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Abstract—The effect of ionic strength on spectral properties of negatively charged semiconductor
(CdSe/ZnS) nanocrystals (quantum dots, QDs) and polycationic aluminum phthalocyanines (PCs) is con-
sidered. A QD/PC complex, formed via self-assembly, remains stable throughout a wide range of ionic
strength values of a solution and [PC]/[QD] concentration ratio. The efficiency of nonradiative energy trans-
fer from QDs to PCs rises with an increase in the ionic strength of solution. The fluorescence amplification
factor of PC reduces with an increase in number of PC molecules in a complex with a quantum dot, reaching
negative values at high [PC]/[QD] ratios. This is probably due to the decrease in the effect of energy migration
on the total PC fluorescence upon its own significant absorption ability of a large number of acceptors. These
effects are of interest to develop selection principles of components for hybrid complexes stabilized with elec-

trostatic interaction.
DOI: 10.1134/S1995078017010050

INTRODUCTION

Phthalocyanines (PCs) constitute the largest group
of macrocyclic dyes and are assigned to tetraben-
zoazaporphyrines by their chemical structure. PCs
possess high photostability and, being in a photoex-
cited state, start photosensitized reactions involving
reactive oxygen species, including singlet oxygen [1].
The latter forms as a result of energy migration from a
triplet excited state of PC to a triplet ground one of a
molecular oxygen. Fluorescent and sensitizing prop-
erties of PCs are used in biomedical applications for
fluorescence imaging and diagnosis [2], antitumor
photodynamic therapy (PDT) [3], the photodynamic
inactivation of microorganisms [4], and to change
intracellular distribution of administered compounds

[5].

There are several ways to optimize the physico-
chemical and spectral properties of PCs. Including
diamagnetics such as Zn>" or AI** into a macrocycle as
a central metal ion rises the yield of triplet excited
states of PCs [6]. The hydrophobic properties of a
macrocycle of metal PCs contribute to the formation
of nonfluorescent PC dimers, being unable to gener-
ate singlet oxygen in aqueous solutions. The formation
of substituted metal PCs via introducing the ionic sub-
stituents onto the periphery of macrocycle, however,
reduces the aggregation of PCs in water [7]. A promis-
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ing direction is to create hybrid complexes of PC fluo-
rescent labels and photosensitizers with molecules and
nanoparticles that reinforce the photodynamic prop-
erties of photosensitizers owing to modifying their
spectral properties and targeted delivery of the hybrid
structure into a cell or its compartments [8, 9], for
example, with fullerenes [10] or quantum dots (QDs)
[11-15].

QDs have long attracted attention for using in PDT
and fluorescent diagnostics [16—18]. Although QDs
do not possess their own significant photodynamic
properties, they can be used as a fluorescent label to
visualize tumors owing to the high quantum yields of
fluorescence [19]. QDs can also be considered a base
to develop multicomponent complexes with antibod-
ies or peptides that raise the efficiency of penetration
of a complex into a cell [20, 21]. A more interesting
fact is that QDs can be used to modify the spectral
properties of photosensitizers. QDs can act as artificial
“light harvesters,” or antennas, capable of transmit-
ting the energy to acceptors of different nature accord-
ing to the inductive resonance mechanism (FRET)
[22, 23]. PCs have strong absorption in the far-red or
infrared regions of a spectrum with extinction coeffi-
cients more than 10° M~ cm~! [7, 24], but the absorp-
tion of PCs, by contrast, is small in the visible region
of the spectrum (400—600 nm). The effective absorp-
tion cross section for PCs, especially in the blue-green
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Fig. 1. (Color online) (a) Scheme of QD/PC hybrid complex; (b) structural formulas of PCs, where # is average degree of inclu-
sion of substituents R; and (c¢) normalized absorption and fluorescence spectra of QD620 and PC(+6.5).
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Table 1. Spectral properties of semiconductor nanocrystals

.. . Molar

Emission |Fluorescence| Diameter ..
Type . t £QD core extinction
of QD maxirum, qgan um 1o ’|coefficient,
nm yield, % nm o

M~ cm

QD600 613 4.5 3.3 141400

QD620 622 38.4 4.1 240150

part of the spectrum, rises because of the QD/PC
complex formation (Fig. 1a) and energy migration
from QDs to PCs. As a result, the intensity of PC flu-
orescence and generation of reactive oxygen species
rise [11, 12]. Such complexes may be useful in the PDT
of surface tumors and, probably, in the two-photon
PDT of tumors of deep layers, where the intrinsic
absorption of PCs is insufficient even in the red region
of the spectrum.

The applicability of this kind of technology in vivo,
however, depends strongly on the properties of inter-
nal environment of an organism, which is not the same
as a solution in pure water. Ionic strength of the
medium is an important parameter that can have a sig-
nificant impact on the photodynamic properties and
stability of the QD/PC complexes. At present, most of
the QD/PC hybrid complexes investigated were
obtained via self-assembly and stabilization through
electrostatic interactions. Thus, the crucial important
question is preserving the photodynamic properties of
such complexes upon the ionic strength of the envi-
ronment, corresponding to those in vivo [15].

In this work we examine the stability of QD/PC
hybrid complexes stabilized electrostatically upon a
change in the ionic strength of the solution in its phys-
iological values. The structural stability of the complex
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was studied in solutions with increasing ionic strength.
The change in the spectral characteristics of compo-
nents of the complex depending on the ionic strength
of the environment was especially studied because the
efficiency of energy transfer by the FRET mechanism
depends on the overlap of the fluorescence spectrum
of an energy donor (QD) with that of its acceptor (PC)
and a distance between the QD and PC in the com-
plex.

EXPERIMENTAL

Two polycationic cholinyl-substituted aluminum
PCs (Fig. 1b), having an average degree of substitu-
tion, 4.5 and 6.5, (PC(+4.5) and PC(+6.5)) synthe-
sized in the NIOPIK State Research Center, Russia
were used. The coefficients of molar extinction, as well
as absorption and fluorescence maxima of these com-
pounds in aqueous solution, are presented in Table 2.

The QDs having CdSe as a core, produced by the
Nanotech-Dubna Company (Russia), were used as an
energy donor to increase the effective absorption cross
section of PCs. The ZnS protective shell passivates the
surface defects of the crystal lattice of a nucleus, which
increases the fluorescence properties of QDs, whereas
the outer shell of organic ligands (carboxyl groups ori-
ented to the outside environment) provides water sol-
ubility and the negative charge of QDs. PC(+4.5),
PC(+6.5), and QDs of this type formed hybrid com-
plexes with highly efficient energy transfer in accor-
dance with the results of our previous work [25].
QD600 and QD620 were selected in this work because
their fluorescence quantum yields differ by more than
eightfold. The characteristics for QD600 and QD620
are listed in Table 1. The diameters of QD cores, their
molar extinction coefficients, and their concentra-
tions were calculated with the empirical formulas pro-

Table 2. Spectral properties of substituted aluminum PCs in solutions with different ionic strengths. Fluorescence excitation

wavelength is 655 nm

. Position Position Molar extinction
lonic strength . . Fluorescence |Fluorescence
. of absorption peak, | of fluorescence coefficient, . ; e
of solution, M . o intensity, a. u. | lifetime, ns
nm maximum, nm M~ cm
PC(+4.5) 0 681.8 697.1 150.000* 181.3 5.35
0.05 683 698.5 164.200 243.9 5.37
0.1 683.4 698.7 171.000 251.5 5.36
0.15 683.7 698.7 175.900 251.9 5.34
0.2 683.7 698.7 178.200 242.6 5.32
PC(+6.5) 0 679.8 693.6 185.000* 217.5 5.04
0.05 681.4 694.8 190.800 301.9 5.05
0.1 682.4 694.8 195.800 303.9 5.06
0.15 682.7 694.8 200.000 301.2 5.05
0.2 683 694.8 206.000 307.9 5.05

*Molar extinction coefficients in an aqueous solution (without added salts) are given in accordance with the data by Makarov et al. [7].
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vided by Yu et al. [26]. The fluorescence quantum
yield of QDs was determined with the formula

—0. 5D 1

®=0Q Sy D 5 (D)
where @ is the relative quantum yield, S is the area
under the fluorescence spectrum, and D is the optical
density of the solution at the fluorescence excitation
wavelength—455 nm. Index 0 corresponds to fluoro-
phore-standard with a known fluorescence quantum
yield ¢@,. A thodamine B was used as a standard; fluo-
rescence quantum yield was taken to be 0.65 in an
alcoholic solution [27]).

Distilled water was used as a solvent in the experi-
ments. To assess the effect of ionic strength on the
electrostatic interaction of QDs and PCs in a complex,
solutions with different ionic strengths (0, 0.05, 0.1,
0.15 and 0.2 M) were prepared; the ionic strength of
human plasma and other biological fluids is close to
0.15. The required ionic strength value was achieved by
adding the 2-M NaCl solution to the QD/PC one.

Absorption spectra were acquired on a CCD
USB2000 spectrometer equipped a deuterium-tung-
sten lamp DT-MINI-2-GS (Ocean Optics, United
States) as a light source. A CCD USB4000 spectrom-
eter (Ocean Optics, United States) was used to record
stationary fluorescence spectra. The measurements
were performed in 10 X 2 mm fine quartz cells.
Absorption of PC at a fluorescence excitation wave-
length of QDs due to shielding reduces the real inten-
sity of an excitation light beam. In addition, the
absorption of PCs at fluorescence wavelengths of QDs
reduces the measured luminescence intensity of QDs.
Thus, the measured fluorescence intensity of QDs
becomes less than the true one. To assess and for lev-
eling of these effects, a correction coefficient proposed
earlier was used [28]:

n= A, A, (1= 107"y (1 - IO_A”) 2)
— _A b
Ay A, (1=107")(1-107"")

where A4, and A4,, are the absorption of energy donor
(QDs) at the wavelength of fluorescence maximum of
QDs and fluorescence excitation of QDs (405 nm),
respectively, whereas A4, and A,; are absorbance of a
donor and acceptor mixture at the same wavelengths.
The efficiency of migration energy W =1— I, /Nip
was calculated with a coefficient, where I, is fluores-
cence intensity of energy donor (QDs) in the presence
of an acceptor (PC) and I} is the fluorescence inten-
sity of QDs in the control without quencher.

To study the dynamics of photo-induced changes
in fluorescence and optical density, a Spectrasuite
software (Ocean Optics, United States) was used. The
instantaneous fluorescence spectra with picosecond
time resolution were acquired on a measurement com-
plex based on a SimpleTaul40 single-photon counting
system (Becker & Hickl, Germany) [29]. To excite
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fluorescence of QDs and PCs, LDH-405 and
PLS-445/660 light-emitting diode lasers were used
(InTop, Russia): pulse duration was 25 ps; pulse repe-
tition frequency was 10 MHz; energy of a single pulse
was 13 pJ; and fluorescence excitation wavelengths
were 405, 445, and 655 nm, respectively. The fluores-
cence signal through an optical fiber at an angle of 90°
towards exciting light was directed to a MS 125 poly-
chromator (Becker & Hickl, Germany). Then fluores-
cence was recorded in a photon counting mode on a
PML-16-1-C 16-channel detector (Becker & Hickl,
Germany) at the range of 530—730 nm with a diffrac-
tion grating having a resolution of 12.5 nm/channel.
Mean fluorescence lifetime was calculated with a for-
mula

=), (3)

where T; is lifetime of the ith component and g; is a
normalized contribution of the ith component
(X a; =1). The kinetics of fluorescence decay was
approximated with a sum of three exponents for QDs
and one for PCs.

To study molecular rotation rate, kinetics of fluo-
rescence polarization was recorded. To perform this,
the fluorescence decay kinetics was registered at the
two positions of WP25M-UB broadband polarization
filters (Thorlabs, United States) placed in front of a
cuvette with a sample and on a channel registration of
fluorescence signal of the sample. The kinetics of the
fluorescence anisotropy r(¢) was calculated with the
formula

r(t) — IVV(t)_IVH(t) (4)
Lyy () + 21, (2)

where [, (f) and [,,(¢) are fluorescence decay kinet-
ics in parallel and crossed polarizers, respectively. The
measurements were performed in a thermostated cell
Qpod 2e (Quantum Northwest, United States) at
25°C. The kinetics of fluorescence anisotropy was
approximated via the sum of the exponents

r) = zn ro,.e_’/ %, where r,; is the maximum (funda-
1

mental) anisotropy of the ith component and 6, is cor-

relation rotation time of the ith component (n =1, 2).

All calculations were performed with OriginPro 9.1
(OriginLab Corporation, United States) and SPCIm-
age (Becker & Hickl, Germany) packages. Each
experiment was repeated at least 3 times.

RESULTS AND DISCUSSION

Influence of lonic Strength
on Spectral Characteristics of PCs

The ionic strength of a solution and the qualitative
composition of ions have a significant impact on spec-
tral characteristics and photodynamic of porphyrins
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and PCs; in some cases, it leads to the formation of
dimers and aggregates [30, 31]. The dimers are easily
detected with a peak at 630—640 nm in the absorption
spectrum. We found no aggregation of PC molecules
in the selected range of ionic strength values (0.05—
0.2 M) of the PC solutions used. Nevertheless, the
addition of a salt to PC water solutions causes a change
in the absorption and fluorescence spectra (Table 2).

When the ionic strength of the solution rises, we
observed an increase in molar extinction coefficient of
PCs, as well as a shift in their absorption and fluores-
cence spectra towards longer wavelengths, accompa-
nied by a decrease in the Stokes shift. This is probably
a consequence of a change in the solvation state of the
PC molecule and shielding of the charged side groups
of PC by counterions, because a change in state and
position of peripheral substituents at different ionic
strength values affects the optical properties of PCs
[11]. When a salt was added (increasing the ionic
strength value up to 0.05 M), we also observed an
increase in fluorescence intensity of PCs. A further
increase in ionic strength up to 0.2 M, however, had
no significant effect. The formation of a shell of coun-
terions around PC molecules upon the initial increase
in ionic strength of the solution up to 0.05 M has
apparently the highest impact in the observed effect
[30, 31]. Although an increase in ionic strength and
optical density of the PC solution was observed (Table 2),

no relation /1, = D/D, was reached, where I and D
are fluorescence intensity of PC and optical density of

its solution with a nonzero ionic strength, whereas /,

and D, are the same parameters at zero ionic strength,
respectively. As a result, the fluorescence quantum
yield of PC rises in the presence of the salt. At the
same time, we did not observe reliable changes in the
fluorescence lifetime of PCs depending on the ionic
strength; in other words, the sum of deactivation con-
stants of the PC excited state must remain unchanged.
This may indicate that an increase in ionic strength
causes a change in the charge state of PC molecule
and, as a result, an increase in fluorescence constants
and, simultaneously, a decrease in the probability of
deactivation of the excited state by the other chan-
nels—internal conversion or singlet—triplet transition.

Influence of Ionic Strength
on Spectral Characteristics of QDs

After the absorption of a quantum of light in QD
and formation of exciton, one of the charge carriers
(electrons or “hole”) can be located on crystalline
structure defects of QD. Thus, the QD is in the “off”
state, when the recombination of an electron—hole
pair and, therefore, fluorescence are impossible.
Although the mechanisms of charge carrier capture by
nanocrystal defects are debated [32], the conforma-
tional state of ligands in an outer organic shell QDs is
assumed to have an effect on the probability of transi-
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tion of QD into off state. When the ionic strength of
the solution increased, QDs exhibited a significant
decrease in intensity (Fig. 2) and fluorescence life-
time: QD600, from 11.7 ns in the aqueous solution to
9.8 ns in a solution with 0.2 M in ionic strength, and
QD620, from 19.4 to 16.7 ns. The sodium cations,
forming a counterion shell on a negatively charged QD
surface, possibly change the local electric field and
charge state of the QD organic shell so that it raises the
probability of localization of a charge carrier on nano-
crystal defects and, thereby, reduces fluorescence
quantum yield. It should be noted that fluorescence of
QD600 is quenched more strongly than that of QD620
upon a fixed value of the ionic strength. The probabil-
ity of transition of QD into the off state depends
largely on the protective shell thickness and the num-
ber of defects on QD crystal lattice [33] and deter-
mines the fluorescence quantum yield of QDs. In this
range of ionic strength values (Fig. 2), the fluores-
cence of QD600 is quenched more strongly than that
of QD620 probably because of the ZnS thin protective
shell of this QD (see the Section Influence of lonic
Strength on Efficiency of Energy Transfer in QD/PC
Hybrid Complex’).

Influence of Ionic Strength on Electrostatic Binding
of ODs and Aluminum PCs

A convenient way to test the efficiency of complex-
ation is to analyze the kinetics of fluorescence anisot-
ropy of PC molecules, whose rotation rate depends on
weight, size, and shape of the hydrated PC or its com-
plex with QDs. In this case, we used a red laser with
655 nm in wavelength to excite fluorescence, because
such excitation is selective for PCs (Fig. 1c). When the
sources with shorter wavelength are used, the recorded
anisotropy can be additionally reduced because of the
energy transfer from QDs to PCs [34].

In the PC control aqueous solution and in absence
of QD, both types of PC exhibited two-component
anisotropy kinetics with the characteristic correlation
rotation time values, 0.1 and 0.5—0.6 ns (Fig. 3, blue

curve); r, = 2 ry; did not exceed 0.1, which is the upper
limit of fundamental anisotropy for the molecules of
this type [35]. Considering that the absorption dipole
moments (in the two Q-bands, where fluorescence
excitation happened) of PCs lie in the macrocycle
plane [36], the fast component corresponds to a rota-
tion in the macrocycle plane. This results in a signifi-
cant decrease in amplitude anisotropy from 0.09
to 0.02. The slow component with a smaller amplitude
(about 0.02) corresponds to out-of-plane rotation of
the macrocycle, and this requires more restructuring
of the water environment of PC molecule. It is inter-
esting that when a salt is added to such a solution,
kinetics of anisotropy becomes one-component with a
characteristic rotation time to be 0.4 ns. This probably
suggests that the shell of counterions around the PC
molecule contributes to changing the shape of the
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Fig. 2. (Color online) Changes in fluorescence spectrum of 0.1 uM solution of (a) QD600 and (b) QD620, depending on ionic strength

of solution.

molecule rotating together with a hydration shell from
disc-shaped to nearly spherical; this causes the degen-
eration of the correlation times of different rotation
axes to form one.

When an equimolar amount of QDs is added to the
PC solution, anisotropy kinetics involves a new com-
ponent with characteristic values of the correlation
lifetimes, 2.8—3 ns in aqueous solution and 2.5 ns in
that with 0.2 M in ionic strength. This time corre-
sponds apparently to the rotation of the PC/QD com-
plex. The fast component, being characteristic for free
PCs, is observed in the PC/QD solution (Fig. 3) only
in the first few minutes after preparation of the solu-
tion. Kinetics of anisotropy for PC/QD solutions,
incubated for half an hour, contain only one compo-
nent corresponding to the rotation of PC/QD com-
plex (Fig. 6b). Thus, by this time, all the PC mole-
cules, being in the solution, are bound with QDs. The
monoexponential character of anisotropy Kkinetics,
reached after incubation of PC with QDs, indicates
that PC molecules do not undergo any rotational
motions on the QD surface.

Thus, most of the PC molecules are bound with the
QD surface in the entire range of concentrations and
ionic strength values.

NANOTECHNOLOGIES IN RUSSIA  Vol. 12

Influence of lonic Strength on Efficiency of Energy
Transfer in QD/PC Hybrid Complex

The efficiency of energy migration in the complex
is determined by the degree of fluorescence quenching
of energy donor; in our case, it was QD. To study the
efficiency of energy migration in the QD/PC complex
depending on the ionic strength, five solutions, having
various ionic strength values (0, 0.05, 0.1, 0.15, and
0.2 M), were prepared. Then the sequential addition
of a quencher (PC) to these solutions, containing
0.2 uM of QD, was performed, so that each new por-
tion of PC increased its concentration by 0.2 uM in
the final solution. Thus, the [PC]/[QD] ratio in the
solution increased from 1 : 1 to 10 : 1. When 3 min
passed after the addition of each next portion of PC
and equilibrium has been reached, the intensity and
fluorescence lifetime of a donor and acceptor of
energy were recorded with photon counting. At the
same time, the stationary fluorescence spectra were
acquired, so that it allowed controlling a possible
change in shape of the spectra. I,/MNIp and Tpa/Tp
ratios were constructed depending on PC concentra-
tion on the basis of these data, where I, and T, are
the intensity and lifetime of fluorescence of energy
donor (QDs), respectively, in the presence of an
acceptor (PCs), whereas I, and T are intensity and
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lifetime of QD fluorescence, respectively, upon con-
trol in the absence of quencher. Fluorescence quench-
ing data for QDs by aluminum PCs are shown in
Fig. 4; QD600 was used as an example. It should be
noted that the ratios /py/M/Ip and Tpa/Tp are almost
identical for each QD/PC pair and ionic strength
value, indicating that there is no significant contribu-
tion to the static quenching.

The energy migration efficiency W =1— tp,/Tp
can be easily calculated if relation Tp,/Tp is
known. In addition, the overlap integrals of fluores-
cence spectra of QDs (.§) and absorption spectra of
PCs were calculated with PhotochemCAD sotware,
so it was possible to determine Forster radii

= ?/8.8x10_25(x2n_4(pd5') for each complex,
where @, is fluorescence quantum yield of energy

donor in the absence of an acceptor, X2 is a factor that
describes the relative orientation of dipole moments of

donor and acceptor (X2 is accepted to be 2/3 in the
solution because of random orientation of dipole
moments), and n is a refractive index of the medium.
The distance R between the donor and acceptor is
determined with the formula W= 1/(1 + (R,/R)°),
whereas the constant rate of energy migration is calcu-
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g. 3. (Color online) Kinetics of fluorescence anisotropy of PC(+6.5) in an aqueous solution (blue curve), in a complex with
1) in an aqueous solution (black curve), and in a solution with ionic of 0.2 M (red curve).

lated as follows: k = (R, /R)6 /1. The above parame-
ters are shown in Table 3; they are given for all QD/PC

pairs in aqueous solution with the concentration ratio
of [PC]/[QD]=1:1.

Table 3 shows that the distance R between the
donor and acceptor for each QD is practically inde-
pendent from the PC type. This suggests that PC mol-
ecules form stable complexes with QDs in aqueous
solutions, and the distance R may be apparently con-
sidered as a QD radius. Thus, the data from Table 3

Table 3. FRET parameters for various combinations of QDs
and PCs: R, Forster radius; R, distance between donor and
acceptor of energy; W, efficiency of energy migration; .S,
overlap integral of fluorescence spectra of QDs and absorp-
tion of PCs; and k, rate constant of energy migration. Values
are given for the complex with ratio of [PC]/[QD] =1:11in
distilled water

Composition S, k,
R, A
of complex o AR AW, % x107B em6|x 107 s~
QD600| PC(+4.5)| 29.8| 42.1| 11.1 3.33 1.46
PC(+6.5)| 33 | 40.8| 21.9| 6.15 3.27
QD620| PC(+4.5)| 43.6| 56.6| 17.3| 3.52 1.19
PC(+6.5)| 48.5| 58 | 25.5| 6.67 1.95
2017
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Fig. 4. (Color online) (a) Changes in relative fluorescence
quantum yield of QD600 with PC(+6.5) depending on PC
concentration upon different ionic strength and (b) PC
concentration that causes fluorescence quenching of QDs
by e times. It was obtained via approximation of fluores-
cence quenching curves of QDs on Fig. 4a by a monoex-
ponent depending on ionic strength.

indicate the difference R for QD600 and QD620 can
be estimated to be 1.6 nm taking into account an error,
which is four times greater than the difference in the
radii of their nuclei (Table 1). Considering that the
composition and thickness of the organic shell, which
provides water solubility and a charge for QDs, are
similar for QD600 and QD620, the additional differ-
ence in radii of QDs, being 1.2 nm, should be associ-
ated with the nonuniform thickness of the ZnS protec-
tive shell of QD600 and QD620 nuclei. The shell of
QD600 is probably very thin and, therefore, has low
protection against charge carrier capture by the defects
of nucleus crystal lattice [33]. This is consistent with
the low fluorescence quantum yield of QD600 (4.5%).

NANOTECHNOLOGIES IN RUSSIA  Vol. 12

Figure 4 shows that, upon transition from the
aqueous solution into that with a nonzero ionic
strength, the efficiency of energy migration from QDs
to PCs increases, whereas a further increase in ionic
strength values of the solution has little effect depend-
ing on its magnitude. We suppose that the observed
pattern is a consequence of the combined effect of
three different factors. Firstly, we observed an increase
in the absorbing ability of PCs without QDs upon an
increase in ionic strength (Table 2). An increase in the
molar absorption coefficient of PCs leads to an
increase in overlap integral value of the spectra (5)
and, therefore, is largely responsible for increasing the
efficiency of energy transfer upon a transition from
aqueous solution to that with nonzero ionic strength.
Secondly, a considerable decrease in fluorescence
quantum yield of QDs occurs in the solution of QDs
without PCs upon an increase in ionic strength and,
on the contrary, it should cause a reduction in effi-
ciency of energy migration in the system upon an
increase in ionic strength of the solution. A third factor
is a decrease in electrostatic forces between QDs and
PCsin the complex upon an increase in ionic strength,
which can reduce the efficiency of energy migration
because of the increased distance between the donor
and acceptor of energy. Analysis of data on fluores-
cence quenching of QDs, however, revealed no signif-
icant changes in the distance between QDs and PCs in
the complex depending on the ionic strength value.

The fluorescence intensity of some photosensitiz-
ers rises because of energy migration from QDs, as was
shown earlier [25, 37]; this is accompanied by an
increase in generation rate of singlet oxygen. To assess
the emission intensity of PCs in a complex with QDs,
we calculated a fluorescence enhancement coefficient
(A) with the following formula:

Fy K

where F'is the fluorescence intensity of PCs in com-
plex with QDs at an excitation wavelength of 405 nm
and F; is the fluorescence intensity of PCs at the same
concentration without QDs. A value A4 for PCs in pairs
with different QDs ([PC]/[QD] = 1: 1, for conformity
to Table 3), depending on the ionic strength of the
solution, is shown in Table 4.

A -1, (5)

Table 4 shows that the fluorescence enhancement
coefficient for PCs with QD620 is more than those
with QD600, which coincides with the greater effi-
ciency of energy migration in PC/QD620 complexes.
The greatest values of the parameter A, however, are
observed in QD complexes with PC(+4.5) and not
with PC(+6.5), although the efficiency of energy
migration is smaller in QD complexes with PC(+4.5)
than in those with PC(+6.5) (Table 3). It is important
that the fluorescence enhancement coefficient does
not reflect the efficiency of the most nonradiative
energy transfer from QDs to the PCs. To directly
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assess an increase in fluorescence intensity for PCs as
a result of energy migration from QD, it is necessary to
use the intensity / of PC fluorescence on a QD surface
without energy migration as an F, parameter (in the
formula (5)), because spectral properties of PC mole-
cule can vary as a result of the adsorption of PC mole-
cules on the surface of the QD outer organic shell. To
verify this assumption, the fluorescence intensity of
the PC solution was recorded before and after the
addition of QD ([PC]/[QD] = 1: 1) with the photon
counting method at A = 655 nm. Considering that the
extinction coefficient of QDs is very small at the wave-
length of the laser radiation (Fig. 1c), all the changes
in PC fluorescence observed were not the result of
energy migration. The results are shown in Fig. 5a.

Figure 5a (light grey columns) shows that PC fluo-
rescence intensity reduces upon interacting with QDs
(I/F, <1), probably because of the change in PC con-
formation during adsorption on the QD surface. In the
case of PC(+6.5), this decrease is quite significant—
30% in a complex with QD600 and 45% in one with
QD620. Considering that PC(+6.5) bears a larger
number of charges than PC(+4.5), its electrostatic
interaction with QDs must be stronger and thus have a
more pronounced conformational change, which
results in a greater decrease in fluorescence intensity.
Thus, fluorescence intensity of PC on QD surface, but
not in solution without QD, should be taken as a con-
trol in the formula for the fluorescence enhancement
coefficient. In this case, the fluorescence enhance-
ment coefficient of PC(+6.5) is higher than of
PC(+4.5) because of energy migration (Fig. 5b).

In summary, we can make the following assump-
tions about the nature of interaction between QDs and
PCs in the complex:

(1) QDs and PCs form a stable complex in an aque-
ous solution through electrostatic interaction between
positively charged PC side radicals and negative
charges of QD organic shell. We assume that the
charges of the side radicals do not allow the PC mole-
cule to penetrate into the organic shell.

(2) All side choline PC radicals participate during
the interaction and formation of electrostatic bonds.
Thus, the PC molecule is parallel to the QD surface
and not able to rotate.

(3) A PC molecule bound with QD is in another
conformational state than the equilibrium conforma-
tion in the solution, resulting in a decrease in PC flu-
orescence intensity.

We can make some comments relative to the
impact of ionic strength upon an interaction between
QDs and PCs in the hybrid complex on the basis of
these assumptions. Firstly, an increase in ionic
strength should cause a decrease in electrostatic inter-
actions between QDs and PCs, so that conformations
of free PC and that in complex with QDs will not be so
different from each other. Secondly, the ionic strength
value of the solution can directly influence the PC
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Table 4. Fluorescence enhancement coefficient of PCs in
pairs with different QDs depending on ionic strength of
solution

Ionic | QD600/ | QD620/ | QD600/ | QD620/
strength, M| PC(+4.5) | PC(+4.5) | PC(+6.5) | PC(+6.5)
0 1.32 4.36 0.81 2.26
0.05 0.63 344 | —0.04 0.85
0.1 0.24 2.67 —0.19 0.69
0.15 0.01 202 | —0.26 0.45
0.2 ~0.04 1.81 ~0.28 0.44

spectral properties bound with QDs. This means that
the PC fluorescence intensity on the QD surface
should rise and approach to its value in the PC solu-
tion without QDs upon an increase in ionic strength.
Indeed, if we compare PC fluorescence intensity on
the QD surface before and after the addition of sodium
chloride to the solution, it appears that fluorescence
intensity is higher in presence of NaCl by ~10% in all
QD/PC pairs (data are not shown). Figure 5a, how-
ever, shows that the I/F; value is lower in presence of
the salt (dark grey bars) than in water (light grey bars).
This is probably due to the increase in PC fluores-
cence quantum yield in the presence of salt, so that the
denominator of F, value for the solution with 0.2 M in
ionic strength is significantly greater than that without
the salt. A decrease in parameter A4 for PC (Table 4) is
observed upon the addition of the salt for the same
reason (increase in PC fluorescence intensity with
increasing ionic strength in the control without QDs),
whereas the efficiency in energy migration rises.

The 16-channel detector of photon counting with
200-nm spectral width enables one to simultaneously
record fluorescence for both QDs and PCs, so the PC
fluorescence enhancement coefficient was calculated
simultaneously with the QD fluorescence quenching
curves (Fig. 4a) for the same [PC]/[QD] ratios. This
experiment showed a decrease in parameter A with an
increase in PC concentrations. Some studies [38, 39]
have shown that photodynamic and spectral proper-
ties of some photosensitizers in complexes with QDs
upon high [PC]/[QD] ratios are less pronounced than
the original PC solution. We may assume that if the
total number of acceptors increases significantly on
the QD surface, PC molecules, which fluoresce with
reduced intensity compared to those in the solution
and do not receive the energy from QDs, make a deci-
sive contribution to sample fluorescence, so that PC
fluorescence enhancement coefficient reduces and
can become negative. Parameter 4 has been calculated
for the PC(+4.5) in pairs with QD600 and QD620 in
a large range of PC concentrations, where the
[PC]/[QD] ratio was varied from 1 : 1 to 100 : 1 (Fig. 6a).
Moreover, fluorescence anisotropy Kkinetics of
PC(+4.5) (Fig. 6b) was calculated for the three points
of this relationship ([PC]/[QD] =25:1, 50 : 1, and
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Fig. 5. (a) Fluorescence intensity of PCs /, assigned to its value £ in PC solution without QDs in pairs with different QDs upon
ionic strength value to be 0 M (light grey bars) and 0.2 M (dark grey bars). Excitation wavelength is 655 nm. (b) Comparative
changes in fluorescence intensity of PCs because of the hybrid complex formation (light grey bars from Fig. 5a) and as a result of
energy migration (grey bars with lines). The data were taken from Table 4 for aqueous solution, F/Fy = A + 1. The numbers with

arrows indicate how many times fluorescence intensity of PC, located on QD surface, has been increased as a result of energy

migration. [PC]/[QD]=1:1.

100:1). When the PC concentration increases,
parameter A reduces; in addition, the fluorescence
enhancement coefficient becomes negative upon high
PC concentrations, which confirms our assumptions.
In this case, all the PC molecules are bound with QDs
even at very high [PC]/[QD] ratios, because PC fluo-
rescence enhancement coefficient remains still nega-
tive and kinetics of PC fluorescence anisotropy is
described with a single-exponential approximation,
which means that there are no free PC molecules in
the solution. Indeed, an assessment of the surface area
for QDs (about 210 nm? for QD600 and 410 nm? for
QD620) suggests that there is a monolayer adsorption
with a close packing of about 65 and 130 PC mole-
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cules, respectively (the PC molecule area in the mac-
rocycle plane is about 3.2 nm?). In fact, a greater num-
ber of PC molecules can adsorb on a QD surface; not
all choline radicals may interact with charges of QD
organic shell, i.e., when the plane of the PC molecule
is perpendicular to the QD surface.

The kinetics of PC fluorescence anisotropy
(Fig. 6b) differs by amplitude 7,, which reduces with
an increase in the [PC]/[QD] ratio. The energy trans-
fer is known to decrease fundamental anisotropy [34].
We assume that when local concentration of PC mol-
ecules rises on the QD surface, the probability of
energy transfer between neighboring PC molecules
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Fig. 6. (Color online) (a) Concentration dependence of fluorescence enhancement coefficient of PC(+4.5) in pairs with different
QDs in aqueous solution and (b) kinetics of fluorescence anisotropy for PC(+4.5) in pair with QD600 at different [PC]/[QD]

ratios. Incubation occurred within a half an hour.

increases (Forster mechanism [40]). The energy trans-
fer can take place, because Stokes shift value in the PC
spectrum is quite small to provide a significant overlap

NANOTECHNOLOGIES IN RUSSIA  Vol. 12 Nos. 1-2

of the fluorescence spectra of the PC donor molecule
and absorption spectrum of the PC acceptor one. It
should be noted that in the control without QDs, the
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relationship between PC fluorescence and its concen-
tration appeared to be nonlinear to reach saturation
and then become less with an increase in PC concen-
tration more than 14 uM, which corresponds to
[PC]/[QD] = 70:1 (Fig. 6a). The concentration
quenching of PC fluorescence on the QD surface can
probably occur upon even lower PC concentrations,
which will cause a decrease in the PC enhancement
coefficient to be measured.

CONCLUSIONS

In this work we studied the influence of ionic
strength on stability and energy migration processes in
hybrid complexes based on semiconductor quantum
dots and substituted aluminum phthalocyanines. We
have shown that electrostatic interaction in the
QD/PC hybrid complex is sufficiently large, because
an increase in ionic strength of the solution up to phys-
iological values (0.15—0.2 M) does not disturb the sta-
bility of the QD/PC complex; moreover, NaCl ions in
the solution enhance the efficiency of energy migra-
tion in the complex. Nevertheless, the behavior of the
QD/PC complex in the internal environment of an
organism requires further studies. Thus, the influence
of many types of organic and inorganic ions, as well as
protein fraction on properties of hybrid complexes are
still weakly studied.

There is a decrease in phthalocyanine fluorescence
intensity upon the formation of the complex with QDs
without energy migration; this effect is defined by
both the size of the QD and the number of positive
charges on the periphery of the PC macrocycle mole-
cule. This is possible only when a PC molecule inter-
acts with a QD surface by its all side-chain substituents
or at least a majority of them. This is confirmed by an
experiment on studying the fluorescence anisotropy
kinetics, when we did not observe an inherent rotation
of PCs on the QD surface upon the formation of the
hybrid complex in the solution. The decrease in PC
fluorescence intensity is probably associated with a
change in conformational state of the PC molecule
adsorbed on the QD surface. Considering that the
nature of the change in PC conformational state is
determined by the force of electrostatic attraction to
the quantum dot, an increase in ionic strength leads to
a weakening of the electrostatic interaction and partial
recovery of PC fluorescence intensity.

The relationships between the value of energy
migration and qualitative and quantitative composi-
tion of the QD/PC complexes contribute significantly
to the creation of hybrid complexes with improved
photophysical and photochemical properties. Accord-
ing to our data, the use of quantum dots as artificial
antenna complexes for PC molecules is only justified
when the number of molecules of the energy acceptor
per molecule of energy donor (QD) does not exceed
10—15. A further increase in the number of PC mole-
cules leads to a significant decrease in its fluorescence
intensity because of concentration quenching and in
the inability of QDs to serve a large number of energy

NANOTECHNOLOGIES IN RUSSIA  Vol. 12

acceptors. The extremely low [PC]/[QD] ratios (1 : 1)
are also disadvantageous because the energy migration
efficiency in the hybrid complex is about 20%.
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