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The current strategy for the development of advanced methods of tumor treatment
focuses on targeted drug delivery to tumor cells. Quantum dot (QD) - semiconductor
fluorescent nanocrystal, conjugated with a pharmacological ligand, such as acridine,
ensures real-time tracking of the delivery process of the active substance. However,
the problem of QD fluorescence quenching caused by charge transfer can arise
in the case when acridine is bound to the QD. We found that QD shell structure
has a defining role on photoinduced electron transfer from QD on acridine ligand
which leads to quenching of QD photoluminescence. We have found that multishell
CdSe/ZnS/CdS/ZnS QD structure provides minimal reduction of photoluminescence
quantum vyield at minimal shell thickness compared to classical thin ZnS or “giant”
shells. Thus, CdSe/ZnS/CdS/ZnS core/multishell QD could be an optimal choice for
engineering of small-sized acridine-based fluorescent Iabels for tumor diagnosis and
treatment systems.

Quantum dot, photoluminescence quenching, DNA ligand, acridine
derivative.

Nanotechnologies open new horizons for application of new materials in biomedicine
[1-3]. The current strategy for the development of advanced methods of tumor treat-
ment focuses on targeted drug delivery to tumor cells [2, 4, 5]. Linking a fluorescent
imaging agent to a biomarker-recognizing molecule conjugated with a pharmacological
agent ensures real-time tracking of the delivery process of the active substance. Quan-
tum dots (QDs) are semiconductor fluorescent nanocrystals with unique fluorescence
characteristics: size-tunable light emission, high brightness, and long-term stability of
optical properties [6-8]. Thus, water-soluble QDs, stabilized with hydrophilic organic
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ligands that provide long-term stability and size monodispersity, can be used as effi-
cient biomedical fluorescent labels for real-time delivery control [9] and tracking of
the pharmacological substance [10, 11].

Heterocyclic nitrogen-containing molecules such as acridine derivatives [12] exhibit
affinity to G-quadruplex - planar structures, formed by telomere single-stranded
nucleotide sequences, that are rich in guanine [12, 13] at each end of a DNA, which
protects the end of the chromosome from deterioration [14]. Previously it was shown
that 4,5,9-trisubstituted acridine derivative was able to specifically bind to the G-
quadruplex and to effectively stabilize the telomere structure [12, 15], protecting the
end of the chromosome from cutting and cancerous activity. Thus, acridine derivatives
can be used as pharmacological components of a multifunctional nanoprobe. Also
acridine-based ligands (AL) are effective charge carrier transfer system because of
their polyaromatic structure. HOMO and LUMO energy levels [16, 17] of 4,5-acridine
derivatives are comparable to the ones of semiconductor nanocrystals [18], what
allows to use acridine-based molecules as hole transporting material in designing of
perovskite solar cells [16] and light-emitting diodes [19]. On the other hand, such a
charge transfer leads to the problem of QD fluorescence quenching [20, 21] by photo-
induced electron transfer (PET) [22]. This hampers the use of acridine derivatives as
targeting agents in designing QD-based nanoprobes.

Here, we addressed the problem of acridine derivative conjugation to QDs from
the viewpoint of the effects of inorganic shell structure and shell thickness of CdSe-
based core/shell QDs on the degree of fluorescence quenching. For investigation of
this phenomenon we synthesized series of CdSe-based QDs covered with different
shells, varying shell material (CdS and ZnS) and shell thickness, and made a series of
experiments on QD’s PL quenching by excess of AL.

4,5,9-substituted acridine derivative molecule (as shown in Fig. 3) was synthesized
starting from acridine by following the general procedures described in [12]. The
molecule was by confirmed by electrospray-MS (MSQ ThermoFinnigan apparatus) and
characterized using absorbance and photoluminescence (PL) spectroscopy. Absorption
and PL spectra of the obtained compound are shown in Fig. 1A.

QDs with different shell structure were synthesized by a two-step procedure: (i) syn-
thesis of CdSe cores using the hot injection method in high temperature boiling solvent
(1-octadecene), and (ii) synthesis of highly luminescent core/shell QDs by coating of
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purified cores [23] with different types of shells using the SILAR approach [24, 25]. This
method allows growing given number of shell layers in the layer-by-layer regime with
highest possible precision. In this work CdSe QD cores were coated with different shells:
three-monolayer (3-ML) thick ZnS shell, “giant” 5-ML ZnS thick shell and a “multishell”
(MS) - ZnS/CdS/ZnS shell with an overall three-monolayer total thickness. The first
type of QDs is a “classical” one-component wide-band gap shell. The thickness of
three monolayers provides sufficient protection of the charge carriers in CdSe cores in
polar media.”Giant” shell allows to suppress Auger recombination, and thus to escape
large nonradiative losses and to minimize fluorescence intermittency (“blinking”) from
single nanocrystals [26, 27]. MS shell, as we have shown previously, provides high
localization of charges inside fluorescent cores at a relatively low shell thickness [25].

Water-soluble QDs were obtained by exchange of the native hydrophobic ligands
of as-prepared core/shell QDs with a mixture of SH-PEG derivatives with hydroxyl and
carboxyl functional groups in ratio SH-PEG-OH / SH-PEG-COOH 0.9/0.1 respectively.
Absorption and emission spectra of synthetized QD samples dispersed in phosphate
buffer solution are shown in Fig. 1A.

In our experiments solutions of each type of QDs containing ~ 1 nmol (1 pM) of
nanoparticles was titrated with 1 mg/ml stock solution of AL in 0,05 M phosphate buffer
solution (pH = 8.0). The example kinetic of quenching of the CdSe/ZnS/CdS/ZnS QDs
with different excess of AL is shown in Fig. 2B.

The absorption bands of AL in the wavelength region between 300 and 450 nm are
considered as the m- m transitions of the complex m -conjugated system of acridine
[20]. Photoluminescence and absorption maxima of AL in aqueous solution (Fig. 2A)
were observed at 417 nm and 487 nm, respectively, with a large Stokes shift of 60
nm. Water solutions of obtained QDs exhibited PL / absorbance maxima at 503/472 nm
for CdSe/ZnS (3-ML), 572/551 nm for CdSe/ZnS (5-ML) and 584/563 mn for CdSe/MS
(Fig. 1A). As can be seen from the presented spectra, PL full width at half maximum
amounted close to 40 nm, which indicates size homogeneity of the studied QD ensem-
bles. Presence of small quantity of carboxyl groups on the surface of QDs provides a
small negative surface charge (~ -10 mV), which prevents aggregation of quantum
dots. Size of QDs dispersed in 0,05 M phosphate buffer solution (pH = 8.0) was mea-
sured by dynamic light scattering using Malvern Zetasizer Nano ZS, and found to be
~10 - 12 nm, what confirms monodispersity of QDs in solution [28].
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The physical diameters of inorganic part of QDs were 4,3/7/5 nm for CdSe/ZnS
(3-ML), CdSe/ZnS (5-ML) and CdSe/MS, respectively, which are calculated based on
size of core and projected shell thickness using crystallographic data and detailed
structural models of QDs. The diameter of CdSe core was determined from an empirical
calibration function which correlates the position of the first exciton transition in the
optical absorption spectrum and the size of QDs [29].

(A) ——CdSe/znS 3ML 1 (B) iy
- CdSeMS3ML  _ _ 1,01 — Initial
—— CdSe/ZnS 5ML —1eq.
—AL » 0.84 —2eq.
- —3eq.
3 > 5e
e 2 g a.
§ 2 5 0,6 —7eq.
5 2 > ——10eq.
3 = % 15 eq
Q O 2 | — .
< - 2 0.4 —20 eq.
£
& 0,21
T T T T T 0’0 T T T T T T 1
350 400 450 500 550 600 650 450 500 550 600 650 700 750
Wavelength, nm Wavelength, nm

Figure 1: (A) Fluorescence and absorbance spectra of series of acridine ligand (AL) and highly luminescent
core/shell QDs based on CdSe cores and with different shell structures and number of shell monolayers;
(B) Kinetic of CdSe/ZnS/CdS/ZnS QDs fluorescence quenching by different excess of AL.

Titration of QD solution with AL leads to PL quenching of all studied QDs. It can be
seen that typical CdSe/ZnS QDs (d ~ 4.3 nm) with a three-monolayer (3-ML) shell were
completely quenched by addition of only 5 molar equivalents of acridine, whereas QDs
with a “giant” (5-ML) ZnS shell (d ~ 7 nm) and QDs with ZnS/CdS/ZnS “multishell”
(MS) with a total shell thickness of 3-ML (d ~ 5 nm) [30] exhibited a smaller degree of
fluorescence quenching even, when the QD-to-acridine ratio reached 35. Thus, both
MS and “giant” shell types provide more efficient protection of excited charge carriers
in QDs from the quencher ligands than the “classic” thin ZnS shells. However, MS
QDs are considerably smaller in physical size, which makes them more preferable as
components of nanoprobes, since they could ensure better tissue and cell membrane
penetration.

Charge transfer from QD to ligand molecules leads to positively or negatively charg-
ing of QD and, as a consequence, quenching of QD’s fluorescence. We suppose that in
the studied system quenching is caused by electron transfer from QD to AL, because of
the proximity of LUMO energy levels of both components. Schematic illustration of the
photoinduced electron transfer (PET) mechanism from the core/shell QD to the AL is
shown in Fig. 3. The LUMO level of AL is slightly lower than that of the CdSe core, which
indicates that AL has favorable energetics for electron extraction from QD, which leads
to charging of the QD and PL quenching. However, the probability of a PET process for
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a different shell structures is different, since every different type of shell used in our
experiments has it’s own barrier potential and length. In the case of a “classic” 3ML ZnS
shell the barrier potential is sufficiently high to protect CdSe cores from environment,
but fails to prevent PET when it is favorable, as in our case.

—aCdSe/ZnS 3 ML
—a— CdSe/ZnS/CdS/ZnS ML
—& CdSe/ZnS ML

Normalized photoluminescence quantum yield

0 5 10 15 20
Acridine excess, eq

Figure 2: Kinetics of PL quenching of different QDs with increase of acridine ligand excess.

In sML “giant” ZnS shell the magnitude of the barrier can be considered the same,
but, the tunneling length for the electron is higher. Thus, PET is much less effective
in sML ZnS-shelled QDs. As for the “multishell” QDs, the quantum-confinement effect
comes into place when the thickness of inner ZnS (and other two) layer is sufficiently
thin, leading to an increase in the magnitude of confinement potential when compared
to thick ZnS shell. As can be seen, our approach to engineering of confinement poten-

|II

tial by creating a “multishell” structure allows to suppress PET with high efficiency.

EA CoreShell Acridine
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Figure 3: Schematic illustration of the photoinduced electron transfer mechanism from core/shell QD to
the acridine ligand.
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In this work we demonstrate that structure of QD shells plays a key role in designing
of acridine containing fluorescent nanoprobes. Our “multishell” (CdSe/ZnS/CdS/ZnS)
QD structure provides a sufficient reduction of fluorescence quenching caused by PET,
while maintaining a relatively small shell thickness. Thus, the core/multishell QDs could
be an ideal choice for engineering of small-sized fluorescence labels for tumor diag-
nosis and treatment systems employing fluorescence quenching ligands capable of
penetrating into cells and cellular compartments.
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