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Abstract

Peptide amphiphiles (PAs) self-assemble nanostructures with potential applications in drug
delivery and tissue engineering. Some PAs share environmentally responsive behavior with their
peptide components. Here we report a new type of PAs biologically inspired from human
tropoelastin. Above a lower critical solution temperature (LCST), elastin-like polypeptides (ELPs)
undergo a reversible inverse phase transition. Similar to other PAs, elastin-like PAs (ELPAS)
assemble micelles with fiber-like nanostructures. Similar to ELPs, ELPAS have inverse phase
transition behavior. Here we demonstrate control over ELPAs fiber-length and cellular uptake. In
addition, we observed that both peptide assembly and nanofiber phase separation are accompanied
by a distinctive secondary structure attributed primarily to a type-1 p turn. We also demonstrate
increased solubility of hydrophobic Paclitaxel (PAX) in the presence of ELPASs. Due to their
biodegradability, biocompatibility, and environmental responsiveness, elastin-inspired
biopolymers are an emerging platform for drug and cell delivery; furthermore, the discovery of
ELPAs may provide a new and useful approach to engineer these materials into stimuli-responsive
gels and drug carriers.
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Introduction

Peptide amphiphiles (PAs) have unique properties that arise from the combination of their
secondary structure and their ability to self-assemble via hydrophobic interactions®. Like
other amphiphiles, PAs have distinct hydrophobic and hydrophilic regions that drive
nanostructure formation, similar to those formed by detergents or phospholipids2-. The
nature of the hydrophobic region can be either peptide based or, more commonly, one or two
saturated lipid chains. Some of the most interesting observations of peptide amphiphiles
include their propensity to form cylindrical nanostructures® 7. Due to their unique self-
assembling properties, PAs are being explored as potential drug carriers and substrates for
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tissue engineering®-19. Because they are generated using peptides, PAs may be engineered to
be biodegradable and bioresponsive.

A host of peptide sequences are known to be responsive to their environment. There are
peptide sequences that are thermo-responsive, pH-responsive, reductive-responsive, ion-
responsive, and even responsive to analytes'®, To develop PAs that are responsive to their
microenvironment, we have focused on building PAs using peptides that display an inverse
phase transition temperature. For example, elastin-like polypeptides (ELPS) are
environmentally responsive peptides derived from the human protein, tropoelastinl2. Similar
to some synthetic polymers, including pNIPAM, ELPs undergo an inverse phase transition
that is analogous to the lower critical solution temperature (LCST) observed for synthetic
peptides. ELPs consist of the motif (Val-Pro-Gly-Xaa-Gly),, where the identity of Xaa and n
can be adjusted to control the phase behavior of these peptides'2. During the aggregation
process, ELPs form additional secondary structures, which have been attributed to f-turn
spirals12. The phase transition temperature of an ELP depends strongly on Xaa and n;
furthermore, most ELPs with LCST behavior have been reported with n between 20 to 200
repeat units (Fig. 1a).

Here we describe a new type of elastin-like peptide-amphiphiles (ELPAS) composed from
short ELPs (n=3), which are unable to phase separate. Our surprising finding is that the
addition of two saturated 16-carbon chains enables these short oligopeptides, dpX3 (Fig. 1b)
to phase separate at temperatures similar to their higher molecular weight counterparts,
A192 (Fig 1a). Dipalmitoylation (vs. monopalmitoylation) was evaluated to promote co-
formulation with traditional phospholipids and to provide a stronger driving force for
hydrophobic assembly. To the best of our knowledge, this is the first report of ELPAS;
furthermore, this class of peptides have the following unique properties that may promote
their /n vivo applications: i) they are charge neutral; ii) they display temperature dependent
phase separation (Fig. 1b), and iii) their aspect ratio can be controlled by adjusting the ratio
of a “capping’ lipid. In addition, we present evidence that suggests that both nanofiber
assembly and phase separation are accompanied by significant alterations in peptide
secondary structure. We also demonstrate formulation of paclitaxel using ELPAs.

Materials & Methods

Materials

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) was purchased from Avanti polar
lipids (Birmingham, AL). Rink amide MBHA resin, Fluorenylmethyloxycarbonyl Valine
(FMOC-Val), FMOC-Proline (FMOC-Pro), FMOC-Glycine (FMOC-Gly), FMOC-Alanine
(FMOC-AIla), FMOC-Isoleucine (FMOC-lle), O-Benzotriazole-N,N,N’,N’-tetramethyl-
uronium-hexafluoro-phosphate (HBTU), N-Methyl-2-pyrrolidone (NMP), and Acetonitrile
(ACN) were purchased from EMD chemicals (Gibbstown, NJ). Kaiser test kit (ninhydrin
assay), DiIFMOC-Lysine (DiFMOC-Lys), Diethyl ether (Ether), Triisopropyl silane (TIPS),
N,N-Diisopropylethylamine (DIPEA), Chloroform (CHCIs3), trifluoroacetic acid (TFA),
Methanol (MeOH), Ethanol (EtOH), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) and Palmitic acid purchased from Sigma Aldrich (St. Louis, MO). 4-Methyl
piperidine (MeP) was purchased from fisher chemicals (Tustin, CA). The Waters C-18 and
YMC C4 reverse phase semi prep columns were purchased from Waters Inc. (Milford, MA).
4’ 6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) and 1,1’-Dioctadecyl-3,3,3",3"-
Tetramethylindocarbocyanine Perchlorate (Dil) were purchased from Invitrogen (Grand
Island, NY). Deionized water was obtained using a Barnstead purification system
(Asheville, NC) and used for all aqueous buffers.
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Synthesis and purification of ELP biomaterials

Short sequences with three pentameric ELP repeats were synthesized using standard FMOC
chemistry with Ala (A3), Val (V3) and Ile (13) as guest residues!2. Briefly, 500 mg (0.6
mMole/gm substitution) of Rink amide MBHA resin was allowed to swell in NMP for
30mins. The resin was deprotected using 25% MeP. The amino acid coupling was
performed for 45mins with 5 times excess amino acid and HBTU under basic conditions.
The generation and consumption of free primary amine is monitored using the ninhydrin
test. The deprotection and coupling sequence is continued until the peptide of desired length
is obtained. The N-terminal is capped with DiIFMOC-Lys (KA3, KV3 and KI3) and the
protecting groups are removed. A sample was collected for qualitative analysis.

The deprotected N-termini were treated with molar excess of palmitic acid under basic
conditions to give dipalmitoylated ELP sequences (Fig. 1b). The reaction was performed
until all primary amines are exhausted. After completion the conjugates (dpA3, dpV3 and
dpl3) were cleaved using a cleavage mixture made of 95% TFA in the presence of TIPS for
3 hrs at room temperature. The cleaved product is precipitated using cold ether. The crude
product was dissolved in 100% HPLC grade MeOH.

The crude ELP sequences and lipid conjugates were qualitatively analyzed at 214nm on a
Perkin Elmer 200 series high performance liquid chromatography (HPLC) system using a
Waters C-18 and YMC C-4 reverse phase column respectively. The ELP sequences were
run on a H,O:MeOH gradient with MeOH starting from 30% to 70%. The lipid conjugates
were run on a H,O:MeOH gradient starting at 80% to 100% MeOH. The purified fractions
were collected and mass confirmed using a DECA-LcQ ESI mass spec system (Thermo
scientific, Waltham, MA). After confirmation the products were purified and lyophilized.
Stocks of the lyophilized samples were made in 100% HPLC grade MeOH.

Determination of critical micellar concentration (CMC)

CMC was calculated by the pyrene assay!4. Briefly, 0.6 wmoles of pyrene was added to
round bottom test tubes and dried under a stream of air. Increasing concentrations of the
ELPA were added to the dried pyrene and vigorously vortexed until pyrene dissolves. The
fluorescence intensity of the samples were analyzed at A¢y at 334 nm (slit width= 8 nm) and
Aem recorded between 350 and 410 nm (slit width = 2 nm) using a Horiba Fluorolog® 3
spectrofluorometer (Edison, NJ). The ratio of 373/384 (L1/L3) was calculated and plotted
against concentration. The concentration at which the slope change is maximum (break
point) is the CMC. All ELPA samples were prepared in filtered PBS.

Preparation and particle size of ELPAs

All ELPAs were prepared using film hydration with an aqueous solution. Briefly, the
required amounts of ELPA stocks were mixed in a clean glass test tube and evaporated on a
Heidolph Laborota 4011 (Schwabach, Germany) to form an even film. For cell binding/
uptake studies, 0.2% mol of Dil was added to the film. The film was placed under vacuum
for 4 hrs to remove trace organic solvent. The dry film was then hydrated with appropriate
buffer and placed in a water bath at 75 °C for 2 mins. The hydrated film was sonicated for
5-10 secs and vortexed gently for an additional 10-15 secs to ensure complete hydration of
film. After complete hydration, 50 | of the sample was analyzed on a Wyatt Dynapro plate
reader (Santa Barbara, CA) using a 384 well Greiner bio-one clear bottom plate (Monroe,
NC). Samples for light scattering measurements were hydrated in 10 mM HEPES buffered
saline.
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LCST determination of ELPAs

The temperature dependent phase transition of ELPAs was demonstrated using optical
density measurements at 350 nm over a set temperature range. Increasing concentrations of
constructs were added to 300 .l Beckman coulter Tm microcells (Brea, CA) and the
temperature was ramped at a rate of 1°C/min. The optical density was plotted as a function
of temperature, and the maximum first derivative of this curve was defined as the phase
transition temperature. All ELPA samples were prepared in filtered PBS

Secondary structure determination using circular dichroism (CD)

CD was performed to determine the secondary structure adopted by the synthesized
constructs at different temperatures. Increasing concentrations of the constructs were run on
a Jasco J-815 CD spectrometer (Easton, MD) using a quartz cuvette (path length ~ 1 mm).
The ellipticity was monitored from 180-300 nm and the spectra of buffer subtracted post
run. All the constructs were prepared in filtered diH,O. All plots were exported using Jasco
Spectral manager V2 (Easton, MD) to Excel and deconvoluted assuming that the observed
molar ellipticity [0] is a weighted linear sum of the ellipticity for known secondary
structures (Eq. 1). The data was fit using nonlinear regression on Microsoft Excel.

[61= )" Coal ] (a1

Transmission electron microscopy (TEM)

A small drop of freshly prepared ELPA was pipetted onto a Ted Pella carbon/formavar grid
(Redding, CA). The excess liquid was wicked off using filter paper and a drop of 1 % uranyl
acetate was pipetted on. The excess uranyl acetate was wicked off using filter paper and the
grid was dried at 37 °C. The grid was carefully placed into a JEOL JEM 2100 l1aB6
microscope (Tokyo, Japan). All samples were run using an accelerating voltage of 200 kV
and processed using ImageJ (NIH, USA). The end to end measurements of the ELPA
nanofibers was first made by setting the scale using the scale bar on the raw image. Once the
scale was set the length was measured using the ‘straight line’ function on ImageJ.

Atomic force microscopy (AFM)

AFM was used as an alternate approach to control for procedural artifacts on the TEM.
Briefly, 2 .l of sample was pipetted onto a freshly stripped flat mica surface and dried under
a steady stream of air. The mica plate was then analyzed using a tapping mode Veeco
Nanoscope Illa Atomic Force Microscope (Santa Barbara, CA). Bruker AFM probes
(Camarillo, CA) with a spring constant (k) between 20-80 N/m and a frequency (f,) of
320-357 kHz were used. All samples used were prepared in filtered diH,O to avoid
formation of salt crystals. After image acquisition the files were exported as jpegs and
analyzed using ImageJ (NIH, USA) using previously described procedure.

Cell binding/uptake studies

Cell uptake studies of ELPAs were performed on human embryonic kidney cells (HEK 293)
and cervical cancer cells (HeLa). ELPA samples for cell uptake studies were prepared in 0.2
pm sterile-filtered diH,0. Glass coverslips (22mm x 22mm) were seeded with 3 x 10° cells
and cultured in DMEM supplemented with 10% FBS until they were >80% confluent.
Appropriate quantities of the nanoparticles were added to the cells and incubated at 37°C at
5% CO,, for 5 hrs. DAPI was added 2 hours prior to imaging. After incubation, coverslips
were washed with PBS and mounted onto glass slides using Fluoromount® (Sigma Aldrich).
The slides were allowed to dry and imaged on a Zeiss LSM 510 confocal microscope using
appropriate settings for fluorophore used (Dil Agx =543 nm, DAPI Aex = 790 nm). The

Biomacromolecules. Author manuscript; available in PMC 2013 September 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aluri et al.

Page 5

pinhole sizes used for Dil and DAPI channels are 240 wm and 504 pm respectively. The
gain for all the images was kept constant at 840 (red channel) and 1100 (blue channel).

Cellular uptake was compared between cells using red pixel area. The pixel area was
calculated using ImageJ. Briefly, the red channels are exported as TIFFs and converted to 8-
bit images. The image is thresholded for contrast of red puncta. Puncta were selected using
the ROl manager and area in (Pixel)? measured. The measured area is then converted to
pm? based on the dimensions of the original image. The data was compared using ANOVA/
Tukey analysis.

Paclitaxel encapsulation and delivery studies

Results

To test optimal loading concentrations 5, 12.5, 25, 50 and 100 M solutions of Paclitaxel
(PAX) in methanol were added to a fixed ELPA concentration (125 p.M). The methanolic
PAX:ELPAs were dried down to make even films and hydrated as previously discussed. All
films were hydrated with sterile diH,O for HPLC analysis. After hydration the solution was
spun at 10,000 rpm for 5 mins to remove unencapsulated PAX. The supernatant was then
run on an analytical reverse phase C-18 column using a 20% to 100% ACN (0.1% TFA)
gradient and encapsulated PAX absorbance was followed using UV-Vis spectrophotometry
at 227 nm. The concentration of encapsulated PAX was determined using a standard curve
run under identical conditions.

PAX delivery by ELPAs was tested by determining HeLa cell viability. Briefly, 5 x 10
cells were seeded in a 96-well plate and grown for 24hrs or until >80% confluence was
achieved. PAX encapsulated nanoparticles were added to the cells in increasing
concentrations and incubated for 48 hrs. After incubation the cells media was replaced and
cell viability determined. The cell viability was measured by treatment with water soluble
MTS based Promega CellTiter® 96 Cell Proliferation kit (Madison, WI) according to the
manufacturer’s protocol. The plates were then analyzed at 490 nm using a Biorad
Benchmark plus plate reader (Hercules, CA). For cell viability assays all nanoparticles were
prepared in sterile filtered diH,O and control PAX dissolved in 20% sterile filtered DMSO.
The amount of PAX encapsulated was determined using previously mentioned reverse phase
HPLC method before cellular incubation.

Synthesis and purification of ELPAs

Solid phase synthesis yielded a relatively pure crude product, which was further purified
using reverse phase chromatography to produce pure ELPAs (~97%). Mass spectrometry
was used to characterize the synthesized ELPAs (Table. S1).

ELPAs assemble nanofibers with a low CMC

Using the pyrene fluorescence assay, the CMC of dpA3 was estimated to be 1.7 uM (Fig.
2a,b). In contrast, dpV3 and dpl3 were not soluble as binary mixtures with water; therefore,
their CMC was not assessed. Dynamic light scattering was used to characterize the
hydrodynamic radius of dpA3. Above the CMC, dpA3 formed particles with a broad size
distribution of 94.2 + 87.6 nm (Fig. 2c) in radius. Their radius and polydispersity suggest
that the ELPAs exist as heterogeneous particles in aqueous buffer; furthermore, these
properties are not consistent with small, spherical micelles.

While the > 10 nm hydrodynamic radius provided some evidence that peptide
dipalmitoylation produces nanostructures, TEM and AFM were necessary to define the
morphology and aspect ratio for these structures (Fig. 3,4). TEM images (Fig. 3a,b) show
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that dpA3 assembles very long cylindrical micelles 1.7 + 0.2 um (approx.) length and 16.0 +
2.0 nm in width (Fig. 3b,c). AFM provided independent confirmation of the nanofiber
assembly. AFM images showed dense networks (Fig. 4a) composed of bundles of
cylindrical micelles (Fig. 4b). The average width of each individual strand is 13.9 + 1.4 nm
(Fig. 4c). The control KA3 peptide did not demonstrate structural assembly (Fig. S3). The
lengths on the AFM could not be assessed due to imaging limitations that prevented the
identification of both ends of a fiber. Regardless, both microscopy techniques confirmed that
dpA3 assembles thin fibers with very high aspect ratios.

To control the length of the dpA3 nanofibers, phospholipids were mixed with the ELPA to
determine if this approach could adjust the average aspect ratio. This attempted to create
end-caps to the fibers, under the assumption that the ratio of capping lipids to dpA3 may
provide a simple approach to modulate the length, and possibly cellular uptake, for PA
nanofibers. As a capping lipid, phospholipid DOPE, was selected because it cannot form
stable lipid bilayers in the absence of other lipid components!®, This allows for easy
identification of ELPA fibers. Since experiments were performed in neutral conditions the
adoption of an alpha-11 conformation by DOPE is unlikely. It was intended that DOPE
would be less likely to form a second population of vesicles, which may have resulted from
mixtures with phosphocholine lipids. At ratios of 4:1 dpA3 to DOPE, the size distribution of
the ELPASs was brought down to 282.7 + 68.4 nm. At [1:1] ratios of dpA3 to DOPE, the size
of the ELPAs was further reduced to 71.3 £ 13.2 nm (Fig. 5a,b). The addition of capping
lipids had no effect on the width of observed nanofibers. The widths by TEM imaging for
ELPAs at 4:1 and 1:1 dpA3 to DOPE are 12.5 + 0.9 nm and 13.2 + 2.2 nm. Hence, we have
successfully developed a method to independently modulate the length for ELPAs, which
may have utility in the design of peptide amphiphiles using other peptide sequences.

ELP nanofibers exhibit LCST behavior

High molecular weight ELPs like A192 (Fig. 6a), phase separate above an inverse phase
transition temperature, which is similar to an LCST. This effect is length dependent. Short
ELPs like KA3 do not phase separate below 100 °C at atmospheric pressurel®. It was
anticipated that ELPA self-assembly into fibers would form a dense peptide brush that
would have LCST properties. When heated, the ELPA nanofibers did exhibit a
concentration dependent change in the transition temperature (Fig. 6b). The phase diagram
of dpA3 (2kD) was similar to that for a high molecular weight ELP, A192 (73.2 kD), albeit
at slightly higher molar concentrations (Fig. 6c). The plain peptide, KA3, does not phase
separate in this temperature range (Fig. S2).

B-turn formation associated with approach of ELPA transition temperature

To investigate the mechanism for ELPA phase separation, CD was used to characterize the
peptide secondary structure as a function of concentration, dipalmitoylation, and
temperature. The CD spectra were deconvoluted using the standard curves of (a) a-helix1’
(b) B-sheet!” (c) Random coill’ (d) B-turn 118 and (e) B-turn 21°. Preliminary CD studies of
K A3 failed to show any concentration (data not shown) or temperature (Fig. 7) dependent
change in structure. In contrast, the addition of two palmitic chains had a very significant
impact on the secondary structure of KA3 (Fig. 7a,b). By inducing peptide assembly into
nanofibers, the palmitic chains promote order in dpA3. At 25 °C, the majority of dpA3
exists in either a random coil or a B-sheet conformation (Fig. 7c). While approaching the
phase transition temperature, there is an increase in the p-type-1 turn content. Above the
phase transition temperature (~60 °C), the structure becomes highly disordered like the
unmodified peptide. The control KA3 peptide has CD spectra very similar to a random coil,
which has been observed previously for ELPs below their transition temperatures20.
Deconvolution of the spectra showed that the majority of the KA3 peptide exists in a
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random coil / B-sheet with a small population in a B-turn 1 conformation, which remains
largely unchanged at higher temperatures (Fig. 7d). These data confirm that nanofiber
assembly of dpA3, mediated by N-dipalmitoylation, produces a moderate degree of p type-1
turn structures; furthermore, increasing temperature stabilized this structure up until above
the bulk phase transition temperature.

Inclusion of DOPE promotes ELPA cell uptake

We next investigated the possibility that the inclusion of other lipids might change the
physico-chemico properties of dpA3 nanofibers, with the goal of tuning cellular uptake. To
accomplish this, we evaluated multiple phospholipids in mixture with ELPAs, which
included phosphocholines (POPC, DPPC) and phosphoenthanolamines (DOPE). Only
DOPE formulations produced stable nanofibers with shortened lengths (< 50% by mol
lipid); therefore, these formulations were evaluated for their cellular uptake in cultured HEK
293 and Hela cells. ELPA uptake was studied using confocal microscopy, whereby
nanofibers were labeled with 0.2% by mol lipid Dil (red). Dil is a strong, non-exchangeable
marker for stable cell membranes and requires a hydrophobic environment to fluoresce.
Hence, Dil makes an excellent hydrophobic compound to study ELPA nanofiber-mediated
cellular uptake. Dil labeled DOPC liposomes with equal quantities of DOPE were used as
negative controls for the nonspecific uptake of neutral liposomes (Fig. S5). The uptake of
pure dpA3 nanofibers was minimal in both HEK 293 and HeLa cells (Fig. 8a-c,m-p). In
contrast, the addition of DOPE promoted cellular uptake of ELPAs in both cell lines. The
inclusion of DOPE had an easily observable effect on cellular binding and uptake. This
effect may arise from the negative curvature of DOPE lipids, which promotes fusion of pure
phospholipid membranes?L. Alternatively, evidence that DOPE shortens the length of ELP
nanofibers (Fig. 5) from microns to below 300 nm raises the possibility that ELPA
internalization (non-phagocytic) may be tuned by controlling fiber aspect ratio.
Interestingly, the addition of DOPE to DOPC liposomes also enhanced the transfer of the
Dil label to cells however to a much lesser extent than for ELPA nanofibers (Fig. S5).
Unformulated, free Dil showed minimal staining of phospholipid cellular membranes (Fig.
S6). Hence the addition of DOPE may mediate uptake through two mechanisms: i)
membrane fusion and ii) reduction of nanofiber length. Due to the inability of non-fusogenic
phospholipids (DPPC, POPC) to form stable and short ELPA nanofibers, we are currently
unable to distinguish between these two mechanisms. Regardless, DOPE incorporation
unambiguously modulates the transfer of a model hydrophobic (Dil) compound between
ELPA nanofibers and cells.

Encapsulated PAX reduces tumor cell viability

Film hydration showed no precipitation of PAX, suggesting high efficiency encapsulation.
Using dpA3, we have shown a significant increase in PAX solubility in aqueous solvents i.e
from <0.1 pg/ml to 85 pwg/ml (1001M)22. PAX encapsulation is saturated above a 1:0.8
molar loading ratio of dpA3 to PAX (Fig. 9a). Using encapsulated PAX we demonstrate
significant inhibition of HelLa cell growth (Fig. 9b). The inhibition of cell growth is similar
to soluble unencapsulated PAX delivered in DMSO. At the concentrations studied, the
inclusion of DOPE did not enhance the efficacy of encapsulated PAX (Fig. 9b). The study
was not performed at lower dpA3 concentrations due to concerns that below their CMC, the
ELPA nanofibers may disassemble. The maximum concentration of DMSO over the cells
was 10%. These results suggest that dpA3 nanofibers may have potential as drug delivery
vehicles for PAX.
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Discussion

Here we report the formation of peptide amphiphile nanofibers of tunable length with some
properties of elastin-like polypeptides. The dipalmitoylation of KA3 yielded a PA with a
low CMC, similar to that found for other dipalmitoyl phosphatidylcholine lipids using the
same pyrene assay23. A potential advantage of this chemistry is the production of stable
amide bonds between the peptide and the lipids, which lack the ester bonds found on
phospholipids. The palmitic acid chains reduce the transition temperature to well below 100
°C, allowing this approach to be used in the induction of the phase behavior of short
hydrophilic ELPs. In addition to the stability of ELPAs (low CMC, amide linkage), we have
identified several key variables that enable tuning of the aspect ratio (capping lipids) and
cellular uptake (mixing ELPAs with different fusogenic lipids). We have also uncovered
new evidence that the ELPA phase separation is mediated by the formation of distinct
secondary structure. At low temperatures, the CD spectra for dpA3 showed sheet like
structures that were similar to those reported for other PAs2* 25, CD spectra further revealed
that dpA3 phase separation correlates with the maturation of p-type-1 turns during heating.
In contrast, the unmodified KA3, remains in a random coil conformation and shows no
temperature-dependent change in secondary structure. Intriguingly, above its phase
transition temperature (>60 °C), dpA3 (Fig. 7c) forms a random coil conformation;
suggesting that an entropic change from a highly ordered secondary structure below the
transition temperature to a disordered peptide backbone above the transition temperature
may partly contribute to differences in the free energy of mixing responsible for phase
separation. While this possibility warrants further study, the ability to probe peptide
structure above the bulk phase transition using CD is limited by light scattering from large
aggregates.

Similar to other reported PAs, dpA3 formed fiber-like micelles above its CMC26: 27, We
confirmed the assembly of these fibers using TEM and AFM. To further modify its
assembly we incorporated fusogenic lipids in our PA. Previously, the Hartgernik group
demonstrated that phospholipid inclusion modulates the gelation properties of PAs28:
however, this approach was never demonstrated to control the length of any PA nanofibers.
Here we used the same concept to cap the nanofiber termini and control their lengths. Our
proposed mechanism is that the phospholipids arrest the growth of the nanofiber, possibly
by local phase separation to the termini with dpA3 occupying the trunk of the nanofiber
(Fig. 10). This approach to control aspect ratio is significant because it provides a method to
tune the length of peptide amphiphile nanofibers as needed to optimize cellular uptake (Fig.
8), mechanical properties, or pharmacokinetics. At equimolar ratios of capping lipid DOPE
to dpA3, length was reduced 100 fold with almost no change in fiber width. To the best of
our knowledge, this degree of control over PA nanofiber length has never been reported. By
further increasing the capping lipid concentration to above 50% by mol lipid, the fibers were
abolished and the major species observed were round structures (Fig. S4)29. Under our
proposed mechanism, the cylindrical trunk of the nanofiber is predominantly composed of
dpA3 (Fig. 10a). Increasing percentages of the capping lipid, DOPE, reduced the average
nanofiber length observed using TEM (Fig. 10b). The addition of DOPE also had significant
effect on the cellular uptake of dpA3 (Fig. 10c). The poor uptake of dpA3 may be attributed
to its extreme aspect ratio and uncharged nature. By controlling the aspect ratio, lipids like
DOPE may shorten ELPA nanofibers into shorter fibers (Fig. 5), which are more suitable for
non-phagocytic mechanisms of cellular internalization, Including potocytosis or clathrin-
mediated endocytosis. Alternatively, the inclusion of DOPE may promote membrane fusion
that mimics intracellular uptake. In either case, this lipid capping approach may also useful
for polarized functionalization of ELPA termini with cargo or targeting moieties.
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In addition to the delivery of a model hydrophobic fluorophore, Dil, the hydrophobic core of
the ELPA nanofibers demonstrated high efficiency encapsulation of the hydrophobic
chemotherapeutic PAX. PAX is commonly marketed as Taxol® and is dissolved in a castor
oil based Cremophor EL® system30. Cremophor EL® is a non-ionic surfactant which helps
emulsify PAX in aqueous solutions. In addition to severe discomfort during infusion, the
Cremophor EL® system is also reported to cause allergic reactions, which can be fatal3L.
The pure ELPA system can serve as an ideal alternative to such surfactants since it is non-
ionic and not easily taken up into cells (as shown in Fig. 8). Further studies may be
warranted in an effort to translate ELPA carriers from the bench to the clinic. While
genetically engineered ELPs such as A192, have many potential applications32, ELPAs have
three potential advantages as drug carriers: i) they have a truly hydrophobic core capable of
physical entrapment of hydrophobic drugs like PAX; ii) they are not recombinant products,
reducing their cost and complexity; and iii) the observation that they formed nanofibers
makes them a substrate with a very different surface compared to large soluble ELPs or
spherical ELP nanoparticles.

One potential application of ELPAs will be in the development of nanoparticles that are
synergistic with hyperthermia-mediated drug delivery32. In this manuscript, we have
focused on developing ELPAS as soluble drug carriers with a tunable fiber length; however,
future studies will be required to tune their thermal responses closer to physiological
temperature. The most direct approach to modulate ELP transition temperature is to adjust
the hydrophobicity of the guest residue from Ala to Val or lle. In fact, we successfully
purified both compounds (Table S1); however, neither dpVV3 nor dpl3 formed soluble, stable
nanofibers in the presence of water. One plausible explanation is that, similar to dipalmitoyl
phospholipids, the dipalmitoylated ELPAS have a lipid melting temperature slightly above
body temperature. Furthermore, it is plausible that if the transition temperature of the ELP
corona is below that of the lipid core, the ELPAS are unable to reorder themselves into stable
nanofibers upon hydration. Any effort to melt the lipid core results in bulk phase separation
of the peptide corona. Having now optimized the drug loading and tunability of nanofiber
length, future studies will address the lipid core melting temperature and tunability of
nanofiber transition temperature to better utilize hyperthermiamediated targeting.

PAs are an emerging nanomaterial with applications ranging from tissue engineering to drug
delivery. Dr. Stupp and coworkers have extensively studies PA networks for cell repair and
regeneration. For example, they developed PA systems with tunable RGD presentation
which have shown promise as cell adhesion scaffolds33. The same group has also shown
neuronal regeneration using laminin derived PAs, which have potential for treating spinal
cord injuries3*. Apart from tissue regeneration, PAs have found use in conventional drug
delivery aspects. PAs have been used to encapsulate hydrophobic small molecules
(Cisplatin, Nabumetone)3: 36 and as contrast agents3”: 38 in MRI imaging. As they are
bioresponsive, uncharged, and of tunable length, we propose that elastin-like PAs provide
multiple opportunities to facilitate the successful translation of PA-derived therapies such as
those above into clinical use.

Conclusion

Herein we describe a new type of peptide amphiphiles prepared by dipalmitoylation of a
non-ionic polypeptide derived from human tropoelastin. These ELPAs form cylindrical
micelles in solution, which undergo inverse phase transition behavior similar to high
molecular weight ELPs. The lengths of these ELPA nanofibers can be tuned by inclusion of
other lipids. The addition of lipids promoted cellular uptake of described ELPA nanofibers.
We also have preliminary evidence for its application as a drug delivery vehicle. This new
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class of PAs may be a useful platform to develop nanostructures with potential in targeted

dr

Supplement

ug delivery applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of ELPAswith LCST behavior

(@) A high molecular weight ELP, A192. (b) A low molecular weight ELPA construct
modified with a dialmitoyl lysine, dpA3. The dipalmitoyl lipids drive assembly of
cylindrical micelles with inverse phase transition behavior.
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Figure 2. EL PAs self-assemble micelleswith a low critical micelle concentration (CMC)

dpA3 was assessed for micelle assembly using pyrene and dynamic light scattering. (a)
Emission spectra of pyrene as a function of dpA3 concentration. A decrease in the intensity
of spectra was observed with decreasing concentrations of the conjugate. (b) L1/L3 was
plotted against log(concentration) of the dpA3 conjugate, where L1 and L3 are the intensity
at 373, and 384 nm respectively. The CMC for dpA3 conjugate was determined to be below
1.7 uM at the position indicated by the arrow. (c) Particle size distribution of dpA3 at 1000
M in 10mM HEPES buffered saline using dynamic light scattering (DLS).
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Figure 3. dpA3 self-assembles cylindrical fibers

The dpA3 (1000 M) was stained with 1% uranyl acetate and imaged using transmission
electron microscopy (TEM). (a) Numerous fiber-like cylindrical micelle structures 1.7 + 0.2
nm (mean + SD, n=3) in length were observed. (b) Distribution of fiber lengths. (c)
Distribution of fiber widths. Scale bar = 50 nm.
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Figure 4. dpA3 fibersform dense networks

100 M dpA3 was dried onto a freshly stripped mica surface and imaged using atomic force
microscopy (AFM). (a) dpA3 forms a network of bundled fibers. (b) The bundled fibers are
composed of parallel cylindrical fibers (c) The widths of the individual fibers are consistent
with the measurements obtained from TEM (n=3). Length measurements were not obtained
because the fibers extended outside the field of view. Scale bar = 250 nm.
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Figure 5. Thelength of the EL PA fiberscan be controlled using phospholipids

(a) The cylindrical fibers were shortened in length by 10-fold to 71.0 + 13.2 nm (mean +
SD, n=3) by mixture of equimolar quantities of DOPE:dpA3 [1:1] (b) Distribution of fiber
length. (c) The distribution of fiber widths was unaffected by the addition of phospholipid.

Scale bar =50 nm.
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The optical density was monitored over a temperature gradient of 1 °C per min from 45 to
80 °C. (a) A soluble ELP with a high MW (73.2 kD), A192 (100 uM=7.3 mg/ml). (b) ELPA
nanofibers composed from the low molecular weight (1.7 kD) dpA3 (1000 pM=1.7mg/ml).
(c) The transition temperatures for both constructs are inversely proportional to Log of
concentration for both A192 (slope = -8.9 + 0.8 °C (Log1o[pM])™1 (mean + 95% Cl), r2 =
0.9975, p < 0.01) and dpA3 (slope = -7.1 + 1.8 °C (Log1o[tM])! (mean + 95% ClI), r2 =

0.98, p < 0.01).
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Figure 7. dpA3 forms temper atur e-dependent secondary structure
(a) Circular dichroism (CD) spectra for dpA3 (250 uM, red) and KA3 (250 LM, orange)
below the transition temperature (T = 55 °C). The spectrum for the unmodified KA3
(R2=0.9930) peptide is considerably different from the dipalmitoylated dpA3 (R2=0.9922),
suggesting that nanofiber assembly induces formation of partial secondary structure. (b)
Above the transition temperature for dpA3 (T = 65 °C) there is a noticeable change in the
molar ellipticities (red, R?=0.9832); however, the unmodified peptide KA3 (orange,
R2=0.9913) remains unchanged. (c) At lower temperatures the majority of the dpA3 (250
M) population adopts either a p-sheet or random coil conformation. On heating there is an
increase in the p-turn 1 component suggesting that p-turn 1 formation is necessary for the
phase separation of this class of ELPAs. (d) The major conformation of unmodified KA3 at
all temperatures is random coil. There is no significant change in the secondary structure at

higher temperatures.
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HEK 293 HelLa

Figure 8. DOPE addition promotes cellular uptake of ELPAs

16.7uM of particles were added to HEK293 cells and incubated for 5hrs. Dil was used to
label nanoparticles (red). DAPI (Blue) was used to stain the nucleus. All images were
obtained with the same microscope settings. Image panels (a) to (d) and (m) to (p) show
minimal uptake of dpA3 in both cell lines respectively. Conversely, image panels (e) to (1)
and (q) to (x) show uptake of dpA3:DOPE particles which suggests DOPE influence in
cellular uptake. Control DOPC liposomes did not show any cellular uptake (Fig. S5). Scale
bars represent 5 pum.
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Figure 9. dpA3 Encapsulated PAX reduces Hel a cell viability

(a) At a constant concentration of dpA3 (125 wM), increasing concentrations of PAX were
encapsulated using thin film hydration. Analytical Reverse Phase HPLC was used to
quantify PAX, and the area under the curve (AUC) for the appropriate peak is presented.
This trace shows saturable encapsulation above 50 uM PAX at dpA3:PAX ratio of 1:0.8;
therefore, dpA3:PAX nanoparticles approach ~29% by mass drug loading. (b) A cytotoxity
assay was used to determine if dpA3 was able to deliver PAX to cells using the MTS assay.
There is no difference in efficacy of encapsulated PAX compared to free PAX solubilized in
DMSO.
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Figure 10. Proposed mechanism for fiber-length by capping phospholipid

dpA3

dpA3

(20% DOPE) (50% DOPE)

(a) Unsaturated lipid chains of DOPE promote intra-fiber phase separation to the termini of
ELPA nanofibers assembled by saturated lipids. (b) The average nanofiber length was

plotted as a function of the % of DOPE capping lipid. (c) Plain dpA3 fibers have low

propensity for cellular uptake. ANOVA analysis shows a significant difference between the
3 groups (P=0.0188). Tukey’s post hoc analysis shows a significant difference between
dpA3 and formulation with 20% & 50% DOPE (P<0.05). No significant difference in uptake
between 20% & 50% DOPE was observed. Hence, addition of DOPE increases uptake

irrespective of the cell line used. Values indicate the Mean £ SD (n=3)
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