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ARTICLE INFO ABSTRACT

Lipoproteins are very attractive natural-based transport systems suitable for applications in diagnostics and
cancer therapy. Low- and high-density lipoproteins (LDL, HDL) were selected for hypericin (hyp) delivery in
cancer cells. Hyp was used, as it is a well-known model for hydrophobic molecules, in order to estimate the LDL
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Hypericin and HDL transport efficacy. We applied fluorescence techniques, absorption and Raman spectroscopy to char-
g‘;‘if:on acterize the state and alteration of LDL and HDL in the absence and presence of hyp. The fluorescence intensity
Photodynamic therapy of hyp loaded in lipoproteins was two times weaker in HDL than LDL. We demonstrated that there are faster
CAM model redistribution kinetics of hyp from HDL than from LDL. As a consequence, hyp uptake by glioma and breast

cancer cells was driven more via endocytosis when hyp was delivered by LDL than by HDL. Hyp induced
photodynamic action was stronger when hyp was delivered by HDL than LDL. Ex ovo hyp fluorescence phar-
macokinetics demonstrated differences in biodistributions of hyp in lipoproteins topical applications. However,
hyp was successfully delivered to cancer cells grafted on quail’s chorioallantoic membrane. The results presented

in this paper could provide strategies to develop adequate and targeted anticancer therapy.

1. Introduction

Non-specific accumulation of anticancer drugs in cancer tissue gave
rise to many efforts from researchers to develop a transport system
which would meet certain specific targeting requirements. Excellent
transport systems would improve the selectivity of a chemotherapeutic
agent, the hydrophobic drug stability, and its solubility in order to
prolong and control the drug release, therefore lowering its cytotoxicity
to healthy tissue. The field of nanosystems and nanoparticles, derived
from the field of nanotechnology, is currently a highly studied research
field. Besides development of a nanodelivery system based on lipo-
somes, micelles, nanotubes or polymeric conjugates, endogenous lipo-
proteins still represent very interesting natural carriers suitable for drug
delivery, as well as for tumor-targeted therapies [1-3].

Primarily, targeting is very important in the delivery of a photo-
sensitizer (PS). PS is characterized by photodynamic properties that
virtually combine tumor diagnostics and treatment modalities in one
step [4]. PS can often be highly specific and localized in tumor tissue.

* Corresponding author.

Thanks to PS fluorescence, surgeons can easily identify damaged tissue.
Photodynamic therapy (PDT) employs PS, oxygen, and light at specific
wavelength that coincide with the absorption properties of PS, thus
enabeling the excited PS triplet state to interact with oxygen [5,6].
Generation of highly reactive oxygen species (ROS) are often the result
of such interaction. Specific localization of PS together with the high
reactivity of ROS with cancer cells should ensure minimal invasiveness
of PDT. Moreover, the nearby healthy tissue, in its ideal condition,
would persist unharmed.

Hypericin (hyp) was identified many times as a suitable PS for
photo-diagnostics and photo-treatment [7-10]. Hyp is a hydrophobic
molecule characterized by a broad absorption spectrum in the visible
region and emission above 600 nm [7]. It can be excited with blue/
green light in photo-diagnostics, and with orange/red light in photo-
treatment. It was demonstrated that PDT induced by hyp might trigger
apoptotic signaling pathways in cancer cells [8,11-13]. Our experi-
ment, which is strongly supported by literature, allows us, in many
aspects, to considered hyp as an appropriate model molecule of
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hydrophobic PS and anticancer drug.

Intravenous administration of hydrophobic drugs is problematic.
For this reason, they need to be embedded in a biocompatible transport
system. Lipid-based formulation of nanoparticles, to a large extent, fits
the above-mentioned requirements [14-16]. The most interesting nat-
ural lipid-based transport systems are endogenous lipoproteins. Low-
density lipoprotein (LDL) is a globular particle, with a diameter around
22nm, which is made up of a hydrophobic core and amphipathic
phospholipids shell with a single apo B-100 protein [17]. LDL molecules
are transported into cells via LDL receptors mediated endocytosis
[18,19]. It was reported that most of the cancer cells expressed elevated
numbers of LDL receptors to supply cells with cholesterol, which is
endogenously transported by LDL in the bloodstream [20,21]. These
properties identify LDL as one of the best components in the concept of
an effective transport system for hydrophobic drugs in cancer targeted
therapies.

When compared to LDL, high-density lipoproteins (HDL) represent
smaller particles (~ 10 nm in diameter). In contrast to LDL, it is com-
posed by apo A and apo C proteins [22]. HDL is, similarly to LDL, re-
sponsible for cholesterol transport to and from the tissues. It was found
that drugs incorporated in HDL were more cytotoxic to cancer cells than
if they were applied solely [23]. However, HDL uptake by cells differs
from that of the LDL [24]. HDL can only be internalized via certain type
of endocytosis, while LDL are degraded in lysosomes. Indeed, the cat-
abolism of HDL in cells is still unknown.

Application of LDL and HDL as a PS carrier in PDT of cancer cells is
not a completely new idea. It was already demonstrated that LDL could
effectively deliver PSs (porphyrins, chlorines, berberine and hypericin)
to cancer cells [25-32]. Thanks to the high LDL receptors affinity, LDL
could increase PDT specificity in certain types of tumors [33,34]. Un-
fortunately, pathogenic events, such as chemical and oxidative stress,
ageing, and other stimuli modify the LDL structure, which considerably
influences its uptake by cells [35]. It was also demonstrated that the
hydrophobicity of PS importantly influences its affinity to both LDL and
HDL [32]. Moreover, PS accumulation in different blood components
can be controlled by the rational design of PS [31]. Therefore, mod-
ification of LDL or HDL could enhance the targeting and efficiency of
PDT [36,37].

Chorioallantoic membrane (CAM) of chicken or quail embryos is a
very attractive model of microcirculatory system that can be used for PS
pharmacokinetics and tumor targeting studies [38-42]. We demon-
strated previously that hyp and hyp bound to LDL can be topically or
intravenously applied to CAM [41-43]. Moreover, thanks to its fluor-
escence, it can be directly detected in the CAM bloodstream or xeno-
grafted cancer cells [41,43].

In the present study, our aim is to compare LDL and HDL, and in-
vestigate its impact on PS (hyp) delivery, the PDT efficacy, and to vi-
sualize hyp tumor targeting in the CAM model.

2. Material and methods
2.1. Cell culture

The U87 MG (human glioma) cells were purchased from Cells Lines
Services, Germany. BT 474 (human breast ductal carcinoma) and SK BR
3 (human breast adenocarcinoma) cells were a gift from prof.
Pluckthun’s laboratory, University of Zurich, Switzerland. Cells were
grown in the dark at 37 °C, 5% CO, and humidified atmosphere until
80% confluence. U87 MG cells were grown in culture medium
(Dulbecco’s modified Eagle medium, o-MEM) supplemented with 10%
fetal bovine serum (FBS), r-glutamine (862 mg/1), sodium pyruvate
(110 mg/1), glucose (4500 mg/1) and penicillin/streptomycin (1% w/
w). For BT 474 and SK BR 3 cells, p-MEM was replaced by RPMI 1640
(LM-R1638/500, biosera), containing 25 mM Hepes, stable glutamine.
All solution for cell culture were purchased from Gibco-Invitrogen, Life
Technologies Ltd.. One day before the experiment, the 10% FBS was
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replaced by 2% Ultroser” G serum (Pall, France), a serum substitute
(2% UG), in order to maintained the cells in a lipids free cell culture
medium.

2.2. Absorption and fluorescence spectroscopy

The stock solution of 2 mM hypericin (hyp, Sigma-Aldrich, Slovakia)
was prepared by dissolving hyp in 100% dimethylsulfoxide (DMSO,
Sigma-Aldrich, Slovakia). The hyp solution aliquots were mixed with
LDL and HDL in order to form complexes with defined concentration
ratios in a phosphate saline buffer at pH = 7.4 (PBS, Sigma-Aldrich,
Germany). LDL (human low-density lipoproteins, purity > 98% of total
lipoprotein content by electrophoresis, Calbiochem, Germany) and HDL
(human high-density lipoproteins, purity > 95% of total lipoprotein
content by SDS-PAGE, Sigma-Aldrich, USA) stock solutions were first
diluted in PBS, then mixed with a solution of hyp. DMSO content in the
prepared complexes was less than 1%. The complexes of hyp with LDL
(hyp:LDL) and HDL (hyp:HDL) were stabilized overnight in the dark at
4°C. LDL and HDL concentrations in complexes were fixed at 10 nM.

LDL and HDL UV-Vis absorption spectra were detected with
Specord 600 diode-array spectrometer (Analytik Jena AG, Germany) at
room temperature. Absorption was collected every 0.5nm in the
spectral range 260-750 nm.

The fluorescence spectra of hyp:LDL and hyp:HDL complexes (3:1,
10:1, 30:1, 50:1 and 100:1) were detected with a spectrophotometer
(RF-5301 PC, SHIMADZU, Japan) at 560 nm excitation. The detection
window was between 580-750nm (5nm and 10nm slits), and the
maximum of the fluorescence intensity was estimated at 600 nm. The
obtained spectra and data were processed with the Origin9 software
(OriginLab®, Massachusetts, USA).

2.3. Surface-enhanced Raman spectroscopy (SERS)

SERS measurements were carried out using a Raman inVia micro-
spectrometer (Renishaw, Great Britain) equipped with an electrically
cooled CCD camera, working under macro conditions using glass vials
and excitation wavelength at 532nm. The laser power used on the
sample did not exceed 50% of its original power. SERS spectra were
recorded on the silver colloid prepared by chemical reduction of silver
nitrate with hydroxylamine hydrochloride (AgH) [44]. The aqueous
solutions utilized for the colloidal nanoparticles formation were pre-
pared by using milli-Q water, and all the employed reagents were
purchased from Sigma-Aldrich (Slovakia). The resulting AgH colloid
showed a gray-brown color with a plasmon extinction band at 405 nm
and final pH of 5.5. The colloid was activated before the addition of an
aliquot of the LDL/HDL solution, in order to achieve a much larger
SERS effect [45]. The 10 uM stock solutions of LDL and HDL were used
and the final concentration of LDL/HDL in SERS experiments was 5 nM.
The same final concentration of lipoproteins was adjusted for hyp:LDL
and hyp:HDL complexes (10:1, 50:1).

2.4. Western blot

The oxidative phosphorylation OXPHOS profile and LDL receptors
expression of U87 MG cells were estimated by western blot. The
OXPHOS optimized antibody cocktail (1:500, ab110411, Total OXPHOS
Human WB Antibody Cocktail, abcam, UK) contained 5 antibodies
against CI-NDUFB8 (NADH dehydrogenase (ubiquinone) 1 beta sub-
complex subunit 8, ab110242), CII-SDHB (succinate dehydrogenase
subunit B, ab14714), CIII-UQCRC2 (ubiquinol-cytochrome c reductase
core protein 2, ab14745), CIV — COXII (cytochrome c oxidase subunit 2,
ab110258) and CV-ATP5A (ATP synthase subunit alpha, ab14748). LDL
receptor expression was evaluated by anti-LDL receptor antibody
(1:1000, ab30532, anti-LDL receptor antibody, abcam, UK). The ana-
lysis was performed on U87 MG cells subjected for 1h to 50 nM LDL
and HDL. Briefly, cells were harvested, lysed in a RIPA buffer (150 mM
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NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium do-
decyl sulfate, 20 mM Tris buffer saline at pH 8.0) with an inhibitor
cocktail (2 x 1:100, Halt™ Protease & Phosphatase Inhibitor Cocktail,
ThermoFisher Scientific, USA). Whole lysate (120 ug of total protein
amount) were diluted in 2x Laemmli buffer (Sigma-Aldrich, Germany)
to reach 60 pg of final protein amount, loaded to 10% (OXPHOS) and
8% (LDL receptors) polyacrylamide gel and subjected electrophoresis.
Proteins were transferred to a nitrocellulose membrane.
Immunodetection was performed with Western Breeze Chromogenic Kit
(ThermoFisher Scientific, USA). Primary antibodies OXPHOS cocktail,
LDL receptors and f-actin (1:2500, A5316-100UL, monoclonal Anti-f3-
actin antibody produced in mouse, Sigma-Aldrich, Germany) were in-
cubated overnight with the membrane at 4 °C. Secondary antibodies
Western Breeze Chromogenic Kit for detection of rabbit and mouse
primary antibodies were used to visualize LDL receptors and f-actin,
OXPHOS, respectively. Densities of visualized bands were calculated
with ImageJ software (National Institutes of Health, USA).

2.5. Stopped-flow

For the hyp redistribution kinetics measurements, hyp:LDL and
hyp:HDL complexes (50:1) were initially prepared at given concentra-
tion ratios. These complexes were stabilized overnight in dark condi-
tions at 4 °C. Redistribution kinetics of 1 uM hyp from 10 nM LDL and
HDL towards 10 nM free LDL were measured by a stopped-flow appa-
ratus (Applied Photophysics, UK), according to the SX20 User Manual.
A 150 W xenon lamp emitting light at 560 nm was used to excite the
complexes, and hyp fluorescence was detected using long passed
filter > 600 nm. Detection time range was 5s, 40s, 200 s and 1000 s.

Analysis and kinetics were processed with the Origin9 software.
Mono-exponential fit y = y,+Ae("? was applied to all obtained
curves. Parameters of the fit are summarized in the table.

2.6. Confocal fluorescence microscopy

Cells were grown in glass coverslip bottom Petri dishes (35 mm, No.
0, MatTek, USA) at a density of 10* cells. 10 nM concentration of LDL
and acetylated LDL labeled by Dil (LDLp;, acLDLp;, ThermoFisher
SCIENTIFIC, Germany) were applied to study the endocytotic pathway
in U87 MG cells. 50 nM concentration of LDL and HDL loaded with
500 nM hypericin were applied to study hyp distribution and its uptake
by U87 MG, SK BR 3 and BT 474 cells. Fluorescence images of hyp and
Dil were collected from live cells 1h after incubation with LDLpy;,
acLDLp;, and hyp in complexes with LDLs or HDL at hyp:LDL and
hyp:HDL ratio 10:1. An inverted LSM700 confocal microscope (Zeiss,
Germany) was equipped with a 63X oil immersion objective
(NA = 1.46, with adjustable coverslip correction) and a CCD camera
(AxioCam HRm, Zeiss, Germany). Hyp and Dil were excited with a
555nm cw solid-state laser, and the emission was detected at > 590
nm. The fluorescence images were analyzed with Zen 2011 software
(Zeiss, Germany) or ImageJ software (National Institutes of Health,
USA). A cell culture medium for microscopic observation contained
phenol red, but it did not affect the fluorescence detections.

2.7. MTT-assay

U87 MG cells were subjected to photodynamic treatment 24 h be-
fore MTT-assay. Cells were subjected for 1h to 500 nM hyp, 500 nM
hyp in 50 nM LDL and 500 nM hyp in 50 nM HDL. After incubation, the
cell culture media were replaced by fresh medium (without hyp, HDL,
and LDL) and incubated in the dark or irradiated on home-made irra-
diation diode platform at 590 nm and fluence 4 J/cm?. Cell response
was validated 24 h after these treatments.

U87 MG, SK BR 3 and BT 474 cells were subjected to photodynamic
treatment 5h before the MTT-assay. Cells were subjected for 1h to
500 nM hyp in complex with 10 nM LDL (50:1). After incubation, the
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cell culture media were replaced by fresh medium (without hyp and
LDL) and incubated in the dark or irradiated on home-made irradiation
diode platform at 590 nm and fluence 4 J/cm?. The values obtained for
U87 MG control cells were adjusted as a 100% proliferation, and
compared with the other cell lines and treatments. Difference between
control and PDT subjected cells was determined to evaluate the efficacy
of the treatment.

Cell viability was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, Sigma-Aldrich, Germany) assay de-
tected at 560nm and 750nm by 96 well plate absorption reader
(GloMax®-Multi + Detection System with Instinct Software, Promega
Corporation, USA). A standard protocol for MTT-assay was performed:
10ul of 5mg/ml MTT dissolved in phosphate saline buffer (PBS,
pH = 7.4) was added to each well filled with 100 ul medium, and the
plate was incubated for 2 h in the dark at 37 °C; after 2 h, the 50 pl of
cell culture medium were removed from the well and 150 pl of acidic
iso-propanol (Sigma-Aldrich, Germany) was added to each well to
dissolved formazan crystals.

The errors are represented by SD or SEM from the mean values of
the experimental data (performed in triplicates). The level of sig-
nificance was estimated with T-test: *p < 0.05, **p < 0.01,
*#xp < 0.001.

2.8. Quuail chorioallantoic membrane ex ovo model with grafted cancer cells

Fertilized Japanese quail (Coturnix japonica) eggs (breeding colony
of IABG SASci) were incubated in a forced draught incubator (MIDI
BIOS, Czech Republic) at 37°C and 50-60% relative humidity. To
prepare ex ovo culture, the surface of the eggs was disinfected with 70%
ethanolic solution at embryonic day 3 (ED3) in a sterile laminar flow
hood. The eggs were opened, and the embryos were transferred into six-
well tissue culture plates (Sarstedt, Germany) and returned to a 37 °C
humidified incubator (Memmert, Germany).

On ED7, the silicone ring (¢ 6 mm) was positioned on the CAM
surface. The SK BR 3 and BT 474 cells (8 x 10° cells per embryo in 30 ul
RPMI solution) were implanted in the ring.

2.9. Topical pharmacokinetics of hyp in the presence of LDL and HDL

On ED10, 72h after cells implantation, hyp, hyp:LDL (20:1),
hyp:HDL (20:1) were topically applied on CAM (hyp dose was 2 ug/g of
the embryo, which is 79 uM in PBS, the DMSO content was 0.17%).
Fluorescence intensity of hyp in CAM tissue and cancer cells was re-
corded using a digital camera (Canon EOS 6D II with Canon MP-E
65 mm f/2.8, Japan) at 0, 1, 3, 5 and 24 h after substance administra-
tion. The CAMs were illuminated using either white light (ring flash
Canon MR-14EX, Japan), or by violet excitation light (custom made
circular blue LED light emitted at 405nm). The fluorescence intensity
was evaluated using ImageJ software [46]. RGB image channels were
split into separate red, green and blue images. Red intensity images
were analyzed in 8-bit forms. Red intensity was evaluated from the
whole image and approximated as the hyp fluorescence. Whole images
profile plots (ImageJ plugin) were derived for each time after hyp ad-
ministration: from O (right after administration) up to 24 h.

2.10. CAM histology

On ED11, CAM tissue was separated and fixed with 4% paraf-
ormaldehyde (Sigma-Aldrich, Germany). Subsequently, 4 um paraffin
sections were prepared for histopathological analysis to determine
malignancy and surrounding healthy tissue (hematoxylin, BAMED,
Slovakia and eosin, BAMED, Slovakia, staining). Stained sections were
evaluated using a light microscope Kapa 2000 (Kvant, Slovakia) with
10X and 20X objective and Nikon E995 digital camera (Japan).
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Fig. 1. A) UV-Vis absorption spectra of LDL (red) and HDL (blue) in PBS so-
lutions at pH = 7.4. B) SERS spectrum of hyp, low-density lipoproteins (LDL,
red) and high-density lipoproteins (HDL, blue) in the absence and in the pre-
sence of hyp at concentration ratios 10:1 and 50:1 (hyp:LDL or hyp:HDL). The
final concentrations of LDL and HDL were 5nM. The excitation line is at
532 nm. All spectra were corrected by baseline subtraction.

3. Results and discussion
3.1. Characterization of LDL and HDL by optical spectroscopy methods

Spectroscopic methods can divulge important information not only
about the physico-chemical characteristics of the PS and host mole-
cules, but also about the mechanism of their interactions. In particular,
the knowledge of structural and vibrational spectroscopic properties of
lipoproteins is highly desirable, since their alteration can significantly
affect their behavior and functioning as a transport system.
Accordingly, the loading capacity as a parameter of different lipopro-
teins’ composition can also be investigated spectroscopically by use of
hyp as a model of hydrophobic PS.

3.1.1. UV-Vis absorption spectra
UV-Vis absorption spectra of 10nM LDL and HDL solutions are
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presented in Fig. 1A. Both lipoproteins are principally characterized by
the main absorption band at 280 nm, which corresponds with their
protein content. However, in the case of LDL solution, a broad lipids-
assigned band found in the range of 300-650 nm can also be demon-
strated. The presented spectra have been previously observed [61,72].
However, LDL and HDL extracted from human plasma are not uniform,
and their composition can be particularly affected by other components
(such as fatty acids, etc.). Thus, it is always recommended, even ne-
cessary, to detect and characterize them quickly. After that, more de-
tailed information about the PS and LDL or HDL structure, even at such
low concentrations, can be obtained from their SERS spectra.

3.1.2. SERS spectra

Raman spectroscopy (RS), because of its non-destructiveness and
high chemical specificity, seems to be an appropriate method for quick
and unambiguous identification of LDL and HDL state [47,48]. Fur-
thermore, SERS reflects the same specific structural and chemical in-
formation as RS, but provides additional advantages such as increased
intensity of normally weak Raman signal and quenching of usually
strong fluorescence background [49].

Fig. 1B shows the SERS spectra of 5nM LDL and HDL solutions
recorded on the AgH colloid while using a 532 nm laser excitation.
Despite a very low concentration of lipoproteins, intense and well-de-
fined Raman bands, visible especially in the SERS spectrum of the LDL
solution (Fig. 1B ’LDL’), were recorded as a result of the employment of
metal nanoparticles and pre-resonance excitation wavelength. The
SERS spectrum of LDL is characterized by relatively strong and sharp
Raman bands at 1517, 1154 and 1002cm™!, which correspond to
carotenoid compounds naturally present in LDL structure, in particular
all-trans-B-carotene and lycopene [48,50]. Taking into account only
slight spectral changes observed in the SERS spectrum of LDL (Fig. 1B
’LDL’) with respect to the classical Raman spectrum of the B-carotene
[51,52], we assume that 3-carotene after the adsorption of LDL particles
upon the silver surface remains incorporated in the LDL, which are
located rather close to the surface than deep in the core of the LDL. Lin
S. et al. demonstrated that the carotenoids are accessible close to the
surface of the LDL particles in the shell, where apo B-100 is located
[50]. The rest of the bands associated with the major components of the
lipoproteins (apolipoprotein, cholesteryl ester, triacylglycerol and
phospholipid) do not contribute significantly to the recorded SERS
spectrum. The situation changes in the case of HDL, where B-carotene is
commonly present only in small portions; thus, no intense and well-
defined spectral features are visible. The SERS spectrum of HDL (Fig. 1B
"HDL’) shows a series of bands associated mainly with lipids and pro-
teins, whose positions and corresponding vibrational assignments are
discussed in greater detail elsewhere [53].

In order to study hyp:lipoprotein complexes and to monitor var-
iances between them, the SERS spectra of hyp:LDL and hyp:HDL at two
different ratios, 10:1 and 50:1, were also recorded (Fig. 1B, ‘10:1’and
¢50:1%). While the SERS spectrum of hyp:LDL at the 10:1 ratio exhibits a
mixture of bands due to both LDL and hyp, the SERS spectrum of
hyp:LDL at higher ratio is practically dominated by the intense Raman
bands of Hyp (Fig. 1B, ‘10:1’and ‘50:1’top, ‘hyp’). It has already been
shown [54] that at the low ratio, the PS molecule is located in the inner
part of the LDL particle. However, when the concentration of hyp in-
creases, the progressive localization of hyp molecules in the outer shell
of LDL takes place. Moreover, the SERS bands at 1247, 1293, and
1369 cm ™%, clearly visible in the SERS spectrum of hyp:LDL at the 50:1
ratio, are characteristic of hyp monoanionic form. The amphipathic
outer part of the LDL particle containing phospholipids and apo B-100
protein is a favorable environment, where interaction of hyp with the
polar groups of these biomolecules can likely occur.

The SERS spectra of hyp:HDL complexes measured for both ratios
(Fig. 1B, ‘10:1’and °50:1’below) show great similarities, as the ob-
tained spectra are mostly determined by the hyp spectral features. In
accordance with the LDL-complexes, the SERS spectrum of hyp:HDL at
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Fig. 2. Expression of A) LDL receptors and B) CI-CV complexes of respiratory chain in U87 MG after 1 h and 24-hour subjection to 50 nM LDL and HDL in the absence
of lipids in cell culture media (2% UG) analyzed by western blot. 3-actin was used as a loading control.

the 10:1 ratio still possesses some of the bands characteristic of the
lipoprotein. However, the intensity of hyp Raman bands is significantly
higher. This enhancement is even more pronounced at higher ratio
(50:1), which is probably due to the same effects as in the case of LDL:
increase of hyp concentration followed by the progressive localization
of hyp in the outer shell of LDL. The HDL is smaller and contains a
higher protein content than the LDL particle. Thus, the PS molecule
bind more easily to the lipoprotein surface, which could also sig-
nificantly affect its release speed.

3.2. Characterization of LDL receptors and oxidative stress in cancer cells
subjected to LDL and HDL

It is generally assumed that cancer cells express a higher number of
LDL receptors to ensure cholesterol supply for membrane construction
[19-21]. However, not all cancer cells express exactly the same number
of LDL receptors [33,34]. It was previously reported that glioma cells
are a type of tumor with an elevated expression of LDL receptors
[33,55]. Fig. 2A demonstrates a western blot analysis of U87 MG cells
LDL receptors and related proteins. Several bands were detected in the
range between 50 and 220 kDa in control and lipoproteins (LDL/HDL)
subjected cells. Higher density bands (below 220kDa molecular
weight) were observed in cells subjected to 50nM LDL (1 h and 24 h)
and HDL (24 h), compared to the non-treated control. Our results sug-
gest that LDL presence in lipid-starved cell culture media increased LDL
receptor expression in U87 MG cells. However, HDL has to be incubated
for 24 h with U87 MG cells in order to reach a similar effect, which can
be achieved with LDL in a shorter period of time (1 h). Keep in mind
that this delay could be explained by the composition of LDL and HDL,
which undergo different type of endocytosis and catabolism in the cells
[24].

Although lysosomes are the predominant targets of LDL receptor-
mediated endocytotic pathway [18,19], cell apoptosis can be triggered
by oxidative stress produced in mitochondria [4,56]. Fig. 2B presents a
western blot analysis of the respiratory chain complexes expressed in
U87 MG cells, in the presence and absence of LDL and HDL. We did not
find any significant changes of western blot band densities in the cells
subjected for 1h or 24h to the studied lipoproteins. This observation
suggests that cells could overcome some level of oxidative stress, even if
it was possibly triggered by long-term incubation with LDL and HDL.

3.3. Redistribution of hypericin from LDL and HDL towards free LDL

Hyp, in this study, represents a model of a hydrophobic molecule
with promising anticancer properties, especially in photodynamic
treatment [7,8]. It was demonstrated that only hyp monomers emit
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fluorescence [57-59]. Other researcher groups, along with ours, ob-
served that a high number of hyp molecules could be loaded in LDL, but
this process is accompanied by aggregation and self-quenching of hyp
molecules inside LDL [57,59-61]. We noticed that the ratio between
hyp and LDL at which hyp started its aggregation process varied from
case to case. It should be noted that lipoproteins are extracted from
human serum, and the precise protein and cholesterol content may
differ as well. For this reason, we performed experiments in order to
estimate the aggregation and fluorescence intensity plateau of hyp in
LDL and HDL. We observed that, in LDL, the hyp:LDL ratio is 50:1,
while in HDL it is 10:1 (Fig. 3A). The hyp intensity is four times weaker
in HDL than in LDL at the ratio 50:1. In the latest study, we demon-
strated that hyp aggregation process can play an important role in the
redistribution of hydrophobic molecules from transported LDL particles
towards free CAM serum components in bloodstream [43].

Fast hyp redistribution kinetics from LDL and HDL towards free
LDLs were detected by stopped-flow technique. In respect to the results
demonstrated in Fig. 3A, we used hyp:LDL and hyp:HDL concentration
at ratio 50:1. The redistribution processes were observed in a time scale
of 55, 40s, 200s and 1000 s (Fig. 3B). We did not observe differences
between the two studied cases in very fast processes within 5s. The
sharp increase in redistributive function was detected for hyp redis-
tribution from HDL between 40 and 200s. The evident exponential
character of these functions was recorded at a time scale of 1000 s.
Much slower hyp redistributions were noticed for hyp redistribution
from LDL. Hyp redistribution gently increased at 200 s, but remarkable
progress was recognized at 1000 s scale in Fig. 3B. In contrast, hyp
redistribution from HDL showed a steep beginning that reaches its
maximum at 400s. The fitting parameters of redistributive processes
are summarized in Table 1.

We observed mono-exponential processes in our studied conditions.
The precision of mono-exponential fits was the best at 200 s and 1000 s
kinetics (R? close to 1). Halftime (t) of hyp redistribution was shorter
for HDL (200s and 188s, respectively) and larger for LDL (529 s and
796 s, respectively). This halftime was, in our previous studies, defined
as the slow component of hyp redistributive process [37,57]. The slow
component was much faster in hyp redistribution from HDL. This
suggest that the incorporation of hyp in LDL and HDL is not the same,
and that the hyp affinity to HDL could be weaker. The rate of hyp re-
distribution from LDL/HDL could reflect the hyp ability to pass through
the plasma membrane of cancer cells. We assumed that hyp uptake by
cells would be better when HDL delivers hyp than LDL. While with HDL
transport, the cellular uptake may compose of both diffusion and en-
docytosis, with LDL the majority of transport processes are governed via
endocytosis. An even more critical point is that these processes can
occur during the hyp delivery by LDL and HDL in vivo.
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Fig. 3. A) Fluorescence intensity of hyp in the presence of 10 nM LDL (black
squares, solid line) and HDL (open circles, short dot line) in PBS at pH = 7.4.
Hyp concentration increases as indicated with the concentration ratios hyp:X,
where X represents LDL and HDL. B) Representative kinetics of hyp redis-
tribution from LDL (black lines) and HDL (red lines) towards LDL detected by
stopped flow technique. Detection times are at x-axes: 5s, 40's, 200 s and 1000
s. Kinetics were fitted (gray lines) with mono-exponential fits and their para-
meters are summarized in Table 1.

Table 1
Parameters of redistribution kinetics (Fig. 4) determined with mono-ex-

ponential fit: y = yo+Ae( ™7,
time range 100:1 Yo A t[s] R?
hyp:LDL 8.5 -0.59 796 0.99
1000 s
hyp:HDL 8.6 -0.68 188 0.99
hyp:LDL 8.4 047 529 0.99
200 s
hyp:HDL 8.7 -0.72 200 0.99
hyp:LDL 10.4 -2.48 2959 0.73
30s
hyp:HDL 8.7 -0.77 199 0.98
hyp:LDL 7.9 -0.03 27 0.01
5s
hyp:HDL 8.8 -0.88 191 0.16
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Fig. 4. A) Representative confocal fluorescence images of hyp distribution in
U87 MG, SK BR 3, BT 474 after delivery by LDL (hyp:LDL) and HDL (hyp:HDL).
HI represents zoomed image with higher fluorescence intensity. B) Western blot
analysis of LDL receptors in U87 MG, BT 474 and SK BR 3 cells (at the same
protein content). -actin was used as a loading control.

3.4. Hypericin distribution and uptake by cancer cells after hypericin
delivery in LDL and HDL

Distribution and uptake of hyp in LDL and HDL by U87 MG, SK BR 3
and BT 474 cells is demonstrated in Fig. 4A. Hyp transported by LDL,
which persists together with LDL and its intracellular distribution, was
visible in the punctuated-lysosomal pattern. On the other hand, hyp
was released faster from HDL, and diffused homogenously into cancer
cells. The intracellular intensity of hyp fluorescence was higher when
delivered by HDL than LDL. Moreover, the uptakes of hyp transported
in both LDL/HDL by U87 MG cells were higher than the hyp uptakes by
SK BR 3, and it was even higher than hyp uptakes by BT 474 cells. These
behaviors were reflected by a decrease in fluorescence intensities in
Fig. 4A.

If we consider that hyp:LDL complexes would pass the plasma
membrane of cancer cells via LDL-mediated endocytosis, the lowest
concentration (fluorescence intensity) of hyp would be in cells with a
very low expression of LDL receptors. Western blot analysis of LDL
receptors expression in U87 MG, SK BR 3 and BT 474 cancer cells is
depicted in Fig. 4B. BT 474 cells expressed the fewest LDL receptors,
while U87 MG cells have the highest level among all three studied
cancer cell lines. Regarding the statement mentioned above, hyp:LDL
complexes uptakes (via LDL receptor-mediated endocytosis) results are
in accordance with LDL receptor expression observed by western blot
analysis in these three cell lines.

Next, we monitored the hyp distribution and uptake in complexes
with acetylated LDL, in order to better understand the high and
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hypericin

Fig. 5. Representative confocal fluorescence images of Dil labeled LDL (LDLp;)
and acetylated LDL (acLDLp;) in U87 MG cells (first row). The second row
represents the hyp distribution in U87 MG cells after hyp delivery by LDLp;,
acLDLp;, and in the absence of LDL. Fluorescence intensity of zoomed insets is
corrected to demonstrate hyp distribution in cell.

nonspecific distribution of hyp delivered by HDL in cancer cells
(hyp:HDL in Fig. 4A). Both types of LDLs (acetylated and not-acety-
lated) were labeled with Dil, which emitted an orange fluorescence.
One should pay attention in this case, as Dil fluorescence can be cross-
correlated with hyp fluorescence. However, we assumed on the bases of
our results that Dil would persist in LDL (localization in round spots),
and that released hyp would be homogenously redistributed within the
cell. We expected that acetylated LDLp; (acLDLp;) would not be re-
cognized by LDL receptors, therefore it should not pass through the
plasma membrane of U87 MG cells.

It was reported that acLDL are not governed by LDL receptor-
mediated endocytosis in cancer cells [62], possibly due to the acetyla-
tion of LDL that decreases the ability of LDL to interact with LDL re-
ceptors [62,63]. Albeit, it was shown elsewhere that fibroblasts and
smooth muscle cells could increase their uptake of acLDL, because of
the specific acetylated LDL receptors expression [64]. Fig. 5 demon-
strates the localization of LDLp;; in lysosomes, but acLDLp;; fluorescence
was not observed within U87 MG cells.

Further, we followed the hyp fluorescence and uptake by U87 MG
cells in presence of LDLpy/acLDLp;. Previously, hyp could be
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recognized with the increasing of orange/red fluorescence, as well as a
nonspecific but homogeneous distribution in cancer cells [9,30,55,65].
It was identified that strong hyp fluorescence in U87 MG cells corre-
sponded to Golgi complex accumulation [9,30]. In Fig. 5, the highest
fluorescence intensity was detected in cells subjected to hyp only. The
weakest fluorescence intensity, as we expected, was detected in cells
subjected to hyp transported by acLDLp;. More precisely, the numbers
of fluorescent spots are visible in the zoomed area of LDLp; fluores-
cence image (insets in Fig. 5).

On the other hand, nonspecific hyp localization was observed in
cells subjected to hyp and hyp transported by acLDLp;. This suggests
that hyp maintained in LDLp;; was carried into the cells via endocytosis,
similarly to hyp in LDL. Contrarily, hyp released from acLDLp; diffuses
in cells in a similar way as what is observed when HDL was used as the
hyp transport system (Fig. 4A).

It should be noted that hyp fluorescence intensity was significantly
weaker in acLDLp; than LDLp;. Differences in cellular uptake for
hyp:HDL and hyp:acLDL suggests two situations. Firstly, U87 MG cells
can express some receptors for HDL uptake. Secondly, hyp affinity to
LDL is so strong that hyp cannot be easily released from acLDL, as it is
in the HDL case. We hypothesize that these receptors could also par-
tially be LDL receptors related proteins, as we have demonstrated in
Fig. 2A by western blot.

In general, specific intracellular distribution/localization of drugs
can significantly influence the outcome of cancer therapy, especially
PDT [66]. While mitochondrial localization of such molecules could
result in apoptotic signaling pathways [67,68], lysosomal localization
can result in their disruption and, in the end, the necrosis of the cell
[69-71]. For this reason, an examination of therapeutically effective
photosensitizer intracellular concentration and dosimetry is critical in
PDT. Subsequently, the PDT efficacy induced by hyp after its LDL and
HDL delivery was validated by MTT-assay.

3.5. The hypericin-induced photodynamic effect in cancer cells after
hypericin delivery by LDL and HDL

Hyp was light activated in U87 MG cells subjected for 1 h to hyp,
hyp in LDL and hyp in HDL. Using this short drug-light interval, we did
not observe any significant inhibition of cell proliferation in the dark, as
well as in cells subjected to hyp in LDL after irradiation with 4 J/cm? at

Fig. 6. A) MTT-assay of U87 MG cells

subjected for 1 h to 500 nM hyp and hyp

loaded in LDL and HDL (10:1), then kept
= 241 in the dark or irradiated at 590 nm
with fluence 4J/cm® B) MTT-assay
(performed 5h after treatment) of U87
MG, SK BR 3 and BT 474 cells subjected
for 1h to 500nM hyp loaded in LDL
(50:1) and kept in the dark (light gray)
without or with irradiation (+ PDT dark
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600 nm (Fig. 6A). However, a significant decrease in cell proliferation
was detected in cells subjected to hyp alone and hyp in HDL after ir-
radiation with 4 J/cm? at 600 nm. The considerable difference between
photo-treatment induced by hyp and hyp delivered in LDL was denoted,
and it is in agreement with previously reported results [30]. Hyp was
located tightly inside the LDL particle at hyp:LDL concentration ratio
10:1 and passed into the cancer cells preferentially via endocytosis. We
have reported that hyp at higher hyp:LDL concentration ratios (above
50:1) passed into the cells both via diffusion and endocytosis. We hy-
pothesize that the endocytotic process is less effective to achieve suf-
ficient hyp therapeutic concentration than passive diffusion in U87 MG
cells.

We succeed in increasing the PDT efficacy when using HDL in
comparison to LDL as the delivery system for hyp (Fig. 6A). Because of
the results obtained by western blot, where HDL did not significantly
influence LDL receptors and OXPHOS characteristics (Fig. 2A, B), en-
hancement of PDT efficacy can be explained by increasing the hyp
concentration that can be photo-activated within U87 MG cells. Thus,
low affinity of hyp to HDL enabled hyp release in higher concentration
in cells (Fig. 4A). Moreover, endocytosis is not preferential pathway of
hyp delivery in HDL in studied cancer cells. Thus, hyp diffusion into the
cells from hyp:HDL will be more effective.

To ensure hyp:LDL targeted PDT, we validated the influence of LDL
receptors expression in cancer cells to hyp induced PDT efficacy. In this
study, hyp was delivered to U87 MG, SK BR 3 and BT 474 by LDL at
hyp:LDL concentration ratio 50:1. We noticed a significant decrease in
cells viability 5h after hyp induced PDT (Fig. 6B). It should be noted
that the proliferation of studied cancer cell lines in the absence of hyp
was not the same. SK BR 3 cells proliferated more than BT 474 cells
(50% of SK BR 3 proliferation rate). As we discovered previously, BT
474 cells expressed a low level of LDL receptors, which could sig-
nificantly decrease the efficacy of hyp:LDL induced PDT. These results
confirm that LDL receptors expression might considerably influence hyp
induced PDT after delivery by LDL.

3.6. Hypericin topical pharmacokinetics and cancer cells delivery on quail
CAM

Topical pharmacokinetics of hyp is demonstrated in Fig. 7. We
compared the fluorescence intensity of hyp in the absence (in PBS so-
lution at pH 7.4) and presence of LDL and HDL topically applied on
CAM with grafted SK BR 3 and BT 474 cells (Fig. 7A). The most intense
hyp (pink) fluorescence was detected in complexes with LDL, and a very
weak intensity was observed when hyp was administered in PBS solu-
tions. Images plot profiles in Fig. 7B refer to 24-hour pharmacokinetics.
The section delimited by the red arrow does not correspond to hyp, but
white light image. For this reason, these intensities represent maximal
and only informative detected values. Pharmacokinetics of hyp were
similar in CAM with grafted SK BR 3 and BT 474 cells. SK BR 3 and BT
474 cells were applied as 30 pl droplets on the ectoderm of CAM. From
the histological slices of normal CAM and CAM with grafted cancer
cells, we observed that the applied cancer cells were maintained on the
ectoderm and did not migrate to the mesoderm of CAM (data not
shown). For this reason, we topically applied hyp, hyp:LDL and
hyp:HDL solutions. Different distributions were observed after hyp
administration in LDL, HDL, and PBS only (Fig. 7A, B). Hyp (applied in
PBS) fluorescence increased with the time of incubation due to hyp
monomers formation in CAM and cancer cells. Hyp:LDL fluorescence
was detected for 5 h at the same level, and slightly decreased after 24 h.
On the other hand, hyp:HDL fluorescence was, shortly after adminis-
tration, weaker than hyp:LDL. At 1- and 3-hour post-administration, the
hyp:HDL and hyp:LDL fluorescence intensities reached the same level.
However, the hyp fluorescence intensity starts to decrease 5 h after the
hyp:HDL administration. Due to the differences in hyp fluorescent
pharmacokinetics, hyp fluorescence-based cancer cells detection could
be performed at different period by the selection of appropriate
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transport system (HDL, LDL) and hyp:LDL/hyp:HDL concentration ra-
tios (Fig. 7A). While hyp delivery in PBS and LDL is sufficiently visible
in cancer cells 5h after administrations, hyp in HDL enabled mon-
itoring of cancer cells already in the first few hours after its adminis-
tration. These results suggest that hyp can target cancer cells in-
dependently on LDL and HDL, but earlier cancer cells monitoring can be
performed using HDL delivery. This could be the consequence of the
faster release of hyp from HDL than LDL, which we described in this
study. It should be noted that the hyp fluorescence intensities (directly
proportional to therapeutic concentrations) detected in CAM 24 h after
delivery were very similar. Representative hyp fluorescence images of
SK BR 3 cancer cells grafted on CAM are shown in Fig. 7C. Intravenous
administration of hyp:LDL and hyp:HDL may change the time of tumor
targeting, and should be further investigated. The results obtained here
represent valuable information that can be exploited in PDT dosimetry.

4. Conclusion

Progress in methods and approaches to improve anticancer treat-
ments indicate that it is necessary to develop an appropriate transport
system and PS with rational design to targeted cancer cells. LDL and
HDL particles represent naturally-based transporters that can be very
effective for hydrophobic/amphiphilic molecules delivery. We en-
deavored to point out the advantage and disadvantage of LDL and HDL
applications as a transport system for hydrophobic molecules. In sum-
mary, our results demonstrated that both LDL and HDL could be ef-
fectively used for hyp transport and cancer cells targeting. If the con-
centration ratio between hyp (hydrophobic drug) and LDL is low (up to
10:1), hyp in LDL is specifically delivered into lysosomes of cancer cells
via endocytosis. However, at shorter incubation times the ther-
apeutically used intracellular concentration of hyp is low. Hyp con-
centration could be increased by longer incubation of cancer cells with
hyp:LDL. At higher hyp:LDL concentration ratios (above 50:1), the
delivery is less specific but hyp intracellular concentration is compar-
able to hyp alone, as it was observed in our previous publications
[30,57]. In these publications, we have demonstrated, that hyp passed
into the cells both by diffusion and endocytosis. Besides, we have also
shown that intracellular concentration of hyp strongly depends on
hyp:LDL ratio and significantly influences the PDT effect. For this
reason, LDL is more suitable in applications where gradual release of
hyp (hydrophobic molecules) is essential for the anticancer therapy. In
the case of HDL the observed effects are similar as in LDL, but HDL
particles released hyp easier than LDL. Our CAM studies point out that
hyp:LDL, hyp:HDL and hyp biodistributions (hyp fluorescence in-
tensities) are different during 3h after their administration on CAM
surface. However, hyp fluorescence detection after 24h was in all
studied cases the same. Drug-light interval in PDT is crucial. In the
present study, the applied 1h drug-light interval was not sufficient to
acquire the same PDT effect for hyp:LDL, hyp:HDL and hyp. But, as we
have previously reported, longer drug-light intervals could increase
PDT effect in cancer cells, in such manner that hyp and hyp:LDL ap-
plication result in the same PDT effects. Our results can provide stra-
tegies for the development of adequate targeted therapy.
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