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Abstract

Biotherapeutic development presents a myriad of challenges in relation to delivery, in
particular for protein therapeutics. Protein delivery is complicated due to
hydrophilicity, size, rate of degradation in vivo, low permeation through biological
barriers, pH and temperature sensitivity, as well as the need to conserve its
guaternary structure to retain function. To preserve therapeutic levels in vivo,
proteins require frequent administration due to their short half-lives. Formulation

strategies combining proteins with lipid carriers for parenteral administration show



potential for improving bioavailability, while preserving protein activity and bypassing
the mucosal barriers of the body. Encapsulating protein in long acting injectable
delivery systems can improve therapeutic indices by prolonging and controlling
protein release and reducing the need for repeat interventions. Two lyotropic crystal
forming lipids, monoolein and phytantriol, have been formulated to produce lipidic
cubic phases and assessed for their use as long acting protein eluting injectables.
Three soluble proteins, cytochrome c, glyceraldehyde-3-phosphate dehydrogenase
and aldehyde dehydrogenase and one membrane protein, cytochrome c oxidase,
were incorporated into bulk cubic phase formulations of each lipid system to
comparatively assess protein release kinetics. The activity of the soluble proteins
was measured upon release from a phytantriol bulk cubic phase and phytantriol

cubosomes, produced using a liquid precursor method.

Key words: lipid cubic phase; cubosomes; long acting injectables; proteins; drug

delivery

1. Introduction
The expansion in biotherapeutics and biopharmaceuticals, such as protein therapies,
has driven the development of delivery systems to support prolonged and controlled
release of proteins in vivo. [1],[2],[3] Unlike small molecule drugs that are generally
delivered orally, biotherapeutics have low bioavailability after oral administration and
can be degraded in the alimentary canal.[4] For these reasons, biotherapeutics are
primarily delivered parenterally. However, they tend to be unstable, thus requiring
formulation strategies to prevent aggregation and prolong their half-life in vivo. The
benefits of using long acting injectable formulations to encapsulate and deliver
proteins can include improving protein stability, solubility and bioavailability through
site specific delivery. Delivery systems frequently include formulation steps that
require high temperature, large mechanical stresses or the use of solvents that are
too harsh for proteins.[5] Therefore, there is an increasing need to design delivery

systems that are more compatible with complex protein structures.

The simple organisational unit of biological membranes are lipids. Thus, inspired by
their prevalence in the body, as well as their biodegradable, bioadhesive and

biocompatible nature, lipids are ideal for protein delivery applications.[6] Lipids are



amphiphilic molecules that consist of a hydrophilic head group and an elongated,
hydrophobic, hydrocarbon chain, that spontaneously self-assembles upon the
introduction of solvents, as a result of intermolecular forces.[7] For certain lipids, this
assembly allows for the protection of the non-polar chain, through the formation of a
thermodynamically stable liquid crystalline phase, displaying long range order in
three dimensions.[8] These systems of amphiphilic molecules in water are called
lyotropic liquid crystal systems and can be categorised into mesophases based on
the internal structures formed.[9] The three most common mesophases are the
lamellar[8], hexagonal[10, 11] and cubic phases[12] which are produced by varying
the lipid-to-water ratios during formulation. Since it was initially suggested that the
structure of the lipid cubic phase (LCP) was similar to that of naturally occurring
membranes, the LCP has been used for the crystallization of membrane proteins
due to the stabilizing effect of the phase on incorporated proteins.[13],[14] This has
led to significant structural analysis on proteins within the cubic phase in order to
understand protein location and improve crystallisation.

The LCP displays the most complex spatial organization of all known lyotropic liquid
crystals and owing to its stabilizing effect on proteins, it is an attractive system for
protein delivery.[9] The formation of the LCP and the size of the aqueous
nanochannels are dependent on the lipid used, water content and temperature of the
phase, which in turn govern the surface-to-volume ratio. These physicochemical
properties of the LCP control the loading of biomolecules within the phase as well as
their subsequent release.[15]

The bulk LCP is a viscous gel when formed and has an intricate internal structure
consisting of a curved bicontinuous lipid bilayer that separates two networks of
aqueous nano-channels that allows controlled release of molecules of varying
physiochemical characteristics.[6],[16] The release mechanism from cubic phase
gels are generally consistent in the literature, with most hydrophilic molecules
incorporated following diffusion controlled release, at a rate consistent with Higuchis
square root of time release kinetics and hydrophobic molecules requiring
degradation of the phase for release following Korsmeyers-Peppas first-order
kinetics.[17],[18] The diffusion constant, solubility and the partition coefficient of
incorporated molecules all influence the rate of release from the phase while the
geometry, porosity and degradation rate of the phase also play influential



roles.[19],[20] Several strategies have been employed in order to achieve controlled
release of drugs and proteins from the LCP including the addition of cationic
surfactants,[21] anionic phospholipids,[22] lipase inhibitors to prevent enzyme
degradation of the phase[19] and selective alkylation of varying chain lengths to
drugs in order to increase association with the lipid bilayer.[23] The LCP can
encapsulate hydrophilic proteins, that will reside close to the emulsifier polar head or
within the aqueous nanochannels, as well as lipophilic proteins, that will inhabit the
lipid bilayer.[23] The most commonly explored lipids to formulate the LCP for protein
encapsulation are monoolein (MO)[5],[24],[17],[25],[26] and phytantriol
(PHYT)[12],[26],[27],[28]. The range of proteins of varying sizes that have previously
been encapsulated in the LCP are summarised in Table 1. These proteins have
been encapsulated in an LCP in order to either assess the impact that protein
incorporation has on the phase, or to evaluate protein release profiles from the
phase for long acting formulation strategies. No further analysis has been carried out

to determine activity of said proteins after release from the LCP.

Table 1: List of proteins encapsulated in bulk cubic phase formulations arranged in order of
increasing molecular weight (MW), including PDB accession numbers where available, lipid

used, release duration and mesophase formed.

Release
] MW o ) Release
Protein PDB Lipid duration ] Mesophase Reference
(kDa) media
(days)

Cytochromec | 1HRC 11.7 MO 22.5 PBS Im3m [24]
Lysozyme 1BWI 144 MO 211 PBS Im3m [24]
Lysozyme 1IBWI 144 MO * * Im3m [25]
Brain-derived
neurotrophic 1B8M 13.5 MO * * Pn3m, l[a3d [29]
factor
Myoglobin 1YMB 15.3 MO 16 PBS Im3m [24]
T. lanuginosus
] 29.6 PHYT * * Pn3m [28]
lipase
Ovalbumin 10VA 427 MO 21.8 PBS Im3m [24]
FITC-Ova 10VA 457 MO 16 PBS Pn3m, H, [26]
FITC-Ova 10VA 457 PHYT 16 PBS Pn3m [26]
Bovine

) 2QSP 645 MO 6 PBS Pn3m, la3d [17]
haemoglobin




Conalbumin 1AlV  75.8 MO 17.9 PBS Im3m [24]
Transferrin 3QYT 76.8 MO * PBS Pn3m [5]
Ceruloplasmin | 2J5W 122.3 MO * PBS Pn3m, l[a3d [30]
Glucose 1CF3,

] 160 MO * PBS Pn3m, la3d  [30]
Oxidase 1GAL
Apo-ferritin IMFR 496.1 MO 17.8 PBS Im3m [24]

Abbreviations: HIl — hexagonal phase, Im3m, Pn3m, la3d — cubic phase space group. “*” — indicates

the study did not include release data but encapsulated proteins for analysis of phase formation.

Within the cubic phase, a range of cubic space groups can be formed, either, body-
centred, la3d and Im3m, or primitive lattice, Pn3m.[31] All three cubic space groups
have been formulated to encapsulate proteins, Table 1. The smallest and largest
proteins encapsulated in the cubic phase, cytochrome c, an 11.7 kDa protein of
approximately 3.3 nm in diameter and apo-ferritin, a 496.1 kDa protein of
approximately 12.6 nm in diameter, are both soluble and therefore should release
from the LCP by diffusion. Results reported release of these proteins from the MO
cubic phase for extended periods of ~ 23 and ~17 days respectively in vitro.
However, the percentage release recorded for cytochrome ¢ was between 70-80 %
whereas for apoferritin release was less than 12%. The difference in the amount of
protein released was attributed the ease of diffusion from the phase for smaller
proteins through the aqueous nanochannels while larger proteins are trapped in the
phase.[24] However, from the release profiles demonstrated by other proteins in
Table 1 it is clear that release is not governed by size alone. Several of the other
proteins have release profiles ranging between 6 and 21 days in release duration,
with varying percentage releases. For example, bovine haemoglobin and conalbumin,
with similar sizes of 64.5 kDa and 74.8 kDa had drastically different release profiles.
Bovine haemoglobin was release at two temperatures 25 °C and 37 °C with
cumulative release of 52% and 41% respectively in one day. Conversely,
conalbumin was released over a 3 week period and only 12 % cumulative release
was observed. To compare protein release between lipid systems from MO and
PHYT cubic phases, a 45.7 kDa protein, fluorescently labelled ovalbumin (FITC-Ova)
was encapsulated.[26] Release of FITC-Ova from both systems was prolonged
however PHYT matrices, which remained in the cubic phase, exhibited a higher
release (~30%) over shorter timeframes than the MO matrices (~10%), which

underwent a phase transition from the cubic (Pn3m) to the hexagonal (H) phase.[26]



It appeared that the hexagonal phase slowed down the release from the MO matrix.
These comparisons demonstrate that the physiochemical characteristics of both the
matrix including phase and composition as well as the protein characteristics all have
an impact on release rates. Overall, the percentage release observed for larger
proteins has been accredited to the flexibility of the liquid crystal system facilitating
molecular breathing or peristalsis creating transient sections of water channels large
enough for larger proteins to pass through.[24] Angelova and co-workers have also
noted the successful incorporation of large proteins in the relatively smaller channels
of lipid cubic systems, attributing their incorporation to the presence of spacious
nano-pockets within the cubic structures, [5, 15, 48] The prolonged protein release
durations observed highlight the suitability of the LCP for controlled protein release
considering the drastic size difference between these proteins and the ~ 5 nm
diameter of the hydrated aqueous channels in the MO cubic phase.[15]

One disadvantage of using the LCP for injectable formulations is its characteristically
high viscosity. Therefore, reducing viscosity to allow for ease of injection would be
beneficial. One method of preserving the properties of the cubic phase while
reducing viscosity is the dispersion of the phase into nanostructures called
cubosomes.[31] Reduced viscosity would facilitate injection making cubosomes an
appropriate carrier for local delivery of therapeutics. Cubosomes also have added
benefits as delivery systems for applications such as solid tumour delivery, due to
their nanoparticulate nature that facilitates the enhanced permeability and retention
(EPR) effect which causes nanoparticles to accumulate within solid tumours.[33],[34]
Cubosomes are also mucoadhesive which has driven research into their use for
nasal[35] and ocular[36] therapeutic delivery to enhance therapeutic uptake across
mucosal barriers. The mechanism of intracellular uptake of cubosomes and their
interactions with cells is not entirely understood but is hypothesised to involve
adsorption of cubosomes to cells, lipid exchange between the cubosome and the cell
membrane and endocytosis by either receptor-mediated endocytosis or a non-
specific uptake process called micropinocytosis.[37, 38] Several studies have
demonstrated that the use of cubosomes can increase the concentration of the
encapsulated molecules intracellularly, particularly in epithelial cells [39] and in
delivery of active compounds to breast cancer cell lines.[40] Another recent study
compared MO and PHYT cubosomes for intracellular delivery in cancer cells and



found PHYT cubosomes were better suited to crossing the cell membrane and
delivering encapsulated molecules intracellularly in comparison to MO cubosomes
and concluded that PHYT cubosomes used at low concentrations are nontoxic and

efficient vehicles for therapeutic delivery to cancer cells.[41]

The most common method of cubosome preparation involves the mechanical
dispersion of the preformed viscous cubic phase.[42] However, the energy required
to disperse the cubic phase into submicron-sized cubosomes could impact the
structure of the incorporated proteins.[5, 43, 44] An alternative method involves the
use of a hydrotrope to dissolve the viscous liquid crystalline phase and induce a
nucleation process upon subsequent dispersion in excess water with the optional
addition of stabilisers. This results in the formation of cubic phase nanoparticles and
the process is called the liquid precursor or solvent dilution method.[27],[45],[46]
These methods form cubosomes with size ranges from 10 to 500 nm with water
channel dimensions of 5-10 nm presenting a delivery system with similar
applications to the bulk cubic phase but with enhanced injectability due to their
reduced viscosity.

Stabilizers are required to prevent aggregation of cubosomes over time. However,
the choice of stabilizer can impact the cubosome structure. Commonly used
stabilizers include, Pluronic® F-127 [45], octyl glucoside, [48] and more recently
Tween [46]. For example, cubic phases formulated with Tween 80 have
demonstrated higher lattice parameters in comparison to cubosomes prepared with
Pluronic F127.[46] Although cubosomes show promise as protein delivery vehicles,
no FDA-approved cubosome formulations are on the market as of yet. However
studies have increasingly been conducted comparing efficacy of FDA-approved
drugs both alone and encapsulated in cubosome formulations, as demonstrated with
Fungizone and Adriamycin.[47] Therefore it may be a matter of finding an application
more suitable for cubosomes that would make them worthwhile compared to using a
marketed nano-formulation for delivery. Several proteins have previously been
encapsulated in cubosomes, Table 2.

Table 2: List of proteins encapsulated in cubosome formulations arranged in order of
increasing molecular weight. Table includes PDB accession numbers, S — stabilizer used, H —

hydrotrope used, lipid used, release duration in days, release media and mesophase formed (



Im3m, Pn3m, la3d — cubic phase space group). “~” - indicates a hydrotrope was not included

in the formulation. “*” — indicates the study did not include release data.

Release
] MW o ) Release
Protein PDB Lipid S H duration ) Phase Reference
(kDa) media
(days)
Pn3m
FITC-EFE - 30.2 MO F127 PG 1 PBS to [48]
Im3m
Pn3m,
FITC-Ova 10VA 457 MO F127 PG 10 PBS H [27]
1l
FITC-Ova 10VA 457 PHYT F127 PG 4 PBS Pn3m [27]
Fab frag - Pn3m,
1ACY 50.7 MO oG - * * [49]
IgG1 Im3m
. Pn3m,
Transferrin | 1JNF  76.8 MO oG - * * [49]
Im3m
Pn3m,
lgG 1IGT 1489 MO oG - 4 * [49]
Im3m
Catalase 1QQW 239.0 MO * TPEGio00 1 H,O Im3m  [50]
. Pn3m,
Fibrinogen | 1IDEQ 560.54 MO 0oG - * * [49]
Im3m

Abbreviations: FITC- Fluorescein isothiocyanate, Ova- Ovalbumin, EFE - earthworm fibrinolytic
enzyme, “frag” - fragment, IgG — immunoglobulin, MO — monoolein, PHYT — phytantriol, F127 -
Pluronic® F-127, PG- Propylene glycol, OG - Octyl glucoside.

Of the proteins encapsulated into cubosomes, Table 2, only two were evaluated in
terms of prolonged release, ovalbumin (FITC-Ova) and earthworm fibrinolytic
enzyme (FITC-EFE), both fluorescently labelled with fluorescein isothiocyanate
(FITC). The encapsulation of FITC-EFE using PHYT cubosomes was studied for
delivery to the inner ear in an animal model. The results exhibited 2.6-fold higher
concentrations of protein by analysis of cochlear fluid at each time point over a 24 hr
study when compared with the same protein in solution.[48] The incorporation of
FITC-Ova in both MO and PHYT cubosomes was achieved using the liquid
precursor method and results indicated high protein entrapment as well as sustained
release in vitro. However, in comparing both cubosome systems the authors
observed longer release profiles for MO were due to conversion from the Pn3m
cubic phase to the hexagonal (H;) phase due to hydrolysis of MO to oleic acid.[27]

Release of molecules from the hexagonal phase is much slower than the cubic



phase due to its’ closed water channels as opposed to the open water channels in
the cubic phase.[11] Due to the tendency for MO to phase transition, which could
potentially impact release profiles, the authors concluded that PHYT cubosomes

were more suitable for the preparation of cubosomes as therapeutic carriers.[27]

Prolonged release has been achieved for eight proteins from the bulk cubic phase
and three proteins from cubosomes in the literature. Subsequent studies are
required to further ascertain whether LCP formulations are appropriate for protein
encapsulation, activity preservation and controlled release in long acting injectable
formulations. In this work a selection of four model proteins were encapsulated into
MO and PHYT bulk lipid cubic phases in order to probe the effect of protein
physicochemical properties such as size, charge and solubility, on protein release
profiles from bulk LCP. Furthermore, three soluble model proteins were incorporated
into PHYT bulk and cubosome formulations to compare release profiles and protein
activity upon release from the cubic phase with phase determination by SAXS
analysis. Protein activity after release from both bulk and cubosome formulations
was assessed to determine the suitability of the LCP and cubosomes for use as

long-acting injectable protein delivery vehicles.

2. Materials and Methods
2.1 Materials
Commercial grade monoolein (1-(9Z-octadecenoyl)-rac-glycerol) (9.9 MAG) was
received and used without further purification from Jena Biosciences. Phytantriol
(3,7,11,15-tetramethyl-1,2,3-hexadecanetriol) was received and used without further
purification from TCI (Tokyo Chemical Industry). Tween 80, propylene glycol,
chloroform, cytochrome c from equine heart = 95% purity, phosphate buffered saline
(PBS) tablets, 2,2(-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) tablets, -
nicotinamide adenine dinucleotide (NAD"), hexanal 98% and GAPDH Activity assay
kit were received and used without further purification from Sigma-Aldrich. Hydrogen
peroxide (30% w/v) was received and used without further purification from
Mallinckrodt Chemicals. Water used throughout was purified using a Milli-Q Water
System (Millipore Corporation, Bedford, MA) consisting of a carbon filter cartridge,

two ion-exchange filter cartridges and an organic removal cartridge.



2.1Recombinant protein production
Cytochrome C oxidase (CYT C OX), and aldehyde dehydrogenase (ALDH) were
recombinantly produced as previously described.[59],[60]

2.2 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) recombinant

production

The commercially available construct DNA for human GAPDH in plasmid pEZY19
was transformed into Escherichia coli BL21 Star (DE3) competent cells. The auto-
induction ZYM-5052 medium, supplemented with ampicillin (100 pg/ml), was
inoculated with an overnight culture of the transformed cells at 1% (v/v), and grown
for 24 h at 37 °C with shaking at 200 rpm. Centrifugation, washing and cell lysis were
carried out as previously described, using 50 mM Tris-HCI, 500mM NaCl pH 8 at 5
mL/g of biomass.[60] The supernatant was filtered through a 0.45 ym Sartorius™
Minisart™ Plus Syringe filter. A FastFLow Chelating Sepharose resin was charged
with 200mM nickel (1) sulfate, and a stepped gradient imadazole dependant protein
elution was carried out.[62] Concentration was carried out using Amicon Ultra-15
centrifugal filters (Merck Millipore) before loading onto a HiLoad 16/60 Superdex
200 pg column using 50 mM Tris-HCI, 50mM NaCl pH 7.6 buffer. Fractions
containing protein were combined and concentrated. Protein purity was evaluated
using SDS—PAGE on 12 % polyacrylamide gels and immunoblotting with monoclonal
anti-polyhistidine-peroxidase antibody was used to confirm the presence of
hexahistidine-tagged protein. Proteomic analysis was carried out in the Proteomics
Facility, University of Aberdeen, Rowett Institute as previously described.[63]

2.3 Preparation of phytantriol and monoolein bulk cubic phase gels
Bulk cubic phase gels were prepared by heating 100mg of phytantriol or monoolein
at 40°C until molten in glass vials. The agueous content required to form the cubic
phase based on the phase diagram for monoolein[64] and phytantriol[65], 40 % w/w
and 30 % w/w respectively, was added directly into the molten lipid using a
micropipette and the mixture was vortexed to mix. The samples were sealed and left
to equilibrate in the dark at room temperature for at least 48 hours. Bulk cubic phase
gels loaded with protein were prepared using the same method with the addition of
protein included in the aqueous component. Protein encapsulation in phytantriol and

monoolein cubic phase gels was 0.5 % w/w.
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2.4 Preparation of phytantriol cubosomes
Cubosomes were prepared as previously described.[46] Briefly 100 mg phytantriol,
Tween 80 (15% w/w) and co-solvent propylene glycol (70 % w/w) were combined in
glass vials. Excess chloroform (=10 mL) was added to the vials and evaporated in a
vacuum oven at 45°C. 10 pL of water or aqueous protein solution (10 mg/mL), was
added to the vials and briefly vortexed to mix. The samples were sealed and left to
equilibrate in the dark overnight. The liquid precursor was then dispersed in 4 mL of

PBS with vortexing for 5 min.

2.5Release studies - phytantriol and monoolein bulk cubic phase gels
The release of entrapped protein from bulk cubic phase gels was monitored daily in
PBS release media, at 37 °C and 200 rpm in a shaking incubator. 1 mL PBS was
added into the glass vials containing the bulk cubic phase gels and at fixed time
intervals the release media was completely removed and replaced with fresh release
media. Release media was monitored for the presence of entrapped protein by UV-
spectrophotometry and kinetic enzyme assays. Absorbance values obtained were
analysed against standard curves. Release values were determined by calculating
the difference between the total initial protein concentration and the released fraction
of protein in the supernatant with results represented as cumulative percentage

release. Each release study was performed in triplicate with sample sizes of n > 3.

2.6 Release studies - phytantriol cubosomes
Release studies of entrapped protein from phytantriol cubosomes were obtained by
taking 200 pL aliquots of the dispersions at fixed time intervals. Samples were
centrifuged for 30 min at 14,000 rpm to separate the cubosome fraction from the
released protein fraction and the supernatant was analysed by UV-
spectrophotometry and kinetic enzyme assays. Absorbance values obtained were
analysed against standard curves. Release values were determined by calculating
the difference between the total initial protein concentration and the free fraction of
protein in the supernatant.

2.7Enzyme activity assay - Cytochrome ¢
The enzymatic activity of cytochrome c release from phytantriol bulk cubic phase and
cubosomes was assessed based on peroxidase activity using a chromogen, 2.2'-
azinobis-(2-ethylbenzthiazoline-6-sulfonate) (ABTS) as previously described.[64]
Briefly, cytochrome c catalysed the oxidation of the substrate ABTS by hydrogen

11



peroxide resulting in a time-dependent change in optical absorption spectra. Release
media samples of 100 pL were assayed in a reaction mixture containing 10mM
potassium phosphate buffer pH 7.4, 50uM ABTS and 0.3 mM hydrogen peroxide.
Reduction in the absorbance of ABTS as a result of the formation of ABTS+ was
monitored at 415nm. A substrate-lacking reaction was used as a negative control.
One unit of enzyme was defined as the amount of enzyme which catalysed the
formation of 1.0 umol of ABTS+/min. All assays were performed as a minimum of

three independent experiments with triplicates for each reaction.

2.8Enzyme activity assay - GAPDH
The activity of recombinantly produced GAPDH released from the phytantriol bulk
cubic phase and cubosomes was determined using a GAPDH activity assay Kkit.
Release media samples of 100 uL were assayed in a reaction mixture based on the
manufacturer’'s recommendations. The activity is determined in a coupled enzyme
reaction in which glyceraldehyde-3-phosphate (GAP) is converted to 1,3-
bisphosphate glycerate (BPG) by GAPDH through monitoring the formation of NADH
at 450nm and comparing against a standard curve. 0, 2, 4, 6, 8 and 10 uL of 1.25
mM NADH standard was added into a series of wells containing the reaction buffer in
a 96-well plate to generate 0, 2.5, 5.0, 7.5, 10 and 12.5 nmol/well NADH standard.
The assay mixture was incubated at 37°C for 60 min, absorbance of each sample at
450 nm was measured at 0 min and 60 min, and GAPDH activity was calculated
according to the absorbance values and NADH standard curve. One unit of GAPDH
is the amount of enzyme that generated 1.0 umole of NADH per minute at pH 7.2 at
37 °C. All assays were performed as a minimum of three independent experiments
with triplicates for each reaction.

2.9Enzyme activity assay — ALDH
The activity of recombinantly produced ALDHs3o from Thermus thermophilus was
monitored spectrophotometrically by time dependant reduction of NAD" cofactor to
NADH (A excitation = 340 nm; A emission = 463 nm). Release media samples of 100
pL were assayed in a reaction mixture containing 10 mM potassium phosphate
buffer pH 8.0, 2 mM NAD" and 1 mM Hexanal at 50°C for 60 seconds to avoid
evaporative loss of the volatile aldehydes. A substrate-lacking reaction was used as

a negative control. One unit of enzyme was defined as the amount of enzyme that
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catalysed the formation of 1.0 umole of NADH/min. All assays were performed as a

minimum of three independent experiments with triplicates for each reaction.

2.10 Polarised Light Microscopy (PLM)
The isotropic nature of the cubic phase means that polarised light is rotated within
the mesophase producing dark images when samples are placed between crossed
polarizers [65]. This method of visualisation was regularly employed for visual
inspection of cubic phase samples at room temperature using a Zeiss AxioScope
Optical microscope with polarized light filter and a cross-polarizer. Image acquisition
was carried out using an AxioVision 4.8 imaging system by Carl Zeiss Ltd. Non-
birefringence in refraction was identified by the appearance of a black image or zone

on the camera.

2.11 Small-angle x-ray scattering (SAXS)
SAXS data collection was carried out at the Solution State SAXS B21 beam line at
Diamond Light Source, UK as previously described.[19] The experiments were
conducted at ambient temperature and a beam wavelength of A = 13.1 keV. Beam
size at the sample was approximately 1 mm x 1 mm with a flux of approximately
4 x 10*? photons per second delivered from the bending magnet source. 2D
diffraction patterns were collected on an Eiger X 4 M detector that was configured to
measure a scattering vector (g) range from 0.0032 to 0.38 A™". Samples were
subjected to 1 s X-ray exposure for a total of 15 frames at a constant location. Bulk
samples were manually loaded into custom viscous sample holders for data

collection.

2.12 Dynamic light scattering (DLS)
Particle size distribution (Z-average), polydispersity (PDI) and zeta potential of
phytantriol dispersions were determined using photon correlation spectroscopy (PCS)
(Malvern Zetasizer Nano ZSP system). The refractive indexes used for phytantriol
and water were 1.48 and 1.33, respectively. Measurements were performed at 25 °C,
and the results presented are the mean of three successive measurements of 100 s
of at least three independent samples. The average value and the standard deviation
between repeated measurements are reported. Samples were diluted with water to

adjust the signal level.
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3. Results
Two lipids, monoolein and phytantriol, were formulated to evaluate release profiles of
proteins encapsulated in their bulk cubic phases. The release media used in this
work, PBS, does not facilitate degradation of the lipid cubic phase and thus both MO
and PHYT samples maintained a mesophase crystalline structure upon visual
examination and using PLM before and after release studies. Therefore, due to the
maintenance of the structural integrity of the formed gels, the release profiles are
assumed to be controlled by diffusion of proteins from the cubic phase through the
agueous nanochannels into solution. For comparative purposes, four model proteins
of varied size, both soluble and membrane associated, were encapsulated within the
MO and PHYT bulk cubic phase: cytochrome ¢ (CYT C), cytochrome c oxidase (CYT
C OX), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and aldehyde
dehydrogenase (ALDH). Figure 1(a) shows the cumulative release profiles for four

model proteins from the bulk lipid cubic phase.
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Figure 1: Cumulative release profiles for proteins from (a) the bulk lipid cubic phase P

(phytantriol — closed symbols) and M- (monoolein- open symbols); Cytochrome c (CYT C; #),
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Cytochrome c oxidase (CYT C OX; e),Aldehyde dehydrogenase (ALDH; m) and Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; A) and (b) from phytantriol cubosomes; Cytochrome ¢
(CYT C) (¢), Aldehyde dehydrogenase (ALDH) (O) and Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (A) released into PBS at 37 °C and 200 rpm in a shaking incubator.
Release was monitored by UV-spectroscopy at represented timepoints until release was no

longer detected.

The smallest of the incorporated soluble proteins, CYT C, a 12.3kDa protein,

exhibited the highest cumulative release, 71% * 3% and 74% + 3% from PHYT and
MO LCP bulk phases respectively. ALDH and GAPDH, much larger proteins than
CYT C, exhibited a lower cumulative release. The cumulative release observed for
ALDH, a 234.2 kDa protein, was 43% * 4% in PHYT and 52% + 3% from MO. This is
higher in both lipid systems than that of GAPDH, a smaller, soluble protein (146.4
kDa), that demonstrated a cumulative release of 35% + 4% from PHYT and 47% + 4%
from MO.

PHYT was examined further for development into a cubosome protein delivery
system as the inability for enzymes such as esterases to degrade PHYT in vivo
makes it a promising candidate for injection of therapeutic proteins in a prolonged
release delivery system. The three model soluble proteins were incorporated into
PHYT cubosomes to assess release profiles compared to bulk LCP release profiles.
All three soluble proteins, CYT C, ALDH and GAPDH demonstrated increased
cumulative protein release from cubosomes, Figure 1(b), compared to from bulk
cubic phase, Figure 1(a). Release was complete over a shorter timeframe from the
PHYT cubosomes for CYT C and GAPDH than from the bulk LCP, over 3 days
compared to 8 and 10 days respectively. Meanwhile ALDH showed a similar rate of
release, with maximum release from both bulk LCP and cubosome formulations
reached in 3 days. The trend observed in the bulk cubic phase with the release of
the smallest protein, CYT C, the fastest and to the highest extent was maintained by

PHYT cubosomes.

The cubic phase in the PHYT bulk and cubosome samples, with and without
proteins, were compared by structural analysis of the formed phase using phase
determination by small angle X-ray scattering (SAXS) analysis, Table 3. SAXS
analysis of the bulk PHYT cubic phase, confirmed the formation of the PHYT cubic
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phase with the presence of two cubic mesophases coinciding concurrently, the
Pn3m and the la3d cubic phases. These mesophases were detected both in the
blank PHYT cubic phase as well as in the presence of encapsulated proteins CYTC,
GAPDH and ALDH. The presence of CYT C, GAPDH and ALDH at 0.5% w/w had
little impact on the lattice parameters. The observed two-phase region, Pn3m and
la3d, has previously been described to exist in equilibrium in PHYT cubic phases
with lattice parameters of 63.6 A for Pn3m and 100.9 A for 1a3d at 22 °C.[63] To
assess the relationship between coexisting phases, Bonnet transformations can be
calculated to determine the ratio between lattice parameters.[77] The theoretical
calculation of the Bonnet ratio for la3d to Pn3m surface, without change in curvature
is 1.57.[78] The calculated Bonnet ratio for the bulk cubic phase with ALDH
incorporated was 1.57 and 1.55 for formulations including CYT C, GAPDH and blank

cubic phases.

The formulation of PHYT cubosomes for the encapsulation of proteins was achieved
using methods previously described and results obtained for average sizes (nm) and
PDI were in agreement with those previously obtained for blank cubosomes.[46]
Average blank PHYT cubosomes sizes were 224 nm = 9 nm with no significant
difference in particle sizes upon the incorporation of CYT C, GAPDH OR ALDH (p <
0.05), Table 3. The PDI of all cubosomes dispersions were less than 0.3, indicating
unimodal distribution in particle size, which highlights the efficiency of the liquid

precursor method in generating particles of uniform distribution.[27]

Table 3: PHYT bulk cubic phase (B) and cubosome (C) structural analysis: SAXS phase
identification and lattice parameters of assigned mesophases with estimated dimensional
values for water channel diameter (D) without protein encapsulation (blank) and with
encapsulated proteins CYT C, GAPDH, and ALDH. LP — lattice parameter in angstrom (A), BR —
Bonnet ratio, Average nanoparticle size (nm), polydispersity index (PDI) and zeta potential
(ZP), (mV) data presented represent the mean + SD of three independent experiments of
freshly prepared samples characterised upon dispersion in water. * - LP and D not available

for these samples.

LP D Size ZP
Phase BR PDI
(A) (nm) (nm) (mV)

B - blank Pn3m, la3d 70.4,108.9 292 155 - - -
B-CYTC Pn3m, la3d 70.1,108.4 290 155 - - -
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B - ALDH Pn3m, la3d 68.6,109.2 284 157 - - -

B - GAPDH | Pn3m, la3d 70.0,108.8 2.89 155 - - -

C-blank | Pn3m 110.3 46 - 2237+92 02+002 -251%21
c.cyTc | Pn3m * * - 2256+134 02+002 -11.9+3.0
C-ALDH | Pn3m 115.6 48 - 2205+118 02+003 -327+27
C-GAPDH | Pn3m 115.4 48 - 2183+10.6 02+003 -106+26

To evaluate the impact of incorporation into and release from the PHYT cubic phase,
enzyme activity in the release media was monitored over time and compared against
fresh protein activity in solution. The specific activities of free CYT C, GAPDH and
ALDH in PBS were determined to be 6.4 U/mg £ 0.16, 34.7 U/mg + 0.68 and 0.91
U/mg £ 0.03 respectively. Complete loss of activity was observed for the free
proteins after 1 day for ALDH, 2 days for CYT C and 4 days for GAPDH when kept in
PBS at 37°C with shaking, Figure 2.
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Figure 2: Activity of unencapsulated protein monitored over time in PBS at 37 °C and 200 rpm
in a shaking incubator expressed as a percentage of initial activity CYT C (), ALDH (= and
GAPDH (A).
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Figure 3: Release and activity of three proteins 1: CYT C, 2: ALDH and 3: GAPDH. from the
lipid cubic phase in PBS at 37 °C and 200 rpm in a shaking incubator. Cumulative protein
release (closed symbols) and specific activity (open symbols) were monitored from PHYT bulk

(B) cubic phase (m) and cubosome (C) formulations (A). Release and activity were monitored
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by UV- spectrometry and enzyme assays at each represented timepoint until no further release

was detected.

Stabilisation and extended protein activity were observed in all three proteins
encapsulated within the PHYT cubic phase, Figure 3. Release and activity were
monitored by UV-spectrometry and enzyme assays at each represented timepoint

until no further activity or release was detected. Figure 3 demonstrates that release
was observed to decrease slowly over time while the specific activity demonstrates
that the protein activity is maintained by encapsulation in the lipid. Complete loss of
activity was observed after 2 days for free CYT C in solution compared to a 40% + 3%
reduction in activity over 10 days from the bulk PHYT cubic phase and 35% + 3%

over 3 days in cubosome formulations. Similarly, free GAPDH activity was
undetectable in solution after 4 days (and a 75% reduction in activity after 3 days)

but GAPDH maintained activity for 8 days after release from the bulk cubic phase

with a 50% + 3% reduction in specific activity and a 30% * 1% reduction in specific
activity over three days in cubosomes. ALDH in solution was the fastest protein to
degrade with complete loss of activity after 1 day, compared with sustained activity

for 3 days when released from the bulk cubic phase and cubosomes with a 30% + 3%

and 31% = 3% reduction in specific activity respectively.

4. Discussion

The development of long-acting injectable formulations for the delivery of proteins
requires a system that exhibits enhanced protein stability to maintain function,
increases protein half-life time in vivo and facilitates intracellular delivery. The main
difference in the chosen cubic phase forming lipids, MO and PHYT, is their rate of
degradation in vivo. Polar monoacylglycerols, such as monoolein, are composed of
glycerol molecules linked to a fatty acid via an ester bond.[66] The contrast in
stability in digestive environments between MO and PHYT is due to the presence of
the ester linkage in the backbone of MO, that results in the digestion of the lipid by
esterases as well as chemical instability at low and high pH.[23],[67] In this work
protein release rates and activity upon release were monitored to compare the
suitability of these systems for use as protein delivery vehicles. Both MO and PHYT

were used to encapsulate four model proteins. Figure 4 demonstrates the structural
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differences and relative sizes of the four model proteins, generated in Pymol
(DeLano Scientific, South San Francisco, CA), using Protein Data Bank accession
numbers 10CD, 1EHK, 1U8F and 6FK3. The properties of each model protein are

summarised in Table 4.

Figure 4: Four model proteins (A-D) A - Cytochrome ¢ (PDB ID: 10CD), B - Cytochrome ¢
oxidase (PDB ID: 1EHK), C - Glyceraldehyde-3-phosphate dehydrogenase (PDB ID: 1U8F) and
D -Aldehyde dehydrogenase (PDB ID: 6FK3). Top row: Figures were generated using
Biorender with dimensions reproduced from measurements made in Pymol (DeLano Scientific,
South San Francisco, CA). Bottom row: Electrostatic surface charge distribution of the four
model proteins (A-D). Figures were generated using electrostatic charge distribution values
calculated with APBS and PDB2PQR software where colours indicate electronegative charge -

5 kT/e (red) to electropositive charge 5 kT/e (blue) on the protein surface.[73]

Table 4: Physiochemical properties of four model proteins. Dimensions represented were
generated using the measurement wizard in Pymol (DeLano Scientific, South San Francisco,
CA). PDB accession numbers, Isoelectric point and grand average of hydropathicity index

(GRAVY) are also included for each protein.

MW PDB ID Isoelectric Dimensions (Ixw x h) GRAVY
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(kDa) point (pl)  (nm°)
CYTC 123 10CD 9.6 33x3.2x29 -0.9
CYTCOX |[874 1EHK 9.0 54x4.9x7.8 0.7
GAPDH 1464 1USF 8.6 8.2x7.9x6.9 -0.1
ALDH 2342 6FK3 6.1 9.8 x9.5x 8.0 -0.2

Abbreviations: MW - molecular weight, CYT C - Cytochrome ¢, CYTC OX - Cytochrome c oxidase,
GAPDH - Glyceraldehyde-3-phosphate dehydrogenase and ALDH - Aldehyde dehydrogenase.

Three of the model proteins are water soluble and one, CYT C OX, is a membrane
protein. The grand average of hydropathicity index (GRAVY) is included to represent
the hydrophobicity value of each protein, which is generated by calculating the sum
of the amino acids hydropathy values divided by the sequence length.[68],[69]
Positive GRAVY values indicate hydrophobic proteins and negative values indicate
hydrophilic proteins. This information indicates the potential location of the proteins
within the cubic phase. Hydrophilic proteins will reside in the agueous nanochannels,
and hydrophobic proteins will be incorporated in the lipid bilayer. The computed
isoelectric points of each protein calculated based on their amino acid sequences
are included to contextualise protein charge in relation to the release media
PBS.[69],[70],[71] Further analysis of protein charge was carried out using
electrostatic charge distribution values calculated with APBS and PDB2PQR

software[72], [73] represented also in Figure 4.

Overall, the cumulative release of the three soluble proteins, CYT C, ALDH and
GAPDH, was much higher than the cumulative release of the membrane protein
CYT C OX from both MO and PHYT LCPs, Figure 1. This is most likely due to the
entrapment of CYT C OX within the lipid bilayer, thus requiring the degradation of the
phase for protein release into solution, which is not facilitated in PBS. It is important
to consider that membrane proteins, such as CYT C OX have large areas of
hydrophobic regions that enable their localisation with lipid bilayers in vivo. Therefore,
CYT C OX is more stable in the hydrophobic region of the cubic phase with low
solubility in agueous media hampering its release. Thus, hydrophobic proteins
incorporated in the LCP preferentially reside within the lipid bilayers as opposed to in
the agueous water channels, making their subsequent release into an aqueous
external environment much slower than hydrophilic proteins. These results further

support the hypothesis that the release of hydrophobic molecules incorporated in the
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LCP is dependent on the breakdown of the phase rather than diffusion from the

phase.

The percentage release observed for soluble proteins, Figure 1, is interesting
considering their large dimensions, Table 1, compared to the water channel
dimensions of MO and PHYT cubic phases at 3-4nm [74],[49],[24] and 2-3 nm
[75],[76] respectively. This has also been demonstrated in previous studies and is
accredited to the flexibility of the liquid crystal system facilitating molecular breathing
or peristalsis creating transient sections of water channels large enough for proteins
to pass through.[24] Comparing protein release observed between soluble proteins,
the protein size, isoelectric point and surface charge all appear to have an impact on
the observed release rate. Although the cumulative release percentages observed
follow similar trends for MO and PHYT, the timeframes for release of each
incorporated protein are longer in MO compared to PHYT, Figure 1. Release studies
showed the fastest protein release was for the smallest soluble protein (CYTC C),
however if size is the primary factor impacting release then GAPDH should have
followed and subsequently ALDH, however this was not the case. The faster release
observed for ALDH may be attributed to its isoelectric point and distribution of
surface charge. ALDH has an isoelectric point of 6.1, resulting in an overall negative
charge in PBS compared to GAPDH, with an isoelectric point of 8.6 which is
positively charged in PBS. The MO and PHYT polar head groups consist of hydroxyl
groups that will have electrostatic interactions with positively charge regions on the
proteins incorporated. GAPDH will have more affinity to the polar headgroups of the
lipid bilayer compared to ALDH and these increased interactions will delay diffusion
through the water channels. Conversely negatively charged proteins, such as ALDH,
will not interact with the polar lipid head groups to the same extent. The isoelectric
point gives an average of the overall surface charge of the protein but with these
large protein molecules, concentrated electronegative and electropositive regions on
the protein surface can interact independently. Increased interactions within the
cubic phase have been reported in previous studies where increased hydrogen
bonding identified by FTIR upon incorporation of a soluble protein, bovine
haemoglobin, into MO cubic phases suggests that some transient interactions may

be at play between lipids and proteins within the cubic phase.[17] These results
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demonstrate the ability of the MO and PHYT bulk cubic phases to encapsulate and
release incorporated proteins of varied sizes, surface properties and solubilities.

Another aspect of interest when considering the addition of soluble proteins with
large dimensions to the cubic phase is the diameter of the aqueous channels (D).
The blank PHYT cubic phase had a water channel diameter of 2.9 nm and
encapsulation of CYT C, GAPDH and ALDH did not alter this dimension with
diameters of 2.9 nm, 2.9 nm and 2.8 nm recorded respectively, Table 3. This is
consistent with previous studies that noted minute changes to space groups and
lattice parameters regardless of the incorporation of large proteins into the
phase.[5][28] However, protein concentrations of 10 wt.% have previously
demonstrated phase transitions.[28] In this case, protein concentrations of 0.5% w/w
were used as the catalytic nature of the incorporated proteins allows for high
activities at low loadings, unlike the high loading that would be required for long
acting injectable antibody therapeutics which act in a stoichiometric fashion with their

biological targets.

Previously described formulation methods for the production of PHYT cubosomes
using the liquid precursor method provide a suitable approach for protein loaded
cubosome formulations that could be scaled to larger quantities [46]. The increased
release of protein from cubosomes over shorter or equal timeframes in comparison
to release from bulk LCP, Figure 1, is attributed to the fragmentation of the phase
with increased surface area exposing water channels in the phase, reducing the time
and distance required for diffusion of proteins into solution. Increased hydration of
PHYT cubosomes results in larger water channel dimensions when compared to
bulk cubic phases, Table 3. This may be a contributing factor in the observed faster
release profiles from the cubosomes than from the bulk phase. As well as increased
water channel dimensions, the cubosome formulation presents the cubic phase in a
nanoparticle format, thus, shortening the distance required for incorporated proteins
to diffuse out of the phase into solution. Previous analysis of the Pn3m mesophase
of PHYT cubosomes have reported lattice parameters of 66 A for blank cubosomes
which are significantly lower than recorded parameters in Table 3 of between 110.3
— 115.6 A.[27] Studies of PHYT dispersions stabilised with F127 have also reported
lattice parameters of 71 A.[79] However, the use of Tween 80 in the formulation of
PHYT cubosomes has been reported to lead to increases in the lattice parameter
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due to elevated hydration within the phase.[46] The addition of Tween 80 also was
reported to cause phase transformations from Pn3m to la3d, due to interactions with
the lipid bilayer as well as increased hydration within the phase which indicate that

Tween 80 may be a useful stabilizer for the incorporation of large biomolecules.[46]

The zeta potential (ZP) values for all PHYT cubosome formulations were negative,
Table 3, with the incorporation of ALDH increasing the negativity of the ZP value,
whereas the incorporation of CYT C and GAPDH reduced the negativity of the ZP
value. The calculated isoelectric points for incorporated proteins indicate a negative
charge for ALDH in PBS solution and a positive charge for CYT C and GAPDH in
PBS.[71],[70],[69] This indicates the isoelectric points of each protein has an impact
on cubosome charge with positively charged proteins reducing the negative charge
of the PHYT cubosomes whereas negatively charged proteins increase the negative
charge of the cubosomes. Additionally, electrostatic surface mapping, Figure 4,
indicates that all three proteins have a combination of positive and negative charges
at their surface. This suggests that a percentage of the incorporated protein is
present on or near the surface of the cubosome impacting the zeta potential of the
particles. A similar outcome has been observed previously upon the introduction of
FITC-Ova in PHYT cubosomes formulated with F127, a protein with negative surface
charge in solution, which resulted in increasing the negative ZP value compared to

blank cubosomes.[27]

The release of proteins from the PHYT bulk and cubosome formulations (or indeed
the earlier discussed MO bulk cubic phase) did not reach 100% release for any
incorporated protein. This is most likely due to the incorporated proteins closely
matching or exceeding the dimensions of the aqueous channels within the phase
and the electrostatic or hydrophobic interactions of the proteins with the lipids, thus
trapping some of the incorporated protein within the tortuous network of the cubic
phase. Incomplete release of proteins from LCP has been reported previously for
large proteins such as ovalbumin (42.7 kDa) and conalbumin (75.8 kDa) as well as
for smaller proteins such as myoglobin (15.3 kDa) and lysozyme (14.4 kDa).[24] A
portion of incorporated protein may also be lost due to denaturation[24] or the

presence of distorted areas of the cubic phase preventing release by diffusion.[80]
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The activity assays, Figure 3, emphasize the propensity for encapsulation in the lipid
cubic phase to prolong the biological activity of proteins. The cubosome dispersion is
a low viscosity solution and therefore is more easily manipulated in an injectable
formulation in comparison to the viscous bulk cubic phase. This is an attractive
option for delivery of therapeutic proteins by injection to allow controlled release
profiles and sustain activity beyond that observed for free proteins in solution. Site
directed delivery using injection of protein loaded cubosomes compared to the
current standard practice of intravenous delivery of therapeutic proteins could also

increase concentration of protein at the site in comparison to systemic delivery.

5. Conclusion

A selection of proteins with varying aqueous solubilities, surface properties,
stabilities and sizes were incorporated into and released from monoolein and
phytantriol cubic phases. The ability of the lipid cubic system to incorporate large
proteins while maintaining its structure attests to the flexibility of the system. The size
and surface properties of the proteins incorporated were found to have a
considerable impact on the release kinetics from the lipid cubic phase. The
phytantriol cubic phase, both in bulk and cubosome formulations, was found to
release active protein for prolonged periods of time in comparison to protein activity
in solution. In some cases, enzyme activity was prolonged for up to three times
longer upon encapsulation in the lipid cubic phase compared to the free protein in
solution. The prolonged enzyme activity observed from proteins encapsulated in the
lipid cubic phase is encouraging in relation to the development long-acting injectable
protein formulations and the impact they can have on biotherapeutic expansion.
Although the structure of the cubic phase system is well defined and stable in the
presence of large soluble and insoluble proteins at low loadings, other factors such
as lipid selection, formulation method, phase transitions, loading capacities and
channel diameters will influence the release kinetics and specific activity of the
encapsulated protein. The success of LCP as a protein delivery system is dependent
on the physicochemical properties of the protein itself, including its size, isoelectric

point, hydrophilicity, surface potential and inherent stability.
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e Size and surface properties of proteins incorporated impact on release kinetics

e Enzyme activity can last 3 times longer in LCPs compared to free protein in solution
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