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Concerns regarding poor aqueous solubility, high toxicity and lack of specificity impede the translation of
many hydrophobic anticancer agents into safe and effective anticancer drugs. The application of
colloidal drug delivery systems, and in particular the use of lipid-based nanocarriers, has been identified
as a promising means to overcome these issues. PEG-stabilized lipid nanodisks (lipodisks) have lately
emerged as a novel type of biocompatible, nontoxic and adaptable drug nanocarrier. In this study we
have explored the potential of lipodisks as a platform for formulation and tumour targeted delivery of
hydrophobic anticancer agents. Using curcumin as a model compound, we show that lipodisks can be
loaded with substantial amounts of hydrophobic drugs (curcumin/lipid molar ratio 0.15). We demonstrate
moreover that by deliberate choice of preparation protocols the lipodisks can be provided with relevant
amounts of targeting proteins, such as epidermal growth factor (EGF). Data from in vitro cell studies
verify that such EGF-decorated curcumin-loaded lipodisks are capable of EGF-receptor specific
targeting of human A-431 tumour cells, and strongly suggest that the interaction between the lipodisks
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Introduction

The number of biomolecules and synthetic compounds with
documented antitumour activity is steadily increasing. In many
cases, however, issues concerning poor aqueous solubility and/
or the risk of severe side effects on healthy cells and organs
hamper further development of the compounds into safe and
effective anticancer drugs. The use of well-designed drug
nanocarriers may offer a solution to both these problems. Thus,
apart from increasing the aqueous solubility and circulation
half-life of the drug, encapsulation of the drug in nanocarriers
may favourably alter the biodistribution and lead to increased
tumour levels. The latter is partly due to the so-called enhanced
permeability and retention (EPR) effect,"* which allows nano-
carriers of appropriate size (10-500 nm) to infiltrate the tumour
endothelium and passively accumulate in tumour tissue.® In
addition, active targeting of tumour cells can be achieved by
linking targeting agents, such as protein ligands, peptides, or
antibodies, to the surface of the nanocarriers.* Among the most
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and the tumour cells results in receptor-mediated internalization of the disks and their cargo.

promising and frequently used agents are ligands and antibody-
fragments that bind with high affinity to upregulated/over-
expressed cell-surface receptors on the tumour cells. Impor-
tantly, by choosing receptors that mediate endocytosis, such as
the folate and transferrin receptors, or members of the EGF-
receptor family, it is possible to design nanocarriers capable
of mediating selective intracellular drug delivery. Exploitation
of the endocytotic pathways enables moreover internalization of
the drug in its nanocarrier-encapsulated form, which can be
advantageous in order to bypass drug efflux transporters and
help overcome problems with multidrug resistance.’

A broad range of nanocarriers, including, lipid-, polymer-,
and metal-based nanoparticles, have been suggested and tested
for the formulation and delivery of poorly water-soluble anti-
cancer drugs.®” Since most of the drugs are lipophilic, lipid-
based carriers constitute a natural first choice, which is
further justified by the excellent biocompatibility and low
toxicity of this class of carriers.® The perhaps best known lipid
nanocarriers are the liposomes, which, due to their hollow
structure and large aqueous core, have been extensively used for
formulation and delivery of water soluble anticancer agents.’
Certain lipophilic/hydrophobic compounds, such as the anti-
fungal drug amphotericin B'* and the chemotherapeutic agent
paclitaxel,”* have also been successfully formulated in lipo-
somes. The drug-loading capacity of the lipid membrane is
limited, however, and careful optimizations are as a rule needed
to ensure that the incorporation of the drug does not cause
detrimental changes to the integrity and stability of the
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liposomes. Further, the hollow liposome structure inevitably
leads to a greater than necessary size of the nanocarrier. The
comparably large particle size (typically about 100 nm in case of
liposomes adapted for systemic administration'?) may in turn
lead to a suboptimal biodistribution of the nanocarriers, as well
as hamper their ability to penetrate deep into tumour tissue.
Growing evidence suggest moreover that the shape of the
nanocarrier can have an important influence on both the
pharmacokinetics and the tumour cell uptake. Noteworthy,
recent studies indicate that a non-spherical particle shape may
favourably affect the blood circulation time and bio-
distribution.*® The purpose of the present work was to explore
the potential of a novel type of non-spherical lipid-based
nanocarriers, known as lipodisks, for formulation and tar-
geted delivery lipophilic anticancer drugs.

Lipodisks are nanosized lipid bilayers stabilized into
a discoidal shape by edge-active PEG-lipids (Fig. 1). Since their
discovery almost two decades ago,* the lipodisks have proven
their utility as adaptable and versatile biomimetic
membranes.”*"” During the last couple of years these non-toxic,
biocompatible structures have also received increasing atten-
tion as novel drug carriers.

Examples of the latter application include the use of lip-
odisks for successful formulation and administration of doxo-
rubicin,' as well as of amphiphilic peptides with documented
antitumour and antimicrobial activity.”?*® In addition to their
non-toxic nature, lipodisks have several other properties that
render them well suited as vehicles for drug delivery. Thus, the
disks display excellent temperature, concentration and long-
term stability, and their composition and size can easily be
changed and adapted. Details about the preparation and
physico-chemical properties of lipodisks can be found in, e.g.,
the recent study by Zetterberg et al.,** and references therein.
Importantly, the densely PEGylated rim, and plausibly also the
non-spherical shape, help promote long blood circulation times
of the lipodisks. In line with this, results from in vivo animal
studies indicate plasma half-lives superior to those of, e.g,
PEGylated liposomes.*® Biodistribution studies performed in
mice models show, moreover, that lipodisks, similar to lipo-
somes, spontaneously accumulate in subcutaneously grown
tumours.'?® Studies in glioma tumour-bearing mice suggest in
addition that the tumour accumulation, as well as the thera-
peutic effect, of drug-loaded lipodisks can be improved by
grafting cyclic RGD peptides to their surface.”® So far, however,
no evidence has been presented on the successful construction
of lipodisks capable of specific tumour cell targeting and true
intracellular drug delivery.

Fig.1 Schematic illustration showing a curcumin containing targeting
lipodisk in cross section.
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In the present study we investigate the possibilities to
specifically deliver a poorly soluble model drug, curcumin, to
tumour cells by use of EGF-targeting lipodisks.

Experimental

Materials

Murine Epidermal Growth Factor (EGF) was obtained from Mil-
lipore (Molsheim, France). NHS-PEG;,49-DSPE was purchased
from Shearwater polymers (Huntsville, AL, USA). Buffers such as
0.1 M Phosphate buffered saline (PBS, pH 7.5) and 20 mM Hepes
buffered saline (HBS, pH 7.4) were prepared using common
methods from chemicals supplied by Merck (Darmstadt, Ger-
many) or Sigma Aldrich (St. Louis, MO, USA). High-quality Milli-Q
water (resistance higher than 18 MQ cm™') was used for
preparing solutions. The lipid 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) was purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Cholesterol, octyl B-p-glucopyranoside (OG,
phosphate free was used for productions analysed with phos-
phorous analysis), Dimethyl sulfoxide (DMSO) and Curcumin
were all obtained from Sigma Aldrich (St. Louis, MO, USA). *H-
Curcumin was bought from ARC (St. Louis, MO, USA). Bio-
Beads™ SM-2 Resin were from Bio-Rad Laboratories (Richmond,
CA, USA). Cells in the in vitro experiments were detached using
trypsin-EDTA solution (0.25% trypsin, 0.02% EDTA in buffer,
Biochrom AG, Berlin, Germany) or Accutase (Sigma Aldrich, St.
Louis, MO, USA). The Sephadex G-25 columns (NAP-5 columns),
Sephadex G-150, Sepharose CL-4B and Sephadex G-50 gels used
for purification and detergent depletion were purchased from
Amersham Biosciences, Uppsala, Sweden.

Radiolabeling of EGF and conjugation of EGF to NHS-PEG;400

25 g of EGF (1 pg uL~ " in PBS) was labelled with **°I (20 MBq
for LigandTracer in vitro assay, 2 MBq for all other assays)
essentially as described by Bohl Kullberg et al.>* The separation
on the NAP-5 column was eluted with PBS and the peak con-
taining "*’I-EGF were pooled (total volume 600 pL). Additional
175 pg (1 pg pl~" in PBS) of EGF was added to the pooled "*°I-
EGF, gaining a total volume of 775 pL (200 pg).

Conjugation of *’I-EGF to NHS-PEG;4-DSPE was performed
as described earlier.” The reaction mixture was incubated over
night at room temperature. ‘>’I-EGF-PEG;400-DSPE was purified
from "*’I-EGF by gel filtration (Sephadex G-150) using HBS as
elution buffer. As judged from gamma counter measurements
(1480 WIZARD, Wallac Oy, Turku, Finland) of samples collected
from the fractions representing the two separated peaks, the used
protocol resulted in conjugation of EGF to ~5% of the NHS-
PEG3400-DSPE lipids. The same protocol was used for conjugation
of non-radiolabelled EGF to NHS-PEG34y,-DSPE.

Preparation of lipodisks

Lipodisks were produced by means of probe sonication and
detergent depletion using either size-exclusion chromatography
or porous polystyrene beads (BioBeads). In all cases the total
lipid amount in the starting material corresponded to 2 pmol.
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Probe sonication. DPPC, cholesterol, PEG,,0o-DSPE, and
curcumin (molar ratio 2 : 2 : 1 : 1) were co-dissolved in chlo-
roform. The solvent was removed under a gentle stream of
nitrogen gas and the sample was thereafter further dried in
vacuum for at least 15 h. The dry lipid film was hydrated in 2
mL HBS at 60 °C for approximately 30 min with intermittent
freezing in liquid nitrogen every 10 min. The hydrated and
freeze-thawed sample was thereafter sonicated for 10
minutes using a Soniprep 150 sonicator (MSE Scientific
Instruments, London, England). During sonication the
sample was kept in ice-cold water. Metal residues from the
sonicator probe tip were removed by centrifuging the sample
for 2 min at 268g.

Detergent depletion using size-exclusion chromatography
(SEC). Lipodisks composed of DPPC, cholesterol, NHS-
PEG3,400-DSPE (molar ratio 2:2:1) and curcumin were
prepared by means of a two-vial procedure. DPPC, cholesterol,
and curcumin were co-dissolved in chloroform. For prepara-
tion of *H-curcumin-containing lipodisks, 1.85 MBq of *H-
curcumin (in ethanol) was also added to the solution. The
dissolved components were subsequently dried under a gentle
stream of nitrogen gas and the vial left in vacuum for at least
15 h. The film was thereafter rehydrated in 1 mL 40.7 mM OG
and HBS at 60 °C for about 30 min (moderate mixing every 5
min). In a separate vial, NHS-PEG349o-DSPE was incubated in
the same way with 40.7 mM OG and HBS (total volume of 1
mL). The content of both vials were thereafter pooled, and the
mixture (1:5 curcumin : lipid molar ratio) incubated for
another 30 min at 60 °C. The sample was allowed to cool to
room temperature and then applied to a Sephadex G-50
column (35 x 1.9 cm). HBS was used as mobile phase and
a Gilson Pump Minipuls 2 (Gilson International, Den Haag,
Netherlands) was used to control the flow rate to approxi-
mately 0.7 mL min~". The lipodisks and the detergent were
eluted from the column as two well separated fractions. A Dual
Path Monitor UV-2 (Pharmacia Fine Chemicals, Uppsala,
Sweden) was used to detect the fractions. The lipodisk fraction
was collected manually and stored at 4 °C until further use.

Detergent depletion using BioBeads. Dispersions containing
DPPC, cholesterol, NHS-PEG340o-DSPE (molar ratio 2 : 2 : 1) or,
when indicated DPPC, cholesterol, NHS-PEG;,0,-DSPE and
curcumin (molar ratio 2 : 2 : 1 : 1), were prepared by means of
the two-vial procedure as described above. In cases were *H-
DPPC was used, 2.2 MBq of *H-DPPC (toluene : etanol, 1 : 1)
was added to the chloroform solution before evaporation of the
solvent. In order to remove OG from the pooled aqueous
dispersions the samples were incubated with approximately
0.3 g of degassed BioBeads (wet weight) for 2 h at room
temperature under rotation. After incubation the supernatant,
containing the lipodisks, was transferred to a fresh vial using
a syringe with an injection needle. For curcumin containing
lipodisks the solution was centrifuged at 9592¢ for 15 min to
remove unbound curcumin crystals and the supernatant con-
taining the lipodisks transferred to a fresh vial.

EGF-targeting lipodisks. Targeting lipodisks were prepared
by replacing ~5% (see Conjugation section above) of the NHS-
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PEG3400-DSPE with EGF-NHS-PEG;490-DSPE or '*’I-EGF-NHS-
PEG3400-DSPE in the production protocols based on SEC and
BioBeads.

Characterization of the lipodisks

Cryogenic transmission electron microscopy. Cryogenic
transmission electron microscopy (Cryo-TEM) was used to
characterize the lipid samples and confirm lipodisk formation.
Specimens were prepared by depositing a small drop (~1 uL) of
the lipid sample on a copper grid covered with a holey polymer
film. Thin liquid films (10-500 nm) were prepared by blotting
the grid with a filter paper in a custom built climate chamber at
25 °C and close to 100% relative humidity (RH). The grid was
then immediately plunged into liquid ethane held at a temper-
ature just above its freezing point (—183 °C), resulting in vitri-
fication of the liquid films. The specimens were kept at
a temperature below —165 °C and protected against atmo-
spheric conditions both during transfer from the climate
chamber to the microscope and throughout the entire sample
examination. A detailed description of the technique has been
presented by Almgren et al.>* TEM analysis was performed with
a Zeiss TEM Libra 120 instrument (Carl Zeiss NTS, Germany)
operated at 80 kV in zero-loss bright-field mode. Digital images
were recorded under low dose conditions with a TRS slow scan
CCD camera system (TRS GmbH, Germany) and iTEM software
(Olympus Soft Imaging Solutions GmbH, Germany). An under-
focus of 1-3 um was used in order to enhance the contrast.

Dynamic light scattering (DLS). The size distributions of the
lipodisks in the preparations were analyzed using dynamic light
scattering (DLS). The experimental setup consisted of a Uni-
phase He-Ne laser (Milpitas, CA) emitting vertically polarized
light with a wavelength of 632.8 nm operating at 25 mW. The
scattered light was detected at 90° scattering angle using a Per-
kin Elmer (Quebec, Canada) diode detector connected to an
ALV-5000 multiple digital autocorrelator (ALV-laser, Ver-
triebsgesellschaft, Germany).

Quantification of curcumin and lipid content

The curcumin content in the lipodisks preparations was
determined by means of absorbance and/or radioactivity
measurements. In case of the former, a 2 mg mL™" stock solu-
tion of curcumin was prepared in DMSO. A standard curve was
then generated by serial dilution of the stock solution and used
to determine the curcumin concentration in the lipodisk
preparations. Aliquots of the preparations were transferred to
DMSO followed by measurements using ultraviolet-visible (UV-
vis) absorbance spectroscopy (HP 8453, Agilent Technologies,
Santa Clara CA, USA). Samples were scanned from 300 to
700 nm. In cases where *H-labelled curcumin was included in
the preparations, the quantification was based on radioactivity
measurements performed by use of a liquid scintillator counter
(1214 RackBeta Excel, Perkin Elmer, Wellesley, MA, USA).

The total phospholipid content in the lipodisk preparations
was determined from measurements of the phosphorous
content in the samples. Phosphorus analysis was performed as
described by Paraskova et al. with the modification that the

This journal is © The Royal Society of Chemistry 2017
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digestion was performed solely by dry ashing at 550 °C for 4 h
(other steps of the digestion were considered redundant).?® In
case of lipodisk production by means of SEC, the recovered
proportions of the DPPC and cholesterol components were
determined from experiments in which *H-DPPC and *H-
cholesterol, respectively, were included in the preparations.
The radioactivity in aliquots of the original sample and the
fractions collected after SEC were assessed by means of
measurements using the scintillator counter specified above.
Radioactivity measurements were in a similar way used to
assess the final content, and recovered proportion, of choles-
terol in lipodisks prepared by use of BioBeads.

Cell culture

A-431 cells (squamous cell carcinoma cell line, CLR 1555, ATCC,
Rocksville, MD, USA), overexpressing the human epidermal
growth factor receptor (EGFR) was cultured in Ham's F10
medium (Flow Irvine, UK) supplemented with 10% fetal calf
serum (Sigma, USA), 2 mM r-glutamine and PEST (100 IU mL ™"
penicillin, 100 ug mL™" streptomycin), both from Biokrom,
Berlin, Germany (further referred to as complete media in
the text).

In vitro cell studies

Real-time analysis of binding and retention of curcumin con-
taining targeting lipodisks (DPPC/cholesterol/curcumin/**’I-
EGF-NHS-PEG3,40-DSPE) on A-431 cells (1 x 10° cells per Petri
dish (diameter 10 cm), cultivated in 3 mL complete media with
the Petri dishes inclined to allow cell growth only in the lower
end of the Petri dish) was performed using a LigandTracer Gray
instrument (Ridgeview Instruments, Uppsala, Sweden). The
experiments were performed at 4 °C to avoid receptor inter-
nalization and possible rapid release of '*°I after cellular pro-
cessing. The binding kinetics were studied during a two-step,
three-fold increase of the concentration: 1 and 3 pM with
respect to total lipid concentration. The first concentration was
run until a nonlinear, asymptotic increase in the signal was
observed, approximately 5 h, before the second concentration (3
uM) was applied. After a further 17 h of incubation the incu-
bation medium was removed and 7 mL complete cell medium
was added to study the cellular retention of the lipodisks. In
parallel, a blocking experiment was performed to study if the
binding could be inhibited by the addition of high concentra-
tions of EGF. In this case EGF was added to a total concentra-
tion of 100 nM 30 min prior to the addition of the first
concentration of curcumin containing targeting lipodisks. In all
other aspects the experiment were performed as described
above. To further evaluate the receptor specificity, a separate
experiment was conducted in which an excess amount of free
EGF was instead added subsequent to the incubation of the
cells with the EGF-targeting lipodisks (see ESIt for details).
Invitro binding characteristics of curcumin containing EGF-
targeting lipodisks (*H-DPPC/cholesterol/curcumin/EGF-NHS-
PEG3400-DSPE) and curcumin containing non-targeting lip-
odisks (*H-DPPC/cholesterol/curcumin/NHS-PEG;40,-DSPE)
were studied on cultured A-431 cells. Two separate groups of cell
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dishes (3 dishes per time point; diameter, 3.5 cm; ~3 x 10° cells
per dish) were incubated with 3 uM (total lipid concentration)
targeting lipodisks in complete cell media. In one of these
groups, the EGFRs were pre-saturated for 5 min with 100 nM
EGF. A third group of cell dishes (3 dishes per time point;
diameter, 3.5 cm; ~3 x 10> cells per dish) was incubated with 3
uM non-targeting disks in cell media. The total volume in all
dishes was 1 mL. Cells were incubated for 0.5, 1 or 3 h at 37 °C
before incubation medium was removed. The cells were washed
three times with cold serum-free medium followed by treatment
with 0.5 mL trypsin-EDTA solution for 10 min at 37 °C. When
cells were detached, 0.5 mL cell media was added to each dish,
and the cells were re-suspended and collected. The radioactivity
associated with the cells and medium, respectively, was
measured in a liquid scintillator counter (1214 RackBeta Excel,
Perkin Elmer, Wellesley, MA, USA).

To study cellular internalization, EGF-targeting lipodisks
(*H-DPPC/cholesterol/EGF-NHS-PEG 3 400-DSPE) and non-
targeting lipodisks (*H-DPPC/cholesterol/NHS-PEG;40o-DSPE)
where each incubated with A-431 cells in two groups of cell
dishes (3 dishes per group; diameter, 3.5 cm; ~3 x 10 cells per
dish) at 3 pM (volume 1 mL) in cell media for 3 h. In case of both
types of lipodisks, one group of cell dishes was incubated at
37 °C and the other group was incubated at 4 °C to prevent
receptor internalization. All steps beyond this were performed
on ice for both groups. After the incubation, the incubation
media was collected and the cell dishes were washed three
times with ice-cold serum-free media. To remove membrane-
bound lipodisks, 0.5 mL of 0.1 M glycine-HCI solution (pH
2.5) was added to each dish and cells were incubated for 5 min
on ice. The acid solution was collected and cells where washed
with additional 0.5 mL acid solution. The radioactivity
(measured by liquid scintillation counting) in the acid wash
fraction was considered derived from membrane-bound lip-
odisks. To lyse cells, 0.5 mL of 1 M NaOH solution was added to
cell dishes and cells were incubated for at least 30 min at 37 °C.
The NaOH solution was collected and the dishes washed with
another 0.5 mL of NaOH. The radioactivity measured in the
alkaline fractions was considered derived from internalized
lipodisks.

Cellular uptake of curcumin was assessed in studies using
lipodisks loaded with *H-labelled curcumin. A-431 cells were
grown as described above and thereafter detached using
Accutase® for 10-15 min in room temperature. After suspen-
sion of the cells, 3.5 x 10° cells were transferred to two groups
(n = 3) of 20 cm® siliconized glass flasks. The volume was
adjusted to 10 mL and for one group of cells EGF-targeting
lipodisks  (DPPC/cholesterol/*H-curcumin/EGF-NHS-PEG;400-
DSPE) were added to a final lipodisk concentration of 3 uM. The
other group of cells was incubated with 3 pM of non-targeting
lipodisks (DPPC/cholesterol/*H-curcumin/NHS-PEG;400-DSPE).
Flasks were kept at constant roll to ensure circulation of the
cells during incubation in 37 °C. After 1 h aliquots of 2 mL were
taken from the flasks and centrifuged for 5 min at 225g. The
supernatant was removed and 2 mL serum-free medium was
added. Cells were re-suspended and centrifuged another 5 min.
The washing procedure was repeated once, where after the cells
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were re-suspended in 1 mL serum free medium. Finally, the
radioactivity in the cell suspension was measured by liquid
scintillation counting.

Statistics

Data obtained in the cell studies were analyzed by unpaired,
two-tailed ¢-test using GraphPad Prism (version 4.00 for
Windows GraphPad Software, San Diego, California, USA) in
order to determine any significant differences (P < 0.05).

Results and discussion
Formulation of curcumin in lipodisks

The aim of the present study was to investigate the potential of
targeting-lipodisks for specific deliver of poorly water-soluble
anticancer agents into tumour cells. In the selection of a suitable
model drug, our choice fell on the diphenolic compound curcu-
min (Fig. 2). Apart from exhibiting activity against a broad range of
conditions, including inflammatory and infectious deceases,
neurological disorders, diabetes and several cardiovascular
conditions, curcumin has been shown to inhibit proliferation and
growth of a variety of tumour cell lines.”**” The antitumour activity

(0} OH
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HO

OCH, HsCO

Fig. 2 Structural formula of curcumin.
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of curcumin has been extensively investigated during the last
decade and results from preclinical and clinical studies point
towards curcumin as a promising antitumour agent.”® Curcumin’s
extremely low aqueous solubility, together with its susceptibility to
degradation and rapid systemic elimination, severely limits,
however, its use as therapeutic agent. Formulation of curcumin in
nanocarriers has been identified as one of the most promising
strategies to overcome these issues.>**”?*

We investigated and compared three different methods for
the production of curcumin-loaded lipodisks. The preparation
protocols, which are described in detail in the Methods section,
were based on probe sonication and detergent depletion using
either size-exclusion chromatography (SEC) or BioBeads. In all
cases cryo-TEM analysis confirmed that the final lipid disper-
sion were dominated by nanosized discoidal particles, i.e., lip-
odisks. As seen in Fig. 3a and c, a small population of liposomes
was found in coexistence with the lipodisks. The micrographs
shown in Fig. 3 reveal moreover that the method of preparation
affects the size of the disks. Thus, the disks prepared by SEC
were on average smaller than those produced by sonication and
by BioBeads-assisted detergent depletion. The small size of the
lipodisks produced by SEC, which is in line with previous
findings on the influence of lipodisk preparation path,** was
further confirmed by DLS measurements (see ESI Fig. S17).
Thus, as shown in Table 1, the apparent hydrodynamic radius
(Rp) was found to be ~15 and ~13 nm for lipodisks prepared by
means of sonication and BioBeads, respectively, whereas lip-
odisks prepared by SEC had apparent hydrodynamic radii cor-
responding to ~7 nm.

Apart from affecting the lipodisk size, the choice of prepa-
ration protocol was found to influence on the curcumin/lipid

L3 .. - P o 0B o o ¥ |
e B / d
v 3 > ¥
* #
- _"5"?.
¥
I

Fig. 3 Cryo-TEM analysis of curcumin containing targeting lipodisks (DPPC/cholesterol/curcumin/EGF-NHS-PEGz400-DSPE) produced by
sonication (a) or detergent depletion using BioBeads (b) and SEC (c). The closed and open arrows point to lipodisks observed face-on and edge-
on, respectively. Note that many lipodisks are seen in orientations that fall in between these two extremes. Arrowheads in (a) and (c) point to

liposomes. Scale bar represents 100 nm.
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Table 1 Curcumin/lipid molar ratios and apparent hydrodynamic radii
(Rp, calculated from unweighted size distributions) of lipodisks
prepared by different production protocols

Production method Curcumin/lipid molar ratio® Ry, (nm)
Sonication 0.15 ~15”
SEC 0.13 ~7
BioBead 0.015 ~13

“See ESI Table S1 and S2 for details about the phospholipid and
cholesterol content in the lipodisks. ” Due to the monomodal
appearance of the size distribution calculated from unweighted data
(see ESI Fig. S1), Ry was calculated from the number weighted data.

ratio in the final lipodisk formulations. As reported in Table 1,
the highest curcumin/lipid molar ratio, 0.15, was obtained
when employing the protocol based on sonication. It is note-
worthy that the loading capacity determined for sonicated
samples is similar to that reported by Ghosh et al for
sonication-based formulation of curcumin in nanodisks stabi-
lized by an apolipoprotein scaffold.** Preparation using deter-
gent depletion by means of SEC resulted in a curcumin/lipid
molar ratio corresponding to 0.13. The method based on Bio-
Beads returned the lowest ratio, 0.015. It may be noted that this
method also resulted in lipodisks with slightly lower cholesterol
content (see ESI, Table S27).

Targeting lipodisks

An important objective of this study was to identify efficient
formulation strategies by which drug-loaded lipodisks can be
provided with sufficient quantities of relevant targeting agents.
In the present work we chose to target the epidermal growth
factor receptor (EGFR), also known as ErbB-1 and HER1 in
humans. EGFR is over-expressed in several human cancers®*
and promising results have been obtained in preclinical studies
using nanocarriers, and in particular liposomes, targeted
against this receptor.**** In a recent study we reported results
pointing towards the possibility of using the natural ligand,
epidermal growth factor (EGF), as targeting agent for lip-
odisks.”* In the present work we have further explored this
approach.

In order to provide the lipodisks with EGF, the protein was
first conjugated to NHS-PEG;400-DSPE. Investigations based on
the use of radiolabelled EGF (**’I-EGF) confirmed that the
coupling protocol used (see Methods section) resulted in
a1:22 ratio of EGF-NHS-PEGs,40o-DSPE to NHS-PEG3,0,-DSPE.
The EGF-conjugated PEG-lipids were subsequently included in
the starting material used for lipodisk production by means of
detergent depletion. This route of preparation was chosen over
sonication, since EGF, similar to many ligands, peptides and
antibodies employed as targeting agents, is sensitive to harsh
conditions. Thus, exposure to organic solvents and ultrasound
sonication has to be avoided. Our initial investigations revealed
moreover that also freeze-thawing had a detrimental effect on
the ligand-receptor affinity (see ESI{). As shown in a previous
study, it is possible to incorporate EGF-conjugated PEG-lipids
into pre-formed lipodisks.®® In case of small, densely
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PEGylated lipodisks, such as those employed in the present
study, the post-insertion method results, however, in sub-
optimally low amounts of incorporated EGF. Thus, the target-
ing lipodisks used in the studies described in the following were
produced by detergent depletion, and, unless otherwise stated,
the BioBead-based protocol was employed in order to mini-
mizing radioactive contamination of instruments.

Binding kinetics

To confirm binding of the EGF-decorated curcumin-containing
lipodisks to EGFR-expressing tumour cells, and to retrieve
kinetic data concerning the interaction, real-time lipodisk-cell
binding experiments were performed. As described in the
Experimental section, the lipodisks contained '**I-labelled EGF
and their interaction with the cells was probed by following the
cell-associated radioactivity over time. The results from a typical
experiment are displayed in Fig. 4.

Data obtained in the studies show that the EGF-targeting
lipodisks bind to the cells in a saturable manner and, impor-
tantly, indicate that the disks are capable of selective targeting
against the EGFR. Thus, as shown in Fig. 4, the signal due to
cell-associated radioactivity is significantly suppressed upon
pre-blocking of the cells with free EGF. Additional evidence to
support receptor specific binding was collected in a separate
experiment in which EGF was instead added subsequent to 24 h
incubation of the cells with the EGF-targeting lipodisks. The
results of these studies (see ESIt) show that the disks, as ex-
pected, are displaced from the cells in the presence of excess
amounts of free ligand. Notably, the effect of simply removing
the incubation medium and replacing it with fresh cell medium
was quite different. In this case the cellular retention of the
disks was very strong with a non-decreasing signal for several

i fii iv

25 T T T T T
°
9 20 + E
o
[
£ L/ N\~
]
o
2 15 + E
=
©
F<
o 1 ]
2 10
e
®
5
50571 ]
R S NI g - -
PP P G R W vy NS
PSR o .
Rl %
PR LERX
0.0 e —ael fw t t t t
0 5 10 15 20 25

Time (Hours)

Fig. 4 Real-time analysis of the interaction between EGF-targeting
lipodisks (DPPC/cholesterol/curcumin/*2%1-EGF-NHS-PEGz400-DSPE)
and A-431 cells. Section (i): baseline measurement (1 h) in cell medium.
In a parallel blocking experiment (dashed line) free non-labelled EGF
was added to a final concentration of 100 nM after 30 min of the
baseline run. Section (ii): medium supplemented with 1 uM (total lipid
concentration) lipodisks. Section (iii): lipodisk concentration increased
to 3 puM. Section (iv): lipodisk containing medium removed and
replaced by 7 mL of fresh cell medium. To avoid internalization of the
receptor the experiments were performed at 4 °C.
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hours (Fig. 4, Section (iv)). The explanation for the strong
retention is probably the high avidity design of the targeting
lipodisks, rendering them a high apparent affinity for the
receptor. The extended retention precluded the calculation of
an affinity constant.

It is in this context worth recalling that a small fraction of
liposomes was detected by cryo-TEM in the lipodisk samples. In
principle, it is possible that these liposomes also present some,
but likely very few, EGF-molecules on their surface. Due to the
large size, these liposomes would be expected to display much
slower binding kinetics than the lipodisks. This, together with
the small number of liposomes, makes it reasonable to assume
that the signal registered in the binding experiments shown in
Fig. 4 originates predominantly from the lipodisks.

Based on the results obtained in the kinetics experiments
(see also ESIY) a lipodisk concentration corresponding to a total
lipid concentration of 3 pM was used in the binding studies
described in the following sections.

Receptor mediated delivery of *H-labelled lipodisks

The binding of curcumin-containing targeting lipodisks to A-
431 tumour cells was further investigated in in vitro studies
based on the use of *H-DPPC-labelled lipodisks. As shown in
Fig. 5, data collected in these studies indicate a time-dependent
increase in the cell-associated radioactivity upon incubation of
the cells with the targeting lipodisks. Results displayed in the
same figure show that pre-incubating the cells with an excess of
EGF, and thus blocking the receptor, leads to a clear decrease in
the cell-associated radioactivity. At the two later time points (1 h
and 3 h) the reduction was significant (P < 0.004 at both time
points). Data shown in Fig. 5 confirm in addition that replacing
the targeting lipodisks with non-targeting lipodisks strongly
diminishes the cell-associated *H-radioactivity (P < 0.003 at all
time points).
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Fig. 5 Cellular binding specificity of curcumin containing targeting
lipodisks (*H-DPPC/cholesterol/curcumin/EGF-NHS-PEGz400-DSPE)
on A-431 cells. Two groups of cells were incubated with 3 uM (total
lipid concentration) of the curcumin containing targeting lipodisks at
37 °C. One group of cells was pre-incubated with 100 nM non-labelled
free EGF in order to block the EGFRs. A third group of cells was
incubated with 3 uM of non-targeting curcumin containing lipodisks
(*H-DPPC/cholesterol/curcumin/NHS-PEGs400-DSPE), also at 37 °C.
Data are presented as mean = range, n = 3. Error bars might not be
seen due to their small size.
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The results reported in Fig. 5 verify receptor mediated
binding of the curcumin-loaded EGF-targeting lipodisks to the
tumour cells.

Cellular internalization of lipodisks

To investigate if the receptor specific binding of the EGF-
targeting lipodisks to the tumour cells results in cellular inter-
nalization of the disks, an additional set of binding experiments
were carried out. In these studies targeting- and non-targeting
*H-DPPC-labelled lipodisks were first incubated with A-431
cells at either 37 or 4 °C. Internalized lipodisks were then
detected and distinguished from lipodisks bound to the exterior
cell surface by means of an acid-wash assay (see Methods
section for details).

The results from these experiments, which are displayed in
Fig. 6, suggest that internalization occurs to a large extent in
case of EGF-targeting lipodisks incubated with the cells at 37 °C
for 3 h. The observed low levels of surface bound material are
expected, given that the EGF receptor, which is internalized
along with the lipodisks, does not recycle.** A very different
result was obtained for targeting disks incubated at 4 °C. In this
case the majority of the cell-associated radioactive material was
removed by the acid-wash, indicating that only a small fraction
of the disks had been internalized. The internalized fraction
may in fact be even smaller than what is suggested in Fig. 6,
since it is reasonable to assume that part of the signal originates
from incomplete acid washing of the cell surface, ie., the
presence of a so-called acid resistant fraction (valid for all
groups in the assay). For cells incubated with non-targeting
lipodisks the cell-associated radioactivity was found to be very
low in all the investigated fractions. Thus, verifying again that
the uptake seen in cells incubated with targeting lipodisks is
receptor mediated.

cell surface
Il internalized

51 P < 0.005

P < 0.0003

Cell-associated
3H-radioactivity / %

Fig. 6 Acid wash analysis on A-431 cells in vitro. A-431 cells were
incubated with either 3 uM (total lipid concentration) *H-labelled tar-
geting lipodisks (*H-DPPC/cholesterol/curcumin/EGF-NHS-PEGz400-
DSPE) or 3 uM >H-labelled non-targeting lipodisks (*H-DPPC/
cholesterol/curcumin/NHS-PEGz400-DSPE) for 3 h. One group/lip-
odisk type was incubated at either 37 °C (allowing for EGFR internal-
ization) or 4 °C (preventing EGFR internalization). The radioactivity that
was removed from the cells by treatment of 0.1 M glycine—HCl solu-
tion, pH 2.5, was considered to be bound to the cell surface, and the
rest internalized. Data are presented as mean + range, n =3 (*: n = 2).
Error bars might not be seen because they are too small.
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Delivery of curcumin

In an attempt to follow the faith of the lipodisk's therapeutic
load, EGF-targeting and non-targeting lipodisks containing
*H-labelled curcumin were prepared and investigated in in
vitro cell studies. In order to maximise the curcumin load (see
Table 1) and achieve sufficient specific radioactivity for the
assay, the lipodisks were in this case prepared by means of the
SEC-based method. To reduce the non-specific cellular uptake
of curcumin, the two groups of *H-curcumin loaded lipodisks
and A-431 cells were studied in suspension. The radioactivity
associated with the cells after incubation with targeting and
non-targeting lipodisks, respectively, for 1, 3 or 4 h is shown in
Fig. 7.

At the first time point a significantly higher cellular uptake of
*H-curcumin was observed for the group with EGF-targeting
lipodisks, as compared to the group with non-targeting lip-
odisks. Thus, after one hour of incubation the uptake of *H-
curcumin was measured to be 3350 &+ 111 and 2430 £ 47 cpm
for the former and latter group, respectively (P < 0.0043). At 3 h
the difference between the groups was reduced, but still
significant (P < 0.039). At the latest time point (4 h) the differ-
ence between the groups was reduced even further. Part of the
reason for the decreasing difference can likely be traced back to
a comparably high nonspecific cellular uptake of curcumin.
Despite curcumin's low aqueous solubility, a non-negligible
fraction of the solubilized drug can be expected to distribute
from the disks to the incubation medium. Previous investiga-
tions of curcumin loaded unilamellar vesicles composed of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DSPC) and choles-
terol (DSPC : cholesterol in molar ratio 3:2) indicate, for
instance, more than 20% release of encapsulated curcumin
after 2 h incubation in 0.9% saline at 37 °C.** Curcumin
released into the cell medium will, due to its strong tendency to
adsorb to lipid membranes, rapidly transfer to the tumour cells.
This promotes further release from the disks, and, as a conse-
quence, the background signal due to nonspecific uptake of
curcumin increases over time and may obscure differences in
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Fig. 7 Receptor specific delivery of *H-labelled curcumin loaded in
targeting lipodisks DPPC/cholesterol/*H-curcumin/EGF-NHS-
PEG3400-DSPE or non-targeting lipodisks in A-431 cells were studied.
A-431 cells were incubated with either 3 uM (total lipid concentration)
3H-labelled targeting lipodisks (*H-DPPC/cholesterol/curcumin/EGF-
NHS-PEGsz400-DSPE) or 3 uM 3H-labelled non-targeting lipodisks (H-
DPPC/cholesterol/curcumin/NHS-PEGz400-DSPE) at 37 °C for 1, 3 or
4 h. Data are presented as mean 4 range, n = 3 (at 1 h: P < 0.0043, at
3h:P<0.039and at 4 h: P <0.021).
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cellular uptake originating from receptor-mediated curcumin
delivery. In vitro measurements of lipodisk-mediated delivery of
curcumin are moreover complicated by the fact that curcumin,
even in low quantities, can affect the physical properties of cell
membranes, which, in turn, may modify the function of
embedded membrane proteins.*”*® In line with this, recent
studies by Starok et al. suggest that curcumin has a rigidifying
effect on the membrane of A-431 cells that slows down the
receptor diffusion and thereby affects the dimerization that is
necessary for receptor internalization.*

We have at present no good explanation for why, in case of
incubation with both EGF-targeting and non-targeting lip-
odisks, the absolute signal from the cell-associated *H-
curcumin decreases over time. The reduced signal suggests,
however, that a significant proportion of the curcumin tak-
en up by the cells is degraded. Curcumin is rapidly degraded
in aqueous solution*” and our results indicate that also
cell membrane bound curcumin may be subject to degrada-
tion. Binding of curcumin to lipid membranes is believed to
occur in a two-step process where the molecule initially
binds to the membrane-water interface and then gradually
inserts into the hydrocarbon region of the membrane.** It
can be speculated that curcumin is not fully protected
from degradation when bound to the membrane-water
interface.

Summary and concluding remarks

The goal of this study was to develop targeting lipodisks with
the capacity to selectively deliver poorly water-soluble anti-
cancer agents into tumour cells. To this end we investigated
different methods for the production of drug-loaded targeting-
lipodisks and evaluated the potential of the lipodisks for
receptor-mediated drug delivery.

Our results confirm that substantial amounts of the model
substance curcumin can be successfully loaded into lipodisks,
and show that it is possible to provide the drug-loaded lip-
odisks with relevant amounts of delicate tumour-targeting
agents, such as EGF. Data from our in vitro studies verify
moreover that EGF-decorated lipodisks are capable of
receptor-specific binding to human A-431 tumour cells, and,
importantly, that the binding leads to EGFR-mediated inter-
nalization of the disks.

Taken together, the findings reported in the present study point
towards targeting lipodisks as promising nanocarriers for specific
delivery of poorly soluble anticancer agents to tumour cells.
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