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Peptide gelators have been widely explored in aqueous systems due to their prevalence in biological
and medical applications. However, gelation behavior of peptides is less understood in organic medium,
despite the extensive use of organic solvents in solid phase peptide synthesis, hybrid synthesis protocols,
and the formation and application of organogels. Here, peptides with a short aqueous gelator sequence,
lysine-tyrosine-phenylalanine or KYF, were investigated for the ability to form gels in dichloromethane
(DCM) when their side groups are protected. Protected KYF-containing peptides formed gels in DCM at
similar concentrations to deprotected KYF peptides in water. Structural characterization via Fourier
transform infrared spectroscopy indicated the presence of antiparallel B-sheets in both the protected
and the deprotected KYF gels. However, transmission electron microscopy and dynamic light scattering
indicated the protected KYF gels in DCM consisted of short, anisotropic particles at the mesoscale,
whereas the deprotected KYF gels in water showed entangled fibers. The protected KYF gels in DCM

Received 14th March 2025, exhibited similar rheological properties to colloidal gels, namely an increasing resistance to flow at

Accepted 16th May 2025 higher shear rates, a shear thinning profile, and a gel-to-fluid transition with increasing strain. Altogether,
DOI: 10.1039/d5sm00275¢ this study provides critical insights on the assembly behavior and structure of a tripeptide motif and its

variants in organic medium, which can facilitate optimizing the processing conditions of similar peptides
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Introduction

Synthetic peptides and peptide-drug conjugates play a major role
in the pharmaceutical industry as therapeutic candidates to treat
diseases ranging from diabetes to cancer.'® Unlike larger pro-
teins and antibodies, these peptides are typically synthesized
using solid phase peptide synthesis (SPPS), which enables
efficient access to low molecular weights and facile incorpora-
tion of non-natural amino acids.” After SPPS, the peptides are
typically treated in organic solvent systems for cleavage from the
resin or conjugation to other peptides or molecules. This step
involves processing challenges, especially because the reaction
conditions are heavily dependent on peptide sequence. In addi-
tion, sequence effects during workup can lead to higher order
assembly, followed by aggregation or gelation, thereby decreas-
ing peptide yield and purity or resulting in an inability to process
and isolate the peptide sequences.®
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in organic solvents during synthesis or end-use applications.

Numerous studies have investigated the aqueous conditions
affecting peptide aggregation or gelation, including primary
peptide sequence,”'® length,"'* pH,"* temperature,'* and salt
concentration,"® but there is limited knowledge about the
effects of organic solvent on peptide gel formation. Though
peptide assembly in organic medium is reported in the
literature,'®? it is unclear how the mechanisms that describe
gelation in water impact gelation in organic systems. In aqu-
eous systems, certain amino acid groups have emerged as
particularly prone to gelation, such as two consecutive pheny-
lalanines protected by an N-fluorenylmethoxycarbonyl (Fmoc)
group, or Fmoc-FF.**"?® In water, Fmoc-FF self-assembles into
hydrogels via n-stacking of the fluorenyl groups and B-sheet
formation, which are mechanisms that have been observed in
other aqueous peptide gelators as well.>>*° Salt also mediates
these types of interactions in water; for instance, strong
hydrophobic interactions are strengthened in the presence of
high salinity,">*' while strong electrostatic interactions are
weakened.***? In the absence of water, e.g., in organic solvents,
however, the degree to which peptide associative interactions
change is still largely unexplored.

One of the parameters that can influence peptide gelation in
organic solvents is the presence of side chain protecting groups
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on the peptide. These groups typically mask hydrophilic func-
tionalities on the peptide chain, such as carboxylic acids, thiols,
and amines. They are necessary during SPPS or fragment
condensation protocols to ensure linear peptide chains via
coupling at the N-terminus. The majority of side chain protect-
ing groups are hydrophobic,>* making them compatible with
organic solvent systems for post-synthesis treatment. Even in
the presence of these protecting groups, however, peptide
gelation in organic solvent, i.e., organogel assembly, can still
occur.'®?® This creates challenges in the post-synthesis proce-
dures and affects the overall yield of peptide synthesis. Better
understanding of protected peptide assembly leading to gela-
tion in organic medium can facilitate the design of peptide
synthesis and isolation processes to avoid gelation risk.

Beyond considerations during post-synthesis cleavage and
workup, deeper knowledge on peptide gelation in organic
solvent can also assist in their applications as well. One
particularly active area of research is the use of organogels for
water remediation. Organic-based pollutants, such as oils or
dyes, are a constant threat to marine ecosystems, but peptides
have emerged as useful tools to combat these pollutants.*®~®
For example, non-natural f-amino acid based protected tripep-
tides are reported to entrap organic solvents and oil (e.g., diesel,
kerosene) from organic-aqueous mixture, leading to the for-
mation of organogels to aid easy removal of organics for
oil spill recovery.*® In that study, the peptides assembled
into antiparallel B-sheet structures in organic, which then
formed nanofibers resulting in gel formation. Moreover, orga-
nogels can be used to stabilize different nanostructures,
such as quantum dots or graphene sheets.>**° In one example
with quantum dots, organogels of FF dipeptides formed
fibrillar structures in chloroform and aromatic solvents.
Given both the considerations during synthesis and processing,
as well as the aforementioned utility of organogels,
further research investigating the structure formation of pep-
tides and subsequent gelation pathways in organic solvents is
warranted.

In this study, we investigated the ability of short, protected
peptide sequences to form higher order structures and gels in
dichloromethane (DCM), a common and extensively used sol-
vent in peptide synthesis and cleavage protocols. The protected
sequences were based on a short deprotected sequence, lysine-
tyrosine-phenylalanine or KYF, which can form fibrillar gels in
aqueous environments.” We varied the peptide sequences by
adding non-polar amino acids and polar amino acids with
protected side chains and repeating the KYF sequence. The
gelation behavior, secondary structure, morphology, and
mechanics of these peptides in DCM were characterized and
compared to the same properties of the deprotected KYF gels in
water. All protected peptides formed small, anisotropic struc-
tures that packed to form a gel in DCM at sufficiently high
concentrations, though the size and the mechanics of these
gels varied with peptide sequences. Together, this study high-
lights how an aqueous peptide gelator translates its gelation
behavior to organic medium, benefiting the post-synthesis
treatment design and applications of peptides in organics.
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Materials and methods
Peptide synthesis

Peptides (KYF, pKYF, pKFYK, pKYFE, pKYFIL, pKYFKYF) were
synthesized via standard Fmoc solid phase synthesis (Fig. S1A,
ESIT) on a Prelude X automated peptide synthesizer from Gyros
Protein Technologies. All peptides were made on a 2-chlorotrityl
chloride resin using Fmoc-protected amino acids. Peptide resi-
dues utilized Fmoc-protected amino acids (250 uM, 5x molar
excess) coupled using HCTU activator (250 uM, 5x molar excess)
and NMM (500 puM, 10x molar excess). Fmoc groups were
removed using 20% piperidine in DMF. Cleavage of deprotected
peptides used a cleavage cocktail of 95% TFA/2.5% TIPS/2.5%
water for 4 hours (Fig. S1B, ESIT). Cleavage of protected peptides
used a cleavage cocktail of 80% DCM/10% trifluoroethanol/10%
acetic acid for 4 hours (Fig. S1C, ESIt). After cleavage, the
molecular masses of the peptides were verified using ESL{ via
an Agilent Technologies 6125B Single Quadrupole LC-MS with
an Agilent ZORBAX Eclipse Plus C18 narrow bore column
(Fig. S2, ESIt). All peptides were used as is to mimic processing
conditions directly after cleavage from the resin.

Peptide gelation

All peptide sequences show signs of gelation at a concentration of
30 mM, but in order to ensure stable gel formation, all peptide gels
were formulated at a concentration of 40 mM. KYF samples were
made in ultrafiltered water, and the pH was adjusted to pH 7 using
1 M NaOH and 1 M HCI solutions. All protected peptide samples
were made using filtered DCM. Immediately after the addition of
solvent, all samples were sonicated for 10 seconds. pKYF, pKYF-
KYF, and pKYFIL gels formed within seconds of dissolution into
DCM. These samples were used immediately thereafter. pKYFE
and pKYFK samples only showed noticeable gelation after one day,
so all experiments using these samples were performed after one
day to ensure all samples were tested at Zgejation = 0.

Transmission electron microscopy (TEM)

All TEM samples were prepared on a 200 mesh carbon type B
grid purchased from Ted Pella. The staining protocol is as
follows: gently touching the grid to the gelled sample surface,
two washes with pure water each followed by blotting with filter
paper, one wash with 2% methylamine vanadate stain followed
by blotting, and finally floating the sample side of the grid on a
droplet of 2% methylamine vanadate stain for approximately
one minute followed by complete blotting of the sample. TEM
samples were imaged using a FEI Tecnai transmission electron
microscope at 80 kv with a magnification of 43 000.

Scanning electron microscopy (SEM)

Scanning electron microscopy was carried out on a Zeiss Supra
40V scanning electron microscope. Samples were dissolved in
the corresponding solvent and dried on a mica surface attached
with conductive tape to the SEM pin mount. Graphite paint was
added along the edges to assist with electron transfer. Samples
were then sputtered with a Pt/Pd coating 4 nm thick using a
Cressington 208 Benchtop Sputter Coater.

This journal is © The Royal Society of Chemistry 2025
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Dynamic light scattering (DLS)

Dynamic light scattering data were acquired on a Zetasizer
Nano ZS using 173° backscattering angle to minimize the effect
of multiple scattering. All peptides were in DCM at 2 mM
concentration. To study the effect of concentration, 5 mM,
10 mM, and 20 mM solutions, 40 mM gels, and diluted 2 mM
solutions created from the 40 mM gels were also prepared for
PKYF peptides. The DLS instrument outputs the second-order
correlation function, g,(¢), as raw data. The Seigert relation,
&) = 1 + Bleu(®)|’, was used to calculate the first-order
correlation function, gi(¢), where = instrument-dependent
coherence factor = 0.9. To extract relaxation time constants,
g1(t) were analyzed by fitting either single (eqn (1)) or double
(eqn (2)) exponential decay fits using MATLAB’s non-linear
fitting code ‘fitnlm’ with default optimization settings.

gi(t) =Aexp(—tl) + ¢ (1)
(2)

CONTIN was also performed on gi(r) data in order to
confirm the existence of one or two dominant modes of

21(1) = Ay exp(—1Iy) + Ay exp(—1I,)

relaxation, with the mean of the distributed mode consistent
with fitted constants of eqn (1) and/or eqn (2).
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(A) Chemical structures of synthesized peptides. Lysine (K) residues contain a tert-butyloxycarbonyl (Boc) protecting group, and tyrosine (Y) and
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Rheometry

Rheometry data were collected on a TA Instruments Discovery
Hybrid Rheometer DHR20 rheometer. All experiments were
performed at 25 °C using a 20 mm diameter 2° stainless steel
cone geometry with a solvent trap on a Peltier plate. Frequency
sweeps from 0.1-100 rad s ' were performed at 1% strain,
strain sweeps from 1-1000% strain were performed at a fre-
quency of 1 rad s, and shear rate sweeps data were taken at
equilibrium with a maximum sampling time of 30 seconds. For
samples dissolved in DCM, the samples were taken from
storage at —20 °C and pipetted onto the Peltier plate at 5 °C
to minimize solvent evaporation while the solvent trap equili-
brated the vapor environment around the sample.

Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR results were obtained on a Thermo Fisher Nicolet
iS10 with a diamond crystal plate. All samples were first
dissolved at a concentration of 40 mM. The samples were then
placed on the plate and allowed to evaporate to form a film.
Each sample was subjected to 48 scans with a resolution of
0.482 cm ™", All spectra are baseline corrected with background

Q.

PKYFIL

PKYFKYF

glutamic acid (E) residues contain tert-butyl (tBu) and tert-butyl ester (OtBu) protecting groups, respectively. (B) Vial inversion test of peptide samples at
40 mM. All samples are in DCM, except KYF, which is in water at pH 7. Images were taken at the initial onset of gelation for each sample, as observed by

visual inspection.

This journal is © The Royal Society of Chemistry 2025
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removed. Second derivative calculations were done using Ori-
gin (2019) software.

Results and discussion

In this study, we selected peptide sequences based on a short
tripeptide, lysine (K)-tyrosine (Y)-phenylalanine (F) (KYF), to
investigate their gelation behavior in dichloromethane (DCM).
The KYF peptide sequence is reported to demonstrate self-
assembly in aqueous environments, leading to hydrogel
formation.’ The derivative of KYF, pentapeptide KYFIL, with two
additional nonpolar amino acids, leucine and isoleucine, can also
form gels in phosphate buffered saline at pH 7.4.'>** The self-
assembly of these peptides has been attributed to the formation of
B-sheets and subsequent fibrillization.>*** At a sufficient concen-
tration, these fibers can entangle to form a gel. Though KYF is not
soluble in DCM, its protected version, pKYF, is soluble in DCM
(Fig. S3, ESIT). Therefore, we studied the gelation of protected
peptides pKYF and its variants in this study. Here in pKYF, the
lysine group is protected with a tert-butyloxycarbonyl (Boc) group
and the tyrosine is protected with a tert-butyl (¢Bu) group (Fig. 1A).
Because B-sheet assembly involves the formation of an extensive
hydrogen bonding network between the backbone amines and
carbonyls of adjacent peptide strands, side chain alterations may
be accommodated as long as the balance of solubility and steric
interactions is not disrupted.*' Thus, we hypothesized that the
inclusion of relatively small protecting groups (Boc or ¢Bu) may
still permit B-sheet assembly for pKYF motifs in DCM.

To investigate whether pKYF and its derivatives could still
form gels in DCM, we synthesized and characterized five
protected peptides: pKYF, pKYFE, pKYFK, pKYFIL, and pKYF-
KYF (Fig. 1A). These five sequences were chosen to study the
effect of amino acid additions and repeats on gelation. For
example, pKYFE adds a protected glutamic acid, which
includes a two-carbon spacer and a tert-butyl ester protecting
group on the side chain, whereas pKYFK adds a protected
lysine, which includes a four-carbon spacer and a Boc group
in the side chain. In addition, pKYFIL is the protected analog of
the deprotected KYFIL peptide. Finally, pKYFKYF repeats the
parent sequence allowing us to study the effect of the protected
peptide length in gelation. All peptides contained a free N-
terminus and a carboxylic acid at the C-terminus.

We investigated the gelation behavior of all synthesized
peptides in DCM and compared their behavior to that of the
unprotected KYF peptide in water at equivalent concentrations.
None of the protected peptides were soluble in water. At a
concentration of 40 mM, KYF formed gels in water at neutral
pH (Fig. 1B), as has been reported previously.” The gelation
behavior was qualitatively assessed using a vial inversion test,
which confirmed the ability of KYF to form a self-supporting
solid that resists flow (Fig. 1B). At the same concentration of 40
mM in DCM, all of the five protected peptides also formed gels,
as shown by the vial inversion test (Fig. 1B). All peptides formed
gels that were translucent, single-phase solids. Both pKYFE and
pKYFK formed gels after one day of dissolving the sample,
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while the rest of the peptides formed gels within seconds of
dissolution.

To understand whether the protected peptides formed gels
due to fibrillization, we performed transmission electron micro-
scopy (TEM) on each gel. As a control, we also imaged a hydrogel
formed from deprotected KYF in water, which showed a fibrillar
structure (Fig. 2A and Fig. S4, ESIT), consistent with previous
reports.’ However, each of the protected peptides showed signifi-
cantly different morphologies than deprotected KYF (Fig. 2A and
Fig. S4, ESIt). The protected peptides showed formation of
anisotropic rod-like structures with lengths of 200-500 nm, with
the exception of pKYFKYF peptide. The pKYFKYF gel showed a
more disordered, but non-fibrillar, morphology that was smaller
than that of the other protected peptides. To corroborate these
measurements, scanning electron microscopy (SEM) was per-
formed on dried gels (Fig. 2B). The KYF gels in water indicated a
fibrillar nanostructure, whereas the protected peptide gels in
DCM showed anisotropic morphologies, similar to the observa-
tion from TEM images. These data suggest that gelation in DCM
is due to dense packing of the assembled anisotropic structures
forming a colloidal-type gel, which is a markedly different
gelation mechanism from the KYF motif in water. The under-
lying mechanism governing structure formation, however,
remains to be elucidated and was next probed using Fourier
transform infrared (FTIR) spectroscopy.

Despite the difference in mesoscale morphology between the
deprotected KYF and the protected peptides, we hypothesized
B-sheet assembly may still drive formation of the anisotropic
rod-like structures. Previous studies showed that aqueous KYF
and KYFIL samples assemble into -sheets by tracking the amide
I absorption via FTIR spectroscopy.”'®"*** The parallel B-sheet
peptides display absorbances at 1610-1640 cm ™', whereas anti-
parallel B-sheets show absorbances both at 1610-1640 cm ™' and
1670-1690 cm ™ *.****> For the peptides with random coil struc-
tures, the amide I absorbance band is observed between 1640—
1650 cm ™ 1.'%%

Each of the peptides investigated here displayed absorbance
peaks corresponding to specific secondary structures. KYF pep-
tides in water showed absorbances between 1610-1640 cm ™' and
at 1680 cm ™" (Fig. 3A), as supported by the sharp peaks observed
in the second derivative of the absorbances (Fig. 3B). This suggests
that KYF forms antiparallel B-sheets in water. We note that the
peak ~1650 cm™ " in the KYF peptide FTIR spectra indicates the
potential presence of some random coil structures. Similar to the
KYF in water, all the protected peptides in DCM showed significant
absorbances at 1610-1640 cm ™' and 1670-1690 cm " (Fig. 3),
indicating their antiparallel B-sheet configuration, though these
peaks displayed shifts within the absorbance bands for each
peptide. The absorbance intensity also varied for each peptide,
where the pKYFK showed lowest absorbance at 1610-1640 cm ™"
but highest absorbance at 1670-1690 cm™*. Taken together, the
FTIR spectra indicated the protected peptides still form -sheets in
organic solvent, though the -sheet content and composition were
not quantifiable from the FTIR data without further modeling.

To further investigate the relative size and dispersity of the
assembled peptides in situ, we conducted dynamic light

This journal is © The Royal Society of Chemistry 2025
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A) TEM

pKYFK pKYFE pKYFIL pKYF KYF

pKYFKYF

Fig. 2 Theimages of gels dried from water for deprotected KYF or DCM for
all other peptides obtained from (A) transmission electron microscopy and (B)
scanning electron microscopy. The deprotected KYF gels showed entangled
fibers, whereas the protected peptide gels show rod-like structures.

scattering (DLS) experiments on each peptide sequence. We
first investigated the peptides at a dilute concentration of 2
mM, which is lower than their gelation concentrations of
approximately 40 mM. For each peptide, we obtained the
first-order correlation function g;(r) in order to assess how
quickly they diffuse through the solution (Fig. 4A). Three out of
five protected sequences, pKYF, pKYFK, pKYFIL, result in
solutions with a g;(r) showing only one dominant mode of
relaxation, while the other two sequences, pKYFE and pKYF-
KYF, show two dominant modes of relaxation. CONTIN analysis
further confirms this observation (Fig. S5, ESIT). Accordingly,
we estimated the diffusive relaxation times of each sample
using either single or double exponential decay fits (Fig. 4B).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
A)

W KYF
3
.§ \J\'/\_~/\’_\ pKYF
S PKYFE
@
Q V\_/%
) \_/L/¥ e

\—/\_/\ pKYFIL

1 1 1 1 1 1 1 1 pKYFKYF
B)
KYF
g MWWPKYF
g \M—————J\AI\/V\VJ\M——AA/‘I/VV—-_")KYFE
©
o y—"—‘\—"—""‘-"‘/"“""/\/\/\{\/‘/\"'—‘—pKYFK
©
& pKYFIL
pKYFKYF
1560 1580 1600 1620 1640 1660 1680 1700 1720
Wavenumber (cm™")
Fig. 3 (A) FT-IR spectra of peptide films dried from water for KYF or DCM

for all other peptides. The absorbances at 1610-1640 cm™ and 1670-
1690 cm™? (highlighted) indicate the formation of antiparallel p-sheets for
all peptides. (B) Second derivative traces of the FT-IR data. Negative peaks
from the baseline correspond to sharpened peaks in Fig. 3A.

These relaxation times are ultimately correlated with the hydro-
dynamic size of the assembled peptide.*® From this analysis, we
can deduce that the sequences with one mode of relaxation
must have a rather monodisperse population of peptide assem-
blies. We did not directly estimate a hydrodynamic size of the
peptides, due to their varied morphologies and non-spherical
shapes of aggregates observed by TEM for each peptide. Such
varied non-spherical morphologies of peptide aggregates may
lead to the emergence of translational and rotational diffusive
modes. Accordingly, for the pKYFE and pKYFKYF solutions
possessing two relaxation modes, we are unable to discern if
there are two monodisperse populations of peptide aggregates
or one monodisperse population of peptide aggregate with a
rotational and translational diffusive mode.

To understand whether increased concentration changes
the peptide assembly size, pKYF was analyzed at concentrations
of 5 mM, 10 mM, and 20 mM in DCM, which were below the
gelation concentration (Fig. 4C). Each concentration demonstrated
similar relaxation profiles, suggesting that the assemblies have a
similar size and that increased concentration did not alter the
assembly size. However, at 40 mM, the relaxation spectrum for
PKYF displayed two relaxation modes (Fig. 4D), and the secondary
relaxation time was very long at 4000 ms due to gelation. This long
relaxation time does not accurately reflect the characteristics of the
assembled peptides, but rather indicates kinetic arrest of the
assembled peptides in the gel. Notably, the primary relaxation
mode corresponded to a relaxation time of 0.096 + 0.016 ms,
which was comparable to the dilute samples (0.19 £+ 0.004 ms),

Soft Matter, 2025, 21, 4751-4760 | 4755
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Fig. 4 (A) Dynamic light scattering (DLS) of all protected peptides in DCM at a concentration of 2 mM. (B) Comparison of the first relaxation times from

4A. (C) Comparison of pKYF at three concentrations below the gelation concentration. All three samples in solution form exhibit similar DLS curves as
their corresponding gels. (D) Comparison of pKYF samples, one as a gel at 40 mM and one as the same gel diluted to 2 mM. The diluted gel has a similar
profile to the sample originally created at 2 mM. The error bars represent standard error bars of the fitted parameters.

providing further evidence that the gels were formed via inter-
action of smaller peptide assemblies.

We next studied how the initial concentration corresponds
to the peptide assembly size. The peptide pKYF was dissolved at
the expected gelation concentration of 40 mM and diluted to
the original tested concentration of 2 mM, using vigorous
mixing with vortexing and sonication. Once diluted, the sample
relaxation looked nearly identical to those of the samples that
started at the dilute concentration (Fig. 4D). This result sug-
gests that even at a high initial concentration, the peptide
assembly size does not significantly change. Instead, the ele-
vated concentration leads to stronger interactions between the
assembled peptides, leading to gelation. We note that without
sufficient mixing after gel dilution, there are some large aggre-
gates of the assembled peptides that do not disperse (Fig. S6,
ESIT); however, these large aggregates disappear with sufficient
mixing.

Finally, we investigated the rheological properties of each
protected peptide gel using a rotational rheometer to under-
stand how these solids respond to deformation. For KYF, pKYF,
PKYFIL, and pKYFKYF, gels were measured immediately after
dissolution in water or DCM, due to their rapid assembly. For
PKYFE and pKYFK, samples were dissolved in DCM and stored
overnight in the refrigerator to prevent DCM evaporation, then
measured the next day due to their slower rate of gelation. We

4756 | Soft Matter, 2025, 21, 4751-4760

first performed a frequency sweep for each peptide, which
informed the dependence of the viscoelastic behavior of the
materials on the deformation rate (Fig. 5A and Fig. S7-S8, ESIf).
In general, each peptide gel demonstrated an increase in the
storage modulus with increasing frequency. The storage mod-
ulus can be interpreted as the measure of the resistance of a
sample to deformation. Therefore, as the frequency increases,
there is an increased resistance to flow, in part due to the
inability of the material to relax on the timescale of deformation.

Despite the overall similarity in the trend of the storage
moduli with frequency, the peptide gels displayed significant
differences in the magnitude of their moduli. Notably, the KYF
gel had the lowest modulus of all the tested peptide gels,
indicating a lower resistance to deformation. Due to its fibrillar
morphology, the fibers may have more conformational flex-
ibility and therefore not resist shear as much as a gel composed
of rigid rod-like particles.”” Within the protected peptide gels,
the pKYFK gel indicated a much higher storage modulus than
the rest of the tested samples. This result could be associated
with the secondary structure of the peptides. The FTIR spectra
of peptides show pKYFK has the lowest absorbance at 1610-
1640 cm ™' and the highest absorbance at 1670-1690 cm ™'
among all peptides. Though all the peptides are antiparallel
B-sheets, pKYFK peptides showed distinct peak intensity rela-
tive to other peptides in FTIR spectroscopy. This suggests that

This journal is © The Royal Society of Chemistry 2025
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(A) Representative frequency sweeps of 40 mM peptide gels using a strain of 1%. The highlighted region represents the area where the machine

inertia dominates the measurement. pKYFK gels show the highest storage moduli. (B) Representative shear rate sweeps of 40 mM peptide gels with
equilibrium achieved for each shear tested. At low shear rates, pKYFK gels exhibit lower viscosity compared to other gels. At high shear rate, all gels
demonstrated shear thinning behavior, with pKYKF peptide gels showing shear thinning behavior at higher shear rates relative to the other peptide gels.

there might be a difference in the B-sheets features of pKYFK
compared to other sequences, which could impact the packing
of pKYFK peptides, resulting in increased rigidity of the peptide
assemblies. The increased rigidity would lead the gel to resist
flow more than a gel composed of softer particles. Thus, the
frequency sweep results corroborate the observations seen via
FTIR spectroscopy for the pKYFK gel, relative to the other
protected peptide sequences.

As colloidal gels can fluidize under external forces, the samples
were further analyzed with a flow sweep test, which varies the
shear rate in continuous rotation and reports the viscosity
(Fig. 5B). All of the protected peptide gels exhibited similar

behavior, with the exception of pKYFK. Every sample demon-
strated clear shear-thinning behavior, or a decrease in viscosity
with increasing shear rate. In this continuous flow experiment,
higher shear rates likely cause the individual assembled structures
to align,*®*® which lowers the overall viscosity of the material in
the direction of flow. In the case of pKYFK, more rigid assemblies
may be more difficult to align, which would increase the shear
rate required to observe shear thinning behavior. At sufficiently
high shear rates, however, the material behaves in a similar
fashion to the other protected peptide gels (Fig. 5B).

The final mechanical characterization performed was a
strain sweep, which is an oscillatory test at a fixed frequency

10000 10000 10000
KYF G' —o—pKYF G' —A—pKYFE G'
1000 4 KYF G 10004 —0—pKYF G 1000 —4— pKYFE G
—~ 100 —~ 100 —~ 1004
e g =0-o5, e \
~ 10 = 104 VN80~ & 104
%) %) o O~ 1]
=2 = < O~ S
= 1] = o O~ = 14
o o° 14 N ~ o
[e] o LN > % (e}
= = 041 e ~ 2 o4
\.
001 0014 \ ° 0,01
0,
@
0.001 T T 0.001 T T 0.001 T T
1 10 100 1000 1 10 100 1000 1 10 100 1000
Oscillation strain (%) Oscillation strain (%) Oscillation strain (%)
10000 10000 —— PKYFILG' 10000 —— pKYFKYF G'
—v—pKYFK G' p : p ]
1000~ v e BKYFK G 1000 o= pKYFILG 1000 —d— pKYFKYF G
TV Vs
Vs~
06 I~y —~ 1007 —~ 1004
— 3 VU~ © ©
= ~v. V~vmy a o
~g. -~  40] ~ 104
. ] ~
10 sy S @
) ~v. 2 2
4 \ = ] 3
=] 14 v k] 1 k] 14
3 N <} <)
= o1] = 041 = 041
0.014 0.014 0.014
0.001 . 0.001
0.001 T T ! y ]
: g i P 1 10 100 1000 1 10 100 1000

Oscillation strain (%)

Oscillation strain (%)

Oscillation strain (%)

Fig. 6 Strain sweeps (1-1000%) of each peptide sequence at a frequency of 1 rad s™*. (A) KYF (B) pKYF (C) pKYFE (D) pKYFK (E) pKYFIL (F) pKYFKYF. At low
stain, all peptides gels except pKYFK show an elastic solid behavior and at high strain the shear storage moduli decreased below the shear loss moduli for
each peptide gel, indicating a solid-to-fluid transition. For pKYFK, This transition below the tested strain of 1%.
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(1 rad s~ ') but with increasing strain (Fig. 6A-F). Similar to the
frequency sweep and shear rate sweep results, all of the pro-
tected peptide gels apart from pKYFK exhibited similar behavior.
At low strains, all peptide gels behaved like an elastic solid, as
evidenced by the high ratio of the shear storage modulus to the
shear loss modulus at lower strain. As the strain increased,
however, the shear storage moduli decreased below the shear
loss moduli for each peptide gel, indicating a solid-to-fluid
transition. The high strains lead to yield and flow of the
constituent particles in the gel and prevent the assembled
particles from forming a system-spanning network. Again,
pKYFK displayed some deviation from the other peptides —
specifically, the crossover from a more elastic regime to a more
viscous regime occurred below the tested strain of 1%. Because
PKYFK may form more rigid assemblies with respect to the other
protected peptides as indicated from FTIR spectroscopy, the
rigid structure could prevent the storage of elastic energy. Upon
application of strain, these rigid peptide assemblies will instead
flow past one another, resulting in the dissipation of the applied
strain energy like a viscous fluid. These observations correlate
with the fact that pKYFK also displayed the highest modulus.

Conclusion

We investigated the gelation behavior of protected KYF peptide
and its derivatives in DCM and compared it to the gelation
behavior of aqueous KYF peptides. In water, deprotected KYF
peptides form gels through fibrillization of B-sheets, whereas this
study shows that protected KYF peptides in DCM form a system-
spanning network of smaller assembled peptide particles that led
to gelation at elevated concentration (approximately 40 mM). The
peptide assemblies indicated antiparallel -sheet formation, how-
ever, it was not clear how solvent, peptide interactions, and the
presence of protecting groups led to the formation of smaller
assembled particles instead of long fibrils. The protected peptide
gels exhibited similar mechanical profiles to colloidal suspensions,
namely an increasing resistance to flow at higher shear rates, a
shear thinning profile, and a transition from more elastic-like
behavior to more viscous-like behavior with increasing oscillatory
strains. Thus, this research highlights how aqueous gelator pep-
tides may preserve gelation behavior in organic medium despite
the presence of protecting groups, although there are significant
differences in the mechanism of assembly, structure, morphology,
and gel properties. Future work involves modeling and simulation
to understand the mechanism of gelation in organic medium, and
exploring the effects of different parameters such as peptide
structure, solvent, and time on gelation. Altogether, the knowledge
gained from this research can help improve the post-synthesis
processing of peptides in organic solvent, as well as provide
guidelines for designing organogels for wide range of applications.
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