Nanofiber-Based Delivery of
Therapeutic Peptides to the Brain

Mariarosa Mazza,” Rebecca Notman,* Jamshed Anwar,? Alison Rodger,* Matthew Hicks,* Gary Parkinson,’
Dave McCarthy," Tina Daviter," Julian Moger,' Natalie Garrett," Tania Mead,” Michael Briggs,’
Andreas G. Schatzlein,” and ljeoma F. Uchegbu™*

TUCL School of Pharmacy, 29— 39 Brunswick Square, London WCIN 1AX, United Kingdom, *Department of Chemistry and Centre for Scientific Computing, University
of Warwick, Coventry CV4 7AL, United Kingdom, SComputational Biophysics Laboratory, Institute of Life Sciences Research, University of Bradford, Yorkshire BD7
1DP, United Kingdom, “Biophysics Centre, Institute of Structural and Molecular Biology and Department of Biological Sciences, Birkbeck, University of London,
London WCTE 7HX, United Kingdom, "School of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom, and " GlaxoSmithKline,
Pharmaceuticals R&D, Medicines Research Centre, Gunnels Wood Road, Stevenage SG1 2NY, United Kingdom

ABSTRACT The delivery of therapeutic peptides and proteins to

B Responders

the central nervous system is the biggest challenge when developing

B Maximum Possible Effect

effective neuropharmaceuticals. The central issue is that the blood- Responders

brain barrier is impermeable to most molecules. Here we demon-

strate the concept of employing an amphiphilic derivative of a ]

peptide to deliver the peptide into the brain. The key to success is Nacl Solution Nanofibres

Dalargin Formulations

that the amphiphilic peptide should by design self-assemble into

Peptide Nanofibres

nanofibers wherein the active peptide epitope is tightly wrapped
around the nanofiber core. The nanofiber form appears to protect the amphiphilic peptide from degradation while in the plasma, and the amphiphilic
nature of the peptide promotes its transport across the blood-brain barrier. Therapeutic brain levels of the amphiphilic peptide are achieved with this
strategy, compared with the absence of detectable peptide in the brain and the consequent lack of a therapeutic response when the underivatized peptide

is administered.
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elivery of therapeutic peptides to the
D central nervous system (CNS) remains

a challenge to the development of
effective neuropharmaceuticals. The central
issue is that the blood-brain barrier (BBB),
the interface between the blood and brain,
is not permeable to large hydrophilic mole-
cules.! Potential therapeutic peptides include
amyloid beta aggregation inhibitors for
Alzheimer's disease,” peptides for Parkinson's
disease,® and analgesic neuropeptides,* but
to date, these remain undeveloped because
of the delivery challenges that include ex-
clusion from the brain and degradation within
the blood. Furthermore, the incidence of
neurological diseases is predicted to rise,®
making the demand for neurological thera-
pies even more acute.

Various strategies have been attempted
to enable drug compounds to cross the blood-
brain barrier, following intravenous admin-
istration, including drug—ligand/antibody
conjugates to exploit the endogenous
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transporters at the luminal side of the brain
endothelial cells,® '° the inhibition of the
brain ABC efflux transporters (P-glycoprotein'’
and breast cancer resistance protein'?),
the use of surfactant-coated poly(butylcyano-
acrylate) nanoparticles,'® and the use of cat-
ionic cell-penetrating peptides to effect ad-
sorptive-mediated transcytosis.'* Along
with these intravenous injection approaches,
there have evolved a number of intracranial
strategies such as the use of brain implants
following surgery,'® convection enhanced
infusions, in which catheters are placed at
or close to the site of pathology in the
brain,'® and the popular Ommaya reser-
voir, in which a reservoir is placed under
the scalp to deliver drug via a catheter
intraventricularly.” Finally, there are also
methods which simply involve the use
of compounds which temporarily disrupt
the blood-brain barrier (e.g., the intra-
carotid infusion of mannitol or bradykinin
analogues).'®
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For the brain delivery of peptides, approaches have
been largely restricted to the chemical derivatization of
these molecules in order to make them more lipophilic,
less prone to hydrogen bonding in the blood, and
more likely to traverse the lipid endothelial cell mem-
branes. As such, the dimethylation of the tyrosine
residue in p-pen®-p-pen’-enkephalin,’® chlorination of
the phenylalanine unit in b-pen-p-pen®-enkephalin,®®
or use of lipid prodrugs of p-Ala-p-Leu® enkephalin
(e.g., formation of the C-terminal cholesteryl ester and
N-terminal amidation with 1,4—dihydrotrigone||ine)21
have all been attempted. However, increasing a drug's
lipophilicity sometimes results in increased plasma
clearance and ultimately reduced brain exposure,??
and so the use of lipidization alone is not without its
drawbacks. Other methods that have been used to
deliver peptides include methods to increase enzyme
stability such as the use of cyclic peptides, for example,
the cyclic peptide bp-pen®-p-pen’-enkephalin.® As
there are no neuropeptide drugs on the market, it is
clear that all of these strategies have met with limited
success.

Here we present a peptide brain delivery strategy
using peptide drug nanofibers as a concept and show
that self-assembling peptide drugs, which give rise to
nanofibers, are able to deliver the model peptide
dalargin to the brain and elicit a pharmacological
response. Dalargin is usually excluded from the brain. A
key feature of these drug nanofibers is the fact that the
peptide chains in the peptide nanofibers are wrapped
tightly around the nanofiber core, a feature which
would prevent the degradation of these peptides
in vivo. Peptide nanofibers have been investigated
for tissue and nerve regeneration®*?> and explored
in vitro as cell antiproliferative agents,*® but they have
not been used to deliver drugs across the blood-brain
barrier.

RESULTS AND DISCUSSION

To demonstrate the concept of using an amphiphilic
derivative of a peptide to enhance its delivery to the
brain, we employed the model peptide dalargin (Tyr-p-
Ala-Gly-Phe-Leu-Arg), an opioid receptor agonist,
which shows specificity for the mu opioid receptors,®’
and which is normally excluded from the central
nervous system (CNS). The amphiphilic derivative of
dalargin, palmitoyl dalargin (pDal), was synthesized
using fluorenylmethyloxycarbonyl chloride (Fmoc)-
based chemistry, in which synthesis of the peptide is
followed by the linking of a palmitoyl moiety to the
tyrosine hydroxyl via an ester link. It is envisaged that
this amphiphilic peptide derivative would give rise
to the drug dalargin on encountering endogenous
esterases, in a similar manner to the release of leucine™-
enkephalin from the cleavage of tyrosine'-palmitate-
leucine®-enkephalin (TPLENK).?® The resulting pep-
tide bears a positively charged (at physiological pH)
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arginine at one end and a long alkyl chain at the
opposite end (Figure 1a).

The pDal is able to self-assemble into high axial ratio
micellar aggregates. Self-assembly of an aqueous dis-
persion of pDal (1 mg mL™") was induced by probe
sonication. Peptide nanofiber transmission electron
micrographs (Figure 1b) reveal two distinct morphol-
ogies, twisted or straight elongated micellar aggre-
gates. The twisted elongated nanostructures resemble
the fibrils observed for glucagon amyloid fibrils, where
two or more protofilaments twist repetitively around
each other.?® Mixed populations of straight and twisted
nanofibers have previously been noticed for amyloids
derived from bovine insulin fibrils.>°

We administered intravenously pDal nanofibers in
NaCl (0.9% w/v) and dalargin alone in NaCl to groups of
mice (n = 5) at a dalargin dose of 30 mg kg~ and
measured peptide levels in the plasma, brain, and liver
(Figure 2) using liquid chromatography—mass spectrom-
etry (LC—MS), which is the method of choice for
monitoring peptide distribution in biological matrices.>'*2
Dalargin was not detected in the brain, liver, or plasma
when either dalargin or pDal was administered intra-
venously, and only dalargin's main metabolite, p-Ala*-
Leu’-enkephalin, was detected in the plasma after
administering dalargin or pDal nanofibers (Figure 2b).
Metabolite analysis was focused on the main metabo-
lite as p-Ala*-Leu®-enkephalin has weak opioid activity.>
In contrast, pDal was detectable in all tissue samples
analyzed (Figure 2a,c,e) and more crucially detected in
the brain for up to 4 h after intravenous administration
(Figure 2c). Brain levels of pDal with respect to the
plasma increased steadily for up to 90 min, evidence of
a slower clearance of pDal from the brain and that brain
pDal levels recorded are not due to the levels in the
brain vasculature (Figure 2d). Further evidence that the
brain levels identified are in the brain parenchyma, as
opposed to brain vascular volume, is drawn from the
fact that the vascular volume has been estimated at
12 uL g~ ",** hence, a calculation of the pDal concen-
tration within the theoretical brain vascular volume
reveals that the vascular volume (plasma) levels con-
tributed 11% at the 3 min time point, 5% at the 10 min
time point, and 1% or less at the later time points. The
brain concentration actually exceeds the plasma con-
centration at the 90 min time point (Figure 2a inset and
Figure 2c). Liver levels of pDal also increased steadily
with respect to the plasma levels (Supporting Informa-
tion Figure SI 9), evidence that liver clearance was also
delayed relative to plasma clearance. p-Ala*Leu®-
enkephalin was detected in the plasma after the
intravenous administration of pDal, indicative of the
formation of dalargin from pDal (Figure 2b). We thus
surmise that pDal is converted to dalargin in vivo by
plasma esterases in a similar manner to the conversion
of TPLENK to leucine®-enkephalin in the plasma and
liver.2® Dalargin tissue levels are below the limit of
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Figure 1. (a) pDal molecular structure; (b) cylindrical and twisted nanofibers as seen using TEM (red arrows indicate twisted
nanofibers); (c) snapshots from molecular simulations of the self-assembly of pDal nanofibers starting from a random
configuration; (d) 2 nm length cross section of the nanofiber formed during simulation, revealing the wrapping around of the
peptide moiety (shown in purple) around the fiber axis; the hydrophobic core shown in cyan; (e) pairwise radial distribution
function for the TYR backbone bead with respect to all other amino acid backbone beads in a nanofiber; (f) idealized nanofiber
structure as previously proposed by others (t = 0), with the pDal molecules arranged so that the peptide fragment extends
radially outward from a hydrophobic core, and the converged molecular structure of the nanofiber after 50 ns simulation time
(t =50). The converged structure shows wrapping around of the peptide moiety about the fiber axis. The hydrophobic core is
colored gray; peptide backbone particles are shown in blue with the arginine backbone particle in orange and the tyrosine
backbone particle in cyan. Side chain and solvent particles have been removed for clarity. (g) Pairwise radial distribution
function g(r) between the ARG backbone bead and the TYR backbone bead, calculated over five different time periods of the
simulation.

quantification (50 ng mL ™" in plasma and 150 ng mL ™" scattering (CARS) microscopy. CARS microscopy was
in the brain) as the species is so short-lived and is not used to visualize pDal fibers within the brain parenchyma
even detected when dalargin is injected intravenously without the need to modify the fibers with fluorescent
(Figure 2a—c,e). labeling. Fluorescent labeling causes chemical pertur-

To provide further evidence that the peptide nano- bation that could influence transport of the drug across
fiber formulations did indeed cross the blood-brain the BBB. Moreover, the technique provided nondes-
barrier, we employed coherent anti-Stokes Raman tructive visualization of the surrounding brain tissue
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Figure 2. (a) Pharmacokinetic (mean + sd) and pharmacodynamic (mean + sem) profiles of pDal nanofiber and dalargin
formulations after intravenous administration: mice (n = 5) received a dose of 30 mg kg ' of dalargin either as dalargin or pDal
nanofibers and dissolved or dispersed in NaCl (0.9% w/v), respectively. Analyses were carried out using LC—MS, and dalargin
was not detected in any of the samples after the administration of dalargin or pDal. (a) pDal plasma levels expressed in
ug mL™" (inset pDal plasma levels at the later time points, from 30 min after dosing, enlarged for clarity). (b) p-Ala?-Leu®-
enkephalin (dalargin metabolite) plasma levels following the intravenous administration of dalargin (O) or pDal nanofibers
(®); (c) pDal brain levels expressed in ug g”; (d) pDal brain/plasma ratio following the intravenous injection of pDal
nanofibers (mean pDal brain/mean pDal plasma); (e) pDal liver levels expressed in ug g . (f) Pharmacodynamic evaluation of
dalargin and pDal nanofiber formulations presented as % anti-nociception in the tail flick bioassay when mice were
administered sodium chloride (0.9% w/v, A), dalargin solution in NaCl (15 mg kg”, 0), or pDal nanofibers in NaCl (15 mg kg”, o),
* = statistically significant difference between pDal nanofibers and dalargin groups (p < 0.05). The baseline latency ranged
from 1.84 + 0.24 to 2.14 + 0.54 s, and the maximum time of observation was 10 s.

structures to confirm the location of the fibers in nonlinear Raman signal is generated by focusing two
relation to the BBB. CARS microscopy is a label-free synchronized ultrafast pulse trains into a sample with a
imaging technique that provides real-time imaging of difference in frequency matched to a Raman-active
intact tissues with subcellular spatial resolution based mode of a molecular species of interest. The non-
on molecular vibrational spectroscopy.®> A coherent linear nature of the process confines the signal to a
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Figure 3. (a) Spontaneous Raman spectrum of the pDal nanofibers. (b—e) Ex vivo CARS images of brain tissue of a male CD-1
mouse 30 min following a 30 mg kg~ IV dose of pDal nanofibers. (b) Epi-CARS image demonstrating the high contrast
derived from the abundant CHj, stretching mode at 2850 cm ' of the nanoparticles (NP). (c) Merger of NL-PTL (yellow) and SRS
(green) images of the same region of tissue shown in (b), which provided label-free contrast of red blood cells (RBC), the
surrounding capillary wall (CW), and brain tissue structures. (d,e) Multiplanar and maximum intensity projections of a 30 um
deep image stack in the region of the blood vessel (RBC = red blood cells).

submicrometer focus that can be scanned in space,
allowing three-dimensional mapping of biomolecules
in tissue with subcellular resolution. As we have pre-
viously shown,*®~3® the technique has exceptional
capabilities for locating nanomedicines within tissues
with 3D subcellular resolution. The directional nature
of the signal produced in CARS microscopy has partic-
ular use for detecting nanoparticles against a back-
ground of biological tissues. Due to the coherent
nature of the CARS process, the spatial distribution of
the emitted signal is more complicated than that
observed for incoherent microscopy techniques, such
as fluorescence, where the signal is emitted in all
directions. In CARS microscopy, the direction in which
the signal is emitted can vary depending upon the size
of the scattering object. For CARS generated in bulk
tissues, the constructive interference occurs in the
forward direction, resulting in a forward propagating
signal, and in the backward direction, destructive inter-
ference leads to no epi-CARS signal from bulk objects.
Conversely, the CARS signal generated by objects
within the focal volume, whose size is insufficient for
complete destructive interference in the epi-direction
to occur, will propagate equally in the forward and epi-
directions. This criterion is fulfilled by particles smaller
than one-third of the pump beam wavelength, which for
the typical excitation wavelengths used corresponds

MAZZA ET AL.

to objects smaller than approximately 300 nm. The
forward propagating signal from these particles is
often swamped by the strong forward CARS signal
from bulk media. However, the epi-signal, which has
minimal contribution from bulk media, provides high
contrast of small scatters. For polymeric particles, this
effect is compounded by the fact that the CARS signal
intensity scales quadratically with the number of re-
sonant bonds within the sample volume, and the high
bond repetition within the particles leads to extremely
strong signals. The combination of these phenomena
provides a highly effective mechanism to separate the
signal from polymeric nanomaterials and the sur-
rounding biological tissues in which they are situated.

CARS contrast of the pDal nanofibers was derived
from the CH, stretch mode at 2850 cm™~', which is
abundant in the palmitoyl group and clearly visible in
the spontaneous Raman spectrum of the nanofibers
shown in Figure 3a. Since the CARS signal intensity
scales quadratically with the number of resonant
bonds within the sample volume, this mode provided
excellent contrast of the nanofibers against the back-
ground of biological structures. Figure 3b—e shows
ex vivo CARS images of brain tissue of a male CD-1
mouse 30 min following an intravenous dose (30 mg kg ")
of pDal nanofibers. Figure 3b illustrates the contrast of
the particles that could be achieved using epi-CARS

AR
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detection. Although some autofluorescence within the
tissue was present in the epi-CARS images, it is several
standard deviations weaker than the intense pDal
signal and may be efficiently thresholded out of the
images. Control samples devoid of nanoparticles im-
aged under the same conditions showed no epi-CARS
signal above the threshold value. Figure 3c demon-
strates how the combination of nonlinear photother-
mal lensing (NP-PTL, yellow) and spontaneous Raman
scattering (SRS, green) provided label-free contrast of
blood vessels and the surrounding cellular structures,
respectively. The presence of red blood cells in the
upper half of the image indicates that the image plane
passed through a microvessel (approximately 14 um in
diameter). Since all three images (epi-CARS, SRS, and
NP-PTL) are acquired simultaneously using the same
excitation, all three images are perfectly co-registered
with no positional error and may be merged to deter-
mine the location of the nanofibers with respect to the
BBB. Figure 3d,e shows multiplanar and maximum
intensity projections of a 30 um deep image stack
acquired ata 3x zoom centered on the region contain-
ing the blood vessel. The epi-CARS signal from the pDal
(blue) is present both in the BBB vessel and the brain
tissue. These figures show that pDal is clearly located in
the brain parenchyma, which was confirmed by the
LC—MS data. Since epi-CARS signals with sufficient
intensity to appear above the image threshold can
only occur from nanoscale objects containing a high
density of the palmitoyl groups, these images confirm
that intact nanofibers, rather than degraded polymer
material, have crossed the BBB. Nanofibers have been
shown to enter MT3T3-E1 cells by endocytosis®® and
have also been internalized by SKBR-3 cells in culture.?®
Additionally, particles have been reported to cross the
BBB by receptor-mediated endocytosis for example*°
and by other nonspecific uptake mechanisms,*' and
although we have no evidence of receptor-mediated
endocytosis, it is conceivable that the pDal nanofibers
could have crossed the brain endothelial cells by
endocytotic mechanisms.

In order to ascertain whether the administration of
pDal does result in central pharmacodynamic effects,
we also conducted the tail flick bioassay®®3® in which
animals are subjected to a thermal stimuli and the time
required to remove the tail from the stimulus, used as a
measure of anti-nociception. Only animals adminis-
tered pDal nanofibers exhibited an anti-nociceptive
response (Figure 2f), confirming that pDal from this
delivery system crosses the blood-brain barrier to
induce a pharmacodynamic response. The time for
peak activity was delayed with respect to the peak
brain levels of the pDal (which is in effect a prodrug of
dalargin), indicating that the active species was actu-
ally the drug dalargin. Although dalargin was too short-
lived/below the limit of quantification to be detected,
the dalargin metabolite (0-alanine®-leucine®-enkephalin)
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was detected at the 5 min time point in the plasma
after the intravenous administration of pDal nanofibers
(Figure 2b), indicating that dalargin was generated
in vivo. Our conclusion that the activity that we are
seeing is due to the dalargin originating from the pDal
nanofibers stems from the delayed response and the
fact that we know that palmitoyl tyrosine ester pro-
drugs of leucine®-enkephalin give rise to leucine®-
enkephalin in vivo.?® Ester prodrugs are rapidly cleaved
to the parent drug: being completely cleaved within
30 min in the case of the phosphate ester prodrug of the
antifungal agent, ravuconazole,*? or the (glycyl, glutamyl)-
diethyl ester prodrug of the antitumor agent, S-(N-p-
chlorophenyl-N-hydroxycarbamoyl)glutathione.**
Additionally, it is also possible that the prolonged dura-
tion of activity of pDal nanofibers could indicate that
the receptor—agonist dissociation kinetics are slow. A
prolonged duration of action has been observed with
mu opioid receptor antagonists** and agonists*> when
the receptor—antagonist/agonist dissociation kinetics
are slow. Finally, we cannot rule out a contribution to
the anti-nociceptive response by dalargin's main me-
tabolite p-alanine®-leucine®-enkephalin (Figure 2b) as
p-alanine?leucine’-enkephalin is also an opioid recep-
tor agonist.3

The above results clearly confirm that pDal is being
delivered to the CNS in sufficient quantity to elicit a
pharmacodynamic response, while dalargin itself is not
detectable in the brain, plasma, or liver, being com-
pletely metabolized on arriving in the circulation. By
contrast, pDal appears to overcome the main chal-
lenges that plague delivery of peptides to the CNS,
namely, plasma degradation and exclusion from the
brain by the blood-brain barrier. We infer that pDal's
ability to form nanofibers that can persist in the blood
circulation must offer the molecules stability to degra-
dation. To investigate the reason for this plasma
stability and peptide brain penetration, we attempted
to elucidate the molecular organization of the nanofi-
bers using linear dichroism (LD) and X-ray diffraction
(XRD), complemented by molecular simulation.

Both linear dichroism and X-ray diffraction revealed
that the nanofibers comprised predominantly 3-sheets
aligned along the long axis of the fibers, and that the
tyrosine residues are located within the interior of the
fiber while the alkyl groups are pointing perpendicular
to the fiber's long axis. The LD spectrum (Figure 4) of a
pDal nanofiber dispersion shows a maximum signal at
~201 nm, indicating that the C=0 groups are approxi-
mately parallel to the long axis of the fiber, and thus the
B-sheets are parallel to the fiber axis. The two positive
tyrosine peaks at 279 and 286 nm (Figure 4B) are
shifted to a longer wavelength (normally expected to
be at 275 nm), indicating that the tyrosine residues are
located within the interior of the fiber.*® The negative
signal around 235 nm (Figure 4B) suggests that the
transition moment along the O-alkyl group is pointing
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Figure 4. LD spectra of pDal nanofiber dispersions (0.2 mg mL™"): (A) pDal nanofibers in water; (B) pDal nanofibers in water
with azoom at the 230—300 nm region. The two positive tyrosine peaks at 279 and 286 nm are shifted to a longer wavelength
than would be expected for these moieties in aqueous media as we would normally expect a single peak at ~275 nm,
indicating that the tyrosine residues are located within the interior of the fiber. Additionally, there is also a negative signal
around 235 nm, thus the transition moment along the O-alkyl group is pointing perpendicular to the fiber long axis. (C,D) pDal
nanofibers in a solution of fluorescent thioflavin T (Th-T, 22 uM) in EDTA buffer (10 mM Tris-HCI, 1 mM disodium EDTA, pH 8.0).
The sample is affected by light scattering, as can be deduced by the sloping baseline (D), hence we corrected the effect of the
light scattering as reported in detail in the Supporting Information. (E,F) pDal nanofibers in a solution of Congo Red (CR, 10 uM)
in PBS (5 mM, NaCl = 150 mM).

perpendicular to the fiber long axis.*® It was also con-
firmed by fluorescent thioflavin T (22 uM) and Congo
Red (10 uM) binding studies that the -sheets werein a
parallel arrangement to the fiber axis (Figure 4C—F).
The X-ray diffraction carried out on a dried stalk of pDal
nanofibers revealed a sharp meridional diffraction at
4.8 A (Figure 5), which is the distance between adjacent
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a-carbon atoms in hydrogen-bonded f-strands in the
B-sheet, thus further confirming the predominance of
the f-sheet secondary structure parallel to the nano-
fiber axis.*’*®

Molecular dynamics simulations were carried out
using a coarse-grained representation of the pDal
molecule. The system size comprised 512 molecules
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Figure 5. XRD of a dry stalk of pDal nanofibers.

of pDal with an equal number of chloride counterions
(required to neutralize the charge) randomly inserted
in water. Simulations were carried out over a range of
pDal: water particle ratios 1:10, 1:20, 1:25, and 1:50
(each water particle represented four water molecules),
covering a wide range of pDal concentrations. In all
simulations, pDal molecules self-assembled into fiber-
like structures that persisted for the entire simulation
(1.6 us). A series of snapshots showing the simulated
self-assembly of pDal molecules for the 1:50 concen-
tration system are presented in Figure 1c. The pDal
molecules aggregate into small clusters, which then
associate over ~100 ns to form long fiber-like struc-
tures. In the simulation presented here (Figure 1c—e),
two nanofibers formed spontaneously, lying parallel to
each other and spanning the periodic box. A snapshot
showing a cross section of one of the nanofibers is
shown in Figure 1d. It is clear that the peptide back-
bone (magenta-colored particles) wraps around and
lines the exterior of the fiber while the alkyl chains
cluster together to form a hydrophobic core (cyan-
colored particles). The alkyl chains lie perpendicular to
the long axis of the nanofiber, pointing toward the
center of the nanofiber. There is also significant tyr-
osine—arginine interaction, indicative of an overall
preference for an antiparallel alignment of the peptide

METHODS

Peptide Synthesis. The peptide was synthesized by Peptisyntha
(Torrance, California, USA) and a batch by us. Briefly, to the
H-Arg(Pbf)-2-CI-Trt resin (0.943g, 0.53 mmol g~') was added
dimethyl formamide (DMF, 4—8 mL), and the resin was left to
swell for 1 h. To the swollen resin was then added a solution of
DMF containing the Fmoc (fluorenylmethyloxycarbonyl chloride)
amino acid (Fmoc-L-leucine, 0.44 g, 1.25 mmol), O-(1H-benzo-
triazole-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophos-
phate (HBTU, 0.47 g, 2.5 mmol), and 1-hydroxybenzotriazole
(HOBt, 0.436 mL, 2.5 mmol). To the reaction was then added
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moieties. The observed wrapping around of the pep-
tide backbone about the hydrophobic core is quite
distinct from the cylindrical micelle-like structure that
is generally thought to characterize the structure of
amphiphilic peptide nanofibers.*>>° In the latter, the
peptide fragments extend out radially from the core,
forming a halo, rather than wrapping round the core.
To address the possibility of pDal existing in such
a structure, we simulated an idealized, cylindrical
micelle-like structure with extended peptide chains
of pDal in water. The idealized structure rapidly con-
verged to the wrap-around structure observed in the
self-assembly simulations (Figure 1f).

CONCLUSIONS

We conclude from the experiments and the simula-
tions that pDal nanofibers consist of a central hydro-
phobic core surrounded by wrapped-around peptide
pB-sheets (Figure 1d,f). Given such a structure, we
conclude that the tight wrapping around of the pep-
tide moieties makes the nanofibers less prone to
dissolution in the plasma and would also protect the
peptide bonds from degradation. Had the structure
been more akin to a cylindrical micelle with the peptide
moieties pointing out radially, the peptide linkages
would be more accessible and prone to degradation.
Being less susceptible to degradation, one would ex-
pect the current nanofibers to persist in the plasma,
making them available at the blood-brain barrier. The
CARS data suggest the presence of pDal aggregates,
possibly nanofibers, within the brain parenchyma, and
it is possible that pDal nanofibers are taken up by
endothelial cell endocytosis. However, we are unsure
how much of the brain pDal is made up of nanofibers
and how much is made up of pDal molecules as there is
a possibility of the nanofibers disassembling in close
proximity to the endothelial cell membrane and ab-
sorption then taking place on a molecular basis.

Summarizing, we have demonstrated the concept of
using an amphipathic derivative of a peptide that
self-assembles into nanofibers to deliver the peptide
to the central nervous system. The nanofiber with
the peptide backbone tightly wrapped around the
fiber core appears to protect the peptide from plas-
ma degradation.

N,N-diisopropylethylamine (DIEA, 191 mg, 2.5 mmol), and the
reaction was allowed to proceed for 30 min. For each amino acid
residue coupled, the above procedure was performed twice.
After coupling each residue, the Kaiser test was performed to
ensure coupling was complete. Deprotection of the Fmoc
moiety after washing the resin with DMF (150 mL) was achieved
by adding piperidine (20% v/v in DMF, 10 mL) to the resin beads,
which were then agitated for 10 min (performed twice). The
process detailed above was repeated until synthesis of Fmoc-
Tyr-p-Ala-Gly-Phe-Leu-Arg was complete. All peptide synthesis
steps were performed at room temperature. Once peptide
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synthesis had been completed, the resin was washed with DMF
(250 mL), followed by dichloromethane (DCM, 100 mL) and then
by a mixture of DCM and methanol (1:1, 200 mL). The peptide-
bound resin was dried under vacuum, transferred to a glass
container, and then left in a desiccator under vacuum for 24 h.

Triethylamine (665 mL, 4.8 mmol) was added to a dispersion
of the peptide bound to the resin (0.266 g, 0.1 mmol) preswollen
in DMF (8 mL), and to the resultant suspension was added
dropwise the N-hydroxysuccinimide ester of the palmitic acid
(282 mg, 0.85 mmol) in DMF (8 mL). The reaction was left
shaking for 24 h at 25 °C. The mixture was then concentrated
under reduced pressure to remove volatile products and the
residue dispersed in DMF (4 mL). The DMF suspension was
filtered and the residue washed with DMF (100 mL). The product
bound to the resin was treated with the reagent R (trifluoro-
acetic acid, ethanediol, thioanisole, anisole —90:3:5:2, 1 mL for
each 0.1 mg of the resin). The reaction mixture was evaporated
under vacuum, and the peptide precipitated with cold water
(4 °C, 4 mL). Ethanol (20 mL) was added to wash and redissolve
the precipitate, and the solution was incubated at 35 °C for
45—60 min to allow reprecipitation. The precipitate was col-
lected by centrifugation (2500 rpm x 30 min) in a Z323 Hermle
centrifuge (VWR, Poole, UK), and precipitation and centrifuga-
tion were repeated twice. The pellet was then redissolved in
acetonitrile and freeze-dried.

Nanofiber Preparation. Self-assembled pDal nanofibers were
prepared by vortexing a suspension of pDal (1 mg mL™" for
structural investigations and either 15 and 30 mg mL~" for
biological investigations) in water (for physical investigations)
or in NaCl (0.9% w/v, for biological investigations), followed by
probe sonication (MSE Soniprep 150, MSE London, UK) with the
instrument set at 50% of its maximum output for 20 min.

Transmission Electron Microscopy. Samples were imaged under
a Philips CM120 BioTwin transmission electron microscope (FEI
Company, Eindhoven, The Netherlands). Prior to imaging, the
samples were negatively stained using uranyl acetate (1% w/v)
as previously described.>'>2

Coarse-Grained Molecular Dynamics. To investigate the self-
assembly and molecular organization of pDal nanofibers, coarse-
grained (CG) molecular dynamics (MD) simulations were carried
out using the GROMACS 4.5.1 simulation package.>® Atomistic
simulations of pDal in water were used to refine a CG model
based on the MARTINI force field.>*>> To generate the initial
starting configurations for the CG simulations, 512 pDal mol-
ecules were randomly inserted (random position and orienta-
tion) into a simulation cell and then solvated with CG water
particles and chloride counterions. Simulations were carried out
for up to 1.6 us. Further details of the model and the simulation
parameters are provided in Supporting Information.

Linear Dichroism. LD spectra were measured with a Couette
cell (Kromatek, Great Dunmow, U.K)) inserted into the sample
compartment of a J-815 spectropolarimeter (Jasco UK, Great
Dunmow, U.K.) adapted for LD measurements. pDal dispersions
(1 mgmL~" diluted to 0.2 mg mL~") were loaded onto a cylindri-
cal quartz capillary of 3 mm internal diameter, one end of which
was sealed with Araldite Rapide. A quartz rod of 2.5 mm outer
diameter was suspended within the capillary and the capillary
rotated within the Couette flow cell. Spectra were measured
between the wavelengths of 180 and 350 nm, at a scanning
speed of 100 nm min~', bandwidth of 2 nm, and an integration
time of 0.5 5. Spectra were measured at a rotating speed of 1.5V,
and a nonrotating baseline spectrum was subtracted from each
spectrum to account for the inherent LD signal.

X-ray Diffraction. Data sets were collected on an Oxford
Diffraction Xcalibur NovaT X-ray diffractometer with the sample
mounted using transmission geometry, processed, and scaled
using CrysAIisPRO (Oxford Diffraction, Oxford, U.K.). The dried
stalk sample was mounted perpendicular to the Phi axis and
rotated about Phi over 360° at 0.5°/s while exposed to Cu Ko
radiation (1 = 1.5418 A) at room temperature.

In Vivo Pharmacokinetics Studies. All experiments were per-
formed under a UK Home Office License (Animal Scientific
Procedures Act 1986). Groups (n = 5) of mice [ICR (CD-1) male
out bred mice (18—24 g, 4 weeks old, Harlan, Oxon, UK)] were
administered either dalargin in NaCl (0.9% w/v) or pDal in NaCl
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at a dalargin dose of 30 mg kg™ and a dose volume of 8 mL kg™".
At various time points, animals were killed and their brains,
livers, and plasma analyzed.

Blood samples (0.4—0.8 mL per mouse) were collected into a
chilled syringe and transferred into sterile tubes spray coated
with tripotassium ethylenediamine tetraacetic acid (K3, 3.6 mg)
medical grade (3 x 75 mm K3E Vacutainer, PET tubes, BD
Biosciences, Oxford, U.K.), and maintained on ice (4 °C) until
centrifugation. Plasma was obtained after centrifugation (1600g x
15 min at 4 °C) and stored at —80 °C, until analyses could be
performed. Brain and liver samples were removed, immediately
frozen in liquid nitrogen, and stored at —80 °C until analyses
could be performed on them.

Extraction Procedure. Plasma, brain, and liver samples were
thawed, organs weighed, and water (2 mL g~") added to brains
and livers. Brains and livers were homogenized. To plasma
samples (50 uL) and organ homogenates (100 ulL) were added
ethanol (50 xL) and acetonitrile and ammonium acetate 10 mM
(80:20, 250 ul) containing Aricept (10 ng mL™") as internal
standard. Samples were vortexed for 20 min and centrifuged
(2465g x 15 min at 4 °C), and the supernatant was subjected to
liquid chromatography—mass spectrometry (LC—MS) analysis.

LC—MS analysis was carried out on a mass spectrometer
instrument (Applied Biosystems API4000, Warrington, U.K)).
Mode of operation: positive-ion/turbo ionspray, source tem-
perature = 625 °C; software version, Analyst 1.4.2; multiple
reaction monitoring transitions for dalargin = 726.6 — 136.2,
palmitoyl dalargin = 964.8 — 136.2, p-alanine*leucine-enke-
phalin = 5704 — 136.1; pump instrument type, JASCO XLG;
HPLC column (type/size): Thermo Gold (Aqua) 30 x 3 mm, pore
size = 3 mm, column temp = 50 °C, flow rate = 1.0 mL min~";
volume split from LC into source, no split; run time = 2.5 min,
injection volume = 20 uL. Samples were eluted with a gradient
at (solvent A) 10 mM ammonium acetate, (solvent B) methanol
(time = 0 min, solvent B 20%; time = 0.8 min, solvent B 90%; time =
1.8 min, solvent B 90%; time = 1.81 min, solvent B 20%).
Autosampler instrument type: Research PAL CTC autosampler.

Multimodal Nonlinear Microscopy. The brains were fixed in a
neutral buffered formalin solution containing formaldehyde
(4% w/v) and were stored at 4—6 °C prior to experimentation.
Coronal sections were cut using a mouse brain slicer matrix
(Zivic Instruments, Pittsburgh, PA, USA) with 0.5 mm slice
spacing intervals; the brain slices were briefly immersed in
phosphate buffered saline prior to plating onto cleaned glass
coverslips. Each brain section was surrounded by strips of
parafilm two layers thick, which acted as spacers before the
sample was covered with a second glass coverslip. Using a point
heat source applied to the top coverslip, the parafilm spacers
were heated to their melting temperature of 60 °C to form a
water-tight seal around the brain slice, at a distance sufficiently
far from the sample to prevent damage.

Imaging was performed using a custom-built multimodal
nonlinear optical microscope that provided three complemen-
tary contrast mechanisms simultaneously: (1) coherent anti-
Stokes Raman scattering (CARS) to detect the pDal nanofibers,
(2) stimulated Raman scattering (SRS) to delineate the cellular
structures within the brain, and (3) nonlinear photothermal
lensing (NL-PTL), derived from hemoglobin to delineate blood
vessels. For a detailed technical description of the microscope,
see ref 56.

(1) Epi-detected coherent anti-Stokes Raman scattering
(E-CARS) to locate the pDal nanofibers: CARS is a four-wave mixing
process in which two laser beams, a pump and a Stokes beam, at
frequencies w; and wy, respectively, are focused into a sample.
Matching the difference in frequency (w, — w,) to that of a
Raman-active molecular vibration of the chemical species of
interest resonantly leads to the generation of a strong anti-
Stokes signal (w,) at frequency (was = 2w, — w;) when the
chemical species of interest is present in the sample volume.
E-CARS is particularly suited to locating polymer nanomaterials
within biological tissues.>” The signal scales quadratically with
the number of vibrational modes within the sample volume and
therefore favors detection of polymer particles with high bond
repetition. Moreover, when detected in the epi-direction,
the phase-matching criteria enhance the CARS signal from
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subwavelength objects while suppressing that emitted from
surrounding “bulk” objects. In the case of the pDal nanofibers,
strong contrast could be achieved by tuning w, — s to
2855 cm™ ', the CH, vibrational mode that is abundant in the
palmitoyl group.

(2) Stimulated Raman scattering (SRS) to delineate cellular
structures and blood-brain barrier: SRS was performed using the
same pump and Stokes beams (w,, and w,) to excite chemical
bonds of interest; however, in SRS, amplification of the Raman
signal is achieved by virtue of stimulated excitation. The
intensity of the Stokes beam, /s, experiences a gain, Als
(stimulated Raman gain, SRG), and the intensity of the pump
beam, I, experiences a loss, Al,, (stimulated Raman loss, SRL).
Imaging is achieved by recording the SRL signal Al
which scales linearly with the concentration of a vibrational
mode.

(3) Nonlinear photothermal lensing (NL-PTL) to provide
contrast of the red blood cells within the brain vasculature.
For the purpose of locating the blood-brain barrier, we made
use of NL-PTL that results from the strong optical absorption
band of hemoglobin. NL-PTL is achieved using the pump and
Stokes beams and also leads to a loss in the intensity of the
pump beam, Al,. However, due to the thermal time taken for
the thermal gradient to build up, the NL-PTL signal occurs with a
phase delay with respect to the SRL signal, which can be
isolated using phase-sensitive detection.

Anti-nociception Experiments. Groups (n = 5) were administered
either NaCl (0.9% w/v), dalargin, or pDal dispersed in NaCl (0.9%
w/v). Animals received a 15 mg kg~' dalargin dose. Anti-
nociception was assessed in mice using the tail flick warm water
bioassay. The protruding distal half of the tail (4—5 cm) of mice,
which were held in a tube restrainer, was immersed in circulat-
ing warm water maintained at 55 =+ 0.1 °C by a thermostati-
cally controlled water bath (W14, Grant Instruments, Cambridge
Ltd., Herts, UK.). The temperature was also checked using a
thermometer (Gallenkamp, Griffin, THL-333-020L, 76 mm X
1 mm, U.K.) before the start of the experiment. The response
latency times, recorded for each mouse to withdraw its tail by a
“sharp flick”, were recorded using a digital stopwatch capable of
measuring 1/100th of a second. The first sign of a rapid tail flick
was taken as the behavioral end point. The baseline latency was
measured for all animals prior to dosing, and animals not
responding within 5 s were excluded from further testing. An
analgesic responder was defined as one whose response tail
flick latency was two or more times the value of the baseline
latency.
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