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Abstract

We describe in this work the synthesis of microparticles with a doxorubicin drug conjugated
alginate core and a shell of peptide amphiphile nanofibres functionalized for targeting the folate
receptor. The spherical geometry of the particle core allows high drug loading per surface area,
whereas the nanoscale fibrous shell formed by self-assembly of peptide amphiphiles offers a high
surface to volume ratio that is ideal for targeting. The synthesised microparticles have a 60-fold
higher cytotoxicity against MDA-MB-231 breast cancer cells compared to non-targeting particles.

Targeted drug delivery is a promising strategy to overcome the side effects of systemic
drug-based therapies, including chemotherapy.! The targeting strategies investigated so far
include the conjugation of monoclonal antibodies,? peptides,® aptamers* or small molecules®
to drug carriers.® One of the small molecules investigated previously for targeting purposes
is folate, a vitamin B analog that binds with high affinity to the membrane bound folate
receptor overexpressed in many cancer cells.” We describe here the synthesis and in vitro
testing of a microparticle containing an alginate drug-containing core and a fibrous
nanoscale shell generated by self-assembly of peptide amphiphiles functionalized with
folate.

Nanofibre-forming peptide amphiphiles (PAs) were first reported by Hartgerink et al.8, and
programming of their self-assembly into bioactive forms has evolved to make use of
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molecules with 4 domains, (i) a hydrophobic tail, (ii) a peptide domain with a tunable f3-
sheet forming propensity,® (iii) a charged domain to increase solubility and (iv) a bioactive
domain.10 These PAs self-assemble in water driven by hydrophobic collapse of the tails and
[3-sheet formation of the second domain. The hydrogen bonds in the [3-sheets provide
directionality to the assemblies resulting in a fibrillar architecture. The fourth domain can be
placed at the terminus away from the hydrophobic tail in order to display the bioactive cues
at the surface of the fibre.11 Such cues can be receptor binding peptide epitopes from
extracellular proteins, enzyme substrates, or artificial peptides to bind specific proteins or
serve as ligand mimics. Their functions might be differentiation of cells,12 cell survival
through biological adhesion, ! angiogenesis, 1 proliferation of cells,1°> and amplification of
growth factor signalling,16 among others. PA nanofibres have also been investigated as drug
carriers either through encapsulation in their hydrophobic core,1 or covalent conjugation of
the drug8. In this work, we have combined the high drug loading capacity of a polymeric
microparticle with the high surface area of a nanoscale fibrous shell in which the PA's
terminal domain is used to target drug delivery to cells overexpressing a specific receptor.

Previous work reported on the hierarchical assembly of cationic PA nano-fibres with anionic
biopolymers to form macroscopic sacs in which the biopolymer is encapsulated within a
fibrous PA-biopolymer hybrid membrane.19 This concept has been miniaturised using a
picospray strategy resulting in microcapsules having diameters 20-100 pm in diameter.20 In
this work, we have developed a new method to synthesize PA-coated microparticles with a
tuneable diameter in the range of 600 nm to 2.3 um.

The microparticles were synthesized by first forming an all-aqueous emulsion?! by
dispersing sodium alginate in sodium dextran sulphate (Fig. 1a and b). The addition of
divalent calciumions to this emulsion selectively cross-links the alginate droplets. By means
of dynamic light scattering (DLS) the size distribution of the particles was analysed and
found to be tuneable by the amount of emulsified alginate in the range of roughly 600 nm to
2.3 um (ESI). Next, the isolated particles were coated with a layer of cationic nanofibres
formed by the self-assembly of C15-V3A3K3 by submerging the microparticles in a solution
of PA. Fluorescence microscopy and scanning electron microscopy (SEM) (Fig. 1b and c)
confirmed the successful coating of the microparticles with PA nanofibres. In order to use
the coated particles as drug carriers, alginate was covalently modified with doxorubicin in a
reversible manner, prior to particle formation. Alginate was first reacted with hydrazine,
which converted 14% of the carboxylates to hydrazides, to afford compound 2 (Fig. 1e). The
hydrazide 2 yielded hydrazone 3 upon reaction with doxorubicin. Hydrazones are dynamic
labile bonds often used for sustained drug release,?? and their hydrolysis is catalysed by
acidic conditions.23 We thus expected the release rate of doxorubicin to be higher in the
acidic environments of the tumour cell.2* Covalent attachment of doxorubicin to alginate did
not affect the formation of alginate microparticles.

The release of doxorubicin from gels of 3 at pH 5, 6, or 7.4 was investigated by a
colorimetric assay. At each pH, the maximum released amount of doxorubicin was reached
after 110 h and, surprisingly, the release profile was similar for each pH value (ESI).
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Also, the final relative amount of released doxorubicin reached a similar value for each pH
of roughly 60%. We hypothesise that either the pH is locally affected by the presence of
“buffering” alginate carboxylate groups or the diffusion of doxorubicin out of the alginate
gel is the rate-determining step. A viability assay on MDAMB-231 breast cancer cells
showed that the released doxorubicin was equally cytotoxic as commercial doxorubicin,25
with half maximal inhibitory concentration (ICgg) values of 0.64 + 0.2 uM for the released
doxorubicin and 1.12 + 0.4 uM for the commercial doxorubicin (ESI).

We grafted folate groups covalently to C15-V3A3K3 via a lysine linker (Fig. 2a) in order to
target the doxorubicin-containing particles to cells overexpressing the folate receptor. Using
the solvatochromic probe Nile Red,25 the assemblies of C15-V3A3K3-NH, (PA1) and Cq6-
V3A3K,-(folate)-NH, (PA2) were probed for the onset of hydrophobic collapse indicating
their assembly (Fig. 2b). Both PAs assembled to form hydrophobic domains at a critical
aggregation concentration (CAC) of roughly 10 uM. For PA1, a plateau at a blueshift of 18
nm was observed between 50 and 900 pM. At higher concentrations, the hydrophobicity
increased further to level off at a blueshift of 30 nm, likely to be the result of a
morphological transition. PA2 reached a plateau of 27 nm blueshift and it should be noted
that PA2 appeared insoluble at a concentration above 500 uM. All further experiments were
performed at a total PA concentration of 500 uM with 0, 10 or 20% PAZ2 diluted in PAL.

In order to confirm that the morphology of the PA assemblies is similar with or without
PA2, we characterized them by circular dichroism (CD, Fig. 2c) and cryogenic-transmission
electron microscopy (Cryo-TEM, Fig. 2d). The CD spectra of all solutions revealed the
presence of a B-sheet secondary structure. Cryo-TEM of PA1 solutions showed the presence
of cylindrical fibres with diameters of roughly 10 nm, corresponding to twice the length of a
fully extended PA. For solutions with up to 20% PA2, similar fibres were observed. Based
on these observations, we conclude that incorporation of up to 20% PA2 in diluent PA1
does not affect the morphology of the supramolecular assemblies significantly.

In order to confirm the preferential uptake of PA fibres bearing a folate group, MDA-
MB-231 breast cancer cells, known to overexpress the folate receptor, were incubated in
solutions with 500 uM PA with 0, 10 or 20% PA2 and 5% of rhodamine-bearing PA and
either imaged or collected for flow cytometry analysis. Microscopy showed that the PA
fibres, both with and without PA2, bind to MDA-MB-231 cells (ESI). The non-selective
binding is most likely a result of ionic interactions between the highly cationic fibres and the
negatively charged cell membrane. The binding of the PA mixtures was quantified by flow
cytometry and confirmed that 100% of the cells had bound the cationic fibres as compared
to a non-treated control (ESI). Interestingly, the fibres with 10% and 20% PA2 showed a 1.6
and 1.4 fold higher mean fluorescence, respectively, as compared to fibres without PA2.

We investigated the uptake of fluorescent microparticles with a shell of PA1 fibres
containing 0%, 10% or 20% PA2 by MDA-MB-231 cells. Fluorescence microscopy showed
association of the particles with the cells for all ratios of PA2. However, the amount of cells
with particles increased with PA2 (Fig. 3a). Flow cytometry confirmed that 38% of the cells
incubated in solution of particles with only PA1 had particles associated to them (Fig. 3c).
However, the fraction of cells that associated with particles increased to 72% and 59% in the

RSC Adv. Author manuscript; available in PMC 2016 January 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Boekhoven et al.

Page 4

case of incubation with particles with 10 or 20% PAZ2, respectively. Our findings point to
non-specific association of the particles and an increased uptake in the case of 10 or 20%
PA2, presumably induced by folate receptor mediated endocytosis. We hypothesise that the
cationic particles with and without PA2 associate with the anionic membrane of the cells.
Upon complexation the particles are in proximity of the folate receptor and the particles with
PA2 can be taken up via folate receptor mediated endocytosis. To confirm the non-specific
interaction between cells and particles without PA2 and the endocytotic uptake of particle
with PA2, a confocal study was performed. Indeed, cells treated with particles without PA2
showed association with particles on the cell membrane. On the other hand, cells treated
with particles bearing PA2 revealed both non-specific interactions between the cells and
particles that appeared on the inside of the cell (Fig. 3b).

A viability assay showed that the particles without doxorubicin were not toxic towards
MDA-MB-231 cells (ESI). Particles with doxorubicin did show toxicity and the particles
without PA2 had an I1C50 value of 1.4 mM, expressed in concentration of doxorubicin.
Interestingly, this value decreased nearly 60-fold to 24 uM doxorubicin for particles with
10% PAZ2 and 20-fold to 70 pM for particles with 20% PA2. As a control, the same
experiment was performed in the presence of free folate, which saturates the folate receptor
and thereby prevents uptake of particles. Indeed, with 1 mM free folate, the particles show
an 1C50 value of 1.2 mM (ESI). The increased toxicity of PA2 bearing particles confirms
our hypothesis that cells only take up particles with PA2. These particles can subsequently
release doxorubicin inside of the cell resulting in the observed increased toxicity. We
speculate that the increased toxicity of particles with 10% PA2 as compared to 20% PA2 is
a result of the molecular orientation of the folate groups on the supramolecular fibres, as has
been observed for different bioactive cues.132 27

We have reported here on a new synthesis method of a soft core-shell microparticle
consisting of a polymer core and a peptide amphiphile shell. Since the core is spherical it has
a relatively high volume to surface area making it ideal for high loading densities, whereas
the shell is made of high surface area to volume ratio fibres, ideal for targeting purposes. To
demonstrate the potential of these particles as targeted drug delivery vehicles, we have
conjugated the polymer core with doxorubicin and the fibres with a folate receptor targeting
moiety. Particles with a targeting shell were found to be 60 times more toxic than their non-
targeting counterparts against MBMDA-231 cancer cells. We believe that the combination
of drug loaded polymer particles with high surface area peptide amphiphile fibres can
provide a general platform for drug delivery vehicles.
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Fig. 1.
a) Photograph of an aqueous-two-phase system of dextran-sulphate (bottom) and fluorescein

conjugated alginate (top). b) Schematic representation of microparticle synthesis (top)
supported by fluorescence microscopy micrographs (bottom). Alginate is labelled with
fluorescein (green) and the PA is labelled with rhodamine (red). ¢) SEM micrographs of
dried microparticles coated with a PA layer. d) Schematic representation of the final
microparticle. e) Synthesis of alginate derivatives 1, 2 and 3.
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a) Structures of PA1and PA2. b) Nile Red blue shift as a function PA concentration ¢) CD
spectra of 500 uM PA at varying ratios of PA1:PA2 (0, 10 and 20% PA2). d) Cryo-TEM
micrographs of 500 uM PA at varying ratios of PA1:PA2 (0, 10 and 20% PA2). All scale

bars are 100 nm.
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Fig. 3.

a)gFIuorescence microscopy images over brightfield microscopy images of MDA-MB-231
cells incubated with particles (green) with nanofibres with varying ratios of PA1 and PA2.
b) Confocal microscopy images of MDA-MB-231 cells (actin filaments red, nuclei blue)
incubated with particles (green). c) Histogram of flow cytometry data from MDA-MB-231
cells incubated with varying ratios of PA2 and 5% rhodamine-PA. Samples were excited at
561 nm. d) Relative viability against concentration of particles, expressed as concentration
of doxorubicin.
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