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A weak amphiphilic base, pyridinylmethyl linoleate, is
blended to monolinolein, yielding mesophases with a pH-
induced hexagonal-to-cubic transition at pH<5.5. We show
the potential therapeutic role of this mesophase in treating
cancerous tissues exploiting their more acidic pH compared
healthy tissues. In-vitro release studies with doxorubicin on
HT29 human colon cancer cells show 10-fold faster release
and 3-fold increased efficiency in killing cancer cells at pH
5.5 versus pH 7.4, demonstrating the potential of this
strategy in cancer treatment.

There has been a flurry of activity towards the development of
novel, responsive drug delivery systems for cancer therapy in order
to maximize efficacy, whilst reducing toxicity typical of the
conventional chemotherapy.! As such, targeted and stimuli
responsive nanomaterials have emerged as programmable delivery
systems for anticancer drugs, in order to free them from their
cytotoxic limitations. Targeted materials consist mostly of nano-
carriers with ligands bound onto their surface, which are able to
induce transport into cancerous cells due to their affinity to specific
markers in tumor tissues.> On the other hand, stimuli responsive
materials can be classified as “externally-activated” or “passive self-
triggered” targeting systems.® The first class of materials consists of
responsive materials activated by external factors such as ultrasound,
light, magnetic field or temperature.**° The second class exploits the
atypical conditions of disease states like cancer, where factors such
as the Enhanced Permeability and Retention effect (EPR)“
increased temperature*®*3 and acidic local extracellular pH**" in the
tumor environment, can be exploited to trigger the release of drugs.
Among all these factors, the average lower pH of tumor tissues
compared with normal tissues, represents an ideal target for the
selective release of anticancer drugs. The pH difference is described
by the Warburg phenomenon,*® which attributes the pH difference to
the insufficient vasculature to remove the acidic byproducts of
increased anaerobic cellular activity of the rapidly proliferating
tumor cells, resulting in the development of an acidic micro-
environment. As a result, tumors have a lower extracellular pH than
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contiguous tissues. Although there is no consensus on the exact pH
drop, the extracellular matrix around cancer cells is reported to be in
the pH range of 5.5-6.5.2* Until now, the development of pH-
responsive materials has largely focused upon polymers and
liposomes.>” These materials have shown promise in improving the
pharmaceutical efficacy of clinically approved anti-cancer drugs,
however, this has been translated into few clinically approved
therapies since the first FDA-approved nano-drug, Doxil, in 1995.1°
Therefore, research and development of new drug delivery materials
is crucial for the improvement of effective therapies.

Lyotropic liquid crystals (LLC) have attracted great attention in

the field of drug delivery, in particular the bicontinuous cubic and
reverse hexagonal mesophases.’ These systems consist of lipidic
amphiphilic molecules which self-assemble in aqueous environments
to form complex three dimensional structures and which are able to
control the release of drugs of varying properties and sizes.??" Their
geometry, symmetry and dimension of resulting water nanochannels,
primarily determine the rate of drug release,?%® and can be modified
by the control of lipid self-assembly. This can be achieved through
the manipulation of lipid composition, temperature and ionic
strength amongst other factors. LLCs also lend themselves to drug
delivery as they can be dispersed into colloidal particles which
significantly reduces the viscosity of the matrix whilst maintaining
the internal nanostructure of the bulk system; colloidal dispersions of
the inverse bicontinuous cubic phases of double diamond Pn3m or
primitive Im3m symmetries, or hexagonal H,, named cubosomes or
hexosomes respectively,??® are at thermodynamic equilibrium with
the surrounding buffer, offering appealing delivery systems.
In this work, we introduce a new model pH-responsive LLC which
shows a conceptual promise as a drug delivery system for cancer
treatment. The responsiveness was achieved by the addition of a
newly in-house synthetized weak base, pyridin-4-ylmethyl linoleate
(PML), to the neutral lipid monolinolein (MLO) (see Fig. 1).
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Fig. 1 Molecular structures a) monolinolein (MLO), b) pyridin-4-yImethyl
linoleate (PML) and c) doxorubicin (DOX).

\
b c 1

J. Name., 2012, 00, 1-3 | 1



ChemComm

The amphiphilic PML was synthetized expressly to anchor into
the mesophase bilayer, offering the possibility of manipulating the
structure upon protonation of its head group in response to a change
in pH.2® The phase behavior of PML in MLO is the reverse of our
previously reported work on pH responsive LLC, where the
responsiveness was achieved through the addition of linoleic acid, a
weak acid, to monolinolein.?® The protonation of the weak acid
resulted in the neutralization of the charge of the carboxylic acid,
inducing a reduction in hydrophilicity of the linoleic acid at acidic
pH and thus decreasing the head group size. The opposite occurs
with the weak base employed in this study whereby the protonation
of PML results in the expansion of the effective head group size due
to the attained positive charge at acidic pH, leading to expected
order-order transitions upon protonation of PML.

To efficiently design the system, different concentrations of
PML in MLO were investigated at different pH (from 4 to 7.4) and
the pH dependent phase behavior determined by means of small
angle X-ray scattering (SAXS) measurements. The system clearly
undergoes phase changes in response to changes in pH (data not
shown). This is indeed attributed to the pH behavior of the PML,
which is neutral at pH 7 and positively charged at acidic pH (< 5.5).
The change in charge upon a change in pH imposes an increase in
the critical packing parameter (CPP) of the molecule in the lyotropic
liquid crystal matrix, and consequently a change in nanostructure.
Thus, the concentration of PML can be exquisitely tuned to switch
from bicontinuous cubic phase (Pn3m) at acidic pH and a reversed
hexagonal columnar phase (H,) at neutral pH. By exploiting the
different intrinsic transport rates of Pn3m and H,,2?° preliminary
diffusion studies at two different pHs simulating cancer and
physiological conditions (i.e. 4.5 and 7.4) were conducted by
employing glucose as a model drug (see SI). The results showed that
the drug diffuses significantly faster in the Pn3m phase at acidic
conditions, confirming the opportunity to employ this scheme as
controlled drug delivery system for cancer therapy. Towards the
creation of an ideal pH-responsive drug delivery material for tumor
treatments, the optimization of mesophase behavior was investigated
in the cell culture media (DMEM) at different pHs (i.e. 5.5, 6.5 and
7.4) and the final designed composition, namely 3.2% (w/w) PML in
MLO (PML-MLO), was selected to mimic the lowest pH (pH 5.5)
cancer conditions (see Fig. 2).
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Fig. 2 Phase behaviour of MLO doped by 3.2% (w/w) PML in DMEM
(PML-MLO system): pH 5.5 (yellow), 6.5 (orange) and 7.4 (red) at 37°C.
The schematic on the left indicates the phase formed with a change in pH,
namely Pn3m at pH 5.5 and H, at pH 7.4.
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SAXS curves reveal the presence of a reverse hexagonal phase
H, (with reflections spaced at V1, V3 and V4) at pH 7.4 and a
bicontinuous cubic phase of Pn3m space group (with reflections
spaced at V2, V3, V4, V6, V8 and V9) at pH 5.5. This leads to an ideal
order-to-order transition between pH 5.5 and 7.4, although the
system can be readily fine-tuned for slightly different pH conditions.

As the system showed the ability to undergo the desired
structural changes within a narrow pH range, it was further
investigated for controlled release of the anti-cancer drug,
doxorubicin (DOX) (see Fig. 1). Release studies were conducted
using DOX at two different pHs: 7.4 to simulate physiological
conditions, and 5.5 to model the conditions within a tumor.
Consistently with expectation based on structural analysis, the
release of DOX is faster at pH 5.5 when 80% of the payload is
released after 24 h. In contrast, H, at pH 7.4 releases only 20% of the
initial drug concentration after 24 h (see Fig. 3).
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Fig. 3 Controlled release of DOX from PML-MLO mesophases. Doxorubicin

released from the bicontinuous cubic phase at pH 5.5 (black) and reverse

hexagonal phase at pH 7.5 (red) plotted against time (left) and square root of

time (right).
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This change in release kinetics is reflected by the diffusion
coefficients of the mesophase at the two different pHs: using the
Higuchi equation,* these were calculated to be Dpy7,= 1.28 x 10
cm’ s and Dyuss= 5.78 x 10 cm? s, respectively. The release of
the anticancer drug from the Pn3m symmetry at acidic pH is more
than one order of magnitude faster than that of the H, at
physiological conditions. From these results, it can be observed that
the release of doxorubicin is accelerated in simulated tumor
environment, whilst only minimal release occurs at normal
physiological conditions, which has the potential to minimize
cytotoxicity in healthy cells. Although some pH-controlled release
between guest drugs and amphiphilic molecules doping the host
cubic mesophases can be achieved by exploiting electrostatic
interactions,® as proposed in a recent work for DOX released from
Pn3m mesophases,® it is only through a symmetry switch of the
mesophase upon pH changes that a many-fold increase in transport
and release properties can be achieved.?

In order to determine how this efficient control in release of
DOX may translate into cancer therapy, the study was then extended
to in vitro cell culture studies using HT29 human colon cancer cells.
Cell survival was quantified in in-vitro drug release studies
conducted at pH 7.4 and 5.5 from a bulk matrix using DOX and cell
viability assessed utilizing a lactate dehydrogenase (LDH) assay. As
bulk mesophases (and not dispersions) were used in excess buffer
conditions, this strategy may be particularly suitable for
subcutaneous drug release. The HT29 cells appear to be impervious
to both the drop in pH for 24 h as well as the presence of the lipid
formulations (see Fig. 4A).
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Fig. 4 Panel A: Survival of cells exposed to low pH and/or mesophase
without DOX as a percentage of HT29 growth at normal conditions (pH 7.4
in the absence of mesophase). Cell proliferation was >97% of growth at
normal conditions. Panel B: Survival of cells exposed to DOX-loaded
mesophases as a percentage of HT29 growth in the presence of the
mesophase at the same pH.

Importantly, the survival of the cells in the presence of the
mesophases shows their cytocompatibility. HT29 survival has been
attributed to their ability to secrete mucus, which affords them some
protection from the change in cellular growth conditions. Previously
reported studies have shown that exposure of HT29 cells to pH down
to pH 5 results in the arrest of cellular proliferation; however they
remain viable to exposures up to 24 h at low pH.3*%

In agreement with the LDH assay, cells remain viable in the
presence of the lipid formulation, but do not in the presence of DOX
when the pure MLO system is employed. Furthermore, and more
importantly, when the PML-MLO pH-responsive system is used,
more cells survive at pH 7.4 when the mesophase is H, than at pH
5.5 when the mesophase has the Pn3m symmetry, due to the pH-
induced symmetry switch. Remarkably, a factor 3 is found between
the survival rate of the cells at pH 7.4 and pH 5.5, respectively
(highlighted by the red square in Fig. 4). Confocal measurements on
cells viability at these two pH in presence of DOX further confirm
these findings (see ESI, Fig. S5).

In summary this study demonstrates, that lipid-based lyotropic
liquid crystalline systems (LLCs) can be engineered to change their
symmetry in response to a change in pH of the extracellular media
from 7.4 to 5.5, enabling a pH-controlled release behavior of
anticancer drugs. The developed system consists of a blend of
monolinolein and pyridinylmethyl linoleate (PML), an amphiphile
containing a weakly basic head group able to protonate in response
to a change in pH in proximity to its pKa (= 5.5). The addition of
PML to monolinolein results in LLC mesophases capable of
switching the reverse hexagonal phase symmetry (H,) at
physiological pH, characterized by slow transport properties, to a
bicontinuous cubic phase (Pn3m) at acidic pH (5.5). From a
conceptual standpoint these ex-novo designed pH responsive
mesophases can serve as tumor targeting delivery systems, by
exploiting the most acidic conditions encountered in tumor tissues,
and leading to boosted released of model drugs upon pH decrease.
This was exemplified on in-vitro designed experiments. In vitro
release studies on cancer cell cultures carried out using the
anticancer drug doxorubicin, resulted in a 3-fold increase in the
efficiency by which cancer cells are killed at pH 5.5 versus 7.4, as a
result of the increased release rate at cancerous conditions, indicating
a strong potential of this new route in modern cancer
chemotherapies.
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