
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 2
:2

8:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Decoupling the e
aDementia Research Centre, Department of

and Health Sciences, Macquarie University

adam.martin@mq.edu.au
bDepartment of Materials, Imperial College

2AZ, UK
cSchool of Chemistry, The Australian Centr

Excellence in Convergent Bio-Nano Science

Wales, Sydney, NSW 2052, Australia
dNMR Facility, Mark Wainwright Analytica

Wales, Sydney 2052, New South Wales, Aus
eSchool of Life Sciences, University of Techno

† Electronic supplementary informa
10.1039/c9sc05686f

Cite this: Chem. Sci., 2020, 11, 1375

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 11th November 2019
Accepted 15th December 2019

DOI: 10.1039/c9sc05686f

rsc.li/chemical-science

This journal is © The Royal Society o
ffects of hydrophilic and
hydrophobic moieties at the neuron–nanofibre
interface†

Adam D. Martin, *a Jonathan P. Wojciechowski, b Eric Y. Du,c Aditya Rawal,d

Holly Stefen,a Carol G. Au,a Liming Hou,a Charles G. Cranfield, e Thomas Fath, a

Lars M. Ittner a and Pall Thordarson c

Peptide-based nanofibres are a versatile class of tunable materials with applications in optoelectronics,

sensing and tissue engineering. However, the understanding of the nanofibre surface at the molecular

level is limited. Here, a series of homologous dilysine–diphenylalnine tetrapeptides were synthesised and

shown to self-assemble into water-soluble nanofibres. Despite the peptide nanofibres displaying similar

morphologies, as evaluated through atomic force microscopy and neutron scattering, significant

differences were observed in their ability to support sensitive primary neurons. Contact angle and

labelling experiments revealed that differential presentation of lysine moieties at the fibre surface did not

affect neuronal viability; however the mobility of phenylalanine residues at the nanofibre surface,

elucidated through solid- and gel-state NMR studies and confirmed through tethered bilayer lipid

membrane experiments, was found to be the determining factor in governing the suitability of a given

peptide as a scaffold for primary neurons. This work offers new insights into characterising and

controlling the nanofibre surface at the molecular level.
Introduction

The extracellular matrix (ECM) is an entangled mesh network of
bres which provides important physical and chemical support
for cells. Attempts to mimic the ECM have been the subject of
intensive research for many years, with a number of elegant
examples including polymer-based scaffolds,1–5 decellularised
tissue,6–8 supramolecular materials,9–11 and more recently, multi-
component hydrogels.12–14 Each scaffold presents its own advan-
tages, from the scalability of polymer synthesis, to the preservation
of in vivo organisation for decellularised tissue, to the tunable and
responsive nature of supramolecular interactions.

One class of supramolecular scaffolds rapidly gaining
popularity is that of peptide hydrogels. Due to their
Biomedical Science, Faculty of Medicine

, Sydney, NSW 2109, Australia. E-mail:

London, Exhibition Road, London SW7

e for Nanomedicine, The ARC Centre of

& Technology, University of New South

l Centre, The University of New South

tralia

logy Sydney, Ultimo, NSW 2007, Australia

tion (ESI) available. See DOI:

f Chemistry 2020
extraordinary diversity, there are many classes of peptides
which can self-assemble into hydrogels. These include ionic,
complementary peptide sequences such as the RADA and MAX
sequences,15–17 or shorter peptides containing aromatic moie-
ties at their N-terminus such as Fmoc or naphthalene which
drive self-assembly.18–20 These shorter peptides are attractive
targets for mimicking the ECM, due to their ease of synthesis
and minimum gelation concentrations which are typically
below 1% (w/v). However, one drawback associated with these
scaffolds is that small changes in the peptide amino acid
sequence can result in signicant changes in peptide self-
assembly and properties of the resultant hydrogels, including
their ability to support cell growth. These changes include, but
are not limited to, changes in N-terminal capping group,
changes to amino acid chirality and changes to amino acid
sequence.21,22

The alteration of amino acid sequence in self-assembling
short peptides has previously been used to tune peptide
pKa,23,24 enabling self-assembly under more physiologically
relevant conditions. Other examples have incorporated the RGD
sequence derived from bronectin to enhance cell adhesion.25,26

Orthogonal functionalisation of hydrogels through click
chemistry have enabled post-synthetic modications to scaf-
folds.27,28 The ordering of amino acids in tripeptide hydrogels
has been shown to affect the morphology of broblasts cultured
upon these scaffolds.29 Recently we reported two tetrapeptides
containing D-amino acids, which exhibited sequence dependent
Chem. Sci., 2020, 11, 1375–1382 | 1375
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self-assembly, which could then be used to culture sensitive
primary neurons on peptide coated coverslips.30 It should be
noted that there is currently still no reported scaffold which can
support primary neurons in 3D, owing in part to a lack of
understanding surrounding the optimal cell–scaffold interface
required for 3D encapsulation of primary neurons.

Expanding on our previous work raised the question of
whether the amino acid sequence played a role in the ability of
self-assembling peptides to support the growth of primary
neurons. As such, a library of Fmoc-capped tetrapeptides was
synthesised which bear two L-lysine residues and two
L-phenylalanine residues in different positions (Fig. 1). Aer
discovering signicant differences in the ability of the
substrates to support primary neuronal growth, we thoroughly
examined the nanobre surface of these six tetrapeptides, with
differences suggested by zeta potential, contact angle, uores-
cence labelling, solid and gel state NMR and electrical imped-
ance spectroscopy experiments on tethered bilayer lipid
membranes (tBLMs). This comprehensive characterisation of
the nanobre surface ultimately leads to an understanding of
what constitutes a permissive surface for primary neurons, and
the role that both hydrophilic and hydrophobic moieties play in
the design of a suitable substrates.
Results and discussion
Peptide library synthesis and morphological characterisation

Fmoc-capped tetrapeptides were synthesised using solid phase
peptide synthesis, followed by purication using semi-
preparative HPLC and lyophilisation. SEM imaging (Fig. S3†)
revealed that all tetrapeptides had already formed brous
structures upon lyophilisation aer HPLC purication, indi-
cating their predisposition to self-assemble in an aqueous
Fig. 1 The six peptides used in this study, all bearing an Fmoc N-
terminal capping group, two L-lysine and two L-phenylalanine
residues.

1376 | Chem. Sci., 2020, 11, 1375–1382
environment. Dissolution of the lyophilised peptides in water
yielded solutions of nanobres, as conrmed through viscosity
measurements (Fig. S4†) and AFM imaging (Fig. 2a–f).

For all tetrapeptides, similar nanobre morphologies were
observed; with bre diameters ranging from 4.3–7.6 nm
(diameters and associated standard deviations are given in
Table S1†). All tetrapeptides had similar pKa values (Fig. S5†)
and self-assembled into micrometre-long bres, except for
Fmoc-FKKF, where truncated, straight bres were observed.
The similar bre diameters suggest a common self-assembly
mechanism, with the driving force for this likely the interplay
between the hydrophobic Fmoc capping group and phenyl-
alanine residues, as previously described.31,32 It should be
noted that differences in SEM and AFM bre diameters are
likely due to differences associated with sample prepara-
tion.33 Due to the pre-assembly of these tetrapeptides into
nanobres, we were unable to obtain monomers in order to
study the exact self-assembly mechanism for each tetrapep-
tide. Utilisation of a solvent switch mechanism (i.e. dissolu-
tion of peptides in DMSO before dilution into water)
would likely not be representative of their self-assembly
in pure water, as has been shown for the related peptide
Fmoc-FF.34
Fig. 2 AFM images of tetrapeptides dissolved in water at 0.5% (w/v)
and spread coated onto mica substrates, confirming that each of (a)
Fmoc-FFKK, (b) Fmoc-FKFK, (c) Fmoc-FKKF, (d) Fmoc-KFFK, (e) Fmoc-
KFKF and (f) Fmoc-KKFF self-assemble to give fibrous structures. Scale
bar represents 1 mm. (g–l) Small angle neutron scattering measure-
ments performed on tetrapeptides dissolved in D2O at 1% (w/v)
confirm self-assembly into cylindrical architectures, however the
differences in scattering patterns reveal each tetrapeptide possesses
a unique fibre morphology in situ.

This journal is © The Royal Society of Chemistry 2020
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To conrm that the AFM images obtained were representative
of the in situ nanobre morphology, small angle neutron scat-
tering was performed. Solutions of peptide nanobres were
prepared at 1% (w/v) and scattering patterns for all tetrapeptides
were tted using a exible cylinder model due to its physical
relevance to the nanobre morphology as determined by AFM.
Fmoc-FKKF was observed to contain two distinct scattering
regimes, likely from brous structure (high q) and larger aggre-
gates (low q), thus wasmodelled using a exible cylindermodel at
high q and a fractal model at low q. Structure factor peaks can be
observed for Fmoc-FKFK at approximately 0.015 Å�1 and Fmoc-
KKFF at 0.012 and 0.02 Å�1, due to repulsion between positively
charged bres. For all peptides apart from Fmoc-FKKF, the Kuhn
length obtained was much smaller than the cylinder length (i.e.
distance between intersecting bres), indicating a exible bre.
This supports the AFM images. For Fmoc-FKKF, the Kuhn length
and bre length are similar, indicating straight bres as observed
by AFM. Full tting parameter outputs (bre length, radius, Kuhn
length and c2 values) and plotted ts are detailed in the ESI
(Table S2 and Fig. S6†).
Fig. 3 Evaluation of nanofibre surfaces for culturing sensitive primary
hippocampal neurons. Glass coverslips were coated with a 0.5% (w/v)
peptide nanofibre solution and primary neurons seeded atop these
substrates. Primary neurons were fixed at DIV7 and stained for
neuronal markers b3-tubulin (green) and MAP2 (red), alongside DAPI.
Representative images for (a) Fmoc-FFKK, (b) Fmoc-FKFK, (c) Fmoc-
FKKF, (d) Fmoc-KFFK, (e) Fmoc-KFKF and (f) Fmoc-KKFF are shown.
Scale bar represents 100 mm. Cell viability was also quantified through
an Alamar Blue assay for primary neurons (g). Poly-D-lysine coated
glass were used as a positive viability control. The symbol * represents
p < 0.05, **p < 0.01, with p values determined by a one-way ANVOA
and Tukey's post-test.
Suitability of tetrapeptide nanobres as substrates for primary
neuronal cultures

As all tetrapeptides self-assembled into nanobres with rela-
tively similar diameters and morphologies, their ability to act as
cell scaffolds was evaluated. To create peptide nanobre-coated
coverslips, tetrapeptides were dissolved at several concentra-
tions and incubated overnight with glass slides. This technique
is widely used for molecules such as poly-D-lysine and poly-
ethyleneimine (PEI) due to electrostatic attraction between the
negatively charged glass coverslip and the positively charged
molecule.38 Initially, a robust, immortalised cell line (HEK293T)
was seeded atop peptide nanobres at several concentrations
and the viability of these cells was evaluated through Ala-
marBlue assays and immunostaining (Fig. S7†). No signicant
differences in viability were observed across each tetrapeptide at
several concentrations.

Next, the ability of these tetrapeptide nanobres to act as
a cell substrate was extended to more sensitive primary
neuronal cells. Primary neurons are currently the most relevant
in vitro model of the brain and represent an important tool for
studying mechanisms in neurodegeneration and drug
screening.35–37 We have recently shown the ability to support
primary neurons on lysine-containing nanobres.30 Aer
coating coverslips with 0.5% (w/v) solutions of tetrapeptide
nanobres and aspiration of excess media, primary neurons
were seeded atop peptide nanobre coated coverslips and
incubated for seven days in vitro (DIV), whereupon viability was
assessed either through xing and immunostaining (Fig. 3a–f),
or a metabolic viability assay (Fig. 3g). Somewhat surprisingly,
signicant differences were observed in neuronal adhesion to
substrates, in particular Fmoc-FKKF and Fmoc-KFFK. It is
known that primary neurons are notoriously sensitive to their
environment, with the interaction between neuron cell surface
and substrate playing a crucial role in cell adherence and
development.
This journal is © The Royal Society of Chemistry 2020
For primary neuronal cultures, subtle differences in the tet-
rapeptide surface can have an important effect on neuronal
adhesion to nanobre substrates. From the immunostaining
and viability measurements, Fmoc-FKKF is signicantly poorer
(p < 0.01) at supporting primary neurons than all other
substrates, with Fmoc-KFFK signicantly worse than Fmoc-
FKFK and Fmoc-KFKF. No signicant differences in viability
were observed between the other four tetrapeptides Fmoc-
FFKK, Fmoc-FKFK, Fmoc-KFKF and Fmoc-KKFF. This suggests
that the amino acid sequence plays an important role in the
ability of these tetrapeptides to support sensitive primary
neuronal cells.
Effect of secondary structure and hydrophilic residues on the
nanobre surface

In order to determine whether the differences observed in
neuronal adhesion were related to differences in the structure
of the peptide nanobres, the secondary structure of the
nanobres was analysed through circular dichroism. Here,
Chem. Sci., 2020, 11, 1375–1382 | 1377
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a 0.5% (w/v) nanobre solution was initially prepared and
diluted to 0.025% (w/v) to obtain a concentration which was
appropriate for measurements. It is evident that the majority of
the tetrapeptides exist in a disordered, or random conforma-
tion, as evidenced by a lack of peaks below 240 nm (Fig. 4a). One
exception to this is Fmoc-FKFK, which displays a positive peak
at 220 nm which is consistent with a b-sheet structure. It should
be noted that this differs from the CD spectra of previously re-
ported lysine tetrapeptides Fmoc-FFKK and Fmoc-FKFK,30

owing to the incorporation of D-amino acids into these peptides,
which likely affects their secondary structure.

As no signicant differences were found in the secondary
structure of the tetrapeptides (Fmoc-FKFK excepted), zeta
potential measurements were performed in order to assess
whether there may variability in the surface charge of the
nanobres, which in turn may affect their ability to support
primary neurons. Zeta potential measurements on peptide
solutions prepared at 0.5% (w/v) revealed differences in the
surface charge of the self-assembled bres (Fig. 4b). All zeta
potential values recorded were highly positive, which is
consistent with previous reports for lysine containing self-
assembling peptides.39,40 The three peptides with the highest
zeta potential were Fmoc-FFKK, Fmoc-FKFK and Fmoc-KFFK,
with these values being at least 20 mV larger than those
measured for Fmoc-FKKF, Fmoc-KFKF and Fmoc-KKFF.
However, it should be noted that zeta potential assumes
spherical particles, which is not the case for these highly
anisotropic bres. Nonetheless, this data provides a useful
relative comparison, which suggests that the order of amino
acids in the peptide affects the surface charge of the nanobre.
Fig. 4 Effects of amino acid sequence on the secondary structure and
surface of tetrapeptide nanofibres. (a) Circular dichroism measure-
ments for tetrapeptide solutions diluted to 0.025% (w/v) show
a disordered structure for all peptides, excepting Fmoc-FKFK which
displays a classic b-sheet peak at 220 nm. (b) Zeta potential
measurements performed at 0.5% (w/v) show differences in surface
charge dependent on amino acid sequence. (c) Differences are also
seen in contact angle measurements which approximate the hydro-
phobicity of a glass coverslip coated with a 0.5% (w/v) nanofibre
solution. Control experiments using untreated coverslips and poly-D-
lysine treated coverslips (the current gold standard for neuronal tissue
culture) are also presented. Finally, (d) FITC labelling of lysine residues,
quantified by analytical HPLC, confirms that the more hydrophobic
surfaces obtained using Fmoc-FKFK is likely due to a lower amount of
solvent-accessible lysines.

1378 | Chem. Sci., 2020, 11, 1375–1382
To investigate whether the differences observed in zeta
potential measurements were translated to the tetrapeptide
coated coverslips used for culturing primary neurons, contact
angle measurements were performed on glass coverslips coated
with 0.5% (w/v) peptide solutions, identical to how the
substrates for culturing primary neurons were prepared. From
these measurements, it is evident that Fmoc-FKFK coated
coverslips are signicantly more hydrophobic than all other
peptides (Fig. 4c and S8†), whereas Fmoc-FKKF and Fmoc-KFFK
were the most hydrophilic of the tetrapeptides. All peptide-
coated coverslips were signicantly more hydrophobic than
poly-D-lysine coated coverslips, which is the current gold stan-
dard for primary neuronal culture. Somewhat surprisingly, the
tetrapeptide coated coverslips were also more hydrophobic than
uncoated glass coverslips. As both poly-D-lysine and all
peptides, excepting Fmoc-FKKF and to an extent Fmoc-KFFK,
can be successfully used to culture primary neurons, this
suggests that surface hydrophobicity does not play a major role
in determining substrate suitability for primary neurons.

To determine whether the trends observed in the contact
angle measurements were due to the presentation (or lack
thereof) of lysine residues at the nanobre surface, uorescein
isothiocyanate (FITC) was used to label any solvent accessible
lysine residues at the surface of the nanobres. FITC has
previously been used to label proteins and peptides at lysine
residues,41,42 therefore nanobre solutions were prepared at
0.5% (w/v) before diluting 2� to reduce any aggregation-
induced labelling artefacts. Aer overnight incubation of the
nanobre solutions with FITC, methanol was used to solvate the
nanobres into monomers and bre labelling was quantied
using analytical HPLC (Fig. 4d, S9 and S10†). Consistent with
the contact angle measurements, Fmoc-FKFK had a signi-
cantly lower degree of labelling when compared with the other
tetrapeptides. This may be due to the amplied b-sheet struc-
ture of Fmoc-FKFK relative to the other tetrapeptides. Fmoc-
FFKK also trends towards a lower degree of labelling, however
the difference is not signicant relative to the other tetrapep-
tides. The bre labelling suggests that the increased hydro-
phobicity of the Fmoc-FKFK nanobre surface is due to
decreased solvent accessibility of lysine residues, however this
is insufficient to decrease the viability of neurons cultured atop
these substrates. This can be rationalised by considering the
size of the nanobres (4–8 nm) versus the size of the neuronal
cell body (approximately 20 mm) and that many nanobres
would simultaneously be in contact with the neuronal cell body,
providing sufficient favourable electrostatic interactions for the
adhesion of primary neurons to substrates.
The effect of hydrophobic moieties on the nanobre surface

The characterisation of the tetrapeptide nanobres thus far has
focused on the hydrophilic portion of the nanobres. Zeta
potential identied differences in surface charge (however all
nanobres are still highly positively charged) and contact angle
and bre labelling measurements have given insight into the
degree of solvent accessible, hydrophilic lysine residues at the
surface of the nanobre. However, these insights do not
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc05686f


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 2
:2

8:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
correspond to the differences in primary neuronal viability
observed in Fig. 3. Therefore, it was theorised that the hydro-
phobic phenylalanine and Fmoc moieties may play an impor-
tant role in determining substrate suitability for primary
neurons. Indeed, it has been shown that the analogous, more
hydrophobic peptides Fmoc-FF and Fmoc-GFF are cytotoxic
towards HeLa cells and tumour spheroids, respectively, due to
their interactions with the cell membrane.43,44

With this in mind, solid state and gel state NMR was per-
formed on the tetrapeptides to obtain conformational informa-
tion, which can yield insights into the nature of the bre surface.
Solid state NMR has been used previously in combination with
other techniques to determine the molecular association and
surface chemistry of MAX1 and MAX8 peptides, however these
studies required isotopic labelling.45,46 Using our unlabelled tet-
rapeptides complex spectra were obtained, however key differ-
ences in the solid state and gel state NMR can be identied. In the
solid state 13C NMR (Fig. 4a), the peaks located from 155–
165 ppm are representative of the carbamate carbon from the
Fmocmoiety. For Fmoc-FFKK and Fmoc-FKFK, only one peak was
present, whereas for the remaining tetrapeptides, two peaks were
observed. This suggests that for Fmoc-FFKK and Fmoc-FKFK,
only one conformation of the Fmoc group is present. A sharp
set of peaks for Fmoc-FKFK between 50-60 ppm in the solid state
13C NMR suggests an ordered C-a region, conrming the
enhanced b-sheet structure of this tetrapeptide.

Further evidence for the b-sheet structure of Fmoc-FKFK can
be seen in the gel state NMR for Fmoc-FKFK, which shows two
small peaks at approximately 5 and 5.3 ppm (Fig. 5b). The pres-
ence of these peaks have previously been shown to represent a b-
sheet structure.47,48 In the aromatic region (7–8 ppm) of the gel
state NMR, an increased number of peaks (8) are observed for
Fmoc-FKKF and Fmoc-KFFK, suggesting that the aromatic
regions of these peptides are conformationally exible. This is
likely themechanism for the reduced viability of primary neurons
cast upon nanobre coatings of these two peptides, as the pres-
ence of aromatic moieties is known to be benecial for both
positively and negatively charged anti-bacterial peptides due to
their ability to penetrate the cell membrane.49,50

To verify this result, tBLMs consisting of 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC) lipids were treated with
Fig. 5 Examining tetrapeptide self-assembly through (a) solid state 13C
NMR and (b) gel state NMR. Comparing the spectra reveals b-sheet
formation for Fmoc-FKFK and increased aromatic flexibility for Fmoc-
FKKF and Fmoc-KFFK. Solid state NMR measurements were con-
ducted using lyophilised peptides and gel state NMR measurements
were recorded at a concentration of 1% (w/v) in D2O, where gelation
was triggered through the addition of deuterated PBS (pD 7.4).

This journal is © The Royal Society of Chemistry 2020
solutions of the tetrapeptide nanobres at different concen-
trations and the AC swept frequency electrical impedances
monitored over time to determine whether the tetrapeptides
can disrupt this cell-mimetic membrane. This technique has
previously been used to assess the activity of various bespoke
and natural peptides on lipid bilayers.51–53 Upon addition of 1
and 10 mM solutions of tetrapeptide nanobres, minimal
disruption of the membrane bilayer was observed. However,
upon treatment of the membranes with 100 mM nanobre
solutions, signicant increases in membrane conductance can
be seen for Fmoc-FKKF and Fmoc-KFFK (Fig. 6c and d), with
a notable increase also for Fmoc-FFKK (Fig. 6a) and smaller
increase for the other tetrapeptides. For clarity, a 100 mM
solution corresponds to approximately 0.01% (w/v), however it
is highly likely that the concentration of the peptide at the lipid
membrane interface is far higher due to electrostatic interac-
tions between the anionic lipid phosphates and the cationic
peptide lysine residues. This suggests that at 100 mM, the
nanobres of Fmoc-FKKF and Fmoc-KFFK are strongly inter-
acting with the lipid membranes. As determined in the NMR
measurements, these membrane interactions are likely due to
the increased conformational exibility of the hydrophobic
residues of Fmoc-FKKF and Fmoc-KFFK causing alterations in
lipid bilayer packing, expanding intrinsic membrane pores, as
described previously.51,53,54 This ability to disrupt the lipid
membrane is likely the reason that decreased neuronal viability
is seen on substrates of Fmoc-FKKF and Fmoc-KFFK.
Fig. 6 Evaluating the ability of tetrapeptide nanofibres to disrupt
membranes and adsorb proteins. Electrical impedance spectroscopy
was performed on sparsely tethered bilayer lipid membranes (tBLMs)
consisting of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipids,
with changes in conductance observed upon treatment of the
membranes with (a–f) peptide nanofibre solutions at different
concentrations. (g) Representative silver stained SDS-PAGE gel and (h)
associated quantification (n ¼ 3, �standard deviation) showing
adsorption of serum proteins onto tetrapeptide nanofibres after
incubation with cell culture medium containing 10% FBS.

Chem. Sci., 2020, 11, 1375–1382 | 1379

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc05686f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 2
:2

8:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
It has previously been shown that FKKF and KFFK peptide
sequences (without the Fmoc group) are able to interact with
membranes. The FKKF tetrapeptide sequence is highly
conserved in the pIII protein coat of the fd lamentous bacte-
riophage, which is the protein responsible for the infectivity of
the bacteriophage.55,56 Mutation of these residues has been
shown to signicantly decrease bacteriophage activity.57 The
KFFK tetrapeptide sequence is mostly conserved across the
phenol-soluble modulin alpha (PSMa) series of peptides, which
are responsible for the virulence of S. aureus through the
interaction with and lysis of red and white blood cell
membranes.58–60 Therefore both of these tetrapeptide sequences
are known to interact with membranes, a trait which is seem-
ingly conserved when these sequences are capped with an Fmoc
moiety and self-assemble into nanobres.

Additionally, the disassembly of the peptide nanobre coatings
was assessed through analytical HPLC aer incubation with cell
culture media over ve days. Analytical HPLC of the cell culture
media aer ve days incubation revealed the presence of Fmoc-
FKKF and Fmoc-KFFK for coverslips coated with these peptides
(Fig. S11†), although at such low concentrations (<10 mM) that they
are unlikely to have any signicant effects on viability, which is
supported by the tBLM measurements above, as no membrane
disruption is observed at these concentrations. For the remaining
four peptides, negligible amounts of peptides could be detected in
the culturemedium supernatant. This suggests that themobility of
hydrophobic residues on the nanobre surface is likely the critical
factor determining neuronal adhesion to our peptide substrates.

Finally, the effect of serum proteins on the ability of the
tetrapeptide nanobres to interact with the cell membrane was
investigated. Higher levels of protein adsorption were observed
on Fmoc-FFKK and Fmoc-FKFK substrates (Fig. 6g and h),
suggesting an inverse correlation with solvent accessible lysines
and protein adsorption. However, the levels of protein adsorp-
tion onto tetrapeptide nanobres did not reect the differences
observed in neuronal cell viability. tBLM experiments were also
performed using DMEM containing 10% FBS (Fig. S13†). Apart
from Fmoc-KKFF, the results match those reported in Fig. 6,
with Fmoc-FKKF and Fmoc-KFFK yielding large increases in
membrane conductance, suggesting strong membrane inter-
actions. Fmoc-KKFF aggregated upon dilution into DMEM
containing 10% FBS, hence it is likely that the increased
membrane conductance observed are due to the interaction of
these aggregates with the membrane. For reference, no aggre-
gation of any other peptides were observed upon dilution into
DMEM/FBS, nor did Fmoc-KKFF aggregate when diluted into
the buffer used for tBLMmeasurements in Fig. 6. Therefore, it is
shown that even in complex cellular milieu, hydrophobic
mobility at the nanober surface plays an integral role in
determining whether nanobers can interact with cell
membranes, which in turn determines the suitability of these
substrates for supporting sensitive cells such as neurons.

Conclusions

In conclusion, we have synthesised all possible permutations of
tetrapeptides which bear two L-phenylalanines and two L-lysines,
1380 | Chem. Sci., 2020, 11, 1375–1382
capped at their N-terminus with an Fmoc-moiety. Whilst all tet-
rapeptides self-assembled into nanobres of similar diameters as
determined by AFM and small angle neutron scattering, signi-
cant differences were observed in their ability to support sensitive
primary neurons, with Fmoc-FKKF signicantly worse than other
substrates and Fmoc-KFFK showing decreased neuronal viability.
A comprehensive investigation of the nanobre surface was
undertaken, with zeta potential, contact angle and nanobre
labelling experiments suggesting differences in the presentation
of lysine groups at the surface of the nanobres. However, this
did not correlate with decreased neuronal viability, likely owing to
the differences in scale between the nanobres (4–8 nm) and the
neuronal cell body (approximately 20 mm). In contrast, solid state
and gel state NMR revealed that the aromatic moieties of Fmoc-
FKKF and Fmoc-KFFK were much more conformationally ex-
ible than the four other tetrapeptides, with the ability of these
exible aromatic residues to interact with the cell membrane
conrmed through electrical impedance spectroscopy experi-
ments using tethered bilayer lipid membranes, which showed
strong interactions with Fmoc-FKKF and Fmoc-KFFK. This work
decouples the differential effects of hydrophilic and hydrophobic
moiety presentation at the surface of a peptide nanobre, and
their effects on cell viability. It is envisioned that these insights
will assist in the rational design of new neuronal–scaffold inter-
faces for the 3D culturing of primary neurons, which could give
insights into neurogenesis, ageing and disease mechanisms.
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