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Abstract: Doxorubicin (Dox) is an anthracycline anticancer drug with high water solubility,
whose use is limited primarily due to significant side effects. In this study it is shown that Dox
interacts with monosialoglycosphingolipid (GM1) ganglioside micelles primarily through hydro-
phobic interactions independent of pH and ionic strength. In addition, Dox can be incorporated
even into GM1 micelles already containing highly hydrophobic paclitaxel (Ptx). However, it
was not possible to incorporate Ptx into Dox-containing GM1 micelles, suggesting that Dox
could be occupying a more external position in the micelles. This result is in agreement with a
higher hydrolysis of Dox than of Ptx when micelles were incubated at alkaline pH. The load-
ing of Dox into GM1 micelles was observed over a broad range of temperature (4°C-55°C).
Furthermore, Dox-loaded micelles were stable in aqueous solutions exhibiting no aggregation or
precipitation for up to 2 months when kept at 4°C-25°C and even after freeze—thawing cycles.
Upon exposure to blood components, Dox-containing micelles were observed to interact with
human serum albumin. However, the amount of human serum albumin that ended up being
associated to the micelles was inversely related to the amount of Dox, suggesting that both
could share their binding sites. In vitro studies on Hep2 cells showed that the cellular uptake
and cytotoxic activity of Dox and Ptx from the micellar complexes were similar to those of
the free form of these drugs, even when the micelle was covered with albumin. These results
support the idea of the existence of different nano-domains in a single micelle and the fact that
this micellar model could be used as a platform for loading and delivering hydrophobic and
hydrophilic active pharmaceutical ingredients.

Keywords: cancer drugs, nano-domains, drug delivery, hydrophobic interactions

Introduction

Despite the wide range of currently available strategies for chemotherapeutic treat-
ment, prognosis of many types of cancer remains poor for many patients; therefore,
there is a clear need for new therapies that improve outcomes.

Some of the most common drawbacks of cancer drugs are related to their low
solubility, poor bioavailability, and undesirable toxic side effects, the last being a
concern for doxorubicin (Dox).

Dox is an anthracycline used primarily in the treatment of childhood solid tumors,
soft tissue sarcomas, lymphomas, and breast cancer.' The use of Dox is limited by
significant side effects like cardiotoxicity, nephrotoxicity, hepatotoxicity, and also
by its short circulation lifetime. Dox is a tetracyclic quinoid aglycone linked to an
amino sugar that has a pKa of 8.3; thus, it is a hydrophilic weak amphipathic base
usually incorporated in the aqueous interior of preformed vesicles such as liposomes,
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using ionic or pH gradients.” However, these gradients are
unstable and the incorporated drugs tend to leak out at a rate
which strongly depends on the composition of the bilayer.
Physical entrapment of Dox, mostly by hydrophobic effect,
in self-assembled systems based on block copolymers, has
been also reported,®® as well as its incorporation in the
cross-linked ionic core of some polymeric micelles through
electrostatic interactions.®

More recently, nanomaterials have arisen as a promis-
ing alternative to cancer therapeutics; they can enhance the
delivery and treatment efficiency of anticancer drugs. In this
context, to be used for drug delivery, nanomaterials must
be biocompatible, have suitable biodegradation kinetics, be
easy to process, possess adequate mechanical properties,
and be compatible with the drug to be transported. In the last
20 years, many strategies based on nanoscale (10-200 nm)
vehicles, such as liposomes,’ polymeric micelles,'®!" and
polymer particles,'? have been increasingly used in a
wide variety of approaches for therapeutic drug delivery
devices.

In previous studies, we demonstrated that lipidic micelles
composed of monosialoglycosphingolipid (GM1) spontane-
ously load high amounts of a hydrophobic cancer drug such
as paclitaxel (Ptx).!* This micellar structure has already been
proposed for loading small hydrophobic molecules that local-
ize in the more internal region of the micelle, with the fatty
acid chains of gangliosides.!* Moreover, GM1 micelles bind
human serum albumin (HSA) via hydrophobic interactions.'s
This offers additional advantages because many cancer
cells overexpress gp60 receptors specific for albumin. This
mechanism could facilitate the transport of the complexes
with albumin to the tumor tissue where its interaction with
the SPARC protein may result in intratumoral accumulation
of albumin-bound paclitaxel.'®!

In order to gain greater insights into the particular behav-
ior of this micellar structure, we evaluated the interactions
between a water-soluble cytotoxic drug such as Dox and
GMI1 ganglioside micelles and characterized the structures
resulting from this interaction.

Furthermore, considering the special features of micelle
polarity described earlier, we also evaluated whether this
structure could simultaneously load hydrophobic and hydro-
philic drugs into a single GM1 micelle and how the incorpo-
ration of these drugs regulates the subsequent interaction of
the micelle with HSA. This would provide a transportation
system which, in addition to being able to individually load
drugs of very different polarities, it might be able to load drugs
simultaneously, becoming a multidrug delivery system.

Materials and methods

Materials

Purified monosialoganglioside GM1 from pig brain
was obtained from TRB Pharma S.A. (Buenos Aires,
Argentina), Dox—HCI (Dox) was from ELEA (Buenos Aires,
Argentina), and Ptx was from Yunnan Smandbet Co. Ltd
(Kunming, People’s Republic of China). Flutax-1 (7-O-[N-
(4’-fluoresceincarbonyl)-l-alanyl]taxol) was purchased from
Calbiochem (San Diego, CA, USA). Purified HSA 20% (w/v)
was obtained from Laboratorio de Hemoderivados, Univer-
sidad Nacional de Cordoba (Cérdoba, Argentina). All other
chemicals used were of analytical grade.

Methods

Standard procedure for studying the interactions
between Dox and Ptx with GMI| micelles

Stock solutions of GM 1 with a concentration of 250 mg mL™!
were prepared in bidistilled water 24 hours prior to use as
described in Leonhard et al.’* Briefly, the solutions were
maintained at 4°C for 24 hours. They were then centrifuged
at 50,000 g for 15 minutes and the supernatant was filtered
through 0.22 um.

Stock solutions of Dox (24 mg mL™") were prepared
in 145 mM of NaCl. Solutions of Dox were slowly added
to the solution of GM1 micelles in order to attain differ-
ent Dox—GM1 molar ratios, ie, 1/15, 1/10, 1/5, 1/2.5, 1/1,
1/0.7. These mixtures were incubated at 4°C for 24 hours.
Unbound Dox was removed by dialysis against 100 volumes
of bidistilled water for 24 hours at 4°C.

Stock solutions of Ptx (50 mg mL™") were prepared in
dimethylsulfoxide (DMSO). The solutions were added to GM 1
or Dox—GM1 micellar solutions and then stirred for 2 minutes
before incubation at 4°C for 24 hours and dialyzation for
24 hours at 4°C against 100 volumes of bidistilled water to
remove all DMSO. The removal of DMSO in the solution was
determined spectrophotometrically by measuring absorbance at
227 nm at different times until this value remained constant.

When studying the interactions of Dox with Ptx—GMI1,
stock solutions of Dox described earlier were slowly added
to Ptx—GM 1 micelles in order to attain the desired Dox—GM
molar ratios. These mixtures were incubated at 4°C for
24 hours. Unbound Dox was removed by dialysis against 100
volumes of bidistilled water for 24 hours at 4°C.

Determination of GM| concentration

Ganglioside concentrations were measured by the modified
colorimetric resorcinol assay, described by Miettinen and
Takki-Luukkainen.!® Briefly, 1 mL of resorcinol reagent
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was added to 1 mL of the samples and heated to 100°C for
15 minutes. (Resorcinol reagent: 2 mg of resorcinol powder
dissolved in 0.1 mL of bidistilled water +0.8 mL of 37.9%
[w/v] HC1+2.5 uL of 0.1 M CuSO, + amount of bidistilled
water so as to reach 1 mL). The samples were then allowed
to cool and the chromophore developed was extracted with
2.5 mL of n-butyl acetate: n-butanol (85/15 by vol). After
centrifugation at 2,500x g for 5 min, the supernatants were
removed and measured spectrophotometrically at 580 nm.

Determination of Dox concentration

Dox concentration was determined by absorbance at 490 nm
using a calibration curve performed with a standard solution
of Dox in 145 mM NacCl, as described by Abraham et al."

Determination of Ptx concentration

Ptx was determined as described in Leonhard et al.!* Briefly,
Ptx was extracted from micelles with 10 volumes of ethyl
acetate. Samples were then centrifuged at 2,500x g for
5 minutes; the organic layer was transferred to a clean tube
and evaporated to dryness at 40°C. The dried residue was
solubilized in 1 volume of ethanol.

Ptx concentration was measured using a Curosil B C18
column (250x3.20 mm inner diameter, particle size 5 pm)
and a Curosil B C18 guard column (30x4.60 mm inner
diameter, particle size 5 wm) supplied by Phenomenex. The
mobile phase was 60% (v/v) acetonitrile and 40% (v/v)
bidistilled water. Flow rate was 0.7 mL min~' and the eluent
was monitored at 227 nm. Chromatography was performed
at ambient temperature (20°C) and the calibration curve of
Ptx was linear in a range from 5 to 150 ug.

Structural characterization of Dox—GM|

and Dox—Ptx—GM| mixed micelles

Chromatographic analysis

Samples were run on an Akta Explorer 100 system (GE Health-
care Life Science, Buenos Aires, Argentina) as described in
Leonhard et al.'® Briefly, samples containing GM1 (10 mg mL™)
were loaded into a Superdex 200® column, equlibrated with
50 mM phosphate buffer (pH 7.0) and 150 mM NaCl at a rate of
0.4 mL min. The elution pattern of GM1 and Dox were moni-
tored using an UV detector at 227 and 490 nm, respectively.
GM1 and Dox levels were quantified as described. The molecu-
lar weights (MWs), corresponding to the various elution peaks,
were extrapolated from a calibration curve made up of globular
proteins of known MW as albumin (67,000 Da), lactoglobulin
(35,000 Da), and human immunoglobulin G (160,000 Da) using
the formula: log MW = a. eslution volume + b.

Determination of particle size by dynamic light scattering
Average particle size of the aqueous solutions of micelles
with GM1 (10 mg mL™") were measured by dynamic light
scattering (DLS), which was performed on a Delsa™ Nano
Submicron Particle Size and Zeta Potential Particle Analyzer
at a fixed scattering angle of 165°. Data were analyzed by
Delsa Nano Beckman Coulter software (version 2.2) with
CONTIN analysis method.

Physical stability of Dox-GM| and Dox—Ptx-GM|
mixed micelles

Stability of micelles to high-speed centrifugation
Dox—GM1 and Dox—Ptx—GM1 micelles were centrifuged at
25,000, 50,000, or 100,000x g for 1 hour at 20°C in an XL-90
ultracentrifuge (Beckman Coulter Argentina S.A., Buenos
Aires, Argentina). Afterward, the supernatants were dialyzed
for 24 hours to remove unbound molecules before determining
GM1, Ptx, and Dox concentrations as previously described.

Stability of micelles in solution

Dox—GM1 and Dox—Ptx—GM1 micelles were stored for
40 days at 4°C. Aliquots of samples were taken at various
time periods and dialyzed for 24 hours prior to quantifica-
tion of soluble Dox and Ptx as described. Dialysis conditions
were as follows: membrane tubing was from SpectraPor with
a MW cut-off of 10,000 Da, 1 mL of sample was dialyzed
against 1,000 mL of bidistilled water. Dox and Ptx were
quantified in the sample and dialyzed.

Effect of freeze—thawing cycles and lyophilization
Dox—GM1 and Dox—Ptx—GM1 micelles were frozen at —80°C,
and after 24 hours samples were kept at room temperature
for about 2 hours until complete thawing, centrifuged at
15,000x g for 10 minutes and dialyzed for 24 hours before
quantifying the concentrations of Dox, Ptx, and GM1 that
remained soluble.

Moreover, lyophilized micelles were dissolved in their
initial volume, filtered through a 0.22-um pore, and dialyzed
for 24 hours before measuring soluble Dox, Ptx, and GM1
as described.

Chemical stability of Dox in Dox-GM|

and Dox—Ptx—GM| micelles

We evaluated the chemical stability of Dox loaded into the
micelles when subjected to a denaturing condition such as the
alkaline environment where ester groups are hydrolyzed. For
this, we incubated Dox—GM1 and Dox—Ptx—GM 1 micelles at
pH 10 and at room temperature (25°C+1°C). At various time
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periods, aliquots of the samples were taken and the amount
of soluble Dox and Ptx was quantified as described. Stock
solution of free Dox and Ptx was used as a control for the
kinetics of chemical hydrolysis at alkaline pH.

Characterization of the interaction of Dox—-GM|

and Dox—PtxGM| micelles with HSA

Dox—GM1 micelles of different molar ratios (1/20, 1/5, and
1/1), with or without preloaded Ptx (Ptx—GM1: 1/20 molar
ratio) and with a GM1 concentration of 10 mg mL™", were
incubated for 24 hours with purified HSA (1/1 HSA-GM1
w/w ratio) at pH 3 and 37°C. Samples were then returned
to pH 7 and the interaction was studied by chromatographic
analysis and DLS as described.

Determination of HSA concentration

The amount of albumin associated with the micelles was
determined using a Coomassie Brilliant blue assay or by
direct absorbance at 280 nm.?

In vitro biological effect of Dox in Dox—GM|

and Dox—GM I—-HSA micelles on cell cultures

Hep2 (human epithelial carcinoma of larynx) cell lines were
grown as described in Leonhard et al.’® Briefly, cells were
grown in minimum essential medium supplemented with 10%
of fetal bovine serum (NATOCOR, Cordoba, Argentina) at
37°C with 5% CO,. Then, the cell monolayers were incubated
for 15, 30, 60, 120, and 240 minutes and for 24 hours at 4°C
and 37°C with increasing concentration of Dox, Dox—GM1,
and Dox—GM1-HSA micelles. After this incubation, the
medium was removed and fresh medium was added.

After 24 hours at 4°C or 37°C, viable cells were measured
by an 3-4,5 dimethylthiazol-2,5 diphenyl tetrazolium bromide
staining assay. The half maximal inhibitory concentration
(IC,,) values were graphically estimated.

Characterization of the cellular uptake of Dox

and Ptx from Dox—GM|I and Dox—Ptx—GM|

micelles with and without HSA

Hep2 cell lines were grown as described. Dox, Ptx, Dox—
GM1, and Dox—Ptx—GM]1 micelles with and without HSA,
with 1% of Flutax-1 (a fluorescently labeled derivative of Ptx)
were diluted in minimum essential medium to a final concen-
tration of 30 pg mL™! of Dox and 10 pg mL™" of Ptx.

Each sample was incubated with Hep2 cell monolayers at
70% confluence for 15, 30, and 60 minutes at 37°C. Cells were
then washed out with phosphate-buffered saline, and the incor-
porated drugs were observed by fluorescent microscopy.

Results
Interactions between Dox and GM|
micelles under different physicochemical

conditions

Gangliosides are double-tailed anionic glycosphingolipids
with a complex polar head group of several sugar units. In
particular, GM1 is a monosialoganglioside with four sugar
units in its polar head group and due to thermodynamic and
geometric constrains, it forms spherical micelles in aqueous
media at a very low concentration (critical micellar concentra-
tion of 1081071 M).1321-3

In order to start studying how Dox, a highly water-soluble
drug, interacts with GM1 micelles, solutions of Dox were
slowly added to a solution of GM1 micelles in order to
attain different Dox—GM1 molar ratios, ie, 1/15, 1/10, 1/5,
1/2.5, 1/1, 1/0.7. These samples were incubated at 4°C for
24 hours and unbound Dox was removed by dialysis against
bidistilled water as detailed in the Materials and Methods
section. Figure 1 shows that there is a spontaneous incorpora-
tion of Dox into GM1 micelles, reaching saturation around
10 mg mL™ per 50 mg mL™" of GMI.

The results demonstrate that these micelles can incor-
porate up to five times more Dox compared to current com-
mercial products based on liposomal formulations containing
2 mg mL~.#

The encapsulation efficiency calculated from these varies
according to the different Dox—~GM1 molar ratios. Up to
1/2.5 molar ratio, the incorporation efficiency is greater than
95%, whereas at 1/1 and 1/0.7 ratios, it drops to 55% and
35%, respectively.

Effect of medium pH on Dox—GM | interaction
It was observed that the reduction of pH from 7 to 2 did not
affect the ability of GM1 to incorporate Dox, demonstrating
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Figure | Loading of Dox into GMI (50 mg mL™") (=) and Ptx-GM|1 (1/20 molar
ratio) micelles (-).

Notes: The incorporation was done at 4°C for 24 hours. Error bars indicate the standard
deviation of the mean (n=3).The respective Dox—-GM| molar ratios were inserted.
Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; Ptx, paclitaxel.
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that Dox—GM1 interaction does not involve the sialic
acid molecules of gangliosides (pKa ~2.6). In addition,
it was observed that the presence of up to 0.5 M NaCl
did not prevent Dox incorporation into GM1 micelles,
again suggesting that the association involves mostly
hydrophobic rather than electrostatic interactions (data
not shown).

Effect of temperature on Dox—GMI| interaction
Previous studies showed that the incorporation of Ptx in
GM1 micelles is favored with increasing temperature to
55°C." Such condition produces a release of the water
bound to the oligosaccharide chain resulting in a significant
reduction of the hydrophilic portion which is associated
with a small expansion of the hydrophobic portion of the
micelle.? %

We found that, unlike what was observed with Ptx,
changes in temperature do not significantly affect the incor-
poration of Dox in GM1 micelles (data not shown). This
result is in disagreement with what was obtained with Ptx, a
highly hydrophobic drug, probably due to the fact that Dox
is a water-soluble molecule whose entry into the micelle is
insensitive to its changes in hydrophobicity.

Ability of GMI| micelles to load
hydrophobic and hydrophilic drugs

into the same structure

Having demonstrated the ability of GM1 micelles to incorpo-
rate drugs with such different physicochemical characteris-
tics, a highly hydrophobic drug like Ptx and a hydrophilic one
like Dox, we wondered if it would be possible to incorporate
both molecules simultaneously into the same micellar nano-
structure. Figure 1 shows that Ptx~-GM1 micelles are able to
incorporate large amounts of Dox, similarly to GM1 micelles,
reaching a saturation level around 8 mg mL™". In this case,
the encapsulation efficiency is also higher than 95% up to
the molar ratio Dox—GM1 1/2.5, while at 1/1 and 1/0.7 molar
ratios it drops to 45% and 25%, respectively.

However, it was also noted that Ptx incorporation into
GMLI is impaired by the presence of Dox in the micelles.
Thus, when a low amount of Ptx is added (up to 0.5 mg mL™),
its incorporation into Dox—GM1 micelles is 63% lower than
the incorporation into pure GM1 micelles. Curiously, the
addition of larger amounts of Ptx (>0.5 mg mL™") caused
precipitation of most of the Ptx, rendering mixed micelles
with only around 10% of the Ptx than the amount that could
be solubilized when mixed with Dox-free GM1 micelles
(Figure 2).

N
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w
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Loaded Ptx (mg-mL-")
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2
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05 1 15 2 25
Added Ptx (mg-mL-")

o

Figure 2 Incorporation of Ptx into Dox-GMI (10 mg mL~'/50 mg mL™") (=) and
into GM| micelles (50 mg mL™") (-=-).

Notes: The loading was done at 4°C for 24 hours. Error bars indicate the standard
deviation of the mean (n=3).

Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; Ptx, paclitaxel.

These results clearly suggest that Dox induced a change
in the micellar structure that hinders the subsequent entry of
Ptx into the hydrophobic region of the micelles.

Structural characterization of Dox—GM|
and Dox—Ptx—GM| micelles

In order to gain further insight into the structure and ther-
modynamic equilibrium of the micelles, we evaluated the
elution profile of Dox—GM1 and Dox—Ptx—GM1 micelles at
different molar ratios, using a size exclusion chromatography
column, and their average size by DLS.

The chromatographic patterns obtained show that GM 1
presents two elution peaks, one equivalent to a globular
protein of 365 kDa and the other corresponding to the popu-
lation of monomers that are in equilibrium with the micelles
(Figure 3A, B).

The loading of Dox into GM1 micelles led to changes
in the hydrodynamic radius that correlated with the amount
of drug incorporated into the micelles. At molar ratios from
1/10 up to 1/5 (Dox—GM1), the incorporation of the drug
produced a slight increase in the hydrodynamic radius of
the micelles from 365 kDa to 390 kDa. However, when the
amount of Dox incorporated into the micelles was increased
up to 1/2.5 Dox—GMI1 molar ratios, two populations of
micelles with hydrodynamic radius of 370 and 210 kDa were
found (Figure 3A).

These changes in the hydrodynamic radius as a function
of the amount of Dox loaded into the micelles were also
observed with its incorporation into Ptx-GM1 (1/20 molar
ratio) micelles. Again, at 1/2.5 Dox—GM]1 molar ratio,
micelles seemed to be unstabilized, leading to two principal
peaks with hydrodynamic radius of 370 and 210 kDa and to
a gradient of new micellar populations of widely differing
sizes (Figure 3B).
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Figure 3 Size exclusion chromatographic patterns.
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Notes: (A) GMI micelles with different amounts of Dox. Chromatography on Superdex 200® of GM| (- --) and Dox-GMI: /10 (=), /5 (==~ -),and /2.5 (s e e e e e)

micelles. (B) Ptx~GM|I micelles with different amounts of Dox. Chromatography on Superdex 200° of GMI (- - =) and Dox-GMI: /10 (=), I/5 (=— -

-, and 1/2.5

(e @ @ o o o) micelles. (C) Different molar ratios of Dox—GM| micelles incubated with HSA (HSA-GMI |:I w/w) at pH 3 and 37°C for 24 hours and samples were then
returned to pH 7. Chromatography on Superdex 200® of Dox-GM: 1/20 (=), 1/5 (=-), and I/1 (e ® e e e ¢). (D) Ptx—GM |: 1/20 micelles loaded with Dox at different molar
ratios (Dox-GMI: 1/20, 1/5, and 1/1) and incubated with HSA (HSA-GMI| 1:1 w/w) at pH 3 and 37°C for 24 hours and samples were then returned to pH 7. Chromatography
on Superdex 200° of Dox—GMI: 1/20 (=), /5 (= - -), and 1/] (e @ e & e ). The respective molecular weight of each peak was inserted.

Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; HSA, human serum albumin; Ptx, paclitaxel.

Interestingly, it was noticed that the elution peak corre-
sponding to the monomers of GM1 disappeared completely
after incorporating Ptx, Dox, or both drugs simultaneously,
suggesting that the presence of either drug produces a
displacement of the equilibrium toward the micellar state
indicating that mixed micelles are thermodynamically more
stable than pure GM1 micelles.

At this point, knowing the high loading capacity and the
homogeneity of the Dox—-GM1 1/5 molar ratio micellar popu-
lation, we selected this proportion to continue our studies.

In agreement with the results obtained by chromato-
graphic analysis of these mixed micelles, their average size
as measured by DLS was not modified by the incorporation
of Dox into GM1 or Ptx—GM1 micelles at 1/51 molar ratio
(Table 1).

Physical stability of Dox-GM|

and Dox—Ptx—GM| micelles

As shown in Table 2, the amounts of Dox and Ptx that
remained soluble after centrifugation of Dox—GM1 and
Dox—Ptx—GM1 micelles at high speeds, was above 90% in
all cases.

Furthermore, both micelles remained stable in solution for
at least 2 months at 4°C and 25°C and neither Dox nor Ptx
was released from the micelles after freeze—thawing cycles
or lyophilization procedures (data not shown).

We also evaluated the stability of micelles loaded with
Dox and Dox-Ptx dialyzed for 72 hours. It was observed
that the entire initial drug loaded remained soluble within
the dialysis bag. This result agrees with those observed when
passing the mixed micelles through a size exclusion column
indicating that the incorporation of either Dox or Ptx shifts
the equilibrium toward the micellar form and that the mixed

Table | Average size of micellar complexes by dynamic light

scattering

Micelles Mean particle size (nm)
GMI 12.9+1.0

Ptx-GM| 12.5+0.3

Dox-GMI 12.5+0.6

Dox—Ptx-GM| 12.6+0.5

Dox-GMI-HSA 19.1£1.0
Dox—Ptx—GMI-HSA 17.0+0.9

Note: Data are presented as mean * standard deviation of the mean (n=5).
Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; HSA, human
serum albumin; Ptx, paclitaxel.
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Table 2 Resistance to high centrifugation forces

Centrifugation Dox-GMI Dox-Ptx-GMI

micelles micelles

Soluble Soluble Soluble

Dox (%) Dox (%) Ptx (%)
25,000x g 98 98 98
50,000x g 94 95 94
100,000% g 90 91 93

Notes: Dox and Ptx were determined by absorbance at 490 nm and by high-
performance liquid chromatography, respectively, on the supernatant, next to
the centrifugation of mixed micelles at 25,000, 50,000, and 100,000x g for | hour
at 20°C.

Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; Ptx, paclitaxel.

drug—-GM1 complex structure formed is thermodynamically
and kinetically stable in solution (data not shown).

Chemical stability of Dox in Dox—GM |

and Dox—Ptx—GM| micelles

The incubation of Dox—GM1 and Dox—Ptx—GM1 micelles
under pH conditions where the drugs are unstable (pH 10)
resulted in about 17% and 25% of Dox hydrolyzed, respec-
tively. This result should be compared with the percentage
of free drug hydrolyzed that exceeds 90% after 6 hours
(Figure 4).

These results differ from what happens with Ptx, in which
case no hydrolysis of the drug was observed when incorpo-
rated into GM1 micelles.!® This different susceptibility to
alkaline hydrolysis suggests that Dox could be located in a
more external domain of the micelle, thus rendering the drug
more exposed to the external aqueous environment.

Interaction of Dox—GM| and Dox—Ptx—
GMI micelles with HSA

In previous reports we demonstrated that Ptx-GM 1 micelles
spontaneously associate with HSA.' Further studies revealed
that the amount of albumin that ends up being associated

100 ¥
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L
| o o
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40

Dox (%)

20

[ ]

0 : r .
0 5 10 15 20 25
Time (hours)

Figure 4 Effects of pH 10 on Dox stability. Control Dox (-a-), Dox-GM| /5 (--),
and Dox—Ptx-GM| (-=-).

Note: Error bars indicate the standard deviation of the mean (n=3).
Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; Ptx, paclitaxel.

with micelles reached saturation at 1/1 HSA—-GM1 w/w ratio
and also that at 55°C and at pH 3, where HSA is reversibly
denatured and exposes part of its hydrophobic residues, the
interaction is favored.?**! Considering these results together
and the fact that Dox might end up located in more external
domains of GM1 micelles, we wondered whether the incor-
poration of Dox into GM1 or Ptx—~GM1 micelles could have
any effect on their ability to interact with HSA.

Although Dox—GM1 complexes also show the ability
to spontaneously interact with HSA, the amount of protein
that binds to the micelle in this case depends largely on the
amount of incorporated drug. At 1/20 Dox—GM1 molar
ratio, the amount of albumin that binds to the micelles
reaches a 1/1 (w/w) HSA—GM1 saturation level. However,
as the amount of Dox loaded in the micelle increases to 1/5
and 1/2.5 Dox—GM1 molar ratios, the percentage of bound
albumin falls to 70% and 40%, respectively (Figure 3C).
Similar results were observed for Dox—Ptx—GM1 micelles,
as the amount of Dox increases, the quantity of albumin that
binds to the micelle decreased (Figure 3D). In this case, the
effect is even more pronounced and the amount of albumin
that binds to these micelles is much lower than that which
binds to the micelles loaded only with Dox falling to 40%
for 1/20 and 1/5 Dox—GM1 molar ratios and to 20% for 1/1
molar ratio.

Effect of albumin on the size of Dox—GMI

or Dox—Ptx—GM| complexes

Another significant change observed in drug—-GM1 mixed
micelles after HSA binding was that the interaction induced
a significant increase in the size of the structures, reaching
an average size of 19.121.0 and 17.0£0.9 nm for Dox—-GM1—
HSA and Dox—Ptx—GM1-HSA complexes, respectively
(Table 1). This result was expected because HSA is a mol-
ecule that has a considerable size and therefore its associa-
tion with the micelle produces an increase in the size of the
micellar structure. In both cases, the binding of albumin to
Dox—GM1 or Dox—Ptx—GM1 micelles seems to be driven
by hydrophobic interactions, because it was not prevented or
removed in the presence of 0.5 M NaCl (data not shown).

Characterization of the in vitro biological
effect of Dox—GMI and Dox-GMI-HSA
micelles

Hep?2 cells were used to assess the biological effect of Dox—
GM1 and Dox—GM1-HSA micelles compared to the effect
of the free drug in 150 mM NaCl as a control. The results
of Figure 5, performed at 37°C for 24 hours, show similar
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Figure 5 In vitro cytotoxic effects of Dox on Hep2 tumoral cells at 37°C and
24 hours of incubation. GM| (&), Dox (-a-), Dox-GM| /5 (+)m and Dox-GMI—
HSA (-).

Note: Error bars indicate the standard deviation of the mean (n=3).
Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; HSA, human
serum albumin.

IC,, values of Dox whether the drug is as free drug in saline,
in Dox—GM1, or in Dox—GM1-HSA micelles. It should be
noted that studies conducted at shorter incubation periods (15,
30, 45, 60, and 240 minutes) gave similar results, without
significant differences observed between the free drug and
the micellar formulations. In addition, in studies performed
at 4°C versus 37°C and after 60 minutes of cell incubation
with 10 pug mL™! of Dox or Dox—GM 1, the cytotoxic effect
of Dox was only observed in those cultures incubated at

Dox

Dox-GM1:

37°C, whereas no effect was observed in those incubated at
4°C (data not shown), suggesting the involvement of active
transport mechanisms in the uptake of both free drug and
Dox-—GM1 micelles.

Characterization of the cellular uptake
of Dox and Ptx loaded into Dox—GM |
and Dox—Ptx—GM| micelles

with and without HSA

The natural fluorescence of Dox was used to evaluate the
kinetics of the cellular uptake of Dox from GM1 micelles
compared with the uptake of the free form of the drug. We
also assessed whether the interaction of Dox—GM1 micelle
with HSA affects the cellular uptake of Dox. The kinetic
profile of naturally fluorescent Dox delivery from Dox—GM1
and Dox—GM1-HSA micelles to Hep2 cell line is shown in
Figure 6. The images show that there are subtle differences
in the cellular uptake of Dox from the different formulations,
being slightly higher when the drug is free or associated
to GMI1 micelles without bound albumin. Regarding Dox
location inside the cells, it is observed that in the case of the
free drug and that loaded in GM1 micelles, the drug takes a
little longer to reach its site of action, the cell nucleus, than
in the case of the formulation containing HSA.

1/5 Dox—GM1-HSA

15 min

30 min

60 min

Figure 6 Cellular uptake of Dox from a control solution and from Dox—GM| (1/5 molar ratio) and Dox-GMI-HSA mixed micelles at 15, 30, and 60 min.

Note: Red color corresponds to fluorescent Dox.

Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; HSA, human serum albumin; min, minutes.
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Ptx

Dox

Dox-Ptx-GM1

Dox—Ptx-GM1-HSA

15 min

30 min

60 min

Figure 7 Cellular uptake of Dox and Ptx from control solutions and from Dox—Ptx—-GM| and Dox—Ptx—GM|-HSA mixed micelles at 15, 30, and 60 min.
Notes: The scale bars indicate 20 um. Red color corresponds to fluorescent Dox and green color to fluorescent Ptx (7-O-[N-(4’-fluoresceincarbonyl)-l-alanyl]taxol, Flutax),

while orange color refers to the overlapping of red Dox and green Ptx.

Abbreviations: Dox, doxorubicin; GMI, monosialoglycosphingolipid; HSA, human serum albumin; Ptx, paclitaxel; min, minutes.

We also used a fluorescently labeled derivative of Ptx to
assess its cellular uptake. As shown in Figure 7, the kinetic
profile of Dox and Ptx delivery from Dox—Ptx—-GM1 and
Dox—Ptx—GM1-HSA micelles was similar to that from
control solutions.

Discussion

As previously mentioned, the use of Dox is limited by its
serious side effects. Liposomal formulations of Dox have
shown a strong reduction of the toxicity and an increase in
blood circulation time. However, these formulations also
generate a high cardiotoxic effect which strongly limits
their use.**>* More recently, Dox was loaded into synthetic
multicomponent structures such as pH-sensitive micelles or
amphiphilic block copolymers that self-assemble into nano-
scopic micelles and accommodate Dox in the hydrophobic
core,™* or under enzymatically activated pro-drug of Dox
covalently bound to copolymers micelles.*?

In this work, we evaluated the interactions between GM 1
nano-micelles and Dox and characterize the behavior and
physicochemical properties of the structures resulting from
this interaction. Our results show that GM1 micelles load
spontaneously higher amount of Dox (10 mg mL™") per unit

volume than, for example, classical liposomal formulations
of Dox (2 mg mL™).** This loading capacity of GMI is
not altered by changes in pH or in the ionic strength of the
medium, implying that the hydrophobic effect is the main
driving force involved in the interaction. Moreover, the
ability of GM1 micelles to load Dox was not affected by
temperature, which may be related to the fact that, as the
Dox is a hydrophilic drug, the temperature rise in the aqueous
medium does not produce a change in the repulsion between
molecules, as seen in the case of Ptx.!?

We demonstrated that this Dox—-GM1 complex is stable
at different physical treatments such as freeze—thawing,
high-speed centrifugation, and lyophilization—resuspension.
Moreover, as in the case of Ptx,'* drug loading produces a
shift in the monomer—micelle equilibrium to the aggregated
form preventing disassembly of micelles due to dilution,
providing greater stability.

DLS analysis of Dox—-GM1 complexes in a molar ratio of
1/5 showed that these have an average size of about 12 nm,
which is similar to that of polymeric micelles,*® but very
different from the size of commercial liposomes, which
have an average size around 100 nm. This confers a benefit
over the latter, allowing micelles to evade elimination by

International Journal of Nanomedicine 2015:10

submit your manuscript

3385

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Leonhard et al

Dove

the reticuloendothelial system, a common problem with
liposomes. In this respect, many reports describe that the
addition of a minimum amount of GM1 in the lipid mixture
is sufficient to cause an increase in the average life of the lipo-
some and also a differential tissue distribution,** which could
represent a potential advantage in the use of GM1 micelles.

In addition, the chromatographic profile of Dox-GM1 of
different molar ratios shows that the size of micelles changes
with increasing proportions of Dox in the structure. This
result suggests differences in the stability of Dox—GM1 com-
plexes at different molar ratios. Initially, the micelle enlarges
with Dox loading; however, when a critical point is reached,
the additional quantities of drug destabilize the structure,
showing a blasting of structures of different molecular size.
This phenomenon is observed with Dox but not with Ptx,!
suggesting that these modifications arise from changes in the
areas occupied by Dox in the micelle. This is probably due to
the fact that Dox is located in areas of the micelle described
as critical for the stability of the aggregated structure formed
by gangliosides.*

Moreover, many reports'®4® describe that albumin
increases the antitumor capacity through its binding to
gp160, promoting endothelial transcytosis of the formula-
tions. In this work we confirm that Dox—GM1 micelles
retain the ability to spontaneously interact with albumin
forming a ternary complex of Dox—-GM1-HSA with a size
of around 19 nm. However, in this case there is a competi-
tive relationship between the amount of Dox incorporated
into the micelle and the amount of albumin that binds, which
suggests that Dox and albumin partially share common sites
in the micelle.

On the other hand, considering published results regard-
ing the ability of GM1 micelles to load Ptx added to those
described here in relation to Dox—GMI1 interaction, we
confirm that GM1 micelle can load hydrophobic (Ptx) and
hydrophilic (Dox) drugs together into the same micellar
unit with a differential localization of Ptx and Dox in view
of each polarity. The fact that supports the presence of this
gradient of polarity is the existence of a specific loading
sequence, first Ptx in the most inner part, and then Dox in a
more superficial area of the structure. The initial loading of
Dox determines a barrier precluding the subsequent entry of
Ptx to the innermost of the micelle.

The in vitro studies to evaluate the cytotoxic effect of Dox
showed that Dox—GM1 and Dox—GM1-HSA micelles have
IC,, values similar to those of the free drug and, in turn, these
IC,, values are similar to those obtained with other delivery
systems of Dox.¥748

Finally, the cellular uptake of Ptx and Dox from the
micellar complexes was similar to that of the free form of
these drugs, only slightly affected when the micelles are
associated to albumin, proving that the superficial presence
of the protein does not impair the interaction of the micelles
with the cells and the subsequent drug release.

Conclusion
The present study described a self-assembled GM1 micel-
lar system able to load and release hydrophobic and
hydrophilic drugs like Ptx, Dox, or both that, in addition,
interact spontaneously with HSA. These results suggest
that GM1 micelles could be used as a system that would
allow multiple drug combinations with actives of very
different physical and chemical characteristics in a single
formulation.

In addition, GM1 micelles have several advantages as
a drug delivery system such as homogeneous composition,
self-assembly with very low critical micellar concentra-
tion (10%-10"'° M), small size, spontaneous loading of
hydrophobic and hydrophilic drugs as well as interaction
with albumin.
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