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Dipeptide derivative molecules can self-assemble into space-filling nanofiber networks at low volume
fractions (<1%), allowing the formation of molecular gels with tunable mechanical properties. The self-
assembly of dipeptide-based molecules is reminiscent of pathological amyloid fibril formation by naturally
occurring polypeptides. Fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF) is the most widely studied
such molecule, but the thermodynamic and kinetic phenomena giving rise to Fmoc-FF gel formation
remain poorly understood. We have previously presented evidence that the gelation process is a first
order phase transition characterized by low energy barriers to nucleation, short induction times, and rapid
quasi-one-dimensional crystal growth, stemming from solvent—solute interactions and highly specific
molecular packing. Here, we discuss the phase behavior of Fmoc-FF in different solvents. We find that
Fmoc-FF gel formation can be induced in apolar solvents, in addition to previously established pathways
in aqueous systems. We further show that in certain solvent systems anisotropic crystals (nanofibers) are
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are formed. The molecular conformation is sensitive to solvent composition during assembly, indicating
that Fmoc-FF may be a simple model system to study complex thermodynamic and kinetic phenomena
rsc.li/nanoscale involved in peptide self-assembly.
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nature of these interactions can control molecular packing
within the solute structure.

Self-assembling gelators based on short peptide derivative
molecules form ordered fibrous structures, commonly via n—x
stacking and hydrogen bonding interactions."***> The result-
ing bulk properties of the produced materials are characteristic
of soft solids. The most widely studied such gelator molecule
is fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF).**!
Low-concentration solutions of Fmoc-FF form gels of substan-
tial elastic moduli when mixed with water. Because of their
flexibility for altering chemical composition, Fmoc-FF and
similar short peptide derivative gelators show promise for a
host of uses including tissue engineering, nanofabrication,
energy storage, photoelectronics, and biosensing.**"’
However, the design of new gelator molecules with desired
self-assembly properties is limited by the lack of understand-
ing of the gelation mechanism. Hence, these low molecular
weight gelators are less often designed than they are
discovered.

We have previously shown that gelation of Fmoc-FF in
DMSO solutions triggered by addition of water results from a
first order phase transition giving rise to elongated crystals of
high aspect ratios.>" Detailed studies indicate that increasing
the concentration of water increases the strength of attraction
e/kT, leading to fast nucleation rates and quasi-one-dimen-
sional crystal growth.?! If this is done with sufficient rapidity,
the mixture will lie below the spinodal and large amorphous
droplets will form, which over time re-dissolve, nucleate and
grow crystals in coexistence with a dilute solution.

However, the type of solvent can impact the molecular
packing of crystals formed when the solidus is crossed. As we
show here, solvent-solute interactions determine the self-
assembly pathway and structure stability, and therefore play a
crucial role in shaping the energy landscape and phase behav-
ior of dipeptide gelators. Understanding these interactions is
necessary not only for developing guidelines for adequate
solvent environments for existing gelators, but moreover for
generalizing the design rules for novel self-assembling mole-
cules. In addition, widely studied peptides such as Af-42, the
Alzheimer’s peptide and initial inspiration for study of Fmoc-
FF, yield highly polymorphic assemblies. Polymorphism in
these systems is assumed to be the result of kinetic trapping,
rather than relaxation to thermodynamic equilibrium. Hence,
Fmoc-FF may present us with an opportunity to not only shed
light upon a highly versatile biomaterial, but to also a near-
equilibrium, self-assembled structure of an amino acid motif
thought to be crucial to the self-assembly of Ap-42.

With the exception of a few notable studies, the role of sol-
vents in dipeptide gelation has been largely overlooked in the
literature. Raeburn et al. investigated gels of Fmoc-FF in four
different solvents mixed with water, reporting their obser-
vations on the resulting mechanical properties.”® Wang et al.
investigated the role of solvent-bridged hydrogen bonding in
fiber formation of diphenylalanine (FF).>* Ramos Sasselli et al.
have developed a simple packing model based on solvophobi-
city of amphiphilic molecules to determine the thermo-
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dynamic favorability of fiber stability and applied it to pH-trig-
gered gelation of Fmoc-FF. Previous studies highlighting fiber
versus crystal formation have focused on the structure of
different gelator molecules in a fixed system®"** (pH-triggered
gelation in aqueous solution); here, we instead explore the
phase behavior of one molecule in a variety of solvent systems
with the aim of understanding what drives the formation of
fibrous gels. While many studies have focused only on biocom-
patible hydrogels, we employ a multitude of solvents with a
range of different interaction types, mainly in order to recog-
nize how these interactions lead to specific phase behavior
and stability, as well as to develop guidelines for applications
that do not require cell-friendly solvents.

Predicting the effects of solvents on both solubility and
morphology of precipitates remains a challenge. One method
to address these issues is to use Hansen solubility parameters
(HSPs from hereon) that characterize solvent properties by
accounting for three types of molecular interactions: polar (6p),
capacity to form hydrogen bonds (6y), and strength of disper-
sive or van der Waals interactions (4).>* Any given solvent for
which these three parameters are known can be represented as
a point in a 3D space in which the axes are defined by 6y, d,
and &y, referred to as the Hansen space. The solubility of a
solute A in solvent B is expected to be inversely proportional to
the distance R between the two points in the Hansen space:**

R= /(@ -+ @ - +4@ - ()

The larger the value of R, the less soluble A will be in
B. Estimated solubility parameters can be calculated based on
group contributions of the molecule.’*** Experimentally, they
are established by finding a number of solvents in which the
substance is soluble or insoluble, plotting their coordinates in
Hansen space, and determining a sphere that encompasses as
many solvents as possible in which the solute dissolves. The
coordinates of the center of that solubility sphere are then con-
sidered to be the HSPs of the solute.***> Outside of the solubi-
lity sphere, other domains containing information about
phase behavior can be established.’**' We employ this
approach to study the phase behavior of Fmoc-FF and interpret
the solvent-solute interactions present in the system. Three
solvent systems (DMSO/H,0, methanol/H,O, and toluene) are
selected to illustrate distinct phase behavior and highlight
structural differences. Our findings indicate that:

(1) Gels can be produced by thermal effects in the absence
of water in highly apolar solvents.

(2) Fmoc-FF exhibits distinct polymorphism in certain
solvent systems, where it can transition from a metastable an-
isotropic crystalline structure (fibers) to large crystal aggre-
gates with no preferred axis of growth.

(3) The molecular packing of Fmoc-FF in fibers differs
across solvents.

(4) Multiple populations of fibers with different molecular
order can exist in a single system.

(5) The observed phase behavior can be understood in
terms of HSPs as a measure of solvent-solute interactions.
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Experimental
Sample preparation

All non-NMR samples were prepared at a fixed Fmoc-FF con-
centration of 15 mg mL™' (minimum concentration to ensure
a sufficient signal in the CPMAS NMR measurements). The
appropriate mass of the solid peptide was added to 1 mL of
solvent and vortex-mixed. In some cases, the suspension was
heated (to no more than 75 °C) to facilitate dissolution. If
Fmoc-FF did not form a clear solution at this temperature, the
behavior in the given solvent was labeled as “insoluble”. The
heated solutions were allowed to cool back to room tempera-
ture and left to stand overnight, after which the phase behavior
was noted. For ternary systems, the desired mass of Fmoc-FF
was first fully dissolved in the solvent, followed by addition of
the appropriate amount water, and left to stand overnight.
NMR samples were allowed to self-assemble in the following
solvent systems: DMSO/H,O (xy,o = 0.95), methanol/H,O
(Xm0 = 0.95 and x,0 = 0.20), pure methanol (no H,0), and
pure toluene. Each sample was prepared at a concentration of
15 mg mL ™", with the exception of the sample in pure metha-
nol, which was prepared at approximately 300 mg mL ™.

Confocal fluorescence microscopy

A small amount (40 ppm) of Nile Blue fluorescent dye was
added to the solution. Immediately upon mixing the solution
with water, 50 pL of the mixture was transferred into a glass
bottom dish (MatTek Corp.) and covered with a lid. The
sample was loaded onto a Zeiss LSM 700 confocal microscope
and images were taken using a 63x magnification oil immer-
sion objective at 639 nm excitation wavelength. In the case of
solvents in which the dye was insoluble (apolar solvents such
as benzene and toluene), the peptide was pre-dyed. This pro-
cedure involved dissolving the Fmoc-FF and dye in a highly
volatile solvent (acetone) and heating the solution under
vacuum until all the solvent had evaporated. The dyed solid
powder was then dissolved in the desired apolar solvent.

Transmission electron microscopy

A 15 pL droplet of the solution was transferred onto a glass
surface, before the onset of gel transition. A 400 mesh carbon
coated copper grid (SPI Supplies) was placed on the sample
droplet for 30 s and the excess liquid was removed. The grid
was then washed and placed on a 15 pL droplet of ammonium
molybdate solution for 60 s. The excess stain was washed and
the sample grid was stored covered overnight. Images were col-
lected using JEOL 2100 Cryo and JEOL 2010 LaB6 transmission
electron microscopes operating at 200 kV.

Solid state NMR spectroscopy

All NMR experiments were performed on a 500 MHz (11.75 T)
Bruker NMR spectrometer. All samples were prepared as
described previously and lyophilized. We used "H-">C cross
polarization magic angle spinning (CPMAS) solid-state NMR to
probe the natural abundance C populations of Fmoc-FF
assemblies.””> The shapes and linewidths of CPMAS NMR
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signals can be used to assess the overall level of molecular
order. The peaks from the Fmoc group were identified by
running CPMAS on two samples assembled in DMSO/H,0O
(xm,0 = 0.95), one of which was uniformly labeled with **C iso-
topes on the two phenylalanine residues (see Fig. S1, ESIf).
Each sample was packed into a 3.2 mm Bruker NMR rotor. The
magic angle spinning speed for each experiment was 20 kHz.
A 2 ms "H-"3C CP spinlock was applied concurrently with a 50
kHz radio frequency field on the *C channel and linear ramp
pulse between 60 and 120 kHz on the '"H channel. During
signal acquisition, a 100 kHz 'H decoupling pulse was applied
using two pulse phase modulation (TPPM).** Each spectrum
was collected over the course of 12-15 hours of signal aver-
aging time with a recycle delay of 5 s. The NMR chemical
shifts were referenced to adamantane. All measurements were
repeated to ensure reproducibility.

Results and discussion
Phase behavior observations

The solubility of Fmoc-FF at a concentration of 15 mg mL™"
was tested in 15 different solvents and mixtures of solvents
with water. The outcomes, which were reproducible across all
solvents, are classified in the following categories:

+ Liquid: Fmoc-FF fully dissolves in the solvent and
remains a stable, colorless solution after equilibrating at room
temperature overnight (Fig. 2a).

+ Gel: Fmoc-FF fully dissolves in the solvent when heated
up to 75 °C and forms a gel upon cooling to room tempera-
ture, or upon addition of water (Fig. 2b).

 Crystal: Fmoc-FF fully dissolves, but overnight macro-
scopic crystals are grown either from the solution (Fig. 2c) or
from the gel phase (Fig. 2d).

+ Insoluble: The Fmoc-FF powder does not dissolve in the
solvent at the given concentration even when the suspension is
heated to 75 °C (Fig. 2e).

The investigated solvents, corresponding HSPs, and result-
ing phase behavior in the binary Fmoc-FF/solvent system are
summarized in Table 1. The solvents can be represented as
points in the Hansen space with coordinates (8,, &p, 284)
(Fig. 3a). The points are assigned different colors to indicate
the phase behavior of Fmoc-FF (blue: liquid, red: gel, green:
crystals, black: insoluble). The results for ternary systems
(Fmoc-FF/solvent/H,0) are summarized in Table 2 and pre-
sented graphically in Hansen space in Fig. 3b. The HSPs for

2 %}\

< i
=

(a) Soluble (d) Crystals
from gel

(c) Crystals (e) Insoluble

from solution

Fig. 2 Examples of observed Fmoc-FF phase behavior in various
solvents.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c7nr06724k

Published on 22 December 2017. Downloaded by Florida State University on 30/04/2018 18:50:59.

Nanoscale

Table 1 Hansen solubility parameters of the investigated solvents and
resulting phase behavior of binary systems with Fmoc-FF

No. Solvent N dp 8q Result
1 Dimethyl sulfoxide (DMSO) 4.99 8.02 9.00 Liquid
2 Acetone 3.42 6.08 7.58 Liquid
3 Dimethyl formamide (DMF) 6.52 6.70 8.51 Liquid
4 Hexafluoroisopropanol (HFIP) 13.89 2.41 14.17 Liquid
5 Tetrahydrofuran (THF) 391 2.79 821 Liquid
6 Methanol 10.9 6.01 7.38 Crystal
7 Ethanol 9.48 4.30 7.72  Crystal
8 Acetonitrile 2.98 8.80 7.48 Crystal
9 Benzene 0.98 0.00 9.00 Gel
10  Toluene 0.98 0.68 8.80 Gel
11 Chloroform 0.00 0.00 17.8 Gel
12  Dichloromethane 2.98 3.08 8.90 Gel

solvent/water mixtures are calculated by assuming a linear
relationship:*®

5mixture - tzO(stO + (1 - xHZO)ésolvent (2)

where xy3 0 is the concentration (v/v) of water in the mixture.
The first major observation from these investigations is that
gels can be produced in the absence of water. This is evi-
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denced in apolar and borderline-polar solvents (benzene,
toluene, chloroform, and dichloromethane), in which Fmoc-FF
self-assembles into a fibrous network similar to those seen in
ternary systems (Fig. 4). The gel transition is very rapid in
benzene and toluene (<1 min) and somewhat slower (~30 min)
in chloroform and dichloromethane. No signs of amorphous
precipitate formation are observed in any of these solvents,
which suggests that the temperature quench is sufficiently
slow to avoid the possibility of crossing of the phase separation
boundary at this volume fraction, but rapid enough to achieve
nucleation at short induction times in benzene and toluene.>*
The second interesting outcome is the formation of large
crystal aggregates with no preferred axis of growth, observed in
certain mixtures of water with methanol, ethanol, DMF, and
HFIP. At low water concentrations, signs of an amorphous
white precipitate are shown, after which the solution quickly
becomes clear again and floating crystals are nucleated from
the solution (Fig. 2¢) at induction times on the order of hours
(days in DMF). This indicates redissolution of the amorphous
precipitate places the system at a point where the solubility
boundary is crossed and crystallization takes over (Fig. 1). The
fact that macroscopic crystals are grown instead of nanofibers
of high aspect ratios suggests that the surface energies of the
ends and sides of the crystal are similar, the barrier to nuclea-
tion is high and long induction times are observed, which is

(b)
TERNARY SYSTEMS
(Fmoc-FF/solvent/water)

Fig. 3 Phase behavior of Fmoc-FF in (a) pure solvents and (b) mixtures of select solvents and water represented in Hansen space (black: insoluble,

blue: soluble, red: gel, green: crystals).

Table 2 Phase behavior of Fmoc-FF in ternary aqueous systems. The corresponding HSPs are calculated as given in egn (2)

XH,0 DMSO Acetone DMF Methanol Ethanol HFIP

0 Liquid Liquid Liquid Crystal Crystal Liquid
0.1 Liquid Liquid Liquid Crystal Crystal Crystal
0.2 Liquid Liquid Liquid Crystal Crystal Crystal
0.3 Gel Liquid Liquid Crystal Crystal Crystal
0.4 Gel Gel Crystal Crystal Crystal Gel

0.5 Gel Gel Crystal Crystal Crystal Gel

0.6 Gel Gel Crystal Gel Gel Gel

0.7 Gel Gel Gel Gel Gel Gel

0.8 Gel Gel Gel Gel Gel Gel

0.9 Gel Gel Gel Gel Gel Gel

1 Isoluble  Insoluble  Insoluble  Insoluble  Insoluble  Insoluble

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a—f) Confocal microscopy images of Fmoc-FF gels in: (a)
DMSO/H,0, (b) acetone/H,O, (c) methanol/H,O, (d) HFIP/H,O, (e)
benzene, (f) toluene. Scale bars represent 10 um. (g—i) TEM images of
Fmoc-FF gels in (g) DMSO/H,0, (h) methanol/H,0, and (i) toluene.

consistent with the ideas presented in our previous
publication.*

Upon addition of moderate water concentrations, a clear gel
is formed as the amorphous precipitate dissolves within less
than 5 minutes. Over a time of several hours, large crystals are
grown from the gel phase (Fig. 2d). In methanol and ethanol,
over long times (hours to days) the fibrous gel phase dis-
appears completely and millimeter-sized crystals are left sus-
pended in solution, indicating low crystal density and possible
incorporation of solvent in the crystal structure.

Based on the presented observations, it is clear that Fmoc-
FF has at least two distinct polymorphs - elongated nanofibers
and large crystals with no preferred axis of growth. Ostwald’s
law of stages suggests that the polymorph that crystallizes first
is the least stable.***" In light of this, as well as the ideas intro-
duced previously,>!30:46718
barrier to the formation of fibers is low, thus driving the initial
formation of fibers at short induction times. The subsequent
transition can occur either due to: (a) nucleation from the
remaining free molecules in solution at longer induction
times, or (b) from the breakdown and aggregation of existing
fibers. Mechanism (a) would imply that once the high nuclea-
tion barrier for growth of large crystals is overcome, the sub-
sequent crystalline structure would be at a lower free energy
minimum (Fig. 5). The growth of these larger structures then
presumably proceeds following an Ostwald ripening process in
which the crystals are grown at the expense of the fibers as the
molecules try to minimize their surface area.** Mechanism (b)
would suggest that the side interactions between fibers are
strong and that local restructuring can take place as the fibers

we conclude that the nucleation
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FIBERS (STABLE GEL) Efiber > Ecrystal
"""" CRYSTALS (METASTABLE GEL) Efiber < Ecrystal

Free energy

Reaction coordinate

.

W
Ecrystal

Fig. 5 |Illustration of the energy landscape of Fmoc-FF in different
systems. Red: the lowest free energy minimum corresponds to fibers,
and the gel is stable. Green: fibers are metastable, and large crystal
growth proceeds when the barrier between the minima is overcome.

come together.*” SEM images of large crystals grown from the
Fmoc-FF/methanol/water gel phase (Fig. S2, ESIT) indicate that
these are aggregates of smaller rod-like crystals of diameters
much larger (~1 pm) and aspect ratios much lower than those
of nanofibers in the gel phase, which supports the possibility
of lateral interactions of nanofibers in the restructuring
process.

Structural differences in fibers

It is important to note that, aside from the evident difference
between anisotropic and isotropic crystals, multiple distinct
fiber structure populations exist across Fmoc-FF systems from
different solvents and likely within samples from the same
solvent. CPMAS NMR data (Fig. 6) shows substantial changes
in chemical shift across the different solvent systems in areas
known to be sensitive to structural change in peptide systems.
Fig. 6b shows the carbonyl region of Fig. 6a, in which there are
two significant peaks in each spectrum due to the carbonyl
groups of the phenylalanine residues. From the DMSO sample,
we see two peaks at about 172.5 and 174 ppm corresponding
to chemical shift values of protonated carboxylic acids.
However, in both methanol samples and the toluene sample,
there is a clear shift in one peak from 174 to 179 ppm. We
believe the peak near 179 ppm is the deprotonated C-terminus
of the molecule. The same peak shifting behavior can be seen
in the aromatic and aliphatic regions of the spectra. Fig. 6¢
shows two peaks between 139 and 135 ppm, corresponding to
the y-carbons of the two phenylalanine residues, the only aro-
matic carbon atoms capable of substantial conformational
variation. Each spectrum has a peak at about 136 ppm, but
intensity varies across each solvent. The second peak in each
spectrum is of variable intensity and falls between 137 and
138 ppm. In this peak however, the position is shifted slightly
to the right in the methanol samples compared to the DMSO

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c7nr06724k

Published on 22 December 2017. Downloaded by Florida State University on 30/04/2018 18:50:59.

Nanoscale

View Article Online

Paper

/L
(a) 11/
— DMSO/H;O (x40 = 0.95)

— Methanol/H,0 (x,0 = 0.95)
H — Toluene

@

Methanol/H;0 (x,0 = 0.2) -
— Methanol/H;0 (xy,0 = 0.95) B
— Methanol Crystals

L L

190 170

139 137 135 6 58 54 50
3C NMR Frequency (ppm)

/ L
T T [T T T T T T

170 150 130 70 50 30
(f) 3C NMR Frequency (ppm)

oj\uﬁﬁﬁhm
O o)

Fig. 6 (a) CPMAS spectra obtained from Fmoc-FF nanofibers self-assembled in DMSO/H,0, methanol/H,O, and toluene; (b—d) carbonyl, y-carbon,
and a-carbon signals of each spectrum; (e) comparison of spectra obtained from fibers and crystals in different methanol-based systems; (f) chemi-
cal structure of Fmoc-FF with carbonyls circled (panel b, the red circle indicates the C-terminus), g-carbons boxed (panel c), and a-carbons in pen-

tagons (panel d).

and toluene samples. Fig. 6d shows the a-carbon signals of the
phenylalanine residues. Moving downward from DMSO to
toluene in Fig. 6d, we can see the clear growth of a third peak
which appears in the DMSO spectrum as only a small
“shoulder” on the large peak near 57 ppm. Also, unlike in
Fig. 6b and c, we see three significant a-carbon signals. This
suggests a significant contribution from three a-carbon confor-
mational populations, where the fraction of each is dependent
on the solvent environment of gelation. This suggests the pres-
ence of multiple distinct and well-ordered molecular confor-
mations within these gels. Finally, there is a very sharp and
intense peak in the DMSO spectrum at about 38 ppm. We
believe this is a p-carbon signal from the phenylalanine resi-
dues. In other solvents, the magnitude of the peak is much
lower and broader relative to DMSO. However, the intensity of
this peak varies significantly across multiple gel samples
formed in DMSO, indicating some degree of polymorphism at
this site.

The spectrum obtained Fmoc-FF crystals formed in metha-
nol (Fig. 6e) confirmed that the structures were crystalline (and
not amorphous), as evidenced in the very sharp lines com-

This journal is © The Royal Society of Chemistry 2018

pared to the gel samples, and the signal truncation we see
when the CPMAS is run with the same recycle delay used in all
of our other experiments. The CPMAS spectrum of Fmoc-FF
crystals formed in pure methanol differs from the methanol
fiber spectra at multiple points. First, there is a broad peak at
~177 ppm which is not present in any of fiber samples tested,
likely from the C-terminus of the molecule. The peak splits at
multiple points, indicating that the C-terminus at least may
have freedom to adopt a set of different conformations.
Furthermore, unlike the both methanol fiber samples and the
toluene sample, there are only two major signals from
a-carbon populations. Additionally, in the aliphatic region of
the spectrum, we see a sharp signal at ~50 ppm. This is the
expected approximate position for the methyl group of metha-
nol, likely indicating that the methanol itself is integrated into
the Fmoc-FF crystal structure. This presence of solvent in the
structure was not observed in either of the methanol gel
samples, though it is possible the freeze-drying method used
on the gel samples removed methanol from the fiber structure.
However, this is unlikely because the dried material still
appears to be in an ordered conformation.

Nanoscale, 2018, 10, 1508-1516 | 1513
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The data presented here are not sufficient to offer a defini-
tive hypothesis of complete molecular structure and confor-
mation, but there is obvious, systematic signal variation
between solvent environments. Though Fmoc-FF is not by defi-
nition a peptide, variation of peptide carbonyl and a-carbon
signals in particular are known to be strong indicators of
change in peptide secondary structure. In addition to variation
in the carbonyl and a-carbon regions of the spectra, the slight
shift in peak position of the aromatic signal between 137 and
138 ppm is likely an indication that one of the y-carbon popu-
lations adopts a different conformation in the methanol
samples as compared to the DMSO and toluene samples. The
y-carbon shift, along with p-carbon signal variation across
each sample, may be an indication of variation in hydrophobic
packing of the phenylalanine sidechains.

It is also worth comparing the Fmoc-FF structural varia-
bility with solvent similarity. This can be most easily observed
by comparing the spectra from DMSO (xy,0 = 0.95), methanol
(Xm0 = 0.95), and toluene. The samples from DMSO and
methanol self-assemble is what are principally equivalent sol-
vents. Each begins from solution and is triggered by the
addition of water to the system. The sample from toluene
assembles in a highly apolar environment and without the
need for a trigger. Yet Fig. 6b—d all show similar peak positions
for the methanol (xy,0 = 0.95) and toluene samples, with the
DMSO signals deviating significantly from these two. Similar
peak positions in the CPMAS spectra are not sufficient to con-
clude that we are seeing similarities in the fiber structures of
the methanol and toluene samples. However, differences in
peak position are sufficient to conclude that we are observing
differences in fiber structure. We believe this may be an indi-
cation of kinetic trapping playing a role in the determination
of the fiber conformation, as in classical amyloid systems.*”

(a)
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Interpretation of phase behavior — domains in Hansen space

In order to clarify the conditions under which the observed
phase behavior occurs, we define spherical domains in the
Hansen space that capture solubility, gelation, and crystal for-
mation. Typically, spheres indicating different phase behavior
are defined concentrically around the HSP coordinates of the
solute and the solubility is described by the distance R in
eqn (1).***> However, more than one gelation sphere can be
observed and that different structures can be formed in
different domains in the Hansen space.*® (The domains do
not have to be spherical, but spheres are commonly used as
the simplest approximation.)

Raghavan et al. have developed a MATLAB program for the
determination of the optimal position and radius of a sphere
in Hansen space based on solubility data,® which they have
kindly made available to us. Fitting the soluble points in 3D
space and considering all other states to be insoluble, we
obtain the domain in which Fmoc-FF is soluble, represented
by the blue sphere in Fig. 7. The coordinates of the center of
this sphere correspond to the HSPs (6, 6p, 264) = (4.25, 7.10,
14.44). Any point outside the blue sphere can be considered an
insoluble state for Fmoc-FF. As these conditions were estab-
lished at a fixed concentration of Fmoc-FF, the soluble sphere
will shrink with increasing concentration, and vice versa.

Next, we consider the different insoluble states. In Fig. 7,
two separate gel domains (red) can be observed - one encom-
passing binary systems of Fmoc-FF in apolar solvents, and the
other corresponding to ternary systems at moderate to high
water concentrations in the mixture, centered at (0.3, 3.0, 27.6)
and (7.1, 16.8, 17.75), respectively. The sphere denoting crystal
formation (green) is positioned between the two gel spheres
and has the coordinates (3.8, 11.9, 21.0). These domains facili-

(b)

H-BONDING /N :
DISPERSION

Fig. 7 (a) Domains of characteristic phase behavior presented in Hansen space (blue: liquid, red: gel, green: crystals) and (b) pathways to phase

transition.
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tate visualization and allow us to interpret solvent-solute inter-
actions in light of the physical concepts behind the Hansen
solubility parameters. Let us consider the structure of the
amphiphilic Fmoc-FF molecule (Fig. 6f). The peptide back-
bone is prone to hydrogen bonding'*>? due to the presence of
hydroxyl and amino groups. On the other hand, the molecule
will also display a highly hydrophobic, apolar character arising
from the aromatic features, the interactions of which are pri-
marily governed by dispersion forces. The ability of a particu-
lar solvent to solubilize an Fmoc-FF molecule can be thought
of as the capacity of the solvent molecules to compete with
other Fmoc-FF molecules at the featured interaction sites.

With this in mind, the gelation of Fmoc-FF in apolar sol-
vents, such as benzene and toluene, can be understood as rep-
resented in Fig. 7. Shifting in Hansen space from the blue
solubility sphere to the red gel sphere at (0.3, 3.0, 29.6), hydro-
gen bonding and polar capabilities of the solvents are
reduced, and dispersion interactions are increased, allowing
the peptide to be dissolved at elevated temperatures. Since
there is no competition for hydrogen bonding between Fmoc-
FF molecules, formation of p-sheets takes place as the temp-
erature is lowered and intermolecular attractions are increased,
and unidirectional growth proceeds via a combination of
hydrogen bonding and n—r stacking."*

When shifting in Hansen space from the blue sphere to the
other red gel sphere (7.1, 18, 17.75) in the direction of increas-
ing &, two possible effects can take place. First, decreasing
dispersion forces moving from DMSO to water results in redu-
cing competing interactions of the solvent with the aromatic
groups of Fmoc-FF, allowing n-n stacking of the molecules to
take over. Second, since there are now three components in
the system (Fmoc-FF, solvent, and water), moving in the direc-
tion of increasing hydrogen bonding interactions can result in
the competition of all three species. As the water concentration
is increased, DMSO may preferentially hydrogen-bond with
water, hence allowing the Fmoc-FF molecules to form hydro-
gen bonds between one another.

In both gelation pathways, the imbalance of the forces
induces face-to-face interactions resulting in one-dimensional
growth of fibers. Similar observations have been made in
simulations of nucleation and growth of amyloid fibers, in
which face-to-face interactions are favored and side inter-
actions are limited by a non-parallel repulsive energy term to
allow for unidirectional growth.*¢*8

A third case arises with the formation of large crystal aggre-
gates (green sphere in Fig. 7). The increasing distance R from
the blue sphere in the direction of the green sphere results in
decreasing solubility. However, once the solubility boundary is
crossed, the H-bond/polar and dispersion interactions are still
balanced and therefore no preferential directional interaction
will induce one-dimensional growth. Instead, formation of
crystal aggregates with no preferred axis of growth will be
favored. This is consistent with the expectation drawn from
the role of differential surface energies of the ends and sides
of the crystal giving rise to a quasi-one-dimensional nucleus
for the gelling systems.*"

This journal is © The Royal Society of Chemistry 2018
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Conclusions

We have demonstrated that the phase behavior of Fmoc-FF, a
dipeptide derivative gelator molecule, in a solvent or mixture
of solvents depends on a balance of interaction forces of all
the molecules present in the system. While fibrous networks
can be formed in a variety of solvents, the molecular order in
these fibers differs across these systems. Furthermore, a dis-
crete number of different fiber populations can exist within
one system. In some solvents, the formation of anisotropic
fibers is observed as a transient metastable state, followed by
disassembly of fibers and formation of crystals with no pre-
ferred axis of growth. The ability of the system to transition
from one state to the other depends on depth of the potential
well and the height of barrier between the two free energy
minima (Fig. 5). In DMSO/H,O mixtures, large crystals are not
attainable, indicating that the anisotropic interactions trap the
molecules in a deep energy minimum.

While the fibrous network in DMSO/H,O is virtually infi-
nitely stable, the evidence of more than one structural confor-
mation of Fmoc-FF indicates that the system is not in true
equilibrium, as one or more kinetically trapped states exist.

In solvents such as methanol and ethanol, transitioning
from fibers to large crystal aggregates is less costly at low water
concentrations, rendering the fibrous gel state metastable. The
imbalance of competing interactions of solvent molecules with
the attractive sites of the gelator induces directional bonding
of the solute molecules, resulting in anisotropic growth.
Hence, in the design of a new self-assembling molecule with
hydrogen bonding and n-rn stacking capabilities, solvent-
solute interactions will play a critical role in determining the
structure, stability, and shelf life of the material.
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