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Abstract. The interaction between CdTe quantum dots (QDs) and human serum albumin (HSA)
was studied by absorption and photoluminescence spectroscopy. Three aqueous-compatible samples
of colloidal CdTe nanoparticles with average size of 2.8, 2.9 and 3.1 nm were tested. In the absorption
spectra of the colloidal CdTe QDs exciton band was found to be shifted to higher photon energy as
compared with that for bulk crystals due to the quantum confinement effect. It was shown that addition
of HSA to colloidal CdTe nanoparticles leds to a gradual decrease of absorption and broadening of
exciton structure. The photoluminescence quenching results indicated that the quenching effect of QDs
on HSA fluorescence depend on the size and temperature and the nature of quenching is static, resulting
in forming QDs—HSA complexes. Stern — Volmer plots were made and quenching constants were thus
obtained. The results suggested the quenching constants increasing with increasing of the sizes QDs
and decrease with increasing temperatures of QDs-HSA solutions.
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XAPAKTEPUCTHUKA B3AEMO/II KBAHTOBUX TOYOK CdTe I3 CUPOBATKOBUM
AJIBBYMIHOM JIOJIJMHA METOJAMM ONITUHYHOI CHEKTPOCKOIIII

I JI. Cmonapuyx, A. U. Caguyx, P. Botinaposcwvka, A. ITonim

AHoTauis. [{ociikeHHs CIIEKTPIB MONIMHAHHS Ta (DOTOIOMIHECIICHIIIT 3aCTOCOBYBAIIUCH IS
BUBYCHHS B3aemoaii Mixk kBaHToBUMH Toukamu (KT) CdTe i cupoBaTkoBUM anbOyMiHOM JIFOIUHH
(HSA). JocmimkxeHHs TPOBOAMINCH ISl KOJIOiMHUX po34nHiB HaHOouacTUHOK CdTe 3 cepennimMu
po3mipamu 2.8 HM, 2.9 HM Ta 3.1 HM. EKCUTOHHA CTPYKTypa B CIIEKTpax MOTTHHAHHS KOJIOTTHHX
po3unHiB HaHOouacTUHOK CdTe BuABUIACH 3MINIEHOIO B 00JaCTh BUCOKHX 3HAYEHb CHEPTid y
MOPIBHSAHHI 3 00'€eMHUMH KPUCTAJIIAMH, IO 3yMOBJICHO MPOSIBOM KBAaHTOBO PO3MIPHOTO e(eKTy.
JonaBaHHS CUPOBAaTKOBOTO ainbOyMiHy mtonuHU 110 KojoinHoro pozunHy KT CdTe mpusBoauts 10
MOCTYIIOBOTO 3MEHIIICHHS TOIIMHAHHS Ta PO3MUTTSI €KCUTOHHOI CTPYKTYpH CHEeKTpy. JlocmimKkeHHs
raciHus ¢oTomomMinecueHiii kBautoBux Touok CdTe mpu monaBaHHI CHPOBATKOBOTO albOyMiHy
KpOBI JIFOIMHU JI03BOJIMIIM BCTAHOBUTHU CTAaTUYHMIA XapakTep TaciHHA Ta (pOpMyBaHHS KOMIUIEKCIB
HAHOKPHCTAJ - CHPOBAaTKOBHUH abOyMiH monuHu. BuxopucTtoBytoun piHsHHs [ltepHa - @oapmepa
OyJI0 BCTAHOBJICHO 3POCTaHHS KOHCTAHTHU raciHHg 31 30inbpmenHsM po3mipiB KT Ta 11 3MeHmIeHHs i3
HiABUIIEHHAM Temreparypu po3untiBs KT-HSA.

Kawuogi caoBa: CdTe, kBaHTOBa TOUKa, HAHOYACTUHKA, HAHOKPUCTAJ, ONITUYHA T'yCTHHA,
(doTonromMiHecHeHIIis, raciHHs (IIyOpecleHIIii, CAPOBATKOBUHN aJIbOyMiH JIFOIHHA

XAPAKTEPUCTHUKA B3AUMOJENCTBUA KBAHTOBBIX TOYEK CdTe C
CBIBOPOTOYHBIM AJIbBYMHUHOM YEJIOBEKA METOJAMHJ OIITUYECKON
CIIEKTPOCKOIINHU

U. J[. Cmonapuyx, A. U. Casuyk, P. Boiinaposckas, A. Ilonum

AnHoTanusi. OnNTHYEeCcKOe NOTJoIEeHue U (POTOJIOMUHECLHEHIIUS HCIOJIb30BAIUCh JJIs
XapakTepucTHKH B3auMmojercTBrs kKBaHTOBBIX Touek (KT) CdTe ¢ ChIBOPOTOYHBIM alibOyMHUHOM
yesnoBeka (HSA). MccnenoBanus npoBoauInCh JUIsl KOJUIOMAHBIX pacTBopoB HaHouyacTul CdTe co
cpenHuMH pazMepamu 2.8 HM, 2.9 HM U 3.1 HM. DKCUTOHHAs CTPYKTypa B CIEKTPax MOMIOIIECHHUS
koiutouHbIX pacTBopoB KT CdTe okazanachk cMmenieHHON B 00JaCTh BBICOKUX 3HAYCHUU YHEPTUi
10 CPaBHEHHUIO C OObEMHBIMU KPUCTAJJIaMH, YTO 00YCJIOBJIEHO MPOSIBIIEHUEM KBAaHTOBO-Pa3MEPHOIO
s dekra. J[obaBneHre CHIBOPOTOYHOTO albOyMUHa 4YesnoBeka K koumonnHomy pactBopy KT CdTe
IIPUBOJIUT K YMEHBIICHHUIO TIOIVIOIIEHUS U Pa3MbITHIO SKCUTOHHOM CTPYKTYpbI criekTpa. McciaenoBanue
Tymenus GporoaroMuHeceHIH KBaHTOBBIX Todek CdTe mpu 106aBIeHNH CHIBOPOTOYHOTO aTb0OyMHHA
YesI0BeKa MO3BOJIMIIO YCTAHOBUTH CTATHUECKHUN XapakTep TyIIeHUs u (OPMUPOBAHUE KOMILJICKCOB
HAHOKPHCTAJLI - CBIBOPOTOUHBIN aibOyMuH uenoBeka. Mcnonb3ys ypaBuenus lltepna - ®donbmepa
OBLJIO YCTAHOBJIEHO POCT KOHCTAHTHI TylIE€HUs ¢ yBennueHueMm pasmepoB KT u ee ymeHblieHue ¢
NoBbILIEHHEM TeMIieparypbl pacTBopoB KT - HSA.

KuroueBbie cinoBa: CdTe, kBaHTOBas TOYKa, MOJYIPOBOAHUKOBAS HAHOYACTHUIIA, ONTHYECKAS
IUIOTHOCTD, (DOTOJIFOMUHECLIEHIINS, TyLIEHHE (PIyOpeCLeHIIMH, CHIBOPOTOUHBIN aJb0yMHUH YeJI0OBEKa
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1. Introduction

In the past decade, a variety of nanoscale
structures have been used for a range of biologi-
cal and biomedical applications. Major classes
of biologically relevant nanostructures include
semiconductor nanoparticles, magnetic nanopar-
ticles, carbon-based nanostructures and metal-
lic nanoparticles [1]. Research on semiconduc-
tor nanocrystals (NCs), also known as quantum
dots (QDs), has increased rapidly in the past few
decades [2]. QDs are useful as a novel probe in
biosensor and bioimaging due to their unique size
dependent optical and electrical properties. More-
over, semiconductor QDs are also becoming valu-
able analytical tools for biological and biomedi-
cal applications as they offer the opportunity to
design luminescent probes for labeling, imaging,
and sensing with unprecedented performance [3].

Due to the tremendous focus on applying the
nanoparticles to biological and biomedical appli-
cations, there has been increasing interest in esti-
mating the toxicity of II-VI undoped and doped
semiconductor based nanoparticles. It is well
known that the human serum albumin (HSA) is
the most abundant protein in blood plasma and
involved in the transport of a variety of endog-
enous and exogenous ligands. Transportation, dis-
tribution, physiological and toxicological actions
of the ligands in vivo are closely related to their
binding with proteins. So, it is very significant to
investigate the interaction between the nanopar-
ticles and the major carrier protein like HSA. Sev-
eral reports have been devoted to study such kind
of interaction between II-VI semiconductor based
nanoparticles and bovin serum albumin (BSA)
and HSA. Shao et al. speculated that the interac-
tion of CdTe QDs with BSA was mainly attributed
to electrostatic attraction [4]. Xiao et al. proved
that binding of colloidal CdSe/ZnS QDs and HSA
is a result of the formation of QDs—HSA complex
and electrostatic interactions play major role in
stabilizing the complex [5]. This group also stud-
ied [6] the conformation changes of HSA induced
by CdTe quantum dots with different sizes and the
obtained results indicated that the biological activ-
ity of HSA is weaker for quantum dots with big-
ger sizes. Wu et al. [7] reported on the interaction
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between BSA and ZnS quantum dots by spectro-
scopic techniques and showed strong quenching
of fluorescence. Recently, Hemmateenejad and
Yousefinejad [8] have revealed the presence of
static type of quenching mechanism in the bind-
ing of ZnS nanoparticles to HSA. Bhogale et al.
[9] studied the interaction of ZnO nanoparticles
with HSA and discuseed the quenching of fluo-
rescence of fluorophores in HSA, which was at-
tributed to formation of HSA-ZnO complex in the
solution.

In the present work, we report on investigation
of the influence of CdTe quantum dots size and
temperature on the interaction with human serum
albumin. Main attention is paid to conventional
UV-Vis absorption and fluorescence spectro-
scopic methods.

2. Experimental
2.1. Sample preparation

Aqueous synthesis of QDs offer many benefits
for biological studies. The basic principle of che-
mical synthesis of nanostructured materials (the
so-called bottom-up method) is to initiate chemi-
cal reactions and control the nucleation and growth
of the reaction products. This can be achieved by
conducting the reactions within a confined envi-
ronment or controlling the reaction process via
dynamic binding of surface ligands. In colloidal
solution synthesis, controlling the size or shape is
done by adjusting the ratio of the chemicals con-
centrations, selecting capping material, value of
pH, and temperature. Nanoparticles of CdTe were
prepared in aqueous solution at room tempera-
ture using procedure similar to described in [10].
Briefly, Cd precursor solutions were prepared by
mixing 3 mmol of CdCl, with 225 ml of ultrapure
water followed by 7.7 mmol of thioglycolic acid
(TGA) under magnetic stirring. The pH value of
the mixed solution was adjusted to 10.0 by drop-
wise addition of 1M NaOH solution. Then, gas
mixture of Ar and H,Te was passed through the
solution. The reaction time was varied to achieve
different molar ratio of Cd*":Te*:TGA.

Transmission electron microscopy (TEM) was
used in order to confirm the nanoparticles of the
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grown samples, estimate shape and determine the
average size of nanocrystals. A TEM instrument
Tecnai Osiris X-FEG TEM microscopy that
provides maximum resolution of 0.136 nm has
been used.

HSA was purchased from PJSC Biofarma
(Ukraine) at the concentration of 1,5 x 10 mol
L. Solutions of CdTe nanocrystals with HSA
were prepared by adding the set amount of quan-
tum dots (from 0,1 x 10°°mol L' to 1,9 10 mol
L") to fixed volume of HAS (1 mL) and stirred
for 2 min. The experiments were started in 10 min
after the sample was inserted in the instrument to
allow the temperature to equilibrate.

2.2. Measurements

The absorption and photoluminescence spec-
tra were recorded using UV-Vis spectrometer on
the base of diffraction monochromator MDR-23
(LOMO). Quartz cells (1cm path length) and a
thermostatic bath were used for all measurements.
The excitation of photoluminescence was carried
out by a He-Cd laser operating at wavelength of
325 nm and power of 10 mW.

3. Results and Discussion

The HR TEM image of typical colloidal
CdTe nanoparticles is shown in Fig. 1. For this
kind of microscopic analysis a drop of colloidal
suspension is placed on special carbon-coated
copper grid. As can be seen the shape of the
nanoparticles is close to spherical and the average
diameter of the nanoparticles is found to be
approximately from 2.5 to 5 nm.

S

Fig. 1. HR TEM images of the colloidal CdTe
quantum dots.

To study optical spectra three colloidal solu-
tions were chosen with an average diameter of
CdTe quantum dots about 2.8 nm, 2.9 nm and
3.1 nm. Fig. 2 shows optical density as a func-
tion of photon energy for four solution samples
contained in the same quartz container with inner
thickness of 10 mm which correspond to differ-
ent materials. Curve 1 corresponds to the sample
of CdTe nanoparticles with an average diameter
of 2.9 nm and curve 2 corresponds to HSA solu-
tion. Curves 3 and 4 correspond to mixed solu-
tions of CdTe quantum dots and HSA. In optical
absorption spectrum of CdTe nanocrystals one
can see clear exciton band with maximum at 2.32
eV. Its maximum is blue shifted as compared with
bulk CdTe crystals. A blue shift with respect to
the absorption peak of bulk crystals is due to the
confinement effect. The correlation between the
bandgap and the radius of semiconductor nano-
crystals was given by Brus [11,12] in the follow-
ing equation:
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where E (r) corresponds to the nanoparticles en-

E g“lk is the bulk semiconductor

ergy bandgap,
energy bandgap, r is the crystallite radius, mz is

the electron effective mass, m; is the hole effec-
tive mass, e and P is the dielectric constant and
polarization term, respectively. By neglecting
small polarization term and using values of

*

m mZ , ¢ for bulk CdTe, the experimental

e

value of E (r) - Eg”lk =0.83 eV an average ra-
dius of the studied CdTe nanoparticles was es-
timated as r~1.4 nm.

As shown in Fig. 2 (curves 3 and 4), an ad-
dition of HSA to colloidal CdTe nanoparticles
leads to a gradual decrease of optical density and
broadening of exciton structure. However, energy
position of the exciton band in this case remains
not shifted. The obtained results indicate that the
binding process between quantum dots and pro-
tein molecules may change the conformation of
HSA.
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4 T T T T T T T T T T
1——CdTe
2——HSA
3—— HSA+1.5*10°mmol/L CdTe
4—— HSA+0.9*10°mmol/L CdTe

Optical density
N

1,5 1,8 2,1 24 27 30
Photon energy, eV

Fig. 2. Optical density as function of photon energy
for solution of colloidal QDs CdTe with average size
of 2,9 nm and HSA (curve 1 corresponds to CdTe
QDs only, 2 corresponds to HSA solution only, 3 —
corresponds to HSA + 1.5 x 10° mmol L' QDs, 4 —
corresponds to HSA + 0.9 x 10° mmol L' QDs).

Photoluminescence is the process of photon
emission as a result of the return of an electron
in a higher energy orbital back to a lower orbital.
A variety of the molecular interactions can result
in quenching, including excited-state reactions,
energy transfer, ground-state complex formation,
and collisional quenching [11]. The mechanisms
of quenching are usually classified as either dy-
namic quenching or static quenching. These can
be distinguished by their varying dependence on
temperature or by luminescence lifetime mea-
surements. The dynamic quenching depends on
diffusion, since higher temperature results in
larger diffusion coefficients. For this reason, the
quenching constants are expected to increase with
increasing temperature. In contrast, increased
temperature is likely to result in decreased stabil-
ity of complexes, and, therefore, lower values of
the static quenching constants [13]. Fig. 3 shows
photoluminescence spectra of colloidal CdTe
nanoparticles (curve 1), HAS (curve 5) and their
solutions (curve 2-4). Main finding from these ex-
periments is so-colled quenching effect. The pho-
toluminescence intensity of HSA progressively
decreases with the increasing concentration of
CdTe quantum dots. The fluorescence quenching
mechanism can be analyzed quantitatively at dif-
ferent temperatures (293, 303 and 309 K) with the
Stern—Volmer equation [14]:
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2=1+kmnQl=1+Ky[0]
where F and F are the fluorescence intensities be-
fore and after the addition of the quencher, Kq is
the quenching rate constant of the bimolecular, t,
is the average lifetime of the fluorophore without
quencher, K, and [Q] are the Stern—Volmer dy-
namic quenching constant and the concentration
of the quencher, respectively.

T T T T

1 1——CdTe QDs
3t 2——HSA+1.5x10° mmol L QDs |
3——HSA+0.9x10° mmol L' QDs
4——HSA+0.6x10° mmol L' QDs
5——HSA

PL intensity, arb. units

1
1,6 2,0 24 28 32
Photon energy, eV

Fig. 3. Photoluminescence spectra of CdTe QDs
(2,9 nm) in HSA (curve 1 corresponds to CdTe
QDs only, 2 corresponds to HSA + 1.5 x 10~ mmol
L' QDs, 3 — corresponds to HSA + 0.9 x 10 mmol
L' QDs, 4 — corresponds to HSA + 0.6 x 10 mmol
L QDs, 5 - corresponds to HSA solution only).

Fig. 4 shows the Stern—Volmer plots of F/F
versus [Q] at three different temperatures. The
quenching constants decrease with increasing
temperatures, which indicates that the quenching
mechanism mainly arises from static quenching
[15]. As such, a ground state complex is formed
between HSA and CdTe QDs that leads to fluores-
cence quenching.

The quenching ratio (F/F0) of the HSA pho-
toluminescence with different average radius of
CdTe nanoparticles is shown in Fig. 5. For equal
concentrations of nanoparticles in solutions with
HSA the intensities of photoluminescence slowly
decrease with an increase of size of quantum dots.
These results indicated that the quenching effect
of HSA on CdTe quantum dots photolumines-
cence depended on their sizes.
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2,0 T T T T
CdTe QDs + HSA

1—o— T=309K
2—y— T=303K
3—s— T=293K

F/F

0,0 04 0,8 1,2 1,6 2,0
Concentration of CdTe QDs, x 10° mol L

Fig.4. The Stern—Volmer plots for HSA photolu-
minescence quenching by CdTe QDs for different
temperatures.

2,0 — T T T T

CdTe QDs +HSA
1—0—R=2.8nm
2—e—R=29nm
3—o—R=3.1nm

F,JF

0,0 04 08 1.2 16 20
Concentration of CdTe QDs, x 10° mol x L

Fig. 5. The Stern—Volmer plots for HSA photolu-
minescence quenching by different average size of
CdTe QDs at 293 K.

The quenching constants K of nanoparticles
CdTe with average radius 2.8nm, 2.9 nm and 3.1
nm for HSA were calculated to be 2.12x10"
2.14x10%and 2.28x10" L mol™" s™!, respective-
ly. According to the literature [16,17], for dy-
namic quenching, the maximum scatter collision
quenching constant of various quenchers with the
biopolymer is 2.0x10' L mol™ s™'. Considering
that in our experiment the rate constants of the
HSA quenching procedure initiated by nanoparti-
cles were much greater than 2.0x10'° L mol ™ s!,
it can be concluded that the nature of quenching
is not dynamic but probably static, resulting in
forming QDs—HSA complexes.

4. Conclusions

In summary, three different CdTe QDs with
average radiuses of 2.8 nm, 2.9 nm and 3.1 nm
were obtained and their interactions with HSA
were investigated. The addition of HSA to col-
loidal CdTe QDs leads to a gradual decrease of
optical density and broadening of exciton struc-
ture. Photoluminescence spectroscopy provides
qualitative and quantitative information about the
interaction between QDs and HSA. Our results
showed that the intrinsic fluorescence of HSA
was quenched through static quenching mecha-
nism. The quenching constants and the number of
binding sites increase with increasing of average
size of QDs.
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