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The combination of imaging and therapeutic agents with drug nanocarriers has received great attention due to the number of
outstanding applications in nanobiology and nanomedicine. In this respect, the traditional and biocompatible magneltic
nanoparticles, such as Fe;Oy, play a pivotal role, having a versatile potential in imaging diagnostics, treatments and targeting in
drug-delivery systems. In this work, we report on FesO,4 nanoparticles functionalized with quercetin molecules and show that the
conjugation between FesO4 nanoparticles and quercetin significantly modifies the fluorescent properties of the nanocomposite.
The obtained results offer a reliable tool for image-assisted drug-delivery systems, targeting and penetrating such a delicate area
of the human body as a blood-brain barrier.
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Nanonosilci dovajanja zdravil, v kombinaciji s slikovnim sledenjem in terapeviskimi posredniki, so v zadnjem Casu vzbudili
veliko pozornosti zaradi Stevilnih moZnosti njihove napredne uporabe v nanobiologiji in nanomedicini. Glede na to igrajo
tradicionalni in biokompatibilni magnetni nanodelci, kot je FesO,, osrednjo vlogo in imajo velik potencial za izvajanje slikovne
diagnostike in obdelave v sistemih za ciljno doziranje zdravil. V pri¢ujofem ¢lanku aviorji opisujejo raziskavo uporabe
nanodelcev Fe;Os, funkcionaliziranih s kvercitinskimi molekulami. Avtorji ugotavljajo, da zdruZevanje nanodelcev FesOy in
kvercitina mo¢no spremeni fluorescentne lastnosti nanokompozita. Rezultati raziskave kaZejo, da to lahko predstavlja novo
ucinkovito orodje za slikovno podprte sisteme doziranja zdravil, Se posebej v zelo obCutljivih primerih, kot je ciljno doziranje in
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penetracija zdravil v podrodja CloveSkega telesa, kot je krvno (Zilno) - moZganska pregrada.
Klju¢ne besede: nanodelci Fe;04, fluorescenca, Zilno-moZganska pregrada

1 INTRODUCTION

The blood-brain barrier (BBB) presents a highly se-
lective anatomical gateway that effectively protects the
brain from circulating neurotoxic substances and isolates
the peripheral blood from the neural tissue. Conversely,
the high barrier function of brain microvascular endothe-
lial cells hinders the ability of neurotherapeutic drugs to
exert therapeutic effects in the central nervous system.'
Tight junctions and adherent proteins prevent para-
cellular diffusion (i.e., the movement between cells) so
that the drugs entering the brain parenchyma must gener-
ally cross the luminal and abluminal plasma membranes
of the endothelial cells. Drug characteristics that are fa-
vourable for crossing the BBB are therefore high
lipophilicity, a small size and molecular weight, and low
hydrogen-bonding potential.> Quercetin (quer.) is a natu-
ral bioflavonoid found in vegetables and fruits and is
available as a commercial supplement. This molecule
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possesses many diverse pharmacological activities such
as anti-oxidant, anti-inflammatory and anti-cancer func-
tions. However, due to its poor solubility, quercetin was
found to be difficult to be absorbed into the body, thus
resulting in poor bioavailability in vivo. Fortunately, it
was reported that quercetin can form complexes with
transition-metal ions, such as Cu®, Mn* and Fe?*>*
Currently, the most promising and viable drug-deliv-
ery system is based on a multifunctional nanoparticle-
based delivery platform, where the drug is bound to the
nanoparticles capable of crossing the BBB. In recent
years, several kinds of nanoparticles combining magnetic
and fluorescent properties have been fabricated through
the incorporation of superparamagnetic nanoparticles
and fluorescent organic dyes or quantum dots. The com-
bination of magnetism and fluorescence in a single
nanoparticle provides for a unique applicability that can-
not be achieved with conventional materials. For exam-
ple, the motion of such fluorescent magnetic nano-
particles can be induced by applying an external
magnetic field and monitoring it in real-time with fluo-
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rescence measurements.”® In this respect, iron oxide
(FesO4) exhibits fascinating physical properties, espe-
cially in the nanometer range, not only from the stand-
point of basic science but also for a variety of engineer-
ing, particularly biomedical applications.” In this work,
we report on quercetin-modified Fe;O4 nanoparticles and
show that the prepared nanocomposite exhibits a fluores-
cent emission in the visible range of the optical spec-
trum, which makes it a promising material for the visual-
ization and tracking of the drug-loaded Fe;O,
nanoparticles.

2 MATERIALS

As the initial substances, we used: an iron oxide, a
PEG functionalized, magnetic nanoparticle solution —
I mg/L of 30-nm-diameter Fe;Oy4 dispersion in water,
dimethyl sulfoxide (DMSO), which is a polar aprotic
solvent that can dissolve a wide range of organic com-
pounds, and 2-(3,4-dihydroxyphenyl)-3,5,7-trihyd-
roxy-4H-1-benzopyran-4-one, 3,3°,4°,5,6-pentahydro-
xyflavone (quer.), which promotes and increases the
effect of a possible drug delivery, favouring its biological
activity. All the aforementioned components were pur-
chased from Sigma-Aldrich.

3 EXPERIMENTAL PART

3.1 Samples preparation

In the experiments, we used the above-mentioned ini-
tial materials to prepare four solutions in different vials.
The first vial was filled with 100 mL of a Fe;Os/water
solution. The second one was filled with 100 mL of
DMSO solution, while the third and fourth vials were
filled with 100 pL of DMSO/8.3 mg of quer., and 45 pL
of DMSO/4.5mg of quer. + 34 pL of Fe;O./water, respec-
tively. The as-prepared solutions were strongly stirred at
600 min~! for 2 h at room temperature to avoid the aggre-
gation and to obtain homogeneous solutions. Then a part
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of each mixture was transferred into a capped quartz
cuvette and kept there for 3 h for optical measurements.
The isolation of quer./Fe;O4 nanoparticle conjugates was
performed via a centrifugation at 30.000 min-' for
25 min. The obtained nanocomposite was washed three
times with ethanol and dried at room temperature for
12 h. After that, the quer./Fe:Os nanocomposite was
re-dispersed in deionized water for a long-time storage.
Note that DMSO is a polar solvent with oxygen and sul-
phur atoms, playing a vital role as the mediator between
quercetin and Fe;O, nanoparticles through covalent
bonds.

3.2 Equipment and optical measurements

The absorption and fluorescence spectra of the sam-
ples were recorded with a fibre-optic spectrometer
(Avaspec-2048, "Avantes"). Photoexcitation of the nano-
materials was performed with a nitrogen laser of wave-
length 337 nm. As the imaging-based technique was in-
volved, a fluorescence microscope equipped with a
high-resolution CCD camera was used. To measure the
decay of the fluorescence intensity with time, a photo-
multiplier tube coupled to an oscilloscope was used.
First, using a spectrometer, we measured the absorbance
spectra of the composites embedded in the capped quartz
cuvettes. Figure 1 shows the light absorptions of DMSO
(a) and Fe;O4/water solutions (b), while Figure 2 shows
the light absorptions of quer./DMSO (a) and quer./
DMSO/Fe;0; solutions (b), respectively.

In the second part of the experiments, each solution
(i.e., Fe;sOy4water, DMSO, quer/DMSO and quer./
DMSO/Fe;0,), was extracted from the corresponding
cuvette and deposited by drop-coating onto glass slides
treated with deionized water. The liquid films on the sub-
strates were stored for 48 h at 37 °C. As a result, we ob-
tained aggregations of quer/DMSO and quer./DMSO/
Fes;O4 nanomaterials and showed that quercetin mole-
cules and Fe;O4 nanoparticles are prone to aggregate into
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Figure 1: a) UV-Visible absorption spectrum of DMSQ, b) UV-Visible absorption spectrum of Fe;04 nanoparticles dispersed in waler
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Figure 2: a) UV-Visible absorption spectrum of quercetin dissolved in DMSO: b) UV-Visible absorption spectrum of the quer/DMSO/Fe;0y4

nanocom pOSi[C

clusters. To investigate the output light intensities, emit-
ted from the clustered composites, we used a laser light
source with a wavelength of 337 nm. Fluorescence spec-
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Figure 3: Experimental set-up used in this study: nitrogen laser (A),
sample (B), fluorescent microscope (C), CCD camera (D), spectrome-
ter (E)
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Figure 4: Fluorescence emission spectra from quer/DMSO and
quer./DMSO/Fe304 composiles
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tra were recorded using a fibre spectrometer. The experi-
mental set-up used in the study is schematically illus-
trated in Figure 3. A light beam from a nitrogen laser
was directed towards the sample at 45° from the normal.
The fluorescent emission along the normal forward di-
rection of the sample was collected into a fluorescence
microscope, optically coupled with the spectrometer. To
visualize the images from different parts of the samples,
a high-resolution CCD camera was used.

Figure 4 shows the fluorescence emission spectra of
the quer/DMSO and quer./DMSO/Fe;04 composites. As
seen in Figure 4, the overall fluorescence intensity from
the quer./DMSO/Fe;O4 nanocomposite was significantly
decreased, red-shifted, and narrowing the emission spec-
tral line as compared to the quer/DMSO composite.

4 RESULTS AND DISCUSSIONS

To estimate the fluorescence quenching caused by
doping Fe:O; nanoparticles in the quer./DMSO compos-
ite, we used the following Equation (1):®

gy = Um —Fa)
(%) 3

x 100 % (1)

m

where, in our case, Q is the percentage of the total fluo-
rescence quenching, F, is the fluorescence intensity of
the quer./DMSO composite and F; is the fluorescence
intensity of the quer/DMSO/Fe3;0s nanocomposite. To
estimate quantitatively the reduction of the fluorescence
intensity caused by Fe3O4 nanoparticles, we, first, calcu-
lated the fluorescence intensities of the quer./DMSO
and quer/DMSO/Fe3;04 composites and then calculated
the difference between them. In particular, the fluores-
cence quenching rate can be calculated as follows:
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Where A7, A7, 21, and A/ correspond to the initial
and final positions of the wavelength of each graph from
Figure 4. Using Equation (1), we found that the fluores-
cence intensity of the quer/DMSO/Fe;O4 nanocomposite
was reduced by 57 % compared to the quer./DMSO com-
posite. According to the Mie theory, small colloids of up
to 40 nm in diameter are expected to quench fluores-
cence because absorption is the dominant mechanism,
while larger colloids of above 40 nm are expected to en-
hance fluorescence because scattering becomes the dom-
inant mechanism.® Besides, there are at least two factors
that alter the fluorescence properties of a fluorescent dye
in the presence of nanoparticles. These include the dis-
tance between the fluorescent dye and the nanoparticle,
and the orientation of the molecular dipole of the fluo-
rescent dye in relation to the nanoparticle surface. Fluo-
rescence quenching occurs beyond the 10-nm distance
limit accepted for the efficient fluorescence resonance
energy transfer (FRET) between the donor and quencher
molecules.!®!? The energy transfer efficiency (E) was
measured using Equation (3) from the lifetime data:
—

E (3)

Tll
where 1 and 7o are the lifetimes of the donor in the pres-
ence and absence of the acceptor, respectively. To deter-
mine a time-resolved luminescence, the luminescence
lifetimes of the samples were measured as a function of
time after being excited by a beam of light. A pulsed ni-
trogen-laser light of 3 ns with a wavelength of 337 nm
was used to excite the quer/DMSO (i.e., to determine
7p) and quer./DMSO/Fe;0y4 (i.e., to determine 1) com-
posites. The detector used in this apparatus was a
photomultiplier tube coupled to the gigahertz oscillo-

scope, which displayed the decay of the luminescence
intensity with respect to time. The estimated times were
70 = 12 x 10 s and 7 = 1.36 x 1077 s, respectively. The
dependence of the critical donor-acceptor distance (Rp),
when the energy transfer efficiency is 50 %, on the spec-
tral overlap for a particular donor-acceptor pair is ex-
pressed as follows:

N L oqle
R, =0211[ K* XN * x @, xJ(A)] 4)
where K2 represents the relative orientation of the donor
to the acceptor molecule. Considering a random rota-
tional diffusion of the small molecules, K? is taken to be
2/3,13.14 N is the refractive index of the medium (1.48
for glass/quer./DMSO/Fe3;0y4), ¢o is the quantum yield
of the donor in the absence of the acceptor, taken as
0.25, and Ji) is the overlap integral that can be calcu-
lated with the numerical integration method using the
following relation:

[7 Fyxe,(yxatar

J(A) = (3)

j[;" F(A)xdA

Here, F(A) is the luminescence intensity of the donor
in a wavelength range of 4 to (4 + A4) with the total in-
tensity normalized to unity while £4(4) is the molar ex-
tinction coefficient of the acceptor. For the FeiOs
nanoparticles with a size of 30 nm, the molar extinction
coefficient is around 3.65 x 106 M-' cm'."" The en-
ergy-transfer efficiencies from Equation (3) can be re-
written as:

[
E= L (6)
R +r°

Based on the experimental results and calculated data
from Equations (3) to (6), we found that the distance be-
tween the dye molecules (quer.) and Fe;O4 nanoparticles,
which are statistically on the glass surface, is
(14.5 = 0.60) nm. Figure 5 shows fluorescent micros-
copy photographs of the aggregations of quer./DMSO
and quer./DMSO Fe;O, deposed on glass substrates and

Figure 5: a) Fluorescence imaging of self-aggregated quer/DMSQ, and b) quer/DMSO/Fe304 composites deposed on glass substrates. The sam-

ples were excited with a 337 nm nitrogen laser. The scale bar is 20 pm.
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stored at 37 °C for 48 h. Both the quer/DMSO compos-
ite and quer./DMSO/ Fe;O4 nanocomposite tend to
self-aggregate.

As seen from the images, the aggregation of the
quer./DMSO/Fe;O4 nanocomposite is red, whereas the
quer./DMSO composite appears to be yellowish. We
found that the particular properties of the quer/DMSO
and quer./DMSO/Fe;0, composites, such as fluorescence
intensity, colour and graphical profiles of the emissions,
make them distinguishable from each other. However,
there is a challenge associated with the limited penetra-
tion depth of ultraviolet light due to the high scattering
and absorption ability of biological tissues. To provide a
better penetration ability of light, potentially minimizing
the damage of a specimen such as the brain, it is recom-
mended to use the two-photon absorption technique.

5 CONCLUSIONS

We prepared and investigated quercetin-modified
Fe;O4 nanoparticles and demonstrated that the function-
alization through the conjugation of fluorescent species
and magnetic nanoparticles dramatically alters the
nanocomposite optical parameters such as fluorescence
intensity, spectral position and shape of fluorescence
emission. The proposed image-guided drug-delivery sys-
tem emerges as a promising tool for in-vive tracking of
fluorescent dye-labelled therapeutic drugs with function-
alized Fe;04 nanoparticles in a complicated and delicate
biological environment, such as cancer cells and BBB.
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