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ABSTRACT

We report the preparation of polymer capsules containing liposomal subcompartments,
termed capsosomes, and their ability for the sustained delivery of protein therapeutics.
Capsosomes were formed through the layer-by-layer (LbL) assembly of polymers and
protein-loaded liposomes, followed by the formation of a capsule membrane based on
disulfide cross-linked poly(methacrylic acid). The loading capacities of a model cargo
(lysozyme), and brain-derived neurotrophic factor (BDNF), an important neurotrophin that
has significant physiological functions on the nervous system, were determined, and the long-
term release Kinetics of the proteins was investigated in simulated physiological conditions.

The capsosomes exhibited protein loading and release behavior that can be tuned by the lipid



composition of the liposomal compartments, where inclusion of anionic lipids resulted in
enhanced protein loading and slower release over the course of 80 days. These findings

highlight the potential of capsosomes in the long-term delivery of protein therapeutics.

INTRODUCTION

With advancements in biotechnology, the number of protein pharmaceutics have
dramatically increased, improving the treatment of previously hard-to-treat diseases.
Compared to synthetic small molecules, protein therapeutics have a significant advantage due
to their specific mechanism of action and high potency.'? However, the poor
pharmacokinetics of protein therapeutics and their susceptibility to degradation present
clinical challenges for their successful delivery.® For example, oral administration can result
in digestion of the protein in the gastrointestinal tract, while intravenous injection can result
in degradation of the protein by proteases in the blood or in capture of the protein by
receptors and non-specific binding sites.” As a result, different delivery approaches have been
developed to circumvent the challenges related to protein delivery.

To date, the two most prominent techniques for improving the delivery of protein
therapeutics are PEGylation>® and incorporation of the proteins into biocompatible carriers.”®
PEGylation, the chemical attachment of poly(ethylene glycol) (PEG) to proteins, can enhance
overall protein efficacy by masking antigenic sites, thus reducing the formation of
neutralizing antibodies.”> The PEG shell also protects the proteins from proteolytic
degradation by proteases present in the bloodstream. Finally, it improves the solubility and
increases the hydrodynamic radius of the proteins, which reduces glomerular filtration. The
major drawback of PEGylation, however, is the reduction in protein activity that commonly

follows chemical modification of the protein.? In addition, PEG is not biodegradable and



long-term usage may lead to accumulation in the liver, which could increase the risk of
toxicity.®

Alternatively, a wide variety of carriers have also been evaluated for protein delivery,
including polymeric particles, hydrogels, and liposomes.>*? Poly(lactic-co-glycolic acid)
(PLGA)-based systems are among the most successful polymeric carriers, with numerous
iterations, such as Lupron depot, Nutropin depot and Decapeptyl, being already available on
the market.!” The success of PLGA stems from its high biocompatibility and
biodegradability.” The physical properties and biodegradability of PLGA can also be tuned to
fit specific applications by varying the molecular weight and the ratio of lactic acid to
glycolic acid.® However, PLGA still suffers from some drawbacks, such as hydrophobicity,
an acidic microenvironment during degradation, and chemical reactivity with some protein
therapeutics.!

Liposomes are a class of biologically inspired carriers that have potential in the delivery of
protein therapeutics. Compared to other carriers, liposomes have significant advantages due
to their simplicity, versatility and biological nature.! Liposome properties can be easily
controlled by manipulating the phospholipid compositions, which has made liposomes the
most prevalent carriers in clinical applications in the delivery of a wide variety of
therapeutics, including doxorubicin, cisplatin, and annamycin.**** Their hydrophilic core
provides a confined microenvironment for labile protein therapeutics, while the hydrophobic
lipid bilayer membrane insulates the encapsulated cargo from potential degradative
environments.***® Still, the fragile mechanical properties and in vivo instability of bare
liposomes™ limit their application in long-term delivery, which is necessary for a range of
protein therapeutics.>*°
We recently demonstrated the stable incorporation of intact liposomes into polymer

capsules to form capsosomes. This represents a multicompartmentalization approach for



enhancing the physical integrity of liposomes, while preserving their unique biomedical
properties.'”** Multilayers of liposomes composed of zwitterionic or negatively charged,
unsaturated or saturated phospholipids can be incorporated into polymer films, allowing the
assembly of capsosomes with more than 100 000 liposomal compartments,™ thus enabling
high loadings of therapeutic cargo. Enzymatic proteins can be efficiently encapsulated in the
aqueous environment of the liposomal compartments of the capsosomes without the need for
chemical modification. Furthermore, their biological activity can be more effectively retained
compared to proteins directly encapsulated in bare polymer capsules without liposomal
compartments.’®*® These properties highlight the potential of capsosomes as delivery carriers
for protein therapeutics.

Herein, we demonstrate the application of capsosomes in the sustained delivery of protein
therapeutics. The study uses lysozyme as a model protein and brain-derived neurotrophic
factor (BDNF), a neurotrophin that has been shown to be one of the most potent in the
treatment of neurodegenerative diseases.”’?! Animal studies have demonstrated the
therapeutic efficacy of BDNF in the treatment of Alzheimer’s,? and Parkinson’s;** however,
our target application is delivery to the inner ear for neurodegenerative hearing loss due to
cochlear implantation.?* In this context the capsosomes would be injected into the inner ear
during surgery to allow for the optimum therapeutic effect of BDNF, which is sustained
release for over 30 days. In this study, we (i) assemble capsosomes containing multilayers of
protein-loaded liposomes; (ii) evaluate the protein loading capacity for liposomal
compartments based on different lipid compositions; and (iii) investigate the long-term
release profile of the protein therapeutics in simulated physiological conditions. Capsosomes
were prepared using the layer-by-layer (LbL) assembly of polymers and protein-loaded
liposomes, followed by the formation of disulfide cross-linked poly(methacrylic acid) carrier

capsules, as previously reported.’®*® The influence of liposomal composition was



investigated by evaluating different liposomes made of zwitterionic lipids, 1,2-dimyristoyl-
sn-glycero-3-phosphocholine  (DMPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC), as well as an anionic lipid, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS).

EXPERIMENTAL

Materials. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)
were obtained from Awvanti Polar Lipids, USA. Chloroform, poly(L-lysine) (PLL,
M, = 40-60 kDa), poly(N-vinyl pyrrolidone) (PVPON, M,, = 10 kDa), fluorescein
isothiocyanate (FITC), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), sodium
acetate (NaOAc), 2-(N-morpholino)ethanesulfonic acid (MES), chloramine-T hydrate, and
DL-dithiothreitol (DTT) were purchased from Sigma-Aldrich. Brain-derived neurotrophic
factor (BDNF) was obtained from GenWay Biotech Inc. Silica templates (2.59 pum in
diameter) were purchased from Microparticles GmbH, Germany. Poly[(methacrylic acid)-co-
(cholesteryl methacrylate)] (PMA;, M,, = 18 kDa, 13 mol% cholesteryl methacrylate) and
thiol-functionalized poly(methacrylic acid) (PMAsy) with 14 mol% thiol modification were
synthesized following previously reported protocols.™

Protein Labeling. 180 pL of FITC (1 mg mL™ in DMSO) was added to 6 mL of
1 mg mL™? lysozyme in PBS buffer (pH 8) under vigorous vortexing. The sample was then
protected from light and reacted for 2 h at room temperature (25 °C) with mixing.
Subsequently, the sample was purified by centrifugation at 14 000 g for 20 min using a
Nanosep spin column (MWCO = 3 kDa) to remove the unreacted dye. The labeled lysozyme

was then redispersed in 3 mL of Milli-Q water and the protein concentration was determined



using a NanoDrop 1000 UV/VIS spectrophotometer. The same protocol was followed for
labeling the BDNF with a F/P ratio of approximately 1.

Liposome Formation. Liposomes were prepared by a thin film hydration technique using
various lipid formulations of zwitterionic DMPC and DPPC, and anionic DOPS. Briefly,
lipids (2.5 mg) were dissolved in chloroform at 50 mg mL™ in a round-bottomed flask, and
dried for 1 h under nitrogen flow to form a thin lipid film on the sides of the flask. The film
was then hydrated with 1 mL of 30 ug mL™ lysozyme-FITC or 20 ug mL™ BDNF-FITC in
HEPES buffer (10 mM HEPES, 150 mM NacCl, pH 7.4) to form multilamellar liposomes. The
liposomes were then extruded 31 times through 100 nm filters, resulting in unilamellar
liposomes. (-potentials of liposomes prepared at various lipid compositions are presented in
Table S1.

Assembly of Multilayer Capsosomes. Capsosomes were assembled using a previously
reported procedure.'® Briefly, 5 mg of silica templates (2.59 pm in diameter) were washed
three times (1000 g for 30 s) using HEPES buffer. The particles were then suspended in 100
uL of PLL (1 mg mL™) and incubated for 15 min to allow PLL to form a precursor layer on
the silica templates. The PLL-coated particles were then washed three times with HEPES
buffer. Lysozyme- or BDNF-loaded liposomes (100 pL) was added to the particles, vortexed
for 30 s and incubated for 45 min. The particles were then washed three times to remove
excess liposomes, followed by the adsorption of a PMA. (for zwitterionic liposomes) or
PMA./PLL (for negatively charged liposomes) separation layer (15 min) and washed three
times with HEPES buffer. After the adsorption of five liposome layers, a capping layer of
PMA. was adsorbed and the buffer was exchanged to NaOAc buffer (20 mM NaOAc, pH 4).
Seven alternating layers of PVPON and PMAgsy (1 mg mL™) were adsorbed followed by
cross-linking of the thiol groups within the polymer layers by the addition of 400 pL of

chloramine-T (2.5 mM) in MES buffer (50 mM MES, pH 6) under vigorous vortexing for 1



min at room temperature (25 °C). Finally, the silica core was removed by buffered
hydrofluoric acid (HF) (2 M HF and 8 M NH4F) [Caution! HF is extremely toxic and
corrosive! Handle with care], followed by washing three times (4500 g for 3 min) with
NaOAc buffer.

Protein Quantification. To quantify the amount of protein loaded in the capsosomes, 10
ML of each capsosome sample was mixed with 2 uL of 0.5 M DTT, a reducing agent that
cleaves disulfide bonds within the polymer capsules, and incubated at 37 °C for 30 min. 2 pL
of Triton-X (10% v/v) was then added to disrupt the liposome compartments and the sample
was incubated for a further 15 min with gentle mixing. This was followed by sonication for 3
min at 41 °C, after which the sample was diluted in PBS buffer to a total volume of 450 pL.
The fluorescence intensity of the sample was then measured at an excitation wavelength of
488 nm and at an emission wavelength of 513 nm. The amount of encapsulated protein was
quantified by correlation with fluorescence calibration curves of lysozyme-FITC or BDNF-
FITC in PBS buffer (Figures S1 and S2).

Protein Release from Capsosomes. The in vitro release was studied by incubating
capsosomes, corresponding to approximately 0.55 pg lysozyme or 1.5 ug BDNF, in 100 pL
PBS buffer at 37 °C and 4 °C. At various time intervals, the samples were centrifuged at
4500 g for 3 min and 80 uL of the supernatant was withdrawn to assess the amount of protein
released. The samples were then refilled with fresh buffer and gently vortexed before
incubation for further release. The amount of protein released was quantified by measuring
the fluorescence intensity at an excitation wavelength of 488 nm and at an emission
wavelength of 513 nm, and correlated to the calibration curves. The percentage of protein
released was calculated as follows: release (%) = (cumulative protein release)/(total protein

loaded) x 100%.



Instrumentation. An inverted Olympus [IX71 microscope equipped with a 60x oil
immersion objective lens (Olympus UPFL20/0.5 NA, W.D. 1.6) and a CCD camera mounted
on the left-hand port of the microscope was used to acquire the fluorescence microscopy
images. The concentration of the fluorescently labeled protein was measured using a
NanoDrop 1000 UV/Vis spectrophotometer (Thermo Scientific) by measuring the absorbance
at 280 nm, while fluorescence measurements were obtained using a Fluorog-3
spectrofluorometer (Horiba Jobin Yvon). Microelectrophoresis of liposomes prepared at
different lipid compositions was performed using a Malvern High Performance Particle Sizer
(HPPS), while capsosome counting was undertaken by flow cytometry (Cyflow Space, Partec

GmbH).

RESULTS AND DISCUSSION

Lysozyme-loaded multilayer capsosomes

The assembly of multilayer capsosomes was performed based on our previously optimized
protocol, via the sequential adsorption of polymer and liposome layers onto silica particle
templates.*® A PLL precursor layer was first adsorbed onto silica particles, followed by the
deposition of fluorescently labeled protein-loaded liposomes. PMA. was used as a polymer
separation layer to enable consecutive adsorption of zwitterionic saturated liposome layers

(Scheme 1).



Scheme 1. Schematic representation of the assembly of multilayer capsosomes encapsulating
protein therapeutics in the liposomal compartments. Silica particle templates are coated with
a polymer precursor layer (i), followed by alternating layers of protein-loaded liposomes and
polymer separation layers (ii and iii). A polymer capping layer is adsorbed after the
deposition of multiple protein-loaded liposome layers, followed by alternating layers of
poly(N-vinyl pyrrolidone) (PVPON) and thiol-functionalized poly(methacrylic acid)
(PMAsy) via layer-by-layer (LbL) assembly (iv). Removal of the silica core results in

capsosome formation (v).

Liposome encapsulating
protein therapeutics o

) () i) 4
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particle Capsosome
(iii)

Fluorescently labeled lysozyme was first used as a model protein to investigate the loading

capacity in capsosomes and the protein release profile because of its properties to BDNF
(lysozyme My, = 14 kDa, isoelectric point (pl) 10.5; BDNF M,, = 13 kDa, pl 10).>>?® The
fluorescence intensity of the particles due to the adsorbed lysozyme-FITC-loaded zwitterionic
saturated DMPC/DPPC liposomes was monitored by spectrofluorometry. The consecutive
adsorption steps resulted in a linear buildup of protein loading over five liposome deposition
steps (Figure 1). This approach allows facile control over the amount of protein encapsulated

per individual carrier.
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Figure 1. Normalized fluorescence intensity of silica template particles coated with a
different number of lysozyme-FITC-loaded zwitterionic DMPC/DPPC liposome layers, as

measured by spectrofluorometry.

We examined different lipid compositions of the liposomal compartments that form the
capsosomes to assess their effect on protein loading and release. In this study, three different
lipid compositions were investigated: (i) zwitterionic DMPC/DPPC, (ii) zwitterionic DPPC,
and (iii) negatively charged DMPC/DPPC/DOPS. Lysozyme-FITC was encapsulated in the
liposomal compartments and adsorbed onto the polymer-coated particles. After five
polymer/liposome bilayers, alternating layers of PVPON and PMAsy were adsorbed, and the
polymer membrane was stabilized by cross-linking of the PMAsy layers by oxidation of their
pendant thiol groups. The amount of encapsulated lysozyme in capsosomes assembled with
five liposome layers was compared and quantified by correlation with a fluorescence
calibration curve of lysozyme-FITC (Figure S1). The capsosomes exhibited different protein
loading behavior depending on the lipid composition of the liposomal compartments (Figure
2). Lysozyme encapsulated in zwitterionic DMPC/DPPC and DPPC liposomes had a loading
capacity of 0.020—0.025 pg of protein per capsosome. On the other hand, the incorporation of

negatively charged DOPS resulted in significantly enhanced protein loading, (ca. 0.065 pg of
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lysozyme per capsosome), which is 2.5-fold higher compared with encapsulation in the
zwitterionic liposomes (Figure 2a). This high loading may be attributed to the favorable
adsorption of the anionic liposomes ((-potential -12 £ 1 mV, Table S1) to the positively
charged PLL film," as well as the electrostatic interaction between the positively charged
proteins at physiological conditions (pH 7.4) and the negatively charged liposomal
membrane. Fluorescence microscopy images confirmed the higher lysozyme loading in
capsosomes with five layers of negatively charged DMPC/DPPC/DOPS liposomes in
comparison to those with five layers of zwitterionic DMPC/DPPC liposomes (Figure 2b), as

evidenced by the difference in brightness between the different types of capsules.
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Figure 2. Encapsulation of lysozyme in capsosomes. a) Quantification of protein
encapsulated per capsosome with five lysozyme-loaded liposome layers: zwitterionic

DMPC/DPPC liposomes (black), zwitterionic DPPC liposomes (red), and negatively charged
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DMPC/DPPC/DOPS liposomes (blue). b) Fluorescence microscopy images of capsosomes
with five lysozyme-FITC-loaded liposome layers: zwitterionic DMPC/DPPC liposomes (i)
and negatively charged DMPC/DPPC/DOPS liposomes (ii) taken under identical imaging
conditions. Incorporation of anionic DOPS phospholipid resulted in enhanced lysozyme

loading.

Protein release studies were conducted by incubating the lysozyme-FITC-loaded
capsosomes in PBS buffer (pH 7.4) and monitoring the amount of protein in the supernatant
over time using spectrofluorometry. Overall, the capsosomes exhibited a two-phase release
profile, where rapid release was observed within the first 7 days followed by a sustained
release of lysozyme for more than 2 months (Figure 3). An increased content of saturated gel
phase lipid (DPPC) resulted in a significant reduction in the initial burst release; the total
release of lysozyme over 7 days decreased from ca. 70% for capsosomes with DMPC/DPPC
liposomes to ca. 40% for capsosomes with DPPC liposomes. This demonstrates that the
permeability of liposomes to water soluble cargo can be controlled by varying the ratio of a
more rigid lipid bilayer (DPPC) to that of a more fluid lipid bilayer (DMPC).?"* Increasing
the content of DPPC, which forms a more rigid membrane as a result of stronger
intermolecular forces between the phospholipid bilayers,® results in reduced membrane
permeability and a decreased release rate. The inclusion of negatively charged lipid (DOPS)
also resulted in a slower release of the lysozyme from the capsosomes with
DMPC/DPPC/DOPS liposomes, in part due to the electrostatic interaction with the positively
charged proteins. After this time, capsosomes made of the different lipid compositions
exhibited similar release rates. These results show that the cargo release profile of

capsosomes can be tuned by the lipid composition of the liposome compartments.
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Figure 3. Protein release profiles of lysozyme-loaded capsosomes with five liposome layers

in PBS buffer (pH 7.4): zwitterionic DMPC/DPPC liposomes (black), zwitterionic DPPC

liposomes (red), and negatively charged DMPC/DPPC/DOPS liposomes (blue).

BDNF-loaded multilayer capsosomes

After demonstrating the potential of capsosomes as long-term delivery vehicles for protein
cargo, we further assessed the loading capacity and release profile of BDNF, a
physiologically relevant protein therapeutic, from multilayer capsosomes. In this study,
BDNF was fluorescently labeled with FITC and the amount of encapsulated BDNF in
capsosomes assembled with five liposome deposition steps was quantified by correlation with
a calibration curve of BDNF-FITC (Figure S2). Similarly, the different lipid compositions
resulted in a different amount of BDNF encapsulated in the capsosomes (Figure 4).
Capsosomes assembled with zwitterionic DMPC/DPPC and DPPC liposomes had a loading
capacity of 0.045—0.070 pg BDNF per capsosome, while the addition of negatively charged
DOPS in the liposomes resulted in an enhanced loading of 0.12 pg BDNF per capsosome
(Figure 4a). This is an appropriate loading capacity, as 4-7 ng of BDNF has been found to be

sufficient to elicit a positive therapeutic outcome, indicating that only thousands of
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capsosomes would be required.”* However, for the release experiments higher amounts were
used to ensure the therapeutic efficacy remained over a prolonged period. In all of the
liposome formulations studied, the capsosomes had a relatively higher loading capacity for
BDNF in comparison to lysozyme (Figure 2). This is likely due to the relatively larger
dimeric molecular structure of BDNF,** an observation consistent with our previous study
where capsosomes were observed to exhibit size dependent retention of water soluble
cargo.'® Fluorescence microscopy images of capsosomes encapsulating BDNF-FITC in the
liposomal compartments are shown in Figure 4b.

The release profiles of BDNF from these multilayer capsosomes were investigated at
physiological conditions over time, at both 4 °C and 37 °C. The capsosomes exhibited long-
term release behavior, with the total amount of BDNF not fully released after 80 days. The
inclusion of anionic DOPS similarly resulted in a reduction in the release rate of the proteins
during the first release phase over 7 days (Figure 5). The total release of BDNF from
capsosomes with DMPC/DPPC/DOPS liposomes over 7 days was determined to be ca. 30%,
compared with ca. 40% for capsosomes with DPPC liposomes. The influence of saturated gel
phase lipid DPPC in tuning the release profile was well illustrated by comparing the release
of BDNF at 37 °C to those at 4 °C. Over a two-month period, capsosomes with DPPC
liposomes released less than 25% of the encapsulated BDNF at 4 °C, compared with ca. 60%
release at 37 °C. The DPPC lipid bilayers were more tightly packed at 4 °C than at 37 °C due
to a reduction in thermal vibrations; this resulted in enhanced intermolecular attraction and

hence stronger resistance to protein diffusion.*
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Figure 4. Encapsulation of BDNF in capsosomes. a) Quantification of protein encapsulated
per capsosome with five BDNF-loaded liposome layers: zwitterionic DMPC/DPPC
liposomes (black), zwitterionic DPPC liposomes (red), and negatively charged
DMPC/DPPC/DOPS liposomes (blue). b) Fluorescence microscopy images of capsosomes
with five BDNF-FITC-loaded liposome layers: zwitterionic DMPC/DPPC liposomes (i) and
negatively charged DMPC/DPPC/DOPS liposomes (ii) taken under identical imaging

conditions. Incorporation of anionic DOPS phospholipid resulted in enhanced BDNF loading.
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Figure 5. Protein release profiles of BDNF-loaded capsosomes with five liposome layers in

PBS buffer (pH 7.4): zwitterionic DPPC liposomes (red) and negatively charged

DMPC/DPPC/DOPS liposomes (blue).

Taken together, our results demonstrate that capsosomes can be used as long-term delivery
vehicles for protein therapeutics. The versatility of this platform is shown through the ability
to tune the amount of protein loaded by tuning the number of deposited liposome layers or
liposomal composition. This multicompartmentalization approach allows for the possibility
of co-encapsulation of different protein therapeutics, where different release rates of different
proteins can be achieved based on different lipid compositions used in the capsosome

assembly.

CONCLUSION

We have demonstrated the encapsulation of lysozyme and BDNF within liposomal
compartments of capsosomes and the potential of capsosomes in the sustained delivery of
proteins. In vitro studies revealed that capsosomes exhibited long-term release kinetics (>2
months) for both lysozyme and BDNF, which can be tuned depending on the lipid

16



composition of the liposome compartments. The inclusion of negatively charged lipids
resulted in enhanced electrostatic association between the positively charged proteins and the
liposomal membrane, resulting in higher protein loading in capsosomes and slower release.
These findings highlight the potential of capsosomes in the long-term delivery of protein
therapeutics, a promising method that opens new avenues for the treatment of
neurodegenerative diseases such as Alzheimer’s, Parkinson’s disease and sensorineural
hearing loss. Future work will focus on developing these capsosomes as delivery carriers for

prolonged neurotrophic factors in clinical applications.

SUPPORTING INFORMATION

Microelectrophoresis measurement of liposome {-potential. Fluorescence calibration curves
for Lysozyme-FITC and BDNF-FITC. This material is available free of charge via the

Internet at http://pubs.acs.org.
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