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ABSTRACT We report a novel class of self-assembling peptide nanoparticles formed by mixing aqueous
solutions of K;¢ peptide and a 20 amino acid peptide of net charge —5 (GLFEALLELLESLWELLLEA). Particle
formation is salt-dependent and yields perfectly spherical nanoparticles of ~120 to ~800 nm diameter,

depending on buffer composition and temperature, with a stoichiometry of ~1:2.5 for the cationic and anionic

peptides. The anionic peptide forms an a-helix in aqueous solution, has all five glutamates on one side of the

helix, and exists entirely as a discrete oligomer of 9—10 peptides. A rigid oligomer with 45— 50 negative charges

almost certainly represents the core component of these nanoparticles, held together by electrostatic interactions

with the unstructured K;¢ peptide. Cells internalize these particles by an endocytic process, and free particles are

frequently seen in the cytosol, presumably because of the acid-dependent fusogenic properties of the anionic

peptide. Among other applications, these particles have potential for the targeted delivery of single or multiple

therapeutic moieties directly to the cytosol, and we report the successful delivery of a Ki4-linked pro-apoptosis

peptide.
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he properties of monomeric com-
T ponents that self-assemble into

nanoparticles vary widely’ ~> and in-
clude oppositely charged macromolecular
components.® 8 In general, small synthetic
peptides do not adopt secondary structures
in aqueous solution and are unlikely candi-
dates as building blocks for particle forma-
tion. However, synthetic peptides which are
charge self-complementary have been de-
signed to form B-sheets with distinct polar
and nonpolar surfaces, and these self-
assemble into nanofibers.’ We have previ-
ously reported that a 20 amino acid anionic
peptide (GLFEALLELLESLWELLLEA) unex-
pectedly forms an a-helix in aqueous solu-
tion.'® This peptide is based on the fuso-
genic region of influenza virus
hemagglutinin'''2 and, because of its acid-
dependent fusogenic properties, has been
used to effect endocytic exit of DNA plas-
mids from endocytic vesicles.'®'3'* We ex-
amined a solution of K;¢ peptide and the an-
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ionic fusogenic peptide by dynamic light
scattering (DLS) and found that the two
peptides alone (without DNA plasmids)
formed excellent particles. This unexpected
observation was the basis for this study.

The delivery to the cytosol of
membrane-impermeable substances (such
as biologically active peptides and proteins)
could have wide-ranging experimental and
clinical applications and would represent a
novel approach to therapeutics. “Cell-
penetrating” peptides are small, usually
arginine-rich peptides, which occur either
as natural sequences (e.g., in the TAT pro-
tein of human immunodeficiency virus
type-1)'® or as synthetic polyarginines.'®
They were originally considered to translo-
cate directly across the plasma membrane
and have been extensively
investigated."”'® Such peptides, and the
cargo molecules to which they are attached,
are now believed to be internalized by
endocytosis.?*?"

The peptide nanoparticles described in
this paper represent an alternative ap-
proach, specifically targeted for delivery to
the cytosol via the endocytic pathway. From
a structural point of view, they represent a
novel class of nanoparticle based on a rigid
core with high multiple charges of one type
and flexible unstructured linking molecules
of opposite charge. From a therapeutic
point of view, they offer the possibility of
carrying multiple components in predeter-
mined proportions to the cytosol, including
both cellular targeting and biologically ac-
tive compounds.

RESULTS AND DISCUSSION
Initial Studies. Particle formation was ini-
tially discovered when the K¢ peptide at
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Figure 1. Particle formation by K;s peptides and the anionic GLFEALLELLESLWELLLEA peptide. (a) Dynamic light scattering.
A solution of the K;¢ peptide at 15 pg/mL (3.7 pM) and the fusogenic peptide at 10 pg/mL (4.1 uM) (= charge ratio of 2.9:1)
in phosphate buffered saline (PBS) was examined 30 min after mixing the peptides. A uniform population of particles with
low polydispersity is produced. Solutions of the K;s peptide alone and the fusogenic peptide alone do not have any particles.
(b) Zeta potential of particles formed in 0.15 M NaCl, 10 mM Tris, pH 7.4 with the fusogenic peptide at a constant 10 pg/mL
(4.1 M) and the K;¢ peptide (from left to right on the graph) at 7.5, 10, 15, 30, 60, and 120 pg/mL (1.9—30.0 pM) (= charge
ratios of 1.4 to 23.4). (c,d) Influence of salt. (c) Dynamic light scattering was performed 30 min after mixing the fusogenic pep-
tide at 10 pg/mL and the K;¢ peptide at 15 pg/mL in pure water (zero point) or in dilutions in water of 10 mM Tris, pH 7.4.
(d) Kq6 peptide at 15 pg/mL and fusogenic peptide at 10 pg/mL were mixed in 10 mM Tris, pH 7.4, with various concentra-
tions of salts, as indicated. After 30 min, Z,, was determined by dynamic light scattering. At 25 mM MgSO, and 50 mM Na,SO,,
particles were smaller and fewer events were recorded (63 and 67 kilocounts per second, normally >100 kilocounts per sec-
ond). (e) Influence of temperature. The K¢ peptide at 15 pg/mL and fusogenic peptide at 10 pg/mL in either PBS or 10

mM Tris were mixed and maintained at the temperatures indicated. After 30 min, Z,, was determined by dynamic light scat-
tering. (f) Influence time. Dynamic light scattering was performed 30 and 60 min after mixing the fusogenic peptide at 10
rg/mL and the K;¢ peptide at 15 pg/mL in 10 mM Tris, pH 7.4, with NaCl at the concentrations indicated.

15 wg/mL (3.7 wM) was mixed with the fusogenic pep-
tide at 10 wg/mL (4.1 wM) in phosphate buffered saline
(PBS). This yielded a uniform population of particles
with Z,, = 731 nm (Figure 1a). Both peptides are soluble
in pH-neutral aqueous solutions, and neither alone has
any particles in solution. Particle formation was evalu-
ated with the fusogenic peptide at constant 10 pwg/mL
and the K;s peptide at a range of concentrations from
3.75 to 240 pg/mL (0.9—60.0 M) in PBS. No particles
were formed with K;¢ at 3.75 pg/mL, which represents
an excess of negative charges in the peptide mix (+
charge ratio 1:1.4). Particles were formed at all other K;¢
concentrations and were larger as the K;s concentra-
tion increased (Z,, range ~400 to ~900 nm at 30 min)
(Supporting Information Figure 1). The surface charge
of the particles increased with each increase in the Ky
concentration, up to 60 pg/mL (Figure 1b). It is note-
worthy that particles formed with 7.5 pwg/mL K; had a
negative surface charge, although the * charge ratio of
the peptide mix was 1.4:1, which will be discussed un-
der stoichiometry below.

Importance of Charge Shielding for Particle Formation. As
electrostatic interactions are presumably involved in
particle formation, we investigated the role of salt ions
in particle formation. No particles were formed with
peptides in pure water (Figure 1¢, zero point), suggest-
ing a role for salt ions in charge shielding during particle
formation. Particles in 10 mM Tris, pH 7.4, were much
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smaller (Z,, ~100—150 nm) than in PBS and became
progressively smaller in dilutions of 10 mM Tris (Figure
1c). Addition of salt promoted particle formation, but at
high salt concentrations, the particles dissociated. At
15 mM Nadl, the Z,, was 234 nm, while 15 mM MgCl,,
Na,SO,, and MgSO, gave Z,, values of 466, 541, and 499
nm, respectively (Figure 1d). Increasing NaCl concentra-
tion resulted in increasing particle size up to a plateau
Z, of ~600 nm at 50—150 mM NaCl. However, 200 mM
NaCl completely abolished particle formation, presum-
ably because of competition between salt ions and in-
terpeptide salt bridges. Particle formation was inhibited
or abolished at lower ionic strengths of the divalent cat-
ions: 50 mM Na,SO,4 50 mM MgCl,, and 25 mM
MgSO,.

In the absence of salt, particles in 10 mM Tris, pH
7.4, are resistant to temperature-induced increase in
size, whereas in PBS, particle size at 30 min increases
~10-fold over 0—60 °C (Figure 1e). Similarly, particle
size is stable with time in the absence of salt, but in the
presence of salt, it increases slowly with time, for ex-
ample, from Z,, of 731 nm to Z,, of 904 nm over 30—60
min in 150 mM NaCl (Figure 1f).

Controlling Particle Size and Charge. Small, electrically
neutral particles are likely to be optimal for therapeu-
tic purposes, both for biodistribution and for cellular
uptake by specific cell surface receptors. We evaluated
the use of HPMA to control particle size and reduce sur-
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Figure 2. Particle charge and stability. (a) Salt-induced par-
ticle growth. Dynamic light scattering was performed at the
times indicated after mixing the K;¢ peptide at 15 pg/mL and
the fusogenic peptide at 10 pg/mL, either in the absence of
NaCl (group on left) or in 150 mM NaCl (group on right). In
the middle group, the NaCl concentration was increased
from 0 to 150 mM at 60 min. (b) Polymer coating and par-
ticle stability. The K, peptide at 15 pg/mL and the fusogenic
peptide at 10 pg/mL were mixed in 10 mM NaCl, 20 mM
Hepes, pH 7.8. HPMA was added after 30 min to 0.1 or 0.5
mg/mL. Dynamic light scattering was performed at 30 min,
20 h, and 20.5 h after addition of HPMA, as indicated. At 20 h,
as marked by the arrow, the NaCl concentration was in-
creased to 150 mM. (c) Polymer coating and particle charge.
The K¢ peptide at 15 pg/mL and the fusogenic peptide at
10 pg/mL were mixed in 20 mM Hepes, pH 7.8. HPMA was
added after 30 min at 0.1 or 0.5 mg/mL, as indicated. Zeta
potential was measured at 20 h.

face charge. The nitrophenol group of HPMA targets
and, of particular importance, neutralizes exposed NHz*
groups. The HPMA used in these studies has ~14 nitro-
phenol groups per molecule, and it would therefore
make multipoint attachments to the particle surface.

If particles are formed in the absence of salt, and
then NaCl is added at 60 min, particle size increases dra-
matically to that normally seen with NaCl (Figure 2a).
HPMA-treated particles were resistant to salt-induced
increase in size (Figure 2b) and showed a progressive
decrease of surface positive charge with increasing
HPMA concentration (Figure 2c). Whether or not HPMA
coating will affect the functional components of the
nanoparticles remains to be established.

) VOL. 4 = NO.5 = COLLINS ET AL.

Stoichiometry of Peptides within Particles. Stoichiometry
was calculated by measuring peptide concentration af-
ter removal of particles by centrifugation. The molar ra-
tio of Ky to fusogenic peptide within the particles was
~1:2.5, irrespective of buffer composition and initial
peptide ratio (Supporting Information Table 1). This rep-
resents an excess of positive charge by a factor of ~1.3
within the particle, indicating that not all NH3* groups
of lysines are involved in interpeptide salt bridges. A net
uptake of salt anions into the particle would therefore
be expected during the initial phase of particle forma-
tion to neutralize excess NH;™ groups within the par-
ticle and maintain an electrically neutral core. This is
consistent with the dependence of particle formation
on the presence of salt.

When peptides are mixed at approximately the
same molar ratio as in the particle core, the surface
charge of the particle is negative (e.g., with K¢ at 7.5
rg/mL in Figure 1b). This suggests the presence of ex-
posed fusogenic peptide oligomers on the particle sur-
face at this minimal K;4 to fusogenic peptide ratio. As
Kie is supplied in increasing excess, the exposed anionic
groups on the particle surface absorb more K;¢ pep-
tide until they saturate at ~60 wg/mL (Figure 1b).

Particle Formation with Peptide Homologues. We wished to
establish any structural constraints on particle forma-
tion and, in particular, to evaluate the possibility of link-
ing functional moieties to the peptide constituents of
the particles. We therefore evaluated several peptides
containing 16 lysines for particle formation with the fu-
sogenic peptide (Table 1). Interestingly, alternating
lysine residues in (K—H);¢ (row 3) formed excellent par-
ticles, but (K—P);¢ (row 4) did not. The a-nitrogen of
proline is covalently linked to its side chain, which lim-
its the rotational freedom of the lysine—proline bond.
An unstructured cationic peptide might be required for
the NHs* groups to accommodate optimally the CO,~
groups on the rigid fusogenic peptide oligomer. K;gH¢
(row 5) gave high particle counts, similar to K;s and
(K—H);¢, but the particles were much larger and di-
verse in size. This is possibly because H;¢ represents a
potentially highly hydrophobic sequence, depending
on the pK; of the imidazole groups in the peptide (6.0
for free histidine). Rows 6—11 involve the minimal pep-
tide sequence for binding to the serpin—enzyme com-
plex receptor?? and demonstrate particle formation
down to K, although polydispersity is better with K.
Long polylysine chains (>100 lysines) (row 12) form ex-
cellent particles. Cyclized and linear peptides of 30 or
31 amino acids, comprising K;¢ at the amino terminus
with various integrin-binding moieties,”> 2® ora 17
amino acid sequence targeting the serpin—enzyme
complex receptor,?? all formed excellent particles (rows
13—17). K46 with a pro-apoptosis peptide?” also gave
excellent particles (row 18).

Higher Order Structure of the Anionic Fusogenic Peptide. We
have previously reported that the fusogenic peptide
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TABLE 1. Particle Formation by K;s and Fusogenic Peptide Homologues

cationic peptide” anionic peptide Z,, (nm) polydispersity

1 Kig GLFEALLELLESLWELLLEA® 605 0.20
2 Kig AAAEAAAEAAEAAAEAAAEAC no particles

3 (KH)16 GLFEALLELLESLWELLLEA 654 0.01
4 (KP)16 GLFEALLELLESLWELLLEA no particles

5 Kis(H)1g GLFEALLELLESLWELLLEA 1178 1.00
6 Ky6-FNKPFVFLI? GLFEALLELLESLWELLLEA 1064 0.28
7 Kq,-FNKPFVFLI GLFEALLELLESLWELLLEA 1164 0.14
8 Ks-FNKPFVFLI GLFEALLELLESLWELLLEA 709 0.19
9 Ke-FNKPFVFLI GLFEALLELLESLWELLLEA 756 0.84
10 Kq-FNKPFVFLI GLFEALLELLESLWELLLEA no particles
N K;-FNKPFVFLI GLFEALLELLESLWELLLEA no particles
12 polylysine® GLFEALLELLESLWELLLEA 682 0.12
13 K:6-ICRRARGDNPDDRCT GLFEALLELLESLWELLLEA 726 0.14
14 K6-IGRRARGDNPDDRGT? GLFEALLELLESLWELLLEA 672 0.12
15 K:6-ICRRARGENPDDRCT" GLFEALLELLESLWELLLEA 630 0.02
16 K;6-CPPASYRGDSCQE’ GLFEALLELLESLWELLLEA 697 0.18
17 Kqg-CSIPPEVKFNKPFVFLY GLFEALLELLESLWELLLEA 822 0.32
18 Ky6-PVKRRLFGK GLFEALLELLESLWELLLEA 669 0.07

“Cationic peptides were at 15p.g/mL and the anionic peptides at 10 p.g/mL in PBS. Z,, was measured 30 minutes after mixing the peptides. *Fusogenic peptide, based on
influenza virus hemagglutinin.' Note that all amino acids are hydrophobic except for 5 glutamates. Fusogenic peptide homologue. All amino acids except glutamates have
been replaced with alanines. ‘Rows 6 —11. Ky to K, with a shortened version of the human c1-antitrypsin sequence.” “Commercial polylysine, 100— 200 lysines per
chain (Sigma-Aldrich, Cat. No. P7890). ’;s with cyclized peptide containing the 15 amino acid integrin-binding loop from the snake venom molossin.?2* 9K, with noncyc-
lized version of the molossin peptide (see row 13), with the cysteine residues replaced by glycines. Ky with cyclized peptide homologous to the molossin peptide (see row
13), with the integrin-binding RGD maotif replaced by RGE.” 'K;s with cyclized peptide containing the 14 amino acid integrin-binding loop of human laminin.? /K, with hu-
man o 1-antitrypsin sequence which binds to the serpin—enzyme complex receptor.?? K5 with a pro-apoptotic peptide.”’

forms an a-helix in aqueous solution'® (Figure 3a). How-
ever, the alanine homologue (AAAEAAAEAAEAAAE-
AAAEA), which does not form particles (Table 1, row 2),
is a random coil (Figure 3a). Modeling the fusogenic
peptide as an a-helix shows that all negative charges
are on one side of the helix (Figure 3b). Thus, the pep-
tide adopts a rigid, rod-like structure, with one hydro-
philic face. Analytical ultracentrifugation was performed
to look for a higher order structure. Sedimentation ve-
locity data for 50, 250, and 700 p.g/mL peptide indi-
cated a single, monodisperse molecular mass of 22.485
kDa (Figure 3c—e). Sedimentation equilibrium data at
1 mg/mL peptide (Figure 3f), together with sedimenta-
tion velocity data, indicated a molecular mass of 21.849
+ 0.043 kDa. These data suggest a structural model
where the fusogenic peptide self-assembles via hydro-
phobic packing into a relatively rigid oligomer of 9 or 10
peptides (calculated molecular masses 20.715 and
23.017 kDa, respectively) with 45—50 negative surface
charges.

Visualization of Particle. In order to visualize the par-
ticles in their native state in aqueous solution, and also
to evaluate their interaction with cells, a cell line was in-
cubated with gold-labeled peptide nanoparticles for
4 h and then fixed for electron microscopy. Figure 4a
shows a perfectly spherical particle in the extracellular
fluid. Figure 4a also shows a particle inside the cell not
enclosed by a membrane. Many intracellular particles
were membrane-enclosed (Figure 4b). This suggests in-
ternalization by macropinocytosis followed by dissolu-
tion of the endocytic membrane. Initial attachment of
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the particle to the plasma membrane is probably by
electrostatic interactions.

Functional Studies. The presence of free particles in
the cytosol suggests that routing therapeutic peptide
particles via the endocytic pathway to the cytosol is an
interesting possibility. To evaluate delivery of a biologi-
cally active moiety, the PVKRRLFG apoptosis-inducing
peptide?” was chosen. Figure 4c shows that PVKRRLFG
alone, K;¢PVKRRLFG alone, and K;sPVKRRLFG with the
alanine homologue of the fusogenic peptide did not in-
duce apoptosis. Control particles formed with K;s plus
the fusogenic peptide also were without effect. How-
ever, particles formed with K;s-PVKRRLFG and the fuso-
genic peptide induced apoptosis as effectively as the
positive control, staurosporine.

Nucleation of Particle Formation. The initial phase of par-
ticle formation involves consumption of the fusogenic
peptide to form particles of constant stoichiometry,
leaving free K. This phase is complete by 30 min (Sup-
porting Information Table 1). We formed particles with
Kis at 15 or 120 wg/mL, and then added fresh fusogenic
peptide at 28 min. In the absence of fresh fusogenic
peptide, there was (as expected) a single population of
particles at 30 min (Supporting Information Figure 2a).
The addition of fresh fusogenic peptide at 28 min re-
sulted in two populations of particles at 30 min (2 min
after addition of fresh fusogenic peptide), one pre-
sumptively of newly formed small particles (peak 307
nm) and the other presumptively the pre-existing par-
ticles, but larger (peak 875 nm) than in the absence of
fresh fusogenic peptide (peak 574 nm) (Supporting In-
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Figure 3. Structural studies on the fusogenic peptide. (a) Circular dichroism studies. The fusogenic peptide (Table 1, row 1)
and the alanine homologue of the fusogenic peptide (Table 1, row 2) are shown. On the basis of model secondary structures
from Gratzer et al.,*’ the fusogenic peptide shows an a-helix conformation, while the alanine homologue corresponds to a
random coil. (b) Distribution of negative charges (white area) on the surface of an a-helical model of the fusogenic peptide.
The peptide backbone was folded into a canonical a-helix (dihedral angles i5,¢,00 = —62,—41,180), and side chain confor-
mational energy was minimized using molecular dynamics in VMD?* and the companion NAMD>® software utilities while the
backbone was held constant. (c) Molecular weight distributions fit individually to sedimentation velocity experiments for
50 (solid line), 250 (dashed line), and 700 (dotted line) wg/mL fusogenic peptide concentrations. All distributions are maxi-
mum at a molecular mass of 22.485 kDa. (d) Residuals between sedimentation velocity data and distribution fits shown in (c)
for 50, 250, and 700 pg/mL fusogenic peptide in the bottom, middle, and top panels, respectively. Root mean square devia-
tions (rmsd) between the data and the fits are 0.004, 0.004, and 0.006, and the runs test Z (a measure of the randomness of
the residuals, where smaller values indicate less systematic error)®” are 8.9, 5.1, and 30.0 for 50, 250, and 700 pg/mL fuso-
genic peptide, respectively. (e) Data (symbols), fits (lines), and residuals (inset) of the global analysis incorporating all sedi-
mentation velocity and equilibrium data. Every third scan of the 50 pg/mL is shown; fits to sedimentation velocity data for
other time points as well as 250 and 700 pg/mL fusogenic peptide concentrations are similar. (f) Data for 35k rpm (circles)
and 50k rpm (squares) sedimentation equilibrium experiments with global analysis fits (lines) and residuals (inset).

formation Figure 2b). By 45 min, the two populations had
merged (Supporting Information Figure 2c).

The standard procedure for particle formation in-
volves adding fusogenic peptide at 1 mg/mL to K¢ at
15 wg/mL, which gives particles of Z,, 623 nm, peak 698
nm (Supporting Information Figure 2d). Interestingly,
adding Kje at 1 mg/mL to the fusogenic peptide at 10
rg/mL (Z,, 336 nm, peak 297 nm) (Supporting Informa-
tion Figure 2e), or mixing equal volumes of K;s at 30
rg/mL and fusogenic peptide at 20 wg/mL (Z,, 364 nm,
peak 361 nm) (Supporting Information Figure 2f) gave

A“t%\&) VOL. 4 = NO.5 = COLLINS ET AL.

smaller particles. Thus, local high concentrations of fu-
sogenic peptide favor particle formation.

Nanoparticles of the nature described in this pa-
per have not previously been reported. They might
form the prototype for a new class of self-assembled
particle that employs rigid molecules of high net sur-
face charge as the core building block, with unstruc-
tured polymers of opposite charge to tether them
together (“bricks and straps” hypothesis, Figure 5).
These particles could have wide applications, both
in biological and nonbiological systems. For

www.acsnano.org
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Figure 4. Ultrastructural and functional studies. (a,b) Transmission electron microscopy. The K;s-molossin peptide (Table 1,
row 13) (carrying a biotin molecule on the amino terminal lysine) at 15 pg/mL (2.4 M) and the fusogenic peptide at 10
rg/mL (4.1 M) (= charge ratio of 1.9:1) were allowed to stand for 30 min before addition of streptavidin—gold. The gold-
labeled particles were added to T-24 cells, and the cells were harvested 4 h later. (a) Perfectly spherical gold-labeled particle
can be seen in the extracellular fluid, close to the plasma membrane. The particle inside the cell has a less electron-dense
halo, and the endocytic membrane has been completely disrupted. (b) Particle within an endocytic vesicle is shown. The en-
docytic membrane closest to the particle appears less dense than the rest of the endocytic membrane, and at one point (ar-
rowed), the endocytic membrane is indented to the surface of the particle. The bars in a and b are 500 nm. The particles ob-
served are large (>>1000 nm) because of the long time (4.5 h) between particle formation and assay. (c) Apoptosis study.
U2-0S osteosarcoma cells were exposed for 4 h to 1 uM staurosporine, PVKRRLFG (LFG) peptide (4 ng/mL, 2.9 pM), Ki6
PVKRRLFG (K;6LFG) peptide (9 pg/mL, 1.6 pM), K; PVKRRLFG at 9 pg/mL plus the alanine homologue of the fusogenic pep-
tide at 10 pg/mL, K¢ peptide (8 ng/mL, 2 pM), fusogenic peptide (fus) (10 pwg/mL), the alanine homologue of the fuso-
genic peptide (alafus) (10 pg/mL), K;s PVKRRLFG (9 pg/mL) plus fusogenic peptide (10 pg/mL), and K6 (8 png/mL) plus fuso-
genic peptide (10 pg/mL). Where two peptides were used, they were mixed and then added to the cells 30 min after mixing.
All peptides were in McCoys 5A medium. Note that K;cLFG plus alafus (Table 1, row 2) does not form particles. After the

4 h incubation, 100 pg/mL of Apo-ONE homogeneous caspase-3/7 assay substrate (Promega) was added. After 1 h, fluores-
cence was measured. Note that 8 pg/mL of K;s was chosen for particle formation in order to form particles that were neu-
tral or had a negative charge (see Figure 1b), as cationic particles gave background apoptosis. K;s PVKRRLFG at 9 pg/mL has
a similar number of positive charges as K¢ at 8 pg/mL. The PVKRRLFG peptide at 20 pg/mL (14.5 nM) gave results similar
to 4 pg/mL. Staurosporine showed very little variation in apoptosis levels between 1 and 10 M concentrations.

example, the particles described in this paper incor-
porate an acid-dependent fusogenic peptide and
might provide a versatile system for the targeted deliv-
ery to the cytosol of biologically active, hydrophilic com-
pounds. Alternatively, if the anionic component is formed
from peptides that lack fusogenic properties, the par-
ticles could be targeted for transcytosis or for delivery to
the lysosomal compartment.

Particle formation is almost certainly a consequence
of the unusual properties of the anionic fusogenic pep-
tide. This forms an amphipathic a-helix and then oligo-
merizes, probably by hydrophobic interactions, into a
nonamer or a decamer. On addition of the unstructured
K6 peptide, electrostatic interactions between the NH; ™
groups and the CO,™ groups on the polyanionic oligo-
mer initiate particle formation. Probably because the
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apposition of NH;*™ and CO,~ groups on the peptides
is not perfect, particle formation requires salt to shield
the unpaired charged groups on the peptides. The ini-
tial phase of particle formation involves consumption of
the anionic peptide to a constant stoichiometry and is
complete before 30 min (Supporting Information Table
1). Thereafter, particle growth probably occurs by
collision-based exchange of material or particle merger.
The influence of salt on this phase of particle growth is
probably a consequence of the fact that it drastically re-
duces surface charge (compare zeta potentials in Fig-
ure b and Figure 2¢).

A particular advantage of these particles is that it
should be possible to include multiple functional com-
ponents in predetermined proportions, for example, for
targeting to particular plasma membrane receptors
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Figure 5. Model of “bricks and straps” hypothesis. Diagrammatic representation of the rigid anionic oligomers of the fuso-
genic peptide as the bricks and K;s chains as the unstructured cationic straps. The nanoparticle would be formed by the ran-
dom linking of peptide oligomers, by electrostatic interactions between NH;* and CO,™ groups, with salt ions associating

with any unpaired NH;* and CO,~ groups on the peptides.

and for single or multiple steps in biological processes.
In addition, as the interior of the particle is likely to be
largely water-excluding, it might be possible to incorpo-

MATERIALS AND METHODS

Peptides. The 17 cationic and two anionic peptides (listed in
Table 1) were synthesized, cyclized via cysteines (where indi-
cated), and purified by Cambridge Research Biochemical (Cleve-
land, UK). They were supplied as trifluoroacetate (TFA) salts in the
form of a dry powder and stored desiccated at —35 °C. There is
one TFA counterion for each positive charge in the peptide.
Quantities of 1—2 mg were dissolved at T mg/mL in PBS (137
mM NaCl, 1.5 mM KH,PO,, 8.1 mM Na,HPO,, 2.7 mM KCl, 0.9 mM
CaCl, - 2H,0, 0.5 mM MgCl, - 6H,0, pH 7.4) (Sigma-Aldrich, Dor-
set, UK); 150 mM NaCl, 10 mM Tris, pH 7.4; 10 mM Tris, pH 7.4,
without salt; or 10 mM NaCl, 20 mM Hepes, pH 7.8 (which does
not have primary amines) and stored in aliquots at —35 °C. The
Kis-molossin peptide (Table 1, row 13) was additionally synthe-
sized with a biotinylated lysine at the amino terminus. The high
molecular weight polylysine (Table 1, row 12) was from Sigma-
Aldrich (Dorset, UK).

Formation of Peptide Particles. The standard conditions involved
diluting the K¢ peptide to 15 wg/mL (3.7 wM) in PBS and then
adding the required volume of fusogenic peptide (Table 1, row
1) at 1 mg/mL in PBS to give a concentration of 10 pwg/mL (4.1
M), while constantly stirring. This represents a = charge ratio of
2.9:1. After 30 min at room temperature, the solution was ana-
lyzed. The standard conditions were varied, as indicated in the
text, in order to evaluate homologous peptides, peptide concen-
tration, salt concentration, and the influence of time and sur-
face modification.

Analysis of Particle Size by Dynamic Light Scattering (DLS). DLS mea-
surements were performed on a Zetasizer 3000 HS (Malvern In-
struments Ltd., Malvern, UK). Data analysis used the non-
negatively constrained least-squares (NNLS) method, via soft-
ware provided by Malvern Instruments. The intensity-weighted
mean diameter, designated Z,,, and the polydispersity index*2°
were measured at least three times, with replicate measure-
ments always agreeing within 10%. The average of these mea-
surements is reported. The polydispersity index is a measure of
the broadness of the size distribution and ranges from 0 to 1;
0.08 or less is effectively monodisperse, and 0.7 or greater is very
polydisperse.
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rate moieties sensitive to enzymatic or chemical modi-
fication (e.g., hydrolysis, oxidation) as labile groups are
likely to be protected in the peptide core.

Analysis of Surface Charge of Particles (Zeta Potential). The zeta po-
tential*® was determined using the Zetasizer 3000 HS (Malvern
Instruments Ltd., Malvern, UK). Five measurements were taken,
which always agreed within 10% of each other, and the average
of these five measurements is reported. The zeta potential is
the electric potential at the shear plane boundary between ions
associated closely enough with the particle to move with it and
bulk solution ions which do not. Values were derived from the
electrophoretic mobility of the particles using the Smoluch-
nowski approximation®° via software provided by Malvern
Instruments.

Determination of Secondary Structure by Circular Dichroism (CD). A vol-
ume of 250 pL of peptide at 1 mg/mL in PBS was scanned
through wavelengths of 200—250 nm using a Jobin Yvon CD6 in-
strument and a path length of 0.1 cm. The results were recorded
as molar ellipticity (with PBS background-subtracted) against
wavelength. Secondary structure was inferred from compari-
sons with model structures.®’

Analytical Ultracentrifugation. Sedimentation velocity experi-
ments were performed on the fusogenic peptide at 50, 250,
and 700 pg/mL in modified PBS (139 mM Nacl, 3.6 mM KH,PO,,
23.6 mM Na,HPO,, 2.6 mM KCl, 10% DO, pH 7.3). Experiments
were performed at 50k rpm and 20 °C, using Beckman XLI centri-
fuges equipped with an AnTi60 rotor and 1.2 mm two-channel
Epon-filled centerpieces. Radial absorbance data were collected
in continuous scanning mode with 0.003 cm increments at 230
nm (50 wg/mL) or 295 nm (250 and 700 png/mL) at 5 min inter-
vals for a total of 80 scans without averaging. Varying wave-
lengths were chosen for the different concentrations to opti-
mize absorbance data collection with respect to the dynamic
range of the instrument. A partial specific volume for the pep-
tide (v) of 0.7819 cm®/g, buffer density of 1.019 g/cm?, and buffer
viscosity of 1.028 cP were calculated using SEDNTERP.>? Sedi-
mentation boundaries and equilibrium curves were fit using
SEDPHAT?? and the embedded algorithm for translation of sedi-
mentation coefficients to molecular mass. Distributions of mo-
lecular mass were calculated over 100 mass increments between
0.3 and 50 kDa; resulting distributions were smoothed by maxi-
mum entropy regularisation®® to provide a mass profile at 95%
confidence interval.
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Sedimentation equilibrium data were collected for the fuso-
genic peptide at 1 mg/mL at 35k and 50k rpm and at a wave-
length of 300 nm. Data were collected at 4 h intervals using a ra-
dial step size of 0.001 cm and averaging over 10 scans until the
sample reached equilibrium (i.e., successive data curves were in-
distinguishable) at ~24 h. Sedimentation equilibrium data were
combined with velocity data for all concentrations and fit glo-
bally to a single molecular mass using SEDPHAT. Molecular mass
and sedimentation coefficient errors are quoted at 95% confi-
dence interval and were estimated by globally refitting the data
after each of 1000 Monte Carlo iterations in which Gaussian-
random noise is added to the data.

Amino Acid Analysis. Amino acid analysis was performed by Dr.
Peter Sharratt (Department of Biochemistry, Cambridge, UK) by
gas phase hydrolysis of the peptide samples using norleucine as
the internal standard, followed by ion exchange separation (so-
dium system) and detection with ninhydrin.

Cell Lines. The T-24 cell line (European Collection of Cell Cul-
tures, Salisbury, UK) is an adherent line originally derived from a
human bladder carcinoma. It was maintained under
mycoplasma-free conditions in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% heat-inactivated fetal calf
serum, 2 mM glutamine, and 1X nonessential amino acids (Invit-
rogen, Renfrewshire, UK), referred to as culture medium. The
U2-0S cell line (American Type Culture Collection, Middlesex,
UK) is an adherent line originally derived from a human osteo-
sarcoma. It was maintained using McCoys 5A medium, with
supplements as above.

Electron Microscopy. Peptide particles were formed by incubat-
ing biotinylated K;s-molossin at 15 wg/mL with the fusogenic
peptide at 10 pg/mL in DMEM (without supplements). After 30
min at room temperature, streptavidin—gold (Agar Scientific,
Stansted, UK) (10 nm gold particles) was added to a final dilu-
tion of 1 in 300 of the stock solution supplied. The gold-labeled
particles were added to cells after a further 10 min incubation at
room temperature.

The T-24 cells were seeded into 12-well plates at 2 X 10°
cells per well, each well containing a sterile 16 mm diameter
glass coverslip. The cells were incubated overnight at 37 °C in
5% C0O,/95% air. The culture medium was then removed, the
cells were washed once with DMEM without supplements, and
0.75 mL of the gold-labeled peptide particles was added to each
well. After 4 h at 37 °C in 5% CO,/95% air, the solution was re-
moved and 1 mL of ice-cold 2.5% glutaraldehyde in 0.13 M phos-
phate buffer (pH 7.3) was added to each well. After 2 h at 4 °C,
the glutaraldehyde was removed and replaced with 1T mL of ice-
cold 0.25 M sucrose in 0.07 M phosphate buffer pH 7.3, and the
plate was stored at 4 °C until processing.

The cells were postfixed in 1% osmium tetroxide for 30 min
followed by dehydration with 10% ethanol for 10 min, 70%
ethanol for 15 min, and 100% ethanol for 15 min (3 times). The
coverslip was then fixed onto a glass slide, covered with embed-
ding resin (medium hardness) (TAAB, Reading, UK), and left for
2 h at room temperature. A TAAB embedding capsule was filled
with resin, inverted over the coverslip, and placed in an embed-
ding oven at 70 °C for 24 h to polymerize. The embedding cap-
sule was then snapped off, removing the layer of cells from the
coverslip.

Ultrathin sections (0.75—2 wm) were cut using a Leica Ul-
tracut machine (Leica Microsystems, Milton Keynes, UK). They
were placed on 200 mesh Guilder Grids (EM Technologies Ltd.,
Ashford, UK) with a support film of 0.5% Pioloform (Agar Scien-
tific Ltd.) in chloroform. The grids were stained with uranyl ac-
etate and lead citrate and viewed on a Hitachi H7600 transmis-
sion electron microscope (Hitachi, Wokingham, UK).

Apoptosis Assay. U2-OS cells were seeded into 96-well plates us-
ing 0.2 mL at 5 X 10* cells/mL per well and incubated over-
night at 37 °C in 5% C0O,/95% air. The following day the cells
were washed once with PBS and 100 pL of peptide was added
in McCoys 5A medium without supplements. This was incubated
for 4 h at 37 °C as above, and then 100 p.L of Apo-ONE homog-
enous caspase-3/7 assay substrate (Promega, Madison, WI) was
added. The plate was then covered in foil and placed on a rocker
at room temperature for 1 h. Fluorescence was measured using
a Beckman Coulter plate reader.
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Surface Modification of Peptide Particles. Peptide particles were
formed in 20 mM Hepes, pH 7.8, using the K;¢ peptide at 15
rg/mL (3.7 uM) and the fusogenic peptide at 10 wg/mL (4.1
wM). After 30 min at room temperature, the appropriate vol-
ume of a copolymer of N-(2-hydroxypropyl)methacrylamide and
N-methacrylated glycylglycine 4-nitrophenol ester (HPMA) (at
50 mg/mL in 20 mM Hepes, pH 7.8) (a kind gift from Dr. Simon
Briggs and Professor Len Seymour, Department of Clinical Phar-
macology, University of Oxford, England) was added to achieve
final concentrations of 0.1—0.5 mg/mL. The HPMA has a molec-
ular weight of 21 500 Da, a composition of 10.3 parts of the gly-
cylglycine nitrophenol ester moiety to 89.7 parts of the hydroxy-
propyl methacrylamide moiety, with an average of 13.8 reactive
nitrophenol groups per molecule.
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Supporting Information Available: Supporting table estab-
lishes the stoichiometry of nanoparticle formation by forming
nanoparticles at various Kjs:fusogenic peptide ratios, sediment-
ing the particles by centrifugation and performing amino acid
analyses on the supernatant. Supporting Figure 1 shows the Z,,
of nanoparticles formed at different K;¢:fusogenic peptide ratios.
Supporting Figure 2 demonstrates second round particle forma-
tion when fresh fusogenic peptide is added to nanoparticles
formed with an excess of K;s and shows subsequent merger of
particles. It also demonstrates the importance for particle forma-
tion of the local concentrations of fusogenic peptide. This ma-
terial is available free of charge via the Internet at http://
pubs.acs.org.
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