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In order to study the impact of the amino acid sequence on the morphology of peptide-based nanostructures
and their hydrogel formation, we designed a series of analogs of a milk-derived octapeptide (OP), mainly
using strategic amino acid substitutions. Electronic transmission microscopy (TEM) and circular dichroism
(CD) spectropolarimetry were used to analyze the nanostructures formed, and to characterize some structur-
al features of the modified peptides. Further, the potential to form hydrogels was investigated for all of the
analogous peptides. We learned that those able to undergo secondary structure transition to β-sheet confor-
mation form strong gels. The results reported highlight some key structural properties that explain the self-
assembly propensity of Peptide OP.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Molecular self-assembly is ubiquitous in biological systems and con-
sists of a spontaneous association of several individual entities into a co-
herent organization without external instructions. Recreating such
phenomena artificially in controlled conditions has been the subject of
intense research in the past decades [1–5]. The self-assembly of biomol-
ecules such as peptides and proteins has significant implications in the
biomedical sciences, materials research, and nanotechnology [6–13].

In peptide self-assembly, the initiation step is often the association
of peptide units into β-sheets [14–20]. The establishment of non-
covalent molecular interactions, including van der Waals, electrostat-
ic, and hydrophobic interactions, as well as hydrogen bonding, allow
the grouping and stabilization of several β-sheets together, which ul-
timately results in supramolecular structure formation.
+1 418 656 7916.
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Several reports have described the formation of different nanostruc-
tures, such as nanotubes, nanofibers, and hydrogels, from self-
assembling peptides [9,10,13,14,16,20–25]. Peptide hydrogels are
highly hydrated materials resulting from peptide nanofibers entangled
together in a three-dimensional network that entraps a large amount of
water molecules; this leads to gel formation [25,26]. Prospective appli-
cations of hydrogels made from β-sheet fibrillar networks include ma-
trices for the separation of large biomolecules (such as proteins),
scaffolds for cell growth and tissue engineering, encapsulation and con-
trolled release of drugs and bioactivemolecules, and templates for min-
eral growth [27–29]. Many factors influence the behavior of peptide
self-assembly, including the amino acid sequence, concentration, pH,
temperature, solvent composition, and ionic strength [30–34]. The
preparation of materials via peptide self-assembly, employing both
careful design of the individual molecules and selection of appropriate
physico-chemical conditions, allows one to define ultimate material
properties such as chemical functionality, material morphology, and
mechanical and viscoelastic properties [13,20].
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Table 1
Homologs used and their modification compared to the parent OP.

Parameter Sequence # Modification

Original milk peptide L I V T Q T M K OP

Hydrophobic/Hydrophilic 
Ratio

G I V T Q T M K H1 Decrease N-terminal hydrophobicity 

L L I V T Q T M K H2 Increase N-terminal hydrophobicity 

L I V T Q T M A H3 Decrease C-terminal hydrophilicity/Remove one + charge 

L I V T Q T K K H4 Increase C-terminal hydrophilicity/Add one + charge 

L L I V T Q T K K H5 Extend both extremities/Add one + charge

Lysine substitution
(C-terminal extremity)

L I V T Q T M R L1 Change side chain pKa

L I V T Q T M E L2 Change side chain charge

Charge distribution

Ac L I V T Q T M K D1 Block N-terminal extremity/Decrease overall + charge 

L I V T Q T M K NH2 D2 Block C-terminal extremity/Increase overall + charge 

K M T Q T V I L D3 Sequence inversion/Invert charge distribution
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Our group focused on the self-assembly of an octapeptide derived
from the milk protein β-lactoglobulin, called Peptide OP (Table 1),
which undergoes self-assembly by a secondary structure transition
to β-sheet conformation in a solution at basic pH [35]. Peptide OP
with an amino acid sequence LIVTQTMK is amphiphilic, with a hydro-
phobic part located at the N-terminal extremity and a hydrophilic ly-
sine residue at the C-terminal extremity. Previous work revealed that
Peptide OP self-assembly and hydrogel formation can be triggered
significantly by pH and peptide concentration variation, whereas
temperature and ionic strength variations have little influence on
these processes [36]. On that basis, we proposed that the self-
assembly of Peptide OP is driven by β-sheet formation resulting
from hydrophobic packing, establishment of stabilizing hydrogen
bonds, and the right balance of attractive and repulsive electrostatic
interactions.

Despite our increased understanding of the peptide self-assembly
mechanism gathered from different studies [13,20,23], there still re-
mains much to learn about the design and self-assembly of peptides,
more specifically about the relationship between the peptide's prima-
ry structure and the resulting morphology of the self-assembled
nanostructures [32,37,38]. Taking into account the potential applica-
tions of peptide hydrogels originating from an edible/biocompatible
source, the aim of this work is to gain insight about the structure-
assembly relationship of Peptide OP by studying the impact of the
amino acid sequence on the nanostructure's conformation, morphol-
ogy, and hydrogel formation.

In order to achieve this, we designed a series of OP homologs by
using strategic amino acid substitutions (Table 1). Since the amphi-
philic character of self-assembling peptides appeared to be a key
structural determinant to drive self-assembly, we first synthesized a
group of peptides with different ratios of hydrophobic and hydrophil-
ic residues (Table 1, H1–H5). Also, as several studies reported on the
implication of electrostatic repulsive and attractive interactions aris-
ing from lysine residues in peptide self-assembly [8,15,16,33,38,39],
we also prepared homologs that had only the lysine residue substitut-
ed by other charged amino acids (Table 1, L1 and L2).

Then, to further study the implication of electrostatic repulsive and
attractive interactions, we synthesized a group of peptides with identi-
cal amino acids to themilk-derived OP, but with different charge distri-
butions (Table 1, D1–D3). Many physico-chemical conditions trigger
and control peptide self-assembly, but we chose to focus on pH in this
study, since our previous works showed that the self-assembly of octa-
peptide is strongly dependent on pH variations [35,36].

Circular dichroism spectropolarimetry (CD) was used to study the
secondary structure of the modified peptides at different pH values in
order to determine which amino acid substitutions induce or inhibit
β-sheet formation and therefore self-assembly. Transmission electron
microscopy (TEM) was used to observe the impact of amino acid
modifications on nanostructure morphology. Further, the potential
to form hydrogels was investigated for all the homologous peptides
able to undergo secondary structure transition to β-sheet conforma-
tion. Hydrogel formation was triggered by pH variations and
hydrogels were then characterized using visual observations. The
overall outcome of this work is to move toward a better understand
of the unique gelation properties of naturally derived peptides and
to refine even further the molecular detail of the self-assembly pro-
cess in order to design better materials especially suitable for indus-
trial applications.

2. Materials and methods

2.1. Materials

All peptideswere prepared using standard solid-phase Fmoc strategy
and synthesized on Wang resin, except for Peptide D2 that was synthe-
sized on Rink resin. The 2-(1H-benzotriazol1-yl)-1,1,3,3-tetramethyl
uranium hexafluorophosphate/1-hydroxy-benzotriazole (HBTU/HOBT)
mixturewas used as the coupling reagent. The amine group deprotection
cycleswere achieved using a solution of 20% piperidine in N,N-dimethyl-
formamide(DMF). The resulting resin-bound peptides were cleaved and
side-chain deprotected by use of trifluoroacetic acid (TFA)/water (H2O)/
1,2-ethane dithiol (EDT)/triisopropylsilane (TIS) (94:2.5:2.5:1). In order
to recover the peptides and eliminate impurities, the peptides were trit-
urated 5 times with petroleum ether and then vacuum-dried. All pep-
tides were characterized by HPLC and ESI mass spectrometry.

2.2. Circular dichroism (CD) spectropolarimetry

Analyses were performed using a Jasco J-710 instrument
(upgraded to a J-715) with 1.08.01 spectral management software
using freshly prepared aqueous solutions of peptides with a concen-
tration of 2 mg/mL. The solubilization of peptides was improved by
combining the addition of 10% (v/v) of 2,2,2-trifluoroethanol (TFE)
with a 20 minute ultrasonic treatment. Spectra were recorded at
22 °C in quartz cylindrical cells with a 0.01 cm path length. Ten
scans were collected from 250 to 190 nm with a data pitch of
0.2 nm and a scanning speed of 100 nm/min. For all CD experiments,
the pH adjustments were done using NaOH and HCl solutions.
Amounts added for pH adjustments were taken into account in the
calculation of the final peptide concentration. All CD measurements
were duplicated. The resulting data were background-corrected and
smoothed.

2.3. Transmission electron microscopy

Samples were prepared by rehydrating lyophilized peptides to a
concentration of 5 mM and agitating for 1 h. The pH was then adjust-
ed to 10.0 and samples were left to rest for 30 min to allow nano-
structure formation at higher peptide concentrations. The peptide
solutions were then diluted to a final peptide concentration of
0.50 mM and the pH was readjusted for each solution. 2 μL of each
sample was applied to a carbon-coated copper grid and air-dried.
The samples were negatively stained with 2 μL of 1% uranyl acetate
solution and air-dried. Specimens were examined with a JEM 1230
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transmission electron microscope appliance (JEOL, Tokyo, Japan) at
80 kV accelerating voltage. Images were captured with a Gatan digital
imaging camera and software (Gatan, Pleasanton, CA).

2.4. Hydrogel formation

Peptide solutions were prepared in HPLC nanopure water at a con-
centration of 1% (10 mg/mL), and then the solutions were shaken for
1 h. Each stock peptide solution was divided into three vials in order
to study the hydrogel formation in acidic, neutral, and basic environ-
ments. The pH in the vials was adjusted with 1 N and 0.5 N NaOH or
HCl to pH 2.0, 6.0, or 10.0. The hydrogels obtained were then charac-
terized by visual observations.

3. Results

3.1. Conformational characterization of the modified peptides

The ability of the homologs to form β-sheets was assessed by CD
over a broad pH range, from pH 2.0 to 12.0 (Figs. 1–3).
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Fig. 1. Circular dichroism spectra of Peptide OP and H1–H5 homologs. Spectra recorded at dif
(TFE) at 20 °C.
3.1.1. Influence of the hydrophilic/hydrophobic ratio
In order to study the effects of varying the ratio of hydrophobic

and hydrophilic residues, the N-terminal hydrophobic extremity of
Peptide OP was modified. Fig. 1 shows the CD spectra of Peptide OP
and homologs H1–H5.

First, two peptides were synthesized and studied: one with leu-
cine residue replaced by a glycine (H1) and one with an additional
leucine (H2). For Peptide H1, the CD spectra show a negative mini-
mum around 200 nm, indicating that H1 adopts mostly a random
coil conformation at all pH values. These results showed that decreas-
ing hydrophobicity at the N-terminal extremity drastically inhibits β-
sheet formation and therefore self-assembly. The CD spectra recorded
for Peptide H2 show a negative minimum around 220 nm and a pos-
itive maximum around 200 nm; this is typical of β-sheet conforma-
tion at every pH value, but particularly for pH 6.0 and 8.0, which
show a much more intense signal in neutral and basic environments.
These results demonstrate that lengthening the hydrophobic extrem-
ity, even by adding one leucine residue, not only triggered β-sheet
formation at basic pH values (as for OP), but also triggered β-sheet
formation over the entire pH range. Together, results with Peptides
rophobic Ratio
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Lysine substitution
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Fig. 2. Circular dichroism spectra of Peptide OP and L1 and L2 homologs. Spectra recorded at different pH at a concentration of 2 mg/mL in water with 10% (v/v) of 2,2,2-trifluoroetha-
nol (TFE) at 20 °C.
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H1 and H2 demonstrate that hydrophobic interactions are essential to
drive self-assembly of Peptide OP, and have a strong impact on the β-
sheet self-assembly mechanism. These results also support our previ-
ous hypothesis on hydrophobic interactions, which was that they act
as driving forces in the self-assembly of Peptide OP through hydro-
phobic packing of the hydrophobic amino acid side chains, which ini-
tiates β-sheet formation [36].

To further study the effect of varying the ratio of hydrophobic and
hydrophilic residues of Peptide OP, we first substituted the C-
terminal lysine residue with an alanine (H3), and also substituted
the methionine by a lysine (H4). As depicted in Fig. 1, the CD spectra
of Peptide H3 show a negative minimum around 220 nm and a posi-
tive maximum around 200 nm for pH values of pH 2.0 and 10.0. This
indicates that Peptide H3 adopts a typical β-sheet conformation
and is able to undergo self-assembly in strongly acidic or basic
environments.
Charge dis
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Fig. 3. Circular dichroism spectra of Peptide OP and D1–D3 homologs. Spectra recorded at diff
(TFE) at 20 °C.
This result demonstrates again that a slight modification of the
amino acid sequence of Peptide OP leads to an important broadening
of the pH conditions that trigger self-assembly. For Peptide H3, it is
reasonable to invoke the implication of electrostatic interactions in
the β-sheet self-assembly mechanism. Indeed, because the hydro-
philic C-terminal extremity of the Peptide OP is a lysine, its substitu-
tion for an alanine resulted in the loss of the positive charge carried
by the lysine side chain, and therefore led to an important decrease
of the electrostatic character. As previously mentioned, a decrease
in the repulsive electrostatic interactions between neighboring side
chains allows peptide units to get closer, improves intermolecular
bonding between peptide backbones, and increases β-sheet forma-
tion [36].

Changes in H3 spectra are observed for pH values around neutral-
ity, notably between pH 4.0 and 8.0. The negative minimum around
220 nm tends to disappear while the positive maximum around
tribution 
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200 nm increases. These CD spectra could be interpreted as incorpo-
rating some β-turn conformation with the β-sheet. However, CD
spectroscopy is not an accurate method for β-turn identification es-
pecially when mixed with other secondary structures. Nevertheless,
CD spectra indicate that Peptide H3 experiences a structural transi-
tion at pH values between pH 4.0 and 8.0, but remains in a structured
conformation at these pH values. Finally, H3 becomes a random coil at
pH 12.0 and over, indicated by a strong negative minimum around
200 nm in the CD spectra. Together, the CD results of Peptide H3
demonstrate that the C-terminal hydrophilic extremity of Peptide
OP is not essential to trigger self-assembly and therefore seems to
play a less important role in β-sheet self-assembly mechanism than
the N-terminal hydrophobic extremity.

For Peptide H4 with an additional terminal lysine in place of the
neutral methionine, the CD spectra in Fig. 1 show a single negative
minimum around 200 nm at all pH values, indicating that adding a
positive charge and increasing the C-terminal hydrophilic extremity
provokes a structural transition to random coil conformation, which
impedes self-assembly. Adding one lysine residue at the C-terminal
extremity increases enough the repulsive electrostatic interactions
to disfavor the equilibrium between molecular interactions that
drives Peptide OP self-assembly.

Finally, a peptide with a duplication of terminal residues at both
ends was synthesized and studied (Fig. 1, H5). The CD spectra of Pep-
tide H5 shows a single negative minimum around 200 nm, indicating
that H5 is structureless from pH 2.0 to 8.0. Then, for pH values of 10.0
and higher, changes in the CD spectra are observed with a negative
minimum around 220 nm and a positive maximum around 200 nm,
indicating that H5 experiences a secondary structure transition to a
β-sheet conformation in a basic environment. Interestingly, the CD
spectra of Peptide H5 are similar to the CD spectra of Peptide OP as
a function of pH, except that the structural transition occurs at pH
8.0 and higher for Peptide OP [35]. It appears that simultaneously
adding an additional leucine residue to the hydrophobic extremity
and incorporating an additional lysine residue to the hydrophilic
end produces the same balance between hydrophobic and electro-
static interactions as the one involved in Peptide OP self-assembly.

The results of both Peptides H4 and H5 demonstrate the necessity
of a precise balance between hydrophobic and electrostatic interac-
tions to drive β-sheet self-assembly; one change in the ratio between
the number of hydrophobic residues and charged residues may shift the
equilibrium toward either self-assembly or complete disassembly [33].
Overall, varying the ratio of hydrophobic to hydrophilic residues at ex-
tremities highlights that the correct balance between hydrophobic and
electrostatic interactions is a key determinant to drive the β-sheet
self-assembly of Peptide OP. This further demonstrates the cru-
cial role that the amino acid sequence plays in the peptide self-
assembly process.

3.1.2. Influence of electrostatic interactions
CD analyses were also performed to investigate the implications of

electrostatic repulsive and attractive interactions arising from the lysine
terminal residue in Peptide OP self-assembly (Fig. 2). Two peptides
were synthesized with the C-terminal lysine residue substituted by an
arginine residue (L1) or by a glutamic acid residue (L2). The CD spectra
of Peptide L1 show a single negative minimum around 200 nm for pH
values between 2.0 and 8.0. This is typical of random coil conformation.
A transition to β-sheet conformation occurs at pH 10.0, indicated by a
minimum around 220 nm and a maximum around 200 nm.

The CD spectra as a function of pH for Peptide L1 and Peptide OP
are very similar, except that the secondary structure transition expe-
rienced by L1 takes place at a more basic environment than for OP,
which experiences a secondary structure transition at pH 8.0 [35].
This could be explained by the pKa value of the arginine side chain
(12.5), which is higher than the pKa value of the lysine side chain
(10.5), so that the arginine side chain remains protonated and
stabilizes β-sheet structures at more basic pH values than lysine.
These results also demonstrate that the terminal lysine can be
replaced in the OP sequence by other positively charged amino
acids without disrupting self-assembly. Also, according to the amino
acid side chain pKa value, it is possible to broaden the pH conditions
under which Peptide OP self-assembly is triggered.

Moving to a more drastic change, substituting the lysine for a glu-
tamic acid at the C-terminal extremity, the CD spectra of Peptide L2
(Fig. 2) at pH 2.0, 4.0, and 6.0 display typical β-sheet conformation
curves, but with a much more intense signal at pH 2.0. At pH 8.0, Pep-
tide L2 units exist in both random coil and β-sheet conformations, as
is shown by two negative minima, one around 220 nm and the other
around 200 nm in the CD spectrum. The complete structural transi-
tion to random coil conformation for L2 occurs at pH 10.0 as shown
by a strong minimum around 200 nm. Hence, replacing the lysine res-
idue by a negatively charged glutamic acid results in CD spectra over
different pH values very similar to the ones of Peptide OP, except that
β-sheet formation is triggered in acidic conditions due to the pKa of
the glutamic acid side chain (4.3). These results further illustrate, re-
markably, that electrostatic interactions can be engineered to initiate
folding into β-sheet and self-assembly [25].

In order to further study the implications of electrostatic repulsive and
attractive interactions, CD analyseswere performed on peptideswith dif-
ferent charge distributions (Fig. 3, D1–D3). These charge variations were
achieved by synthesizing peptides with either the C- or N-terminal ex-
tremity protected and with a peptide having the reversed sequence to
Peptide OP (D3). Thus, Peptide D1 has its N-terminal extremity acetylat-
ed in order to eliminate the positive charge arising from the protonation
of the free amino group. The CD spectra of Peptide D1 shows a negative
minimum around 220 nm and a positive maximum around 200 nm.
This is typical of β-sheet conformation at all pH values, but with a much
more intense signal for pH 6.0 and 8.0. It appears that eliminating the
N-terminal positive charge on Peptide OP strongly promotes β-sheet for-
mation and allows the expansionof pH conditions inwhich self-assembly
is triggered. This could be because the N-terminal positive charge is situ-
ated just next to the hydrophobic end (Leu-Ile-Val) in the Peptide OP se-
quence. Acetylation avoids interference between electrostatic and
hydrophobic interactions and therefore increases the hydrophobic char-
acter of the hydrophobic extremity. The results of Peptide D1 again sup-
port the idea that hydrophobic interactions have a significant impact on
the self-assembly mechanism and act as driving forces in the self-
assembly of Peptide OP.

Along the same line, Peptide D2 was synthesized with its C-
terminal amidated in order to eliminate the negative charge arising
from deprotonation of the free carboxyl group. As seen in Fig. 3, Pep-
tide D2 is structureless at pH 2.0, 4.0, and 6.0, as is indicated in the CD
spectra by a single negative minimum around 200 nm. However, D2
exists in a β-sheet conformation at pH 8.0, 10.0, and 12.0, as shown
by typical minimum around 220 nm and maximum around 200 nm.
It is noteworthy that Peptide D2 shows similar CD spectra to Peptide
OP and experiences exactly the same structural transition as a func-
tion of pH. It seems that the negative charge arising from the C-
terminal extremity does not have a noticeable involvement in the
self-assembly mechanism of Peptide OP. This result points out the
possibility of adding different groups at the C-terminal position with-
out altering the self-assembly process.

Finally, Peptide D3 was synthesized with the reverse amino acid
sequence to Peptide OP, which means that the hydrophilic extremity
(Lys) is situated at the N-terminal end and the hydrophobic extremity
(Leu-Ile-Val) is at the C-terminal end. Results show that Peptide D3
adopts a stable β-sheet conformation over the entire pH range stud-
ied, from pH 2.0 to 12.0, as seen in the CD spectra of Fig. 3. Moving
the hydrophobic extremity (Leu-Ile-Val) from the positively charged
N-terminal over to the C-terminal increased the hydrophobicity at
that extremity, and this favored β-sheet assembly. This result further
supports the idea that increasing the hydrophobic interactions
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strongly promotes β-sheet formation and enhances self-assembly
over a wider pH range.

Overall, these results highlight that changes in charge distribution
modify the equilibrium between molecular interactions that are in-
volved in the self-assembly mechanism; therefore charge distribution
is also a key determinant driving β-sheet self-assembly of Peptide OP.

3.2. Impact of amino acid substitutions on the morphology of
nanostructures

Micrographs of nanostructures formed at pH 10.0 by the original
peptide and its analogs were captured by transmission electron mi-
croscopy (TEM) (Fig. 4). Nanostructures were studied in a basic envi-
ronment, since previous works showed that Peptide OP is in a β-sheet
conformation in the pH range of pH 9.0–11.0 [35] and forms a fiber
network at pH 9.0 and 10.0 [36]. Moreover, all modified peptides
have a β-sheet conformation at pH 10.0, except Peptides H1, H4 and
L2. For L2, studies were conducted at pH 2.0 because the glutamic
acid side chain ionization level triggers β-sheet formation only in an
acidic environment.

Nanostructures formed by peptides with a different ratio of hydro-
phobic and hydrophilic residues are reported in Fig. 4B–F. The electron
micrograph of Peptide H1 (B), with a less hydrophobic N-terminal end,
shows both well-defined nanofibers a few nanometers wide and
Fig. 4. Electron micrograph of OP and all analogs obtained from pH 10 aqueous solutions, e
represents 200 nm.
approximately onemicron long, and small nanospheres only a fewnano-
meters in diameter. Peptide H2 (C), with additional hydrophobicity at
the N-terminal position, forms mostly well-defined entangled nanofi-
bers a few nanometers wide and approximately one micron long, with
a more linear morphology than Peptide H1 fibers. The TEM picture of
Peptide H3 (D), with the reduced hydrophilicity at the C-terminal
end, displays a homogenousfibrous aggregatewith fewer clearly defined
fibers. Peptide H4, with increased hydrophilicity at the C-terminal posi-
tion, forms very similar nanostructures to Peptide H1, mostly well-
defined nanofibers a few nanometers wide and approximately one
micron long, as well as some nanospheres with diameters of only a
few nanometers. The micrograph of H5 (F), with longer hydrophobic
and hydrophilic extremities, forms a fibrous aggregate with some
well-defined fibers a few nanometers wide by approximately one
micron long. It exhibits a stiffer morphology, similar to those ob-
served for Peptide H2.

These TEM results first demonstrate that changing the ratio of hy-
drophobic and hydrophilic residues leads to the formation of quite
different nanostructures. Indeed, nearly identical peptides, differing
by only one amino acid, self-assemble into significantly different
fiber morphologies [38]. Also, Peptide H2, with an additional leucine
at the hydrophobic extremity, forms the best-defined fibers and also
forms many more fibers than the peptides with a different ratio of hy-
drophobic to hydrophilic residues. This result demonstrates once
xcept for peptide L2 (H) prepared from a pH 2 solution (see text for details). The bar



Fig. 5. Hydrogel formation ability of Peptide OP and its analogs. The G indicates that gel
is formed, and – indicates that no gel is formed.
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more that increasing hydrophobic interactions at the N-terminal ex-
tremity highly promotes peptide self-assembly into nanofibers. This
observation reinforces the idea that hydrophobic packing of leucine
side chains is a primary thermodynamic driving force for peptide
self-assembly in water [33].

Fig. 4 shows nanostructures formed by peptideswith the C-terminal
lysine residue substituted by other charged amino acids. The Peptide L1
(G; Lys to Arg) electron micrograph displays well-defined nanofibers a
fewnanometerswidth by approximately onemicron long entangled to-
gether with a rigid and linear morphology. Peptide L2 with a glutamic
acid at the C-terminal (H) does not form well-defined nanostructures,
but rather aggregates and has very few nanofibers. Interestingly, L2
adopts a β-sheet conformation at the pH used for TEM studies (pH 2
in this case), demonstrating that conformational bias is not sufficient
on its own for driving nanofiber formation. Fig. 4 also supports the
idea that Peptides L1 and L2, which exhibit a β-sheet CD spectrum at
the pH condition corresponding to TEM analyses (pH 10 and 2) form
notably different nanostructures. These results point again to the con-
clusion that peptides with nearly identical amino acid sequences, and
that adopt the same secondary structure, can self-assemble into signif-
icantly different nanostructures. This further highlights the delicate bal-
ance that exists between specific side-chain interactions, as some
single-point mutations have a dramatic effect on the aggregation of
the peptide, electrostatic interactions, and main-chain H-bonds in-
volved in the formation of fibrils [24].

The nanostructures formed by peptides with the same amino
acid content but with a different charge distribution than Peptide OP
(D1–D3) are reported in Fig. 4. The TEM shows that Peptide D1 (I),
without an N-terminal positive charge, forms a rather dense entangled
fibrous network with some pores. The morphology appears more
structured than random aggregates with some defined fibers. On the
other hand, the Peptide D2 electron micrograph (J) displays many
long and well-defined nanofibers a few nanometers wide and one mi-
cron long, entangled very closely into a much more compact network.
Peptide D3 (K), with the reversed sequence, forms fibrous and ribbon-
like nanostructures which exhibit a flat and laminar morphology not
observed in the other analogs. It is worth noting that Peptides D1, D2,
and D3 all exhibit a β-sheet conformation at the pH conditions used
for TEM analyses, even though the sheet content varies significantly.

These TEM results demonstrate that peptides with exactly the
same amino acid content but with a different charge distribution
can assemble via β-sheet self-assembly. However, the resulting nano-
structure they formed bears some differences. This further illustrates
that a slight change in the electrostatic interactions due to a different
charge distribution plays a significant role in determining the nanos-
tructures formed by analogous peptides [31]. Overall, TEM analyses
on modified peptides highlight that primary structure substitutions
and changes in the charge distribution lead to important changes in
nanostructure morphology. Nevertheless, the nanostructures usually
correlate with the conformational preferences of the peptides.

3.3. Hydrogel formation of modified peptides

The ability to form hydrogels for Peptide OP and its analogs was
studied in acidic (pH 2.0), neutral (pH 6.0) and basic (pH 10.0) pH en-
vironments (Figs. 5 and 6). First, as expected, analogs H1 and H4,
which are structureless at all pH values, are not able to form hydrogel.
Results shown in Fig. 5 illustrates that Peptide H2 forms a self-
supporting hydrogel in an acidic and neutral environment, as
expected from CD results indicating that H2 adopts a β-sheet confor-
mation in these pH conditions (Fig. 1). However, no gel is formed at
pH 10, even if H2 is partially in a β-sheet conformation and forms a
network of entangled well-defined nanofibers (Fig. 4C). This could
be explained by the important implication of peptide concentration
in β-sheet self-assembly of Peptide OP, as we previously described
[36]. Indeed, due to technical restrictions, TEM analysis were made
on very dilute samples, while gel formation was studied at a higher
peptide concentrations, as the critical peptide concentration for hy-
drogel formation of OP is 2.0 mg/mL. This result highlights that TEM
results, although useful, cannot be used solely to establish links be-
tween gel formation and morphology at the nanoscale level, due to
the dilution effect.

Peptide H3 forms a weak gel at acidic pH, but forms a self-
supporting hydrogel at neutral and basic pH. These results are consis-
tent with CD results (Fig. 1) showing that Peptide H3 adopts a β-sheet
conformation at pH values between pH 2.0 and 10.0, with a signifi-
cant proportion of the sheet at pH values around neutrality. For Pep-
tide H5, hydrogel formation occurs only in basic conditions, which
corresponds to the pH range where the peptide is strongly folded
into a β-sheet. Peptide L1 undergoes hydrogelation only in a basic en-
vironment, which is in agreement with CD results indicating that L1
adopts a β-sheet conformation at basic pH values. On the other
hand, Peptide L2 forms weak hydrogels at acidic and neutral pH and
no gel is formed at basic pH values. Those results were expected as
CD results demonstrated that L2 is strongly folded into a β-sheet
from pH 2.0 to 6.0 and that a structural transition to random coil con-
formation begins at pH 8.0 and is completed at higher pH values.
However, even if the CD results for Peptides L1 and L2 revealed that
the C-terminal lysine residue can be replaced both by positively and
negatively charged amino acids without disrupting much of the β-
sheet conformation, it appeared that lysine substitution by another
positively charged residue leads to a better balance between attrac-
tive and repulsive electrostatic interactions and improves the forma-
tion of a self-supporting hydrogel.

Peptide D1 forms self-supporting hydrogels in neutral and
basic environments, as expected based on CD results displaying typi-
cal β-sheet curves at those pHs. A hydrogel was also expected at acid-
ic pH, but formed rather slowly after several days. Nonetheless,
among all OP homologs, D1 clearly has the best propensity for β-
sheet self-assembly and for hydrogel formation. Thus, it seems that
eliminating the N-terminal positive charge on Peptide OP leads to
the optimal balance between electrostatic and hydrophobic interac-
tions and hydrogen bonding, maximizes β-sheet self-assembly, and
therefore drastically improves hydrogel formation. For Peptide D2,
with the C-terminal extremity blocked, no gel is formed at acidic
and neutral pH values, but a self-supporting hydrogel is formed in
basic conditions. Those results are consistent with both CD results
showing that D2 adopts a β-sheet conformation in a basic environ-
ment. Peptide D3 forms self-supporting hydrogels in acidic, neutral
and basic pH values, but at a much slower rate than D1 (24 h).
These results are also consistent with CD results as D3 adopts a β-
sheet conformation over the entire pH range, but, with much more
intense signal for pH values of pH of 6.0 and higher.

image of Fig.�5


Fig. 6. Hydrogel formation potential of different OP homologs (H2, L1, and D1) used in this study at a peptide concentration of 1% (10 mg/mL) in acidic (pH 2.0), neutral (pH 6.0),
and basic (pH 10.0) environment.
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Overall, the investigation of hydrogel formation first demonstrates
that slightly modifying the sequence of Peptide OP by replacing one
or two amino acids leads to an important diversification of the pH
conditions in which hydrogel formation occurs. Indeed, Peptide OP
can form hydrogels only in basic conditions, while many analogs un-
dergo hydrogelation either at acidic, neutral, or basic pH values,
depending on the amino acid substitutions (Figs. 5 and 6). Addition-
ally, Fig. 6 highlights that simple modification on the amino acid se-
quence of Peptide OP also substantially impacts hydrogel formation
rates. Indeed, some analogs can form hydrogels instantly, whereas
others will form hydrogels in 24 h under similar conditions. Also, it
is worth noting that hydrogel formation occurs only when analogs
adopt a sufficiently strong β-sheet conformation. Hence, the gelation
appeared to be fully dependent on the folded state of the peptide, im-
plying a direct relationship between β-sheet formation (measured by
CD spectropolarimetry) and the evolution of network structure [25].

4. Conclusion

Overall, the present study highlights some key factors in amino
acid sequences that have a significant impact on β-sheet self-
assembly, nanostructure morphology, and hydrogel formation. We
have confirmed that a hydrophobic extremity is essential to drive
the self-assembly of Peptide OP and that hydrophobic interactions
act as a driving force that initiates β-sheet formation and promotes
peptide self-assembly.

Secondly, this study has shown that electrostatic interactions aris-
ing from the hydrophilic extremity (C-terminal) of Peptide OP
contribute considerably to the precise equilibrium between the hy-
drophobic and electrostatic interactions required to drive β-sheet
self-assembly. Moreover, it highlights that C-terminal lysine can be
replaced either by a positively or negatively charged amino acid with-
out inhibiting the β-sheet conformation. However, only the charged
residue (arginine) leads to a better balance between attractive and
repulsive electrostatic interactions and highly improved gelation
rates.

Thirdly, the results identified that among all the structural modifi-
cations achieved, the elimination of the N-terminal positive charge in
Peptide OP (D1) leads to an optimal balance between favorable and
unfavorable molecular interactions. This modification also maximizes
the β-sheet self-assembly and therefore drastically improves hydro-
gel formation rate and stability, at least under neutral and basic
conditions.

Finally, the data reported in this study demonstrate that it is pos-
sible to engineer the properties of peptide-based hydrogels and to di-
versify the physicochemical conditions in which β-sheet self-
assembly and hydrogel formation are triggered, to generate nanos-
tructures exhibiting very different morphologies. Hence, the work
reported here sheds light on key molecular features involved in the
formation of useful hydrogels defined at the nanoscale. Further, its
opens doors for the identification of novel peptide-based hydrogels
derived from natural edible materials. Considering the various possi-
ble uses for these self-assembling peptides from food proteins, we are
currently investigating the biocompatibility of designed hydrogels
and studying gelation kinetics in more detail.
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