgtimeopto- and nanoelectronics. For example,
IR laser have been fabricated on the basic of sardiactor QD heterostructures. Such devices have
improved characteristics as compared with thoggiahtum well lasers [1-4].
Recently, QDs found new applications in biology amedicine [5]. First of all, QDs are studied as
new tools for obtaining an image of living cell atiekir diagnostics in vivo. As shown elsewhere
[6-9], QDs have considerably better properties tfaorescent chromophores which are currently
used in biology and medicine, namely: (i) higheamum vyield; (ii) optical activity in the long —
wave range of the spectrurfii) and significantly greater photochemisgbility.
Optical properties of QDs strongly depend on thdiimensions. The emission wavelength is
increased fromt - 10% to 10% nanometers with increasing the QD radius fromt&,20,0 n6,7].
Unlike other fluorescent systems, semiconductor Q@s a threshold excitation energy; i.e., they
can be excited by such and greater energies. Theghreshold energy must not be equal to the
energy of transition within the QDs. Therefore, m&Ds can be excited by the light with the same
wavelength, whereas each QD emits the light witliferent wavelength. Thus, unique spectral
properties of QDs are very promising for biologiaad medicine studies.
In a number of papers (e.g., [6,7]) a study of pulpose semiconductor QD samples for detection
of cancer cells in living organisms and for cregtimages of these cell was described. A study of
cancer cell growth in animals demonstrated that @@se accumulated in tumors due to both
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improved transitivity and binding to the biomarksurface of cancer bodies according to the

antibody mechanism. High — sensitivity color imagésancer cells have been obtained directly in

living organism. Thus, new methods of obtaininghhtgsensitive images of molecular objects in a
living organism using QDs were demonstrated.

Due to their narrow and symmetrical peaks in engtspectra, semiconductor QDs can be used for
optical diagnostics where different colors (waveliis) and different intensities of the spectral

peaks can be used for identification of genes, anaicids, proteins and the molecular chains.

This paper presents a new prospective method ofaatid diagnostics using semiconductor QDs.
The main topic is an effect of the amino acid — iQ@@raction on the emission spectrum of QDs.

MATERIALS AND METHOD

Energy Shift of Quantum Dotsin the Presence of Amino Acids

It is known that all 20 amino acids fall into fogroups: ones with negative charge; with positive
charge; polar and nonpolar. Each amino acid typsrants with QDs in a different way and, thus,
differently affects energy levels of charge cagié@n QDs and, consequently, the QD emission
spectrum. We have carried out detailed microscoglculation of electron and hole spectra in QDs,
which interact with charge amino acids [8,9].
Let us consider an interaction of QD with chargedr® acid (AA). For the sake of simplicity we
shall approximate AA with a uniformly charge spefée electrical field on the surface of such
sphere is:

E=—2:R (1)

where R is the sphere radius; Q is the charge,eimgr= (4/3)mpR? and g is the charge density;
£, Is the dielectric constant.

Since the energy gap of QD is less than thah@f&urrounding material, the charge carrier motion
in QD is confined by its volume. Thus, optical pedjes of QD are determined by the electronic
structure of a spatially confined electron — had exciton) [10-14]. The QD — AA interaction can
be considered as effect of the electric field of &\ QD. The case is that under an external electric
field a shift of dimensional quantization energydks for an electron — hole pair in QD in the hand
— to —band absorption range is determined by treigtic quantum — dimensional Stark effect
[10,11,14].
As in [10-14], let us consider a spherical QD wvitike radiusa, the dielectric constant of QD being
g, ¥ ;. Let us study the effect of the electric fidldon the electron — hole pair spectrum. The
electron — hole pair Hamiltonian for QD exposedhe electric field includes, in addition to the
kinetic energies of the electron and hole, theofeihg: the energy of the Coulomb interaction of
the electron and hole; the energy of the electrmh fzole interaction with their own images; the
energies of interactions with “foreign” images, dahd energy of electron and hole interaction with
the field. The Hamiltonian can be significantly piified when &, > g, [10-14].
We shall consider a case when the QD dimensioanred by the condition:

a, €a=a, (2)
where a, = (s,/*/(m,e?)); a, = (s,7* /(m,e*)) are Bohr's radii of electron and

hole, respectivelye is the electron charge, andm,, are the effective masses of electron and hole,
respectively. If condition (2) is satisfied the @atation interaction provides the main contribntio
to the potential energy of electron and hole [1D-Furthermore, wherir, << m,, condition (2)
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allows us to consider the heavy hole motion infiekels with the electron potential averaged over
the total electron path (the so called adiabatic pr@aamation) [10-14].

The electronic structure of an electron — hole pédihin the adiabatic approximation can be easily
calculated; see, for example [10-14]. After avemgghe potential energy of the electron — hole pair
over electron wave functions (in the case of a spalepotential well), we have an expression for
the potential energy of a heavy hole moving inab@batic potential field of an electron [14
K" ap 1 . . . gin(2nnglry fal)
U(r,a,E) = ( ] [—1—':r';._a"ﬁ}1 + 2Ci(2mn,) — 2Ci(2nn, (1, /a) ) + ———2—

Em;.._ﬂi_ a

Zrnglry fa)
2 ln(%) +2- 4] — eEr,
(3)
where n, is the electron principal quantum numbeyr;is the distance between the hole and the
centre of QDCi (y) is the integral cosine. The last term in (3) resuitshifting the potential well

bottom for the hole in QD by a value [14]:
Ax = —=22l2__ g2 4
= (1+(2/3)n2nd) 4 ( )
as well in shifting the dimensional quantizatiorrgy levels by a value:
AE, = ———2 _—_E%a?, (5)

2[1+(2/3)n%ng]
where Ax = (r,/a).
From (5) it follows that the energy shifts for délen and hole do not depend on the hole principal
quantum numbeit,, and are determined solely fy. Under the electron field the sift of
dimensional quantization energy levalg, will be about [14]:

AE, % &, (?)3 E2a® .

For the ground electron state = 1 and if (a,/a) < (1/3),AE, << AE,. Thus, expression (5)
describes the quantum — dimensional quadratic $féekt, when quantum — dimensional energy
levels shift under the electric field by a valuegmrtional toE2a®. Figure 1 show an emission
spectrum of InAs QD without and with an accountifderaction with AA. For calculation, we took
the following parameters of INnAa=5.0 nm =£,=14.9 Q=¢, R=1.0 nm =,=1.7. The resulting shift
of the emission peak was approximat#yl 8 meV.
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Fig.1. Emission spectrum of InAs quantum dot without yeut) and with an account for
interaction (curve 2) with charged amino acid.

50



Sergey |. Pokutnyi et al Journal of Applied Chemistry, 2013, 1(1):48:51

CONCLUSION

A case was considered when polarization interactbnan electron and hole with the QD
environment contributes mainly to rearrangementhaf spectrum. It is shown that when QD
interacts with charge amino acids, a shift of disienal quantization energy levels for an electron —
hole pair in QD in the band — to — band absorptaoge is determined by the quadratic quantum —
dimensional Stark effect. An analytical expresdionthe energy shift for electron and hole levels
has been obtained as a function of the electransity and QD radius. A case was considered
when dielectric constants of QDs and their envirentrare essentially different. This approach
allows us to significantly simplify the expressi@r the polarized interaction energy of electron
and hole with the QD environment.

The energy shift of electron and hole levels defirthe shift of the QD luminescence pear has been
calculated.

Thus, a good method for using semiconductor QDsekprerimental detection of charged amino
acid presence with high accuracy is provided.

REFERENCES

[1]. S | Pokutnyi; Physics Letters 2005, 342, 347.

[2]. S | Pokutnyi; Phys. Expres&)11, 1, 158.

[3]. S I Pokutnyi; P P Gorbyk; Optic013, 2,47.

[4]. S | Pokutnyi; J. Nanostruct. CheriQ13, 3, 39.

[5]. C Warren; C Chan; N Shuming; Scient898, 281,2016.

[6]. X Michalet; FF Pihaud; LA Bentolila; Scienc2)05, 307, 538.

[7]. X Gao; Y Cui; RM Levenson; Nature Biotechnojpg004, 22, 969.

[8]. AS Davydov Biology and quantum mechanics, Naukova Dumka, Kiév9; pp. 124-125.
[9].Ch P Huang; TM Chen; K Li; Biosensors and Bemftonics 2007, 6,201.
[10] S | Pokutnyi; AP Shpak; Progr. Phys. Metal05, 6, 105.

[11] SI Pokutnyi; Ukr. J. Phys. Rex2006, 3, 46.

[12] SI Pokutnyi; AP Shpak;VN Uvarov; Progr. Phiyéetal.,2007, 8, 1.
[13] SI Pokutnyi; Semiconductqra013, 47, 791.

[14] SI Pokutnyi; J. Appl. Phys2004, 96, 1115.

51



