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Abstract

Peptide amphiphiles are promising molecular materials for drug delivery systems and regenerative medicine through formation of well-
ordered nanostructures. Rationally designed self-associating synthetic peptide analogues containing arginine (FEFEFRFR) and lysine
(FEFEFKFK) were studied to understand the effect of pH and side chain interactions and its influence on the resulting nanostructure
formation. Changes in structural conformation in bulk were followed by turbidimetric-potentiometric titrations with pH ranges from 4 to
11 and 4 to 12.6 for FEFEFKFK and FEFEFRFR respectively. Fourier Transform Infrared Spectroscopy (FTIR) was used to determine the
secondary structure of the peptides while Field Emission Scanning Electron Microscopy (FE-SEM) was employed to study the morphology
and dimension of higher order structures at various pH. Turbidity results showed that both FEFEFKFK and FEFEFRFR displayed higher
turbidity level when their side chains were neutralized, in which FEFEFRFR showed higher turbidity level when arginine was neutralized.
Both peptides exhibited similar self-assembly behavior in solution which mainly adopted antiparallel S-sheets conformation with spherical
structures of different micro-metre size when there is a net charge of +2 or -2. FEFEFKFK was also found to form concaved disks and
beads-on-a-string arrangement at pH 4. Both the peptide analogues were capable of forming smaller aggregates in a network of spherical
structure at nanoscale when the net charge was near zero. This study ultimately provides a better understanding of predicting morphology

and size of surface functional modification of self-assembled polypeptides.
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1. Introduction

A major focus in the current development in biotechnology is the
fabrication of new molecular materials which also known as bio-
based materials using natural building blocks such as amino acids,
nucleic acids and phospholipids [1, 2]. The basis of molecular self-
assembly is the intrinsic polymerization at the early stage and the
systems lie at the interface between molecular biology, chemistry,
polymer science, materials science, and engineering [3]. Bio-mo-
lecular self-assembly shows promising results and leads to a signif-
icant role in the production of new bio-based materials for various
applications including drug delivery systems, regenerative medi-
cine nanofabrication, bio-mineralisation and tissue engineering [4,
5]. Employment of peptide building blocks as bio-materials based
product has many potential applications [3] due to their propensity
to self-assemble into highly ordered structures at different length
scales [1, 6]. FF, AsD (AAAAAAD), VeéD (VVVVVVD), GsDD
(GGGGGGGGDD), KVs (KVVVVVV) [7 - 9] can self-assemble
into solid nanotubes through aromatic or aliphatic amino acid resi-
dues that lead to the formation of spherical structure, nanotube and
nanowire [2, 10].

The design and synthesis of novel biomaterials require a better un-
derstanding of how supramolecular architectures assemble in nature
[11]. Chemical complementary, structural compatibility and stabil-
ity are important concerns in molecular self-assembly [3]. Peptide
stability can be enhanced by introducing more intra-disulfide bonds,

designing more hydrophobic cores, or modifying the surface
charges [12, 13]. The choice of building block for biomaterials ap-
plications is also crucial to allow the design of structures with con-
trolled geometry in different environmental conditions [1]. For-
mation of complex multi component three-dimensional structures
is facilitated by non-covalent interactions, such as hydrogen bonds,
ionic interactions, hydrophobic forces, van der Waals interactions
and stacking interactions [2, 3]. The dominant factor found to af-
fect the stability is pH, which controls net charge on the pep-
tide surface, and subsequently affects the aggregation behaviour.
Altering pH implies instantaneous changes in the protonation states
of the involved species, which can be used as a powerful tool for
the controlled and reversible assembly of nanoparticles. The pep-
tide analogues investigated in this work were based on four differ-
ent amino acids: phenylalanine (Phe, F), glutamic acid (Glu, E), ly-
sine (Lys, K) and arginine (Arg, R). Phe is a non-charged, hydro-
phobic amino acid. This amino acid was used to modify the overall
hydrophobicity of the octapeptides. Arg and Lys are hydrophilic
amino acids and have side chains that are positively charged. Arg
has higher crystal contact propensities than Lys with pKas of 12.4
and 10.5, respectively [14]. All the hydrophobic and hydrophilic
amino acids of these two oligopeptides are organised in alternating
sequence and are characterised by charge distribution of (— — + +),
as shown in Fig.1. Turbidimetric-potentiometric titration was used
to gain insights into peptide properties in bulk solution. The turbid-
ity in the peptide solution reflected an increase in self-assembled
aggregates. The contribution of peptide hydrophobicity and side
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chain interactions to net peptide—peptide interaction was probed by
changing the pH of the solution. Samples were taken at different pH
according to the turbidity profile for FTIR measurements and FE-
SEM imaging. Specifically, this study is focusing on tracking the
intrinsic property of the peptide analogues’ morphology and stabil-
ity while maintaining the temperature, peptide concentration and
medium composition.
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Fig. 1: Molecular structure and charge distribution of a) FEFEFKFK and b)
FEFEFRFR.
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2. Materials and methods

2.1. Materials and samples preparation

FEFEFKFK and FEFEFRFR were synthesized based on the stand-
ard Fmoc-based, solid-phase peptide synthesis strategy and purified
by reverse-phase high performance liquid chromatography indicat-
ing high purity of at least 98%. Filtered (0.2 «m from VWR) deion-
ised water was used as a blank in all experiments. For turbidimetric
titration measurements, 0.1 g/L peptide solution was prepared by
dissolving the peptide in filtered deionised water (18 MQ-cm) un-
der mild agitation. In addition, diluted (0.05 M) or concentrated (2
M) solutions of hydrochloric acid (HCI) or sodium hydroxide
(NaOH) was used to titrate the peptide solutions.

2.2. Turbidimetric-potentiometric titrations

The details of the experimental procedure have been reported pre-
viously [15]. In short, turbidity measurements were carried out us-
ing a colorimeter probe (Brinkmann, PC 950 with 2 cm path length
fibre optics) at 490 nm. The transmittance (T) mode was used and
the turbidity was reported as 100 — T %, where the turbidity reading
was compared to a calibrated 100% transmittance reading of fil-
tered solvent as a blank. A Fisher brand Hydrus 300 pH meter was
used to monitor the changes of solution pH. Mild agitation (100 rpm)
was applied to the solution during the measurements to ensure good
mixing. Titration was started from pH 4 to 11 or 12.6, depending
on the side chain pKas of the hydrophilic amino acids in the se-
quence. Each peptide titration was carried out with small volume of
titrant (HCI or NaOH) corresponding to a pH change close to 0.2,
and the turbidity value was recorded. For each peptide sequence,
five samples were taken at different pH including the highest and
lowest turbidity for FTIR and FE-SEM characterization.

2.3. Fourier transform infrared spectroscopy (FTIR)

FTIR (Pelkin-Elmer Spectrum One) was used to determine the sec-
ondary structure of the peptide. 30pL of peptide solutions was
dropped on the CaF2 crystal with a 50um Teflon spacer. Measure-
ments were performed at room temperature with the wave number
ranging from 515 to 4000 cm™*. Before placing the sample on the
crystal, the air ventilation located above the CaF2 was switched on
for ensuring the air within the surrounding area was clean.

2.4. Field emission scanning electron microscopy (FE-
SEM)

Samples for FE-SEM were recorded on a JEOL JSM-6510 electron
microscope. The magnifications used to study the peptide morphol-
ogy and dimensions were varied according to the practicalities from
as low as 600x to 40000x. A small volume (10 xL) peptide solution
was pre-treated with osmium-tetra oxide. Then, the samples were
placed on the stage of the FE-SEM and inserted into the vacuum
chamber to be viewed.

2.5. Digital image analysis

Diameter of the structure was measured with the aid of Image J 1.43
(NIH) imaging software using FE-SEM images. The analysis was
carried out by setting the measure scale to suit with the 2D FE-SEM
image. Other detail and required measurements were set up in this
step. Next, the boundaries of each structure on the image were de-
tected. The boundary can easily be detected from binary images or
other types, which were obtained from the thresholded SEM im-
ages. Measurements were performed on ordered structures only.

3. Results and discussion

3.1. Turbidity profile

Peptide self-assembly morphology and the possible nanostructure
formation were followed using a wide pH range of 4 to 12.6. The
side chain pKa values of the free glutamic acid (E), lysine (K), and
arginine (R) were 4.25, 10.53 and 12.4, respectively. Effect of dif-
ferent amino acids on charge states was investigated by neutralizing
glutamic acid (E), lysine (K) and arginine (R) when the pH of the
peptide solutions was reduced to below 4.25 and raised to above
10.53 (for FEFEFKFK) or 12.4 (for FEFEFRFR). The transmission
percentage from the colorimeter probe determines the turbidity of
the peptide in solution, which reflected the changes in aggregation
size and quantity as a function of pH. Fig.2a depicted a turbidity
profile of an initially clear, soluble solution of FEFEFKFK. The
turbidity level was measured by increasing the pH of the peptide
solution from 3.5 to 11. The peptide solution was held for ~1 minute
at each pH value. The first and second turbidity maxima with re-
spect to pH were observed at around pH 6.5 and 10.7 respectively,
indicating the formation of peptide aggregates. Higher turbidity
maxima found at pH 6.5 was mainly due to the net charge on the
peptide is zero. At low and higher pH, a net charge of +2 or -2 is
preventing the peptide from forming aggregates.

FEFEFRFR showed significantly higher turbidity level (Fig.2b)
compared to FEFEFKFK. Arg and Lys were mostly exposed to pro-
tein surfaces [16] and play important roles in protein stability by
forming ionic interactions and hydrogen bonds in the proteins as
well as by interacting with water molecules [17]. Although they
both function as basic residues, the Arg residues provide more sta-
bility to the structure than Lys owing to its geometric structure. First
turbidity maxima were observed at pH 6.1, while a drastic increase
in turbidity to 22.7 was found at pH 12. Formation of first turbidity
maxima outside the region where the net charge for both the peptide
is zero is most likely due to pKa shift [15].
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Fig.2: Turbidity profile of a) FEFEFKFK and b) FEFEFRFR as a function
of pH. First turbidity maxima was observed around pH 6.5 for both the pep-
tides. FEFEFRFR showed significantly higher second turbidity maxima at
pH 12.

3.2. Secondary structure analysis of peptide aggregates

Five peptide solutions were taken at different pH values based on
the turbidity profiles for FTIR measurements to determine the sec-
ondary structure and intramolecular interactions of the peptide
structures. There are 9 primary bands related to the structure of pro-
teins, which are amide A, amide B and amide I-VI1 bands. Of these,
the amide | and Il bands are the two most prominent vibrational
bands of the protein backbone [18, 19]. Fig.3 and 4 show amide A,
B and | bands in IR spectra of FEFEFKFK and FEFEFRFR at dif-
ferent pHs. In Fig.3, one strong adsorption between 3323 to 3336
cmt representing NH stretching of primary amines and the strong
absorption of amide I (C=0 stretching) at 1635 cm* are correlated
with antiparallel s-sheet formation [20, 21]. The weaker absorption
at 1635 cm* with increasing pH implying that antiparallel g-sheet
structure is getting less dominant. Disappearance and reappearance
of antiparallel g-sheet structure at pH 9 and 10.72 indicating
FEFEFKFK has a structural transition during higher order structure
formation.
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Fig. 3: FTIR spectroscopy results of FEFEFKFK ranging from pH 4 to
10.72. Band formation in the region of 1615-1691 cm™ was observed in
peptide solutions at pH 4, 5.7, 7.8 and 10.7 indicating the existence of f-
sheet conformations.

In Fig.4, a strong absorption between 3315 to 3321 cm™ also im-
plying NH: stretching of primary amines when FEFEFRFR has a
net charge of +2, between 0 to -2 or -2, that is at pH 4, 10.4 and
12.6. Amide | band is commonly used to interpret changes in pro-
tein structure and conformation. Amide A and B bands, demonstrat-
ing N-H stretching frequency levels, are also important for the in-
terpretation of the H-bonding ability of peptides. It is well estab-
lished that the non-hydrogen bonded N-H is due to higher energy
bands, while the lower energy bands correspond to intramolecularly
hydrogen bonded N- H [22, 23]. Large absorption peaks seen at
amide A and B regions at pH ranging from 4 to 12.6 indicates the
presence of hydrogen bonding of the N—H group. A weaker absorp-
tion at 1636 cm™ and a minor band at 3456 cm indicate a small
population of non-H-bonded N-H (out-of-phase stretching vibra-
tions) near neutral pH suggesting that antiparallel S-sheet structure
is getting less dominant, a case that is valid to both peptides [24].
This is most likely due to the more prominent influence of hydro-
phobic phenylalanine (F) in reducing peptide solubility in aqueous
media during peptide self-association when the net charge is zero
or near zero [10].
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Fig. 4: FTIR spectroscopy results of FEFEFRFR. fS-sheet structure was
found in peptide solutions at pH 4, 10.4 And 12.5, with band formation in
the region of 1615-1691 cm™.
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3.3. Peptide morphology analysis

Interesting molecular self-assembly and nano-structural transfor-
mation of both the peptides in solution were observed. The shapes,
sizes and morphological transformation of the peptide nanostruc-
tures were investigated using Field Emission Scanning Electron
Microscopy (FE-SEM) and Image J. FEFEFKFK and FEFEFRFR
formed diverse micro- and nanometer-sized structures at different
pH with their inherent amphiphilic character. SEM images showed
that both the FEFEFKFK and FEFEFRFR were capable of forming
isolated microspheres (Fig.5al and 5f) when there is net charge
presence at acidic or basic pH. These spherical entities have a di-
ameter ranging from 1.2 to 3.2 um and 2.3 to 6.5 um respectively.
Interestingly, concave disks (Fig.5a2) with average size of 3.5 um
and beads-on-a-string arrangements (Fig.5a3) were also found in
FEFEFKFK solutions. SEM images clearly depict the presence of
smaller and larger spherical aggregates. These larger spherical ag-
gregates could be formed by the fusion of small spherical structures
(Fig.5al). FTIR results showed the presence of p-sheet confor-
mation in the structures. Dong and colleagues [18] reported similar
results in which amide | spectra was observed in globular proteins
in aqueous solutions.
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Fig. 5: SEM images of FEFEFKFK and FEFEFRFR showing morphologi-
cal diversity at various pH. FEFEFKFK peptide solution under pH 4 dis-
playing spherical entities (al), concave disks (a2), and beads-on-a-string ar-
rangements (a3). Higher density of nanospheres were formed when the net
charge of the peptides was zero (b) or near zero (c). FEFEFKFK formed
spherical structures again when net charge is presence. FEFEFRFR formed
spherical structures (f and i) and spherical network like morphology (g and
h) at 200 nm. Size distribution of the micro- or nanometer sized structures
for both the peptides are depicted in (e) and (j).

Near neutral pH, FEFEFKFK and FEFEFRFR have a net charge of
zero and aggregates with higher density were formed. Mi-
crographics analysis revealed that FEFEFKFK has undergone mor-
phological changes, in which the spherical entities were found to
afford a network-like morphology (Fig.5b) with average pore size
of 0.3 um. Peptide spherical structure was found to decrease by 10
fold to 0.25 um. At pH 9, pore size ranging from 0.1 to 0.3 um was
found in more compact network-like nanospheres with an average
size of 85 nm (Fig.5c). Isolated microspheres (Fig.5d) with size
ranging from 0.23 to 3.61 «m were formed once again when there
was a net charge presence on the peptide.

FEFEFRFR formed more consistent spherical aggregates of 0.2 um
at pH 6.1 and 10.4 (Fig.5g, 5h) with larger pore size ranging from
0.45 to 0.63 um compared to FEFEFKFK. FEFEFRFR displayed
very high turbidity at pH 12 when arginine (R) was neutralised and
formed much larger spherical structure ranging from 8.5 to 11 um
(Fig.5i). Basic pKa values of Lys and Arg are 10.53 and 12.48 re-
spectively, at these pH values the amino groups of Lys and Arg
were neutralized leaving both the peptides to carry a net charge of
-2. Results indicate that the influence of electrostatic interactions
was strong in forming nanostructure of different shapes and sizes
[25]. Positive charge is delocalized within the z-bonded system of
the side chain guanidinium ion in Arg allows interactions in three
possible directions through its three asymmetrical nitrogen atoms
(N2, N, N"?), whereas only one direction of interaction is allowed
by the basic functional group of Lys [26]. This enables Arg to form
stronger electrostatic interactions than the interactions generated by
Lys through the formation of a higher number of salt bridges and
hydrogen bonds compared to Lys. These effects have been demon-
strated indirectly by comparing the salt-bridge numbers generated

by Arg and Lys in a number of proteins as well as by analyzing the
Arg to Lys ratio and salt-bridges in thermophilic and mesophilic
proteins [27].

The importance of charge is also reported by Mandal and coworkers,
in which the charged amphiphilic block copolypeptides are able to
form stable spherical structure such as vesicles in aqueous solution
[28]. The ionic interactions formed by Arg can be more stable than
those of Lys by generating more stable ionic interactions, particu-
larly under basic pH, due to the higher pKa of Arg than Lys [29, 30].
The difference in the ionic interactions on the protonated states of
Arg and Lys has been demonstrated by a theoretical estimation
based on their side chain pKa. According to the study, 20% of the
Arg side chains were protonated whereas most of the Lys side
chains were deprotonated at pH 13 [29]. Therefore, peptide se-
quence containing Arg results in an increasingly positive charged
environment, resulting negatively charged hydrophilic head of the
glutamic acid (E) binds to positively charged Arg side chains more
favourably than in FEFEFKFK, hence higher turbidity in
FEFEFRFR solution.

The importance of aromatic side chain interactions as pivotal struc-
tural elements in the self-assembly of nanofibers/ nanotubes has
been discussed in many works, however, the exact mechanism for
aromatic stabilisation is still unknown. Stacking interactions,
mainly T-shaped or parallel displaced, are important to the stability
of the nanostructure. Other studies have suggested that the self-as-
sembly of aromatic peptides is mainly due to the hydrophobic char-
acter [31]. Phenylalanine (Phe, F) has a strong tendency to form
fibrillary structure [32], however, such conformation was not ob-
served in this work, excluding that the aromatic rings of Phe are
involved in rigid and fixed structures with chiral orientation, as ob-
served for aromatic peptides forming fibers. Certain degree of free-
dom in the rotation of the aromatic ring of the Phe residues could
be influencing the z-x interactions, rendering weaker backbone H-
bonds and making the microsphere structure founded on a high
number of weak and transient interactions [33].

4. Conclusion

Mutual dependence of side chain interactions and pH in short am-
phiphilic self-assembled peptide analogues is discussed. Results
showed that FEFEFKFK and FEFEFRFR favoured the formation
of spherical entities when the peptides have net charge, which
mainly consists of antiparallel p-sheet conformation. Higher den-
sity of nanospheres was formed when both the peptides has decreas-
ing net charge near neutral pH. FEFEFRFR has higher turbidity at
pH 12 due to negatively charged hydrophilic head of the Glu binds
more favourably to positively charged Arg side chains than in
FEFEFKFK in increasingly positive charged environment. The fun-
damental of this research will help to understand the common fea-
tures of these peptides and the knowledge will in return guide future
design and application.
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