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Lipid nanocapsules (LNCs) are extensively used as drug carrier systems, due to their small size distribution,
biocompatibility and ease of preparation. They are especially useful for lipophilic drugs to overcome physico-
chemical constraints that limit their efficacy, such as low solubility in aqueous media. The aim of this work was
to investigate the relationship between the intracellular availability of poorly soluble drugs delivered via LNCs
and their biological efficacy in cells in vitro. Cyclosporin A (CsA) with a logPo. = 4.3 (Lucangioli et al., 2003)
and Itraconazole (It) with a logPo.c = 6.2 (Bhardwaj et al., 2013) served as model lipophilic compounds, as they
are highly promising candidates for the treatment of neovascular ocular diseases. Due to their lipophilic prop-
erties and the resulting preference for the oily core of LNCs, high encapsulation efficiencies were achieved. Drug-
loaded LNCs with particle sizes around 50 nm were grafted with an avp3 integrin ligand (RGD) to optimize
cellular uptake by human dermal microvascular endothelial cells. Even though RGD-LNCs showed excellent
internalization, they exhibited insufficient inhibitory effects in vitro regarding endothelial cell proliferation,
vascular endothelial growth factor expression, and tube formation in contrast to free drugs. This loss of efficacy

could be explained by negligible intracellular availability of the poorly soluble drugs from LNCs.

1. Introduction

Lipid nanocapsules (LNCs) are widely used as delivery systems,
especially for poorly soluble drugs. This extensive use can be explained
by their narrow size distributions with achievable sizes between 25 and
100 nm, biocompatible nature, simplicity of preparation, and capacity
to encapsulate a broad range of drugs with various solubility char-
acteristics [1]. LNCs usually consist of an oily core made of medium-
chain triglycerides, surrounded by a mixture of lecithin and a PEGy-
lated surfactant. Their formulation is commonly based on the phase-
inversion temperature phenomenon of emulsions leading to LNC for-
mation with good mono-dispersity [2]. In light of these advantages, we
have chosen LNCs as a delivery system for lipophilic antiangiogenic
drugs for the treatment of neovascular ocular diseases.

Neovascular ocular diseases, in particular exudative age-related
macular degeneration (wet AMD) and proliferative diabetic retinopathy
(DR), are associated with pronounced choroidal or intraretinal neo-
vascularization, during which the blood vessels become leaky and begin
to sprout [3]. With the observation that blood vessel proliferation and
hyperpermeability are the major underlying pathomechanisms [4,5],
vascular endothelial growth factor (VEGF) was identified as a key
regulator of these processes [6,7]. Currently, VEGF is well known to be
of paramount significance for the regulation of angiogenesis [8], blood
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vessel permeability, and the creation of endothelial cell fenestrations
[9,10]. As a consequence, today’s standard therapy for the treatment of
neovascular ocular diseases are intravitreal anti-VEGF antibody injec-
tions [11]. Even though this therapeutic concept has shown great suc-
cess, there are numerous drawbacks and side effects that accompany
continuous anti-VEGF therapy. Blocking the VEGF signaling pathway
completely results in blocking all the positive VEGF effects as well [12].
The biological VEGF effects in the retina are not limited to endothelial
cells, where the effects are undesired, because VEGF receptors are ex-
pressed on a number of other cell types such as Miiller cells, astrocytes,
photoreceptors, and retinal pigment epithelial cells [13,14]. Clinically,
rigorous suppression of omnipresent VEGF levels manifests in a de-
crease of choroid thickness [15]. Epidemiologically, the risk of con-
tracting geographic atrophy increases under long-term anti-VEGF an-
tibody therapy, and is accompanied by massive local cell death of
retinal pigment epithelium cells and photoreceptors [16].

With AMD and DR being two of the leading causes of blindness
globally [17,18] and the limitations of continuous and rigorous VEGF
knockdown in the retina, there is an urgent need for the development of
new therapeutic concepts. Therefore, we developed antiangiogenic
drug-loaded LNCs that allow for choroidal endothelium-specific anti-
VEGF therapy. Ideally, this therapy would spare all cell types in the
retina that suffer from general VEGF deprivation. Therefore, avp3
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integrins were chosen as a promising target for selective nanoparticle
delivery, because their expression is limited to very few cell types and
they are significantly over-expressed during neovascularization [19]. In
the case of avP3 integrin, it is preferentially expressed by proliferating
endothelial cells [20-22]. Additionally, integrins stand out due to their
high rates of receptor-mediated endocytosis, which could facilitate the
intracellular delivery of targeted nanoparticles [23,24].

Therefore, the highly potent and avf33 integrin-specific ligand cyclo
(Arg-Gly-Asp-D-Phe-Cys) (RGD) was attached to the LNC surface to
target proliferating endothelial cells [25,26]. For intracellular anti-
VEGF therapy, two highly appealing drugs were chosen: Cyclosporin A
(CsA) and Itraconazole (It). They are already well known and widely
used as an immunosuppressant and an antifungal drug, respectively.
Besides their current scope of application, both interfere with the VEGF
signaling pathway at different intracellular sites.

CsA is able to suppress the intracellular VEGF signaling pathway
[27] and alleviates endothelial cell sprouting and proliferation in vitro
[28,29]. Additionally, CsA counteracts the TGFp-related increase of
VEGF production in retinal pigment epithelial cells [30], which is the
main source of VEGF in the retina [31]. Furthermore, CsA possesses
anti-inflammatory potential and decreases interleukin-1f3 levels. In
addition, CsA repairs damage to the blood-retina-barrier in an animal
model of diabetes [32]. VEGF receptor type 2 (VEGF-R2) glycosylation
and intracellular trafficking is not only inhibited by CsA, but also by It
[33], and the same applies to endothelial cell proliferation [34]. Ac-
cording to Nacev et al., the drugs exert synergistic effects [28].

CsA has been shown to significantly, but moderately alleviate pro-
gression of diabetic retinopathy after oral administration to transplan-
tation patients, demonstrating its high therapeutic potential but suffer
from an insufficient availability in the ocular vasculature [35-37].

We have designed targeting nanocarriers loaded with CsA and a
combination of CsA and It to overcome this lack of intracellular avail-
ability and concomitantly reduce side effects. The aim of this work was
to elucidate whether an appropriate intracellular availability of CsA
and It could be achieved by using LNCs as carrier systems for the poorly
soluble drugs. The intracellular availability was investigated by com-
paring the inhibitory efficacy of CsA and a combination of CsA and It
encapsulated in LNCs or as free drugs, on endothelial cell proliferation,
VEGF-receptor expression, and tube formation.

2. Materials and methods
2.1. Materials

Cyclosporin A (CsA) was obtained from Pharma Stulln GmbH
(Stulln, Germany). Itraconazole (It) was purchased from Fagron GmbH
(Barsbiittel, Germany). Kolliphor® HS15 was obtained from BASF.
Lipoid® S75-3 was obtained from Lipoid GmbH (Ludwigshafen,
Germany). Miglyol® 812 (MCT) was purchased from Caesar & Loretz
GmbH (Hilden, Germany). NaCl was obtained from Merck (Darmstadt,
Germany). 3,3’-Dioctadecyloxacarbocyanine perchlorate (DiO) and
1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine =~ perchlorate
(DiI) were purchased from Invitrogen (Thermo Fisher Scientific,
Waltham, MA, USA). Purified water was obtained from a MilliQ System
from Millipore (Schwalbach, Germany). Dulbecco’s phosphate buffered
saline (DPBS) was obtained from Gibco® Life Technologies (Thermo
Fisher Scientific, Waltham, MA, USA). Cyclosporine D (CsD) was a
generous gift from Prof. Dr. F. Kees (University of Regensburg,
Germany). Methanol and dichloromethane, analytical standard, were
purchased from Merck (Darmstadt, Germany). 1,2-Distearoyl-sn-gly-
cero-3-phosphoethanolamine-N[maleimide(polyethyleneglycol)-2000]
(ammonium salt) (DSPE-PEG2000-maleimide) and 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (ammonium salt) (DSPE-mPEG2000) were purchased from
Avanti Polar Lipids Inc. (Alabaster, AL, USA) and cyclo(Arg-Gly-Asp-D-
Phe-Cys) acetate salt (RGD) from Bachem Distribution Service GmbH
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(Weil a. Rhein, Germany).

Fetal Calf Serum (FCS) was purchased from Biowest (Nuaillé,
France). Recombinant Human Vascular Endothelial Growth Factor
(VEGF)-165, APC anti-human CD309 (VEGF-R2) Antibody and APC
Mouse IgG1, k Isotype Ctrl Antibody were obtained from BioLegend UK
Ltd. (London, UK). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) and sodium dodecyl sulfate (SDS) were pur-
chased from AppliChem (Darmstadt, Germany). Leibovitz’s L-15,
Trypsin-EDTA (0.25%) and Calcein-AM were obtained from Life
Technologies (Thermo Fisher Scientific, Waltham, MA, USA).
Propidium iodide was purchased from Sigma-Aldrich (Taufkirchen,
Germany). Matrigel® Matrix was obtained from Corning (Amsterdam,
Netherlands).

2.2. Cell culture

Human dermal microvascular endothelial cells (HDMECs) were
purchased from PromoCell GmbH (Heidelberg, Germany) and cultured
in endothelial cell growth medium MV (GM) and endothelial cell basal
medium MV (BM), purchased from PromoCell GmbH (Heidelberg,
Germany). HDMECs were exclusively used in low passage numbers
ranging from 4 to 6. Furthermore, it was ensured that confluence levels
were below 80% in every experiment.

2.3. Preparation of lipid nanocapsules

LNCs were prepared according to a modified protocol originally
based on the work of Heurtault et al. [2]. In short, 887.5 mg Kolliphor®
HS15, 30 mg Lipoid® S75-3, 415mg MCT, 12mg NaCl and 655.8 mg
water were subjected to three cycles of progressive heating and cooling
between 90 and 60 °C. To quantify particles after modification and
purification, fluorescent dyes (Dil or DiO 1.5% (w/w)) were added to
the initial mixture. During the last cycle, an irreversible shock was in-
duced by dilution with 5ml water at the phase inversion temperature,
leading to the formation of stable LNCs. Afterwards, additional mag-
netic stirring was applied for 5min at room temperature. The final
dispersion was filtered through a 0.22 um regenerated cellulose (RC)
membrane for sterilization and stored at room temperature in the dark.

To prepare drug-loaded LNCs, 35.3 mg CsA were dissolved in MCT
and particles were prepared as described above. For It encapsulation,
0.1 mg was dissolved in dichloromethane and added to the mixture of
MCT, Kolliphor, Lipoid, and NaCl. Dichloromethane was then evapo-
rated at 75 °C for 30 min. Afterwards, the water was added, and the first
heating cycle was initiated.

2.4. Drug loading studies

Free non-encapsulated drug was separated from the LNCs by ul-
trafiltration using an Amicon® Ultra-4 MWCO 10 kDa centrifugal filter
(Merck, Germany), as described previously [38,39]. 2 g of freshly
prepared LNC dispersion were centrifuged for 30 min at 4000g. The
resulting filtrate was weighed, and the retentate weight adjusted to 2 g
with water. After that, 20 ul of sample was diluted 5000-fold with
methanol and ultrasonicated for 30 min to disrupt the particles and
extract the drug, which was quantified by UHPLC-MS, as previously
described [40]. Briefly, CsD was used as an internal standard, and a
calibration curve was made with CsA in blank LNC methanol solution,
prepared as described above. Samples were analyzed in triplicate and
the mean *+ SD was calculated (mg of CsA per g of LNC dispersion).
The encapsulation efficiency was determined (experimental drug pay-
load/theoretical drug payload).

2.5. RGD-Peptide grafting on LNCs

First, peptides were coupled to the amphiphilic DSPE-PEG2000-
maleimide using conjugation chemistry between the thiol group present
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on the cyclic structure of the peptide and the maleimide [41]. Next, the
conjugate or DSPE-mPEG2000 was inserted in the shell of the LNCs by
post-insertion method [42]. Modified LNCs were dialyzed against DPBS
overnight using Spectra/Por® Float-A-Lyzer® G2 MWCO 300kDa
(Sigma-Aldrich, Germany) and subsequently centrifuged twice (15 min,
4000g) using an Amicon® Ultra-4 MWCO 100kDa centrifugal filter
(Merck, Germany) for further purification.

2.6. Characterization of LNCs

Dynamic light scattering (DLS) was used to determine the Z-average
particle diameter and the polydispersity index (PDI) of LNCs using a
Zetasizer®Nano ZEN 3600 (Malvern Instruments, Worcestershire, UK).
All batches were diluted in 10% DPBS and were analyzed in triplicate.

2.7. In vitro experiments

2.7.1. Cellular uptake studies

Flow Cytometry studies were performed on 24-well plates using
DiO-labeled LNCs. 50000 cells/well were seeded and incubated over-
night in GM. GM was then aspirated, the cells were washed with DPBS
and afterwards incubated with different LNC dispersions (0.6 mg/ml)
for 45 min at 37 °C. The cells were then washed with DPBS, detached
from the well surfaces, washed again and re-dispersed in DPBS.
Immediately prior to the measurement they were stained with propi-
dium iodide to exclude damaged cells during analysis. The cells were
analyzed using a BD FACS Calibur™ fluorescent-activated flow cyt-
ometer with BD CellQuest™ software (BDBiosciences, Heidelberg,
Germany). Fluorescence was excited at 488 nm and recorded with a FL1
530/30 (DiO-LNCs) bandpass filter and a FL3 670 nm (PI) long pass
filter. 10000 cells were measured in each sample and untreated cells
were used as internal control. Data was analyzed with Flowing Software
(Turku Centre of Biotechnology, Finland). The population of viable cells
was gated, and the mean fluorescence intensity was analyzed.

For Confocal Laser Scanning Microscopy, 20000 cells/well were
seeded in 8-well p-slides (ibidi, Planegg, Germany) and incubated
overnight. Cells were washed with DPBS, LNC samples (0.6 mg/ml)
were added and incubated for 45 min at 37 °C. Afterwards, cells were
washed twice, covered with Leibovitz’s Medium supplemented with
10% FCS and examined with a confocal microscope LSM 510 Meta
(Zeiss, Oberkochen, Germany), using a Plan-Apochromat 63 X /1.4 oil
objective. Fluorescence was excited at 488 nm with an argon laser, and
emission was recorded with a 505nm long pass filter. Images were
captured and analyzed using ZEN (Zeiss, Oberkochen, Germany).

2.7.2. MTT assay

To determine cellular proliferation and viability, the MTT assay
after Mosmann and Buttke et al. [43,44] was adapted. In short, 4000
cells/well were seeded in 96-well plates and incubated overnight to
allow the cells to adhere. Then the GM was replaced by various dilu-
tions of VEGF (5-100 ng/ml), CsA (1.0-25 pg/ml), It (0.1-2.5 ug/ml),
CsA/It in a ratio of 10:1 (1.0/0.1-25/2.5ug/ml), CsA RGD-LNC,
CsA+1It RGD-LNC, or RGD-LNC (0.6 g/ml) in BM supplemented with
2% FCS. The cells were incubated at 37 °C for 24 h, and then drug-
containing medium was removed, and the cells were washed with
DPBS. 0.63mg/ml MTT solution (in 75% GM and 25% DPBS) was
added to each well with a subsequent incubation over 4 h. Afterwards,
MTT solution was aspirated carefully and 10% SDS solution was added.
The cells were further incubated overnight in the dark at room tem-
perature. Lastly, the degree of proliferation was ascertained by mea-
suring the absorbance at 570 nm on a microplate reader (FLUOstar
Omega, BMG Labtech). Absorbance values were used to calculate the
proliferation rate by referring to untreated control cells with a pro-
liferation value of 100%.
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2.7.3. Cell cycle analysis

Cell Cycle Analysis by flow cytometry was performed as previously
described [45-48], to determine the percentage of cells in the Gg,;-, S-
and G,- Phases after DNA staining with propidium iodide. In short, 1
million cells were seeded in T75 culture flasks and incubated in GM
overnight. Afterwards the GM was aspirated, the cells were washed
with DPBS and samples (25pg/ml CsA, 1.0/0.1 ug/ml CsA/It and
0.6 mg/ml CsA RGD-LNCs or CsA/It RGD-LNCs) in BM with 10 ng/ml
VEGF were added. After an incubation period of 24 h, the samples were
aspirated, the cells were washed, pelletized and washed twice again. 1
million cells per sample were transferred to a falcon tube, centrifuged
again, resuspended in DPBS, and stored on ice for 5min. Next, me-
thanol was added under continuous stirring to dilute samples to 70%
methanol and the cells were fixed for a minimum of 12h. After the
fixation process, the cells were washed with DPBS again and re-
suspended in 425 pl DPBS. 50 pl RNAse (Qiagen, Venio, Netherlands)
(1 mg/ml) were added and incubated at 37 °C for 20 min. Thereafter
25 pl propidium iodide (1 mg/ml) were added and samples were mea-
sured by flow cytometry with 50000 counts/sample. Fluorescence was
excited at 488 nm with an argon laser and emission was recorded with a
FL3 670nm (PI) long pass filter. Analysis and quantification were
performed using ModFit LT (Verity Software House, Maine, USA).

2.7.4. VEGF-receptor-2 expression

To investigate the effect of drug-loaded LNCs and free drugs on
VEGF-R2 expression, flow cytometry was used. For that 50000 cells/
well were seeded in a 24-well plate and grown in GM overnight.
Thereafter, the cells were washed with DPBS and samples (25 pg/ml
CsA, 1.0/0.1 pg/ml CsA/It and 0.6 mg/ml CsA RGD-LNCs or CsA/It
RGD-LNCs) in BM containing 10ng/ml VEGF were added and in-
cubated for 24 h. Then, they were washed again, pelletized, and re-
suspended in cell staining buffer (DPBS supplemented with 5% FCS).
APC anti-human CD309 (VEGF-R2) Antibody and APC Mouse IgGl, «
Isotype Ctrl Antibody were added to untreated and treated cells. After
an incubation of 20 min on ice in the dark, the cells were pelletized
again and washed twice with cell staining buffer before analysis. 10000
events per sample were measured using flow cytometry. Fluorescence
was excited at 635 nm, and emission was recorded with a FL4 661/8 nm
(APC) bandpass filter. Data was analyzed by using mean fluorescence
intensity, excluding mean fluorescence values obtained by isotype
control, using Flowing Software (Turku Centre of Biotechnology,
Finland).

2.7.5. Tube formation assay

Tube formation assays were performed to test antiangiogenic po-
tency [49] of drug-loaded RGD-LNCs and free drugs on HDMECs, ac-
cording to previously published methods [50]. Briefly, a 96-well plate
was coated with 50 ul Matrigel® per well. HDMECs were stained with
Calcein-AM and adjusted to 1 million cells/ml. 1 ml of cell dispersion
per sample was pelletized in Eppendorf tubes, resuspended in 25 pg/ml
CsA, 1.0/0.1 png/ml CsA/It and 0.6 mg/ml CsA RGD-LNCs or CsA/It
RGD-LNCs and 10000 cells/well were seeded gently on Matrigel®. The
cells were examined after 2, 4, 6, 8, 10, and 24 h for tube formation
using an inverted microscope LSM 510 Meta (Zeiss, Oberkochen, Ger-
many) with a 5X objective, 488 nm laser, Phl (phase contrast).
Quantification of tube networks was performed by using Angiogenesis
Analyzer for ImageJ [51]. As quantification parameters, the percentage
reduction of nodes and the total tube length were used.

2.7.6. Statistical analysis

All data are indicated as means + SD of at least three independent
experiments. The statistical analysis was performed using GraphPad
Prism 6 and by using one-way ANOVA (unless otherwise stated).
Significant differences were indicated as: *(P < 0.05), **(P < 0.01),
**% (P < 0.001) and **** (P < 0.0001) related to control unless
otherwise stated.
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Table 1

Zeta potential [mV], drug payload [mg/g LNC dispersion] and encapsulation
efficiency [%] with standard deviation of three independent batches. Drug
payload and encapsulation efficiency characterized by HPLC-MS with a corre-
lation coefficient ¥ = 0.995.

Drug payload [mg/g Zeta Potential [mV]

LNC]

Encapsulation
efficiency [%]

CsALNCs 34.1 = 0.7 66.8 = 1.2 —2.26 * 0.73

3. Results
3.1. Drug loading studies

The poorly water-soluble drug CsA was dissolved in the oil phase
prior to preparation. High encapsulation efficiencies were achieved
with values of 67% and a drug payload of 34.1 mg/g LNC (Table 1).
Similar behavior can be expected for It, due to its even lower water
solubility compared to CsA [52,53].

No significant differences could be detected in terms of drug pay-
load and encapsulation efficiency between the batches, indicating that
the manufacturing process of drug-loaded LNCs is very reproducible.
Nevertheless, there is a considerable amount of non-encapsulated CsA
that presumably does not appear in a free state in the aqueous phase
because there were no detectable amounts of free CsA in the filtrate
after purification (data not shown).

3.2. Particle characterization

It is well known that particle size is a key factor in cellular uptake of
nanoparticles and that uptake increases with decreasing particle dia-
meter up to an optimal point. In general, for nanoparticles with dia-
meters below 100 nm, good cellular uptake has been shown, while the
optimal size for cellular internalization seems to be 50 nm [54]. Al-
though, the size is only one factor that affects cellular internalization of
nanocarriers [55]. Another important physicochemical property re-
garding cellular uptake is the surface charge. Increased cellular inter-
nalization can be achieved by an enhancement of surface charge, either
positive or negative, while extensive charges might lead to lysosomal
escape or lysosome co-localization [56]. Based on this knowledge, we
prepared LNCs with a diameter of approximately 50 nm and a slightly
negative zeta potential.

Size and polydispersity index (PDI) of blank LNCs as well as peptide-
grafted LNCs are presented in Fig. 1. Encapsulation of drugs or dyes did
not change these characteristics (data not shown), as described by
others [57]. On the contrary, DSPE-mPEG or DSPE-PEG-RGD inserted
after encapsulation increased the size of LNCs by an average of 10 nm,
while PDI remained relatively low, indicating effective attachment of
the peptides. For all formulations, the polydispersity index was < 0.07,
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Fig. 1. Size (bars) and size distribution (polydispersity, black squares) mea-
sured in 10% DPBS at 25 °C.
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Fig. 2. Mean fluorescence intensity of cells incubated with 0.6 mg/ml of
modified, DiO loaded LNCs for 45 min incubation time at 37 °C.

which demonstrates narrow size distributions of all preparations.

3.3. Cellular uptake studies

Internalization of modified and unmodified LNCs was evaluated in
vitro by using flow cytometry (FACS) (Fig. 2) and confocal microscopy
(Supplements S1). The FACS analysis revealed excellent cellular uptake
of RGD-LNCs, whereas uptake of unmodified LNCs or mPEG-LNCs was
negligible. The significantly higher internalization of RGD-LNCs con-
firmed the interaction between the RGD peptide and o33 integrins on
the cell surface of endothelial cells, as previously reported [58]. This is
additionally supported by the fact that there is a significant decrease of
the fluorescent values when free RGD is added and a,f3 integrins are
saturated with free ligand. This clearly demonstrates active uptake of
RGD-LNCs via a,[f33 integrin receptors and reveals that a targeting li-
gand on the shell of LNCs is needed to achieve satisfactory inter-
nalization.

Confocal laser scanning microscopy (CLSM) was used to confirm the
excellent cellular uptake revealed by FACS analysis and to determine
whether the LNCs were cell-surface bound or internalized. The CLSM
pictures confirmed the results from the flow cytometry experiments
(Supplements S1). Like the untreated cells (A), cells treated with LNCs
(B) or mPEG-LNCs (D) showed no measurable fluorescence. Dense,
bright fluorescence can be observed in the cytosolic region of the cells
treated with RGD-LNCs (excluding the nucleus which showed less
fluorescence) (C). This suggests that the RGD-LNCs were internalized
rather than bound to the cell membrane. The internalization of RGD-
LNCs was inhibited by the addition of free RGD during the incubation,
indicating specific receptor-mediated uptake (E).

With both standard methods for the investigation of cellular uptake,
we found that RGD-LNCs can interfere functionally with the a,p3 in-
tegrin in vitro. This indicates that the coupling and post-insertion pro-
cess was successful and resulted in efficient recognition of the integrin
receptors on the cell surface. Additionally, the results show that a tar-
geting ligand is essential for achieving a sufficient uptake of LNCs, as
non-modified LNCs were not taken up into the cells. Furthermore, the
results reflect the great potential of RGD-LNCs for effectively and spe-
cifically delivering drugs into endothelial cells. Contrary to previous
findings in the literature, we could not detect that LNCs or mPEG-LNCs
were actively or passively internalized by cells with the experimental
conditions we used [59,60].

3.4. Evaluation of cell proliferation

Firstly, an MTT assay was used to determine the ability of CsA and It
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to hamper cell proliferation in vitro both in the presence and absence of
VEGF. VEGF is a growth factor with high angiogenic potential due to its
stimulation of endothelial cell proliferation and its inhibition of en-
dothelial cell apoptosis [61]. Therefore, the effect of different con-
centrations of free drugs (CsA, It, It + CsA) with and without addition of
VEGF on HDMECs was investigated. Performing the same experiment
with and without growth factor revealed whether the inhibitory effects
of CsA and It are VEGF-dependent.

To determine the optimum VEGF concentration for HDMECs, dif-
ferent concentrations were used (supplements S2). We found that
10ng/ml was the most effective VEGF concentration for cell pro-
liferation, which is in accordance with previous findings [62]. This
concentration was subsequently used in all other in vitro experiments.

Interestingly, we saw that freshly prepared, drug free, unmodified
LNCs showed major toxic effects on HDMECs (supplements S3). This
toxicity could be avoided by using the same purification processes used
after post-insertion of the targeting peptide, indicating that toxicity was
probably due to free components from the manufacturing process,
which could be removed by dialysis and centrifugation.

The ratio of CsA to It was kept at 10:1, as it has been shown to be the
ratio with the highest synergistic effect according to Nacev et al. [28].

All treatment groups showed dose dependent inhibition profiles
(Fig. 3). Especially in the case of free CsA the inhibitory effect on cell
proliferation is greater in the presence of VEGF, indicating, that there is
a massive VEGF-dependency of the CsA efficacy.

CsA 25 (25 pg/ml) represents the greatest possible loading that can
be reached in LNCs containing MCT as the oily core when using LNC
concentrations of 0.6 mg/ml for in vitro experiments. With these con-
ditions, it is excellent to see that there is such a strong reduction in
proliferation, especially when VEGF is present. In the case of free It, our
observations were similar. There is dose dependence, and the inhibitory
effects on cell proliferation are also greater in the presence of VEGF, so
it can be assumed that It acts in a VEGF-dependent manner as well.
However, only 0.1 mg It could be encapsulated in the LNCs, resulting in
a concentration of approx. 0.1 ug/ml It when using 0.6 mg/ml LNC
dispersion. Still, we investigated the effects of 1.0 ug/ml It and 2.5 pg/
ml It on cell proliferation as well, to determine if higher loading would
reveal in higher efficacy. Nevertheless, in the presence of VEGF, 1.0 ug/
ml It showed a statistically significant inhibitory effect on the pro-
liferation rate.

Statistically significant inhibitory effects and dose dependency
could also be seen for the combination of both drugs. Paradoxically, the
observed extent of inhibition is, in the case of combining both drugs,
stronger when there is no VEGF present. Unfortunately, the previously
described [28] synergistic effect of combined CsA and It did not beat
the efficacy of higher concentrations of CsA used alone. With these
results, CsA 25 was selected as the most promising concentration,
which was used in comparison with CsA 1.0/1t 0.1. This combination of
the two drugs in a 10:1 ratio represents the highest possible con-
centration achievable.

Having confirmed that free CsA and CsA combined with It inhibit
HDMEC proliferation and that these cells take up RGD-LNCs, we loaded
these drugs into LNCs and tested them for their inhibitory effects on cell
proliferation (Fig. 4).

The MTT assay was performed using the same protocol as that used
to evaluate the inhibitory potential of free CsA and It but yielded dif-
ferent results. CsA RGD-LNCs and It+CsA RGD-LNCs induced sig-
nificant decreases in proliferation rate compared to the untreated
control, but to smaller extends than free drug. Free CsA decreased the
proliferation rate by 50%, while CsA RGD-LNCs only achieved a re-
duction of 20%. The degree of inhibition caused by It+ CsA RGD-LNCs
was minor, with no statistically significant differences from RGD-LNCs
or CsA RGD-LNC. In contrast, the inhibitory efficiency of CsA RGD-
LNCs was significant compared to RGD-LNCs. Drug-free RGD-LNCs
showed no effect on the proliferation rate, confirming the cyto-
compatibility of the particles, as observed previously (supplemental
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information S3). Unexpectedly, free CsA had a highly efficient in-
hibitory effect on the proliferation rate of HDMECs but loading it into
RGD-LNCs caused a loss of efficiency. The same trend could be seen for
the combination of both drugs, despite the effects of free combined
drugs being lower anyway.

3.5. Cell cycle analysis

To confirm the results of the MTT assay with another independent
method, cell cycle analysis was performed to determine the inhibitory
effect on cell proliferation of drug-loaded RGD-LNCs. To this end, flow
cytometry was used to monitor the nuclear content of a cell and its
changes during proliferation [48]. The goal was to determine whether
RGD-LNCs loaded with CsA or the combination of It+ CsA were able to
decrease the amount of cells in the S-phase, when DNA is replicated,
and trap these cells in the Gq,;-phase [63]. Accordingly, HDMECs were
incubated with free drugs or drug-loaded RGD-LNCs as in the MTT
assays.

Fig. 5A shows the overlay graphs of all phases of the cell cycle.
There was a slight increase in the number of cells in the Gy ,/;-phase for
CsA and It loaded RGD-LNCs. Free CsA showed the highest increase of
cells in the Gg,;-phase. There were no significant differences among
samples regarding the G, ,M-phase. Fig. 5B gives more detailed insight
into the S-phase, as the proportion of cells in this phase gives the most
relevant readout. CsA-loaded RGD-LNCs had a statistically significant
effect on cell cycle distribution, although they did not reach the efficacy
of free CsA.

These results match the results obtained from the MTT assay, in-
dicating that the efficacy of drug-loaded RGD-LNCs lags behind that of
free drugs, despite RGD-LNCs having excellent targeting to and inter-
nalization in HDMECs (see Fig. 2 and Supplements S1). An explanation
for this phenomenon could be poor intracellular bioavailability of the
drugs from the LNCs, due to their high lipophilicity and solubility in the
oily core. It cannot be due to the drugs, because they revealed excellent
biological effects when dissolved in DMSO.

3.6. VEGF-receptor-2 expression

VEGF-Receptor 2 (VEGF-R2) mediates the biological effects of
VEGF, which is well known as a key regulator of pathological angio-
genesis [64]. Reduction on the expression levels of VEGF-R2 has been
discovered for both CsA and It [27,34]. To determine if free drugs or
drug-loaded RGD-LNCs can reduce VEGF-R2 expression, we made in
vitro evaluations with HDMECs and anti-human CD309 (VEGF-R2) an-
tibody. Nonspecific binding of the CD309 antibody was investigated by
using mouse IgG1 antibody as the isotype control. Fluorescence values
resulting from non-specific binding were subtracted from all samples,
including untreated cells.

Fig. 6 displays that unloaded RGD-LNCs did not change VEGF-R2
expression values, as would be expected. Free CsA again reveals great
efficacy, as it is able to eliminate expression almost completely. On the
contrary, expression levels seemed to increase after treatment with
drug-loaded RGD-LNCs, but not significantly compared to control.

This shows once again that CsA at the chosen concentration is a
highly promising drug candidate for the treatment of neovascular dis-
eases and that CsA encapsulation in LNCs leads to a massive loss of
efficacy. For the combination of both drugs, similar observations could
not be made. This is probably due to the low concentrations (0.1 pg/ml
It and 1.0 pg/ml CsA) used, as even the free drugs showed no statisti-
cally relevant effect on VEGF-R2 expression.

3.7. Tube formation assay
Besides cell proliferation and VEGF-receptor expression, in vitro

angiogenesis can be assessed by the tube formation assay [27]. This
assay has the highest explanatory power regarding the process of
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Fig. 3. MTT assay showing the proliferation rate (%) relative to untreated cells as control. All experiments were carried out with HDMECs that were incubated for a
24 h period. Drugs were dissolved in DMSO, which was used as a control in the experiments. Cells were incubated with 1.0, 10, 25 pg/ml CsA, 0.1, 1.0, 2.5 ug/ml It,
and It 0.1 +CsA 1.0, It 1.0+CsA 10, It 2.5+ CsA 25 ug/ml. All experiments were performed with and without addition of 10 ng/ml VEGF.

angiogenesis besides in vivo experiments. The tube formation assay
involves not only one parameter like proliferation rate or receptor ex-
pression, but the complex interaction of different processes within cells
while building new structures, including cell adhesion, migration,
protease activity, and tubule formation [65]. When HDMECs were
seeded on a matrix, they built capillary-like structures (tubes) within a
time frame of 24 h, with a maximum reached after 8 h of incubation
(Fig. 7).

Free CsA exhibited marked inhibitory effects on the formation of
tube-like structures by HDMECs, visible by significant reduction of the
number of nodes and total tube length compared to untreated cells
(Fig. 8). Drug-free RGD-LNCs showed no influence on the tube forma-
tion, as expected. Contrary to what would be expected, drug-loaded
RGD-LNCs (CsA RGD-LNC and It+ CsA RGD-LNC) had no effect on the
tube formation. The combination of both free drugs revealed a slight
effect on the number of nodes, whereas there was no detectable effect
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on the total tube length.

These results displayed a lack of inhibitory potential of drug-loaded
RGD-LNCs on tube formation of HDMECs. This correlates with our
previous experiments and shows that the anti-angiogenic potential of
free drugs is lost once they are incorporated into this nanoparticle
system. We hypothesize that the high lipophilicity of both drugs and
their dissolution in the lipophilic core of the nanoparticle lead to poor
intracellular availability and concomitant loss of biological efficacy.

4. Discussion

In this study, anti-angiogenic effects of CsA- or CsA +It-loaded in
RGD-grafted LNCs were assessed in vitro using proliferating micro-
vascular endothelial cells. We could demonstrate that targeted RGD-
LNCs showed optimal physicochemical properties regarding size, PDI,
and encapsulation efficiency, as well as excellent cellular uptake upon
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Fig. 4. MTT assay showing the proliferation rate (%) relative to untreated cells
as control. HDMECs were incubated for a 24 h period with either 0.6 mg/ml of
targeted RGD-modified LNCs (RGD-LNCs), CsA-loaded RGD-LNCs (CsA RGD-
LNCQC), or It- and CsA-loaded RGD-LNCs (It+ CsA RGD-LNCs).
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Fig. 5A. Cell cycle distribution for HDMECs using 25 ul propidium iodide
(1 mg/ml) and 50 pl RNAse (1 mg/ml) for DNA-staining. HDMECs were treated
with 10ng/ml VEGF with addition of free CsA (25pug/ml), free CsA+It
(1.0 + 0.1 pg/ml), 0.6 mg/ml CsA-loaded RGD-LNCs (CsA RGD-LNC), or
0.6 mg/ml CsA- and It-loaded RGD-LNCs (CsA + It RGD-LNCs) for 24 h at 37 °C.
Free drugs were dissolved in DMSO, which was used as a control in the ex-
periments.
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Fig. 5B. Further Analysis of the average S-phase fraction, referring to Fig. 5A.
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Fig. 6. Expression of VEGF-R2 in HDMECs, stained with anti-human CD309
(VEGF-R2) antibody. Effects of free CsA (25 pug/ml), free CsA+1t (1.0 + 0.1 pg/
ml) and 0.6 mg/ml drug-free RGD-LNCs, 0.6 mg/ml CsA-loaded RGD-LNCs (CsA
RGD-LNC) or 0.6 mg/ml CsA- and It-loaded RGD-LNCs (CsA + It RGD-LNCs) on
surface expression of VEGF-R2 after an incubation period of 24 h relative to
control (untreated cells). Cells were additionally treated with 10 ng/ml VEGF.

Fig. 7. Confocal Image (with a 5x objective, excited at 488 nm with an argon
laser, emission recorded at 505nm with a long pass filter) of Calcein-AM
stained HDMECs, treated with BM (control) after an incubation period of 8 h at
37°C.

binding to the a,fB3 integrin expressed by endothelial cells. However,
we saw no anti-angiogenic effects for CsA- or CsA+It-loaded LNCs,
contrary to the effects displayed by the free drugs, especially CsA. We
hypothesize that this is due to the low intracellular escape of the poorly
water-soluble drugs from the LNCs.

In the literature, very few studies can be found regarding the in vitro
release or bioavailability of drugs from LNCs. LNCs are commonly used
to overcome the poor water solubility of drugs like Ibuprofen [66],
Quercetin, (-)-Epigallocatechin gallate [57], lipophilic radionuclides
[67], methotrexate [68], ivermectin [69], Paclitaxel [70], Amiodarone
[71], and antipsychotic drugs like promazine, chlorpromazine, thior-
idazine, trifluoperazine, triflupromazine, and chlorprothixene [38]. In
one of the few studies that report drug release kinetics for LNCs, in vitro
release was only observed for promazine and chlorpromazine, while
very lipophilic drugs like thioridazine, trifluoperazine, triflupromazine,
and chlorprothixene were not discharged from LNCs [38]. In the case of
amiodarone, satisfactory release characteristics could only be achieved
by pH adjustment and the addition of blank LNCs to the release medium
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Fig. 8. Quantification of tube formation by HDMECs after treatment with free CsA (25 pg/ml), free CsA+1t (1.0 + 0.1 pg/ml) or 0.6 mg/ml of RGD-LNCs, CsA-loaded
RGD-LNCs (CsA RGD-LNC) or CsA- and It-loaded RGD-LNCs (It + CsA RGD-LNCs) in presence of 10 ng/ml VEGF, relative to control (untreated cells). Number of nodes
and total tube length relative to control (untreated cells) was determined after an incubation period of 8 h.

as an acceptor phase [71]. In another study, in which ibuprofen was
taken as a model drug and encapsulated in LNCs, first order release
kinetics were observed [66]. A problem with this result is the low
logPo. value for ibuprofen of 1.2 [72] that hardly reflects a lipophilic
drug.

In contrast to drug delivery applications where release is desired,
the firm immobilization of lipophilic compounds in LNCs may be an
advantage in some cases such as when dyes or radiolabels are used for
diagnostic purposes. Highly lipophilic indocarbocyanines like DiD, Dil
and DiO, for example, did not leach from the particles even when oil
was used as a lipophilic acceptor phase [73]. Lipophilic *°™Tc-oxine
incorporated in the lipid core of LNCs remained inside the particles
even when submitted to aggressive release conditions such as dialysis.
This made the labeled nanoparticles an ideal tool to evaluate LNC
biodistribution in vivo [74].

In summary, these results raise doubts as to whether it is possible to
improve the intracellular bioavailability of poorly soluble drugs by the
encapsulation into lipid nanoparticles. A definite advantage of the
technology is that the drug can be dissolved in the lipid phase of a
particle, allowing for perfect dispersion in an aqueous medium. That
such particles can be taken up by cells has been proven in numerous
studies [75]. However, what seems to be an advantage for the pro-
duction of drug-loaded LNCs might be a handicap when it comes to
intracellular drug release. Thus, it cannot be taken for granted that the
encapsulated amount of drug corresponds to the amount of drug that is
readily available inside cells. The active, available amount of drug
seems to be dependent mainly on the drug-lipid interaction and the
partitioning of the drug between the oily core of LNCs and the sur-
rounding aqueous phase [38]. We should, however, not forget that
dissolution is a time dependent process and that the kinetics of in-
tracellular release must be considered as well. In our experiments, the
time scale of observation was approximately 24 h which does not rule
out the possibility that the drug might become available when obser-
ving release over longer time periods. Whether such slow kinetics
would be able to elicit the desired biological effects, however, needs to
be scrutinized on a case-by-case basis.

5. Conclusion

CsA- and CsA+It-loaded, RGD-grafted LNCs were prepared suc-
cessfully. Even though RGD-LNCs showed excellent cell internalization
properties, we were not able to achieve satisfactory biological effects
with drug-loaded RGD-LNCs in vitro compared to free drug. This ob-
served lack of efficacy can be explained by the poor intracellular

availability of lipophilic drugs from LNCs. If this observation holds true
for our drug-particle combination only or if it is a more general trend
remains to be seen. As a result, the intracellular release of drugs from
LNCs should be investigated more carefully in future studies. Such
studies could clarify if the ease of drug encapsulation in LNCs comes at
the expense of limited biological drug efficacy.
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