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Abstract

While the influence of alkyl chain length and headgroup size on self-assembly behaviour has been
well-established for simple surfactants, the rational control over the pH- and concentration-
dependent self-assembly behaviour in stimuli responsive peptides remains an elusive goal. Here,
we show that different amphiphilic peptides can have similar self-assembly phase diagrams,
providing the relative strengths of the attractive and repulsive forces are balanced. Using
palmitoyl-Y YAAEEEEK(DO3A:Gd)-NH, and palmitoyl-YAAEEEEK(DO3A:Gd)-NH, as
controls, we show that reducing hydrophobic attractive forces through fewer methylene groups in
the alkyl chain will lead to a similar self-assembly phase diagram as increasing the electrostatic
repulsive forces via the addition of a glutamic acid residue. These changes allow creation of self-
assembled MRI vehicles with slightly different micelle and nanofiber diameters but with minimal
changes in the spin—lattice 7] relaxivity. These findings reveal a powerful strategy to design self-
assembled vehicles with different sizes but with similar self-assembly profiles.

Introduction

Creating stimuli responsive materials that undergo morphological transitions iz vivo for next
generation sensing, diagnostic and therapeutic agents requires the design of molecules with
well-tailored self-assembly transitions.!~8 For example, developing vehicles that change into
different sizes and shapes in healthy and diseased tissue will enable new vehicles that exploit
differences in diffusion kinetics for enhanced accumulation at a disease site.? For simple
surfactant molecules, the relative influence of the electrostatic repulsion of the head group
and the attractive forces in the alkyl chain length on their morphology and critical
aggregation concentrations has been established.!? However, the rational design of
biocompatible transitioning vehicles comprised of drugs, imaging moieties, biological
building blocks, and other stimuli responsive elements with similar self-assembly behaviour
but different sizes remains elusive.
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Previously, we have developed a class of peptide based surfactants that undergoes a pH-
triggered self-assembly transition from micelles in more basic conditions, to nanofibers in
more acidic conditions. The pH-trigger varies between 7.4 (physiological pH) and 6.6
(extracellular pH of many cancerous tumours) in order to enhance the accumulation of these
vehicles locally in a tumour when systemically administered.! =15 Typically, the design of
these peptide amphiphiles (PAs) feature a palmitoyl tail, a 4-amino acid p-sheet region
consisting of one strongly hydrophobic amino acid and three alanine residues, four glutamic
acids, and a lysine coupled to 1,4,7-tris [carboxymethylaza]cylododecane-10-azaacetyl
amide (DO3A) for Gd3* incorporation“ (Chart 1). The hydrophobic region (B-sheet region)
promotes nanofiber formation, while the anionic charged region destabilizes these structures
via electrostatic repulsion, leading to the formation of micelles. In balancing these forces
within the PAs, we have shown that the pH of self-assembly can be tuned based on the -
sheet propensity of the hydrophobic amino acid,!! and the isomerization of the peptide
sequence. 4 Both are important avenues for developing biomaterials that undergo self-
assembly transitions at precise pH values.

We now look to understand how balancing the attractive forces of the peptide amphiphile via
the alkyl chain length influences pH- and concentration-dependent self-assembly behaviour,
to create differently sized transitioning vehicles that undergo self-assembly transitions at
similar pH values. The ability to fine tune the hydrodynamic diameter will enable further
control of the diffusion kinetics into the tumor microenvironment, and tissue distribution
properties in vivo.'% In general, smaller vehicles tend to have larger diffusion coefficients,
and consequently, have more rapid entry into the tumor. However, vehicles with rigid cores
that are below ~10 nm in diameter are excreted through the glomerular filtration system of
the kidney more efficiently than larger entities.!”~20 Thus, control over the vehicle size
allows optimal efficacy via maximizing tumour entry and minimizing excretion loss. These
self-assembling vehicles are expect to have much longer blood clearance half-lifes compared
to small molecule Gd-chelates. Furthermore, MRI-contrast agents that are rigidly bound to
larger, more slowly rotating vehicles exhibit greater spin—lattice relaxation times ( 7}).2!

In this article, we establish a general relationship between the alkyl chain length, number of
strongly hydrophobic amino acids, and the number of anionic amino acids in the PA
sequence with the pH- and concentration-dependent self-assembly behaviour. This was
accomplished by synthesizing and comparing palmitoyl-Y YAAEEEEEK(DO3A:Gd)-NH;
and pentadecyl-Y YAAEEEEK(DO3A:Gd)-NH, to palmitoyl-Y YAAEEEEK(DO3A: Gd)-
NHj,, as well as palmitoyl-YAAAEEEEEK(DO3A:Gd)-NH; and pentadecyl-
YAAAEEEEK(DO3A:Gd)-NHj to palmitoyl-YAAAEEEEK(DO3A:Gd)-NH; (Table 1). In
other words, compared to PA1, PA2 has one additional glutamic acid residue and PA3 has
one less —CH,— group in the alkyl chain. PAS and PA6 have similar changes, respectively, in
comparison to PA4. We show that either decreasing the attractive forces by removing a
single —CH,— unit or increasing the repulsive forces by adding a single glutamic acid
disrupts nanofiber formation, and thus, the critical aggregation concentrations (CAC)
increase and the micelle-to-nanofiber transition pHs occur at more acidic values.
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Materials and methods

Materials

All PAs were prepared using solid phase Fmoc peptide synthesis with amino acids
purchased from ChemImpex. All PAs were purified via reverse-phase high-performance
liquid chromatography (HPLC), dialyzed to remove salts and lyopholized. HPLC and
electrospray ionization mass spectrometry (ESI-MS) were used to assess the purity and
identity of the PAs (SI-1,27). The full synthesis of PAs can be found in the ESI Methods.¥

Circular dichroism

Circular Dichroism (CD) was used to determine the pH-dependent morphologies of the PAs.
All samples were basified to a pH of 10, stirred at 90 °C for 30 minutes in an oil bath and
cooled to room temperature over a span of 2—6 hours to ensure the molecule was not in a
kinetically trapped state after lyophilization. CD measurements were carried out on a
JASCO J-815 Spectrometer using 0.1-1 cm path length quartz cuvettes with PA
concentrations ranging from 10 uM to 500 uM in a salt solution consisting of 150 mM NaCl
and 2.2 mM CaCl,.'3 Aqueous HCI and NaOH solutions were added to adjust the pH of the
PA solution, which was measured with an Accumet XL15 pH meter (Fisher Scientific),
along with an Orion Ross Ultra semimicro electrode (8103BNUWP, Thermo Scientific).
Three accumulations were measured at a wavelength range of 260-190 nm at a scanning
speed of 100 nm min~! with an integration time of 2 or 4 seconds for each data series.
Representative CD-curves at Fig. SI-31 were chosen from measurements collected at 50 uM
PA, as this concentration features the highest signal-to-noise while showing a transition.

A B-sheet CD curve was defined as one that featured a local minimum at 218-220 nm The
pH at which the micelle/single molecule to nanofiber transition occurs was defined as the
midpoint pH between the lowest pH random coil pattern (no minimum at 218-220 nm) and
the highest pH B-sheet curve.

Critical aggregation concentration measurements

CAC measurements were carried out to determine the concentration at which micelles or
nanofibers begin to form, using the pyrene 1 : 3 method.22 When the PAs form an assembled
structure with a hydrophobic pocket capable of encapsulating pyrene (micelles or
nanofibers), the intensity ratio of pyrene fluorescence at 376 and 392 nm changes. All
samples were basified to a pH of 10, stirred at 90 °C for 30 minutes in an oil bath and cooled
to room temperature over a span of 2—6 hours. HCl and NaOH were then added to set the PA
solution to specific pH values. PAs with concentrations ranging from 100 to 500 uM were
serially diluted with 150 mM NaCl and 2.2 mM CaCl,. A pyrene solution was then added to
each of the diluted samples, for a final pyrene concentration of 4.5 pM. 100 pL of each
serially diluted sample was transferred into a 96-well plate and the fluorescence emission of
the pyrene was monitored by a hybrid reader fluorimeter (BioTek Synergy H4) at room
temperature with an excitation wavelength of 335 nm. The pyrene fluorescence was
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monitored from 360 to 430 nm, and the intensity of the emission peaks at 376 and 392 nm
were compared at different concentrations to determine the CAC for each pH.

Transmission electron microscopy (TEM)

Transmission electron microscopy was employed to confirm the self-assembled morphology
at different pH values and concentrations. The sample to be tested was basified to a pH of
10, stirred at 90 °C in an oil bath for 30 minutes and cooled to room temperature over a span
of 2—-6 hours. The pH was then adjusted with HCI and NaOH to set the peptide solution that
was dissolved in 150 mM NaCl and 2.2 mM CaCl; to a pH of either 5 or 9. Once the desired
pH was reached, 5 pL of the solution was spread onto a Carbon Formvar and allowed to sit
for one minute before being wicked dry with filter paper. A 1 wt% uranyl acetate solution
was added and spread over the grid to negatively stain the sample, and was wicked dry
immediately after application. The grid was then examined using a FEI Tecnai G2 Biotwin
TEM at 100 keV. The diameters of each self-assembled morphology were determined via
averaging at least 30 different objects.

T4 measurements

T relaxation time measurements were carried out with various concentrations of the PAs
dissolved in 150 mM NaCl and 2.2 mM CaCl, solutions at multiple pH values on a benchtop
minispec mq20 (NF series, Bruker, Germany). It uses a permanent magnet to create a field
(0.469 T) corresponding to a proton resonance frequency of 19.95 MHz. The sample
temperature was kept at 40 °C. For all samples, the magnetic field was matched to the
resonance circuit, and the durations were on the order of 2.8 and 5.6 ps at full amplitude for
1t/2- and m-pulses, respectively. The inversion—recovery pulse sequence was used to measure
the 'H 77 relaxation times in the laboratory frame. In this pulse sequence, a 180° radio
frequency pulse was used to invert the bulk magnetization, which was then allowed to
recover to equilibrium via the 77 relaxation process over a variable recovery time, before
acquisition of the free-induction decay with 32 data points and 16 scans per point. A recycle
delay time of 5 77 was used to allow the system to fully relax between FID acquisitions, and
phase cycling was employed to eliminate signal artifacts. Relaxivity (r7) values were then
obtained from the slopes of 1/77 vs. [PA-Gd(DO3A)] plots using the following equation:

= =—+r[PA] (1)

where 77 g refers to the water proton relaxation time in the absence of the peptide contrast
agent. Eq (1)

DLS measurements

For DLS measurements, PAs were dissolved in 150 mM NacCl, 2.2 mM CaCl, in deionized
water and filtered with 250 nm filters. The solutions were basified to a pH of 10, stirred at
90 °C in an oil bath for 30 minutes and cooled to room temperature overnight. The solutions
were bath sonicated and then adjusted to the appropriate concentrations and pH values such
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that they exhibited a micelle morphology (50 uM and pH = 10.5). DLS measurements were
performed using a Malvern Nano series Zetasizer.

Results and discussion

Self-assembly behaviour

PA1, which features a palmitoyl alkyl tail, two B-sheet forming tyrosine residues, and four
glutamic acids, has the strongest attractive forces and weakest repulsive forces of the PAs in
this study. The CD of PA1 at 10 uM, which corresponds to a concentration close to the limit
of detection for our CD instrument, for pH values ranging from 5-11 reveals a B-sheet
pattern, indicative of nanofiber formation (Fig. 1a). The nanofiber morphology was
confirmed by TEM of samples prepared at pH values of 5 and 9 at 500 uM (Fig. 1b and c).
The diameters of the nanofibers at pH 5 and 9 were observed to be 8.5 + 1.0 nm and 8.6

+ 0.9 nm, respectively, with no statistically significant difference, as expected. Therefore,
across all pH and concentration values within our limits of detection, PA1 is assembled in
the nanofiber morphology.

In order to induce a micelle-to-nanofiber transition in this pH range, PA2, having increased
repulsive forces via the addition of a fifth glutamic acid, and PA3, having decreased
attractive forces through the shortening of the alkyl chain length, were synthesized. Fig. 2a
shows the CD of PA2 at 50 uM, which undergoes a pH-dependent morphology transition
from either isolated molecules or micelles at basic pH values to nanofibers below a pH of
5.75.

To distinguish if PA2 exists as isolated molecules or is assembled into micelles, the CAC
was determined at different pH values (Fig. 2b). For instance, the CAC values at pH values
of 7.06 and 9.02 were extrapolated to be 9.3 and 21.6 uM, respectively. At more acidic pH
values of pH 6 and pH 5, the CAC values for PA2 drop to 5.6 uM and below the detectable
limit of 1 pM. The phenolic tyrosine residue, which has a pK, of ~10.5 when free, will also
contribute to the increase in CAC at more basic values. The pH-dependent CD and
concentration-dependent CAC were also collected for PA3 (Fig. SI-31). Again, a pH-
dependent morphological transition from isolated molecules/micelles at basic pH values to
nanofibers at acidic pH values, as well as an increase in CAC at more basic pH values were
observed.

In order to distinguish whether adding a fifth glutamic acid or reducing the alkyl chain
length had a greater effect on disrupting nanofiber formation, the concentration-dependent
CD and pH-dependent CAC measurements were combined to construct the pH vs.
concentration self-assembly phase diagrams for both PA2 and PA3 (Fig. 3a). At high
concentrations and low pH values, the PAs assemble into nanofibers. At high pH values and
intermediate concentrations the PAs assemble into micelles, and at concentrations below the
CAC values, the PA remains in the unassembled molecular state. The self-assembly phase
diagrams for PA2 and PA3 were relatively similar, however, PA3 had a greater propensity to
form nanofibers at a given concentration than PA2. At all concentrations observed, PA3
transitions from micelles to nanofibers at only 0.15-0.63 pH units more basic than PA2.
Additionally, at all pH values except at pH 9, the CAC measurements for PA2 were typically
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higher than PA3. This shows that increasing repulsive forces from the addition of a glutamic
acid has a greater effect on disrupting nanofiber formation than decreasing the attractive
forces by shortening the alkyl tail by one methylene unit. TEM further confirms the micelle
and nanofiber morphology of PA2 and PA3 at various concentrations and pH values (Fig.
3b—e). The diameters of the nanofibers for PA2 and PA3 were observed to be 9.7 £ 1.2 nm
and 8.1 + 1.3 nm, respectively. The differences in these nanofiber diameters are consistent
with the expected changes for cylindrical nanofibers consisting of hydrophobically collapsed
B-sheets featuring a single PA molecule radius. For instance the diameter of PA1 from TEM
measurements is ~0.4 nm larger than PA3, which is close to the ~0.3 nm difference that is
expected from the addition of 2 —CH,— units per diameter. The nanofiber diameter of PA2 is
1.2 nm larger than PA1, which also fits the expectation of the addition of a glutamic acid
residue. Furthermore, the micelles formed by PA2 and PA3 had observed hydrodynamic
diameters of 11.3 £ 1.5 nm and 10.8 + 1.6 nm, respectively from DLS measurements (Fig.
4). The size of the nanofiber does not determine the pH of transition, allowing independent
control over both of these parameters using molecular design.

To demonstrate that this is a general trend we synthesized PAs 4, 5, and 6 which feature only
a single tyrosine in the hydrophobic portion (YAAA), but have the same alkyl chain lengths
and number of glutamic acids as PAs 1, 2, and 3, respectively. The same relative influence of
number of hydrophobic amino acids and glutamic acids was observed. Since PA4 only has a
single strongly hydrophobic tyrosine residue, transitions to both spherical micelles and the
isolated molecule states were observed in the phase diagram (Fig. 5), in contrast to PA1. In
PAs 4-6, the CACs were observed to be 7.3-15.5 uM from pH 5-9. Additionally, a strong
concentration dependence in the micelle-to-nanofiber transition pH is apparent. PA5
contained one additional glutamic acid residue compared to PA4 (same difference as
between PA2 and PA1). The pH of transition shifts to a more acidic pH value by ~0.2 units
at lower concentrations and does not exhibit the strong concentration dependence until
above 100 puM, giving it a much larger range of concentration and pH conditions in which it
is in the micelle morphology. This results from the additional repulsive forces in PAS that
prevent the collapse into the nanofiber morphology. The additional repulsive force also leads
to an increase in the CAC by 1-3 uM. This difference becomes less pronounced at more
acidic pH values.

PA6 has one fewer —CH,— group compared to PA4 (same difference as PA3 and PA1). As
previously seen the deletion of a methylene group has a less pronounced effect on the overall
phase diagram of the PA. The pH of transition for PA6 is almost identical to PA4 and shows
a very similar concentration dependent profile. The concentration dependence does occur at
a concentration ~5—10 uM higher, indicating that PA6 can exist as a micelle at higher
concentrations, as a result of having weaker attractive forces.

The CAC values of PA2-3 are lower than those of PAs 46 at acidic pH values, and are
higher under basic pH values. One would expect that PAs with two strongly hydrophobic,
beta-sheet forming residues (as in PA2 and PA3) would have a lower CAC, compared to PAs
with one such reside (PAs 4-6). Indeed, at acidic pH values (pH < 7) PA2 and PA3, which
feature two strongly hydrophobic tyrosine residues, have much lower CAC values compared
to PAs 4-6. It is important to note that tyrosine residues are ionizable with a typical phenolic
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pK; of ~10. Therefore, more basic pH values lead to greater degrees of tyrosine
deprotonation and more electrostatic repulsion between PA molecules, ultimately increasing
the CAC. This explains why PA2 and PA3 have a higher CAC at more basic pH values
compared to PA4-6.

Water T4 relaxivity

In MRI imaging, a paramagnetic contrast agent accelerates the relaxivity of water. The
concentration dependent relaxivity of all PAs were measured at pH values of 5.2 and 7.0.
Since PAs 2-5 exhibit a concentration dependent transition from spherical micelles to
nanofibers, at pH 7.0, the relaxivity was measured both at concentrations in the nanofiber
state and in the micelle state and the relaxivity values were extracted separately. For all PAs
the 7 relaxivity typically ranges between 4.9—7.6 mM~! s~! while in the micelle
morphology (Table 2). When the PAs are assembled in the nanofiber state either at lower pH
values or at higher concentrations there is a marked increase in the 77 relaxivity value to
8.5-10.5 mM~! s71.

This increase in 77 relaxivity in the nanofiber state is expected, as it is typically observed
that tethering Gd>* to larger, less-quickly rotating structures will lead to an increase in the
relaxivity.23 However, the small variations in the PA diameters for both the nanofiber and
micelle morphologies that occurred by either subtracting a methylene group or adding a
glutamic acid did not significantly affect the relaxivity. For example PAS, which has an
additional glutamic acid and consequently a 1.2 and 1.6 nm larger nanofiber diameter
compared to PAs 4 and 6, respectively, actually exhibits a slightly smaller relaxivity (8.6
mM~! 571 than these PAs. This indicates that other factors are impacting the relaxivity,
including the fiber rigidity and accessibility of HyO to the Gd>* paramagnetic centers. 2425
For instance, it is possible that the additional glutamic acid in PA 5, causes the chelate to
rotate more freely and more independently of the larger fiber, than in PA 6. Overall, the ry
relaxivity of these PAs in both the nanofiber and micelle states remains higher than those of
commercially available gadolinium chelates (3-4.5 mM~! s~1 at 0.47 T).26 The ry
relaxivities for these commerical agents varies by at most 15% at a field strength of 0.47 to
4717

Conclusions

Designing pH-triggered self-assembling vehicles that both undergo morphological
transitions under precise sets of solution conditions as well as having controllable sizes for
dictating biodistribution behaviour and clearance mechanisms is crucial to guarantee their
functionality 7in vivo. This work shows that balancing the attractive and repulsive forces of
peptide amphiphiles by changing the alkyl chain length and number of charged amino acid
residues, respectively, allows self-assembly behaviour to be very similar for vehicles with
varying sizes. For example, PA2 and PA3 have virtually identical pH- and concentration-
dependent self-assembly behaviour, however, the nanofiber diameters vary by ~1.6 nm or
almost 20%. This work will enable future explorations comparing the biodistribution of
various sized Gd-labelled PA vehicles that transform from spherical micelles in the
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bloodstream into nanofibers in the acidic cancer microenvironment, in order to design MRI-
agents with maximum accumulation in tumour tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) CD trace of 10 uM PA1 showing B-sheet nanofiber morphology at pH values ranging

from 5.02—-11.04. (b, c) TEM of 500 uM solutions of PA 1 at (b) pH =5 and (c) pH=9.In
both CD and TEM, the PA was dissolved in 150 mM NaCl and 2.2 mM CaCl,.
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Fig. 2.

(a;gCD of PA2 at 50 uM dissolved in 150 mM NaCl, and 2.2 mM CaCl, at various pH values
showing a transition at a pH of 5.75. (b) Ratio of pyrene luminescence at 376 vs. 392 nm for
PA2 at pH 7.06 (red) and pH 9.02 (blue). The dotted lines correspond to the CAC at these
pH values.
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Fig. 3.
(a) Concentration-pH phase diagrams of PA2 (blue) and PA3 (red) determined by CD

(diamonds) and CAC (squares). (b—e) TEM images of PAs: 500 uM PA2 at (b) pH 5 (c) pH 9
and 100 uM PA3 at (d) pH 5 and (e) pH 9. All measurements were performed in 150 mM
NaCl and 2.2 mM CaCl,.
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Fig. 4.
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Page 13

DLS trace of 100 uM solution of PAs 2-6, dissolved in 150 mM NaCl and 2.2 mM CaCl,, at

pH=9.0.
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b)

Fig. 5.

(a) pH- and concentration-dependent phase diagram of PA 4 (blue) PA 5 (red) and PA 6
(green). (b—d) TEM of 500 uM solutions of PA 4, 5, 6 respectively, at pH 5, in a solution of
150 mM NaCl and 2.2 mM CaCl,.
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Chart 1.
Structure of PA1, palmitoyl-Y YAAEEEEK(DO3A:Gd)-NH,.
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Table 1

Peptide sequence of PAs

Molecule Sequence

PA1 palmitoyl-Y YAAEEEEK(DO3A:Gd)-NH,
PA2 palmitoyl-YYAAEEEEEK(DO3A:Gd)-NH,
PA3 pentadecyl-Y YAAEEEEK(DO3A:Gd)-NH,
PA4 palmitoyl-YAAAEEEEK(DO3A:Gd)-NH,
PAS palmitoyl-YAAAEEEEEK(DO3A:Gd)-NH,
PA6 pentadecyl-YAAAEEEEK(DO3A:Gd)-NH,
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