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Diversity at the nanoscale: laser-oxidation of
single-layer graphene affects Fmoc-phenylalanine
surface-mediated self-assembly†

Johanna Schirmer, a Romain Chevigny, a Aleksei Emelianov, a Eero Hulkko,ab

Andreas Johansson, ac Pasi Myllyperkiö, a Efstratios D. Sitsanidis, *a

Maija Nissinen *a and Mika Pettersson *a

We report the effects of a laser-oxidized single layer graphene (SLG) surface on the self-assembly of

amphiphilic gelator N-fluorenylmethoxycarbonyl-L-phenylalanine (Fmoc-Phe) towards an gel–SLG inter-

face. Laser oxidation modulates the levels of hydrophobicity/hydrophilicity on the SLG surface. Atomic

force, scanning electron, helium ion and scattering scanning nearfield optical microscopies (AFM, SEM,

HIM, s-SNOM) were employed to assess the effects of surface properties on the secondary and tertiary

organization of the formed Fmoc-Phe fibres at the SLG–gel interface. S-SNOM shows sheet-like

secondary structures on both hydrophobic/hydrophilic areas of SLG and helical or disordered structures

mainly on the hydrophilic oxidized surface. The gel network heterogeneity on pristine graphene was

observed at the scale of single fibres by s-SNOM, demonstrating its power as a unique tool to study

supramolecular assemblies and interfaces at nanoscale. Our findings underline the sensitivity of

assembled structures to surface properties, while our characterization approach is a step forward in

assessing surface–gel interfaces for the development of bionic devices.

Introduction

Advances in neuron–machine connections at micro- and nano-
scale have given new hope in repairing brain and nervous
system damage.1–4 A key part of such connections is the interface
between the neural tissue and the bioelectronic device, as it
should support neuron viability and functionality while preserving
the electronic properties of the device. With its exceptional
mechanical stability and electronic properties, graphene is a
promising candidate for constructing neuron–machine interfaces,
as it has been shown to record neural activity successfully.5–7 In
our previous studies, we employed laser-oxidation8 to modulate
the properties of single-layer graphene (SLG) towards bioinspired
surfaces, functionalized with proteins.9 The two-photon oxidation
process with a femtosecond laser in ambient atmosphere

introduced patterned hydroxyl and epoxide groups on the graphene
surface, while the carbon network remained intact (Fig. 1A).8,10

Besides the desired surface properties, the neurons must
remain viable and functional, attach to the artificial device, and
interact with it to achieve functional bionic devices. In living
tissue, neurons build their own extracellular matrix (ECM), an
extensive network of proteins such as fibrous proteins, glyco-
proteins, and proteoglycans,11 which supports the cells and
regulates intracellular communication. However, for constructing
artificial neuron–machine interfaces, it is crucial to functionalize
the surface with a biocompatible substrate material, for example,
a supramolecular gel, to mimic the properties of natural ECM.
This will enable and support the growth of a three-dimensional
(3D) neural network, adjacent to the electronic device, forming a
neuron–machine interface.12–14

Low molecular weight gels (LMWGs) have gained momentum
in the field of biomaterials due to their biocompatibility, easy
preparation, structural functionalization, tunability and
mechanical properties.15 In supramolecular gels, the gelator
molecules self-assemble hierarchically towards higher order
architectures. Initially, molecular recognition events promote
the gelators’ assembly in one or two dimensions (primary
structure), followed by the formation of aggregates such as
fibres, ribbons, sheets, and micelles (secondary structure), while
the interaction of individual aggregates (tertiary structure)
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determines the gel’s formation.16,17 The micro- and macroscopic
properties of bulk materials can be tuned by modifying the
chemical structure of the gelator, the concentration and/or the
solvent (i.e., buffer solutions, pH).18–20 However, at a machine–
tissue interface, the soft hydrogel is in direct contact with the
tissue and the device’s surface, meaning that surface-mediated
self-assembly phenomena have an immediate effect on the
formation and corresponding properties of supramolecular
gels.21–25 For example, interactions between the monomers
and the surface can boost or decelerate the fibrillation of
amyloid-b peptides.26,27 Additionally, the hydrophobicity/hydro-
philicity of the surface plays a significant role in surface-
mediated self-assembly, affecting the fibre’s diameter, aggrega-
tion and/or Young’s modulus of the formed gels.21,22 Further to
this, increased surface roughness has been found to decelerate
and finally inhibit the fibrillation of an amyloid-b peptide.28

A surface–gel system may be probed at a small volume. For
example, Yang et al.25 observed changes in the viscosity and
structure of a supramolecular gel drop (350 ml) on a photo-
patterned surface with different physical properties.

The analysis of a supramolecular gel–surface interface is
mainly confined to microscopic and X-ray techniques: The
physical properties and morphology of the gel’s network have
been studied by atomic force (AFM) and (cryo-)scanning electron
(SEM) microscopy.21,23,24,29 To analyse the secondary and tertiary
structure of the gels, grazing-incidence wide and small angle
X-ray scattering22 and grazing-incidence X-ray diffraction25 have
been employed. A relatively new technique for surface analysis is
scattering scanning near-field optical microscopy (s-SNOM),
which combines AFM in tapping mode and an infrared (IR)
laser that points at the AFM tip apex. When interacting with the
sample, the near-field (NF) signal of the tip is altered and
elucidates the absorptive properties of the sample in the spectral
region of the incident laser.30–33 With a spatial resolution down

to 6 nm for visible light and near IR absorption34 and 1 nm for
tip-enhanced Raman spectroscopy,35 or even down to atomic
resolution,36 it is possible to obtain locally defined absorptive
properties of a material in the form of nano-FTIR/Raman spectra
and absorption/reflectivity images. The structure of a supra-
molecular gel can be analysed at the nanoscale, and valuable
information on the heterogeneity and distribution of the gel
material on a surface can be received.

In this study, we assessed the surface-mediated self-assembly
of model gelator N-fluorenylmethoxycarbonyl-L-phenylalanine
(Fmoc-Phe) on pristine (prG) and laser-oxidized (oxG) graphene
(Fig. 1). The bulk gels of Fmoc-Phe and its derivatives have been
extensively studied.19,20,37–39 Due to the anionic and amphiphilic
nature of the amino acid, both electrostatic interactions and
hydrophobic effects promote self-assembly. Gelation is therefore
sensitive to pH changes and the presence of ions.20 Additionally,
the aromaticity, hydrophobicity and spatial flexibility of the
phenyl ring affect the properties of the gel.19,20 Fmoc-protected
or Phe-based gelators tend to form b-sheet-like structures40,41

and the crystal structure of Fmoc-Phe shows a unidirectional,
sheet-like assembly of the molecules.38 A recent study, however,
demonstrates that gel fibres and crystals do not necessarily have
similar structures, as the size and shape of the sample container
affect the assembly event.42 In contrast to bulk gels, the structure
of Fmoc-Phe fibres on a surface is difficult to predict, as the
effect of surface properties on the secondary structure remains
an open question.

S-SNOM, AFM, SEM and helium ion microscopy (HIM) allowed
us to study the effects of distinct surface properties on the surface-
mediated self-assembly of the amino acid. We identified different
secondary structures of the fibres by nano-FTIR spectroscopy and
nanoscale mid-IR (MIR) imaging. At the same time, we demon-
strated the modulation of the Fmoc-Phe self-assembly by laser-
oxidation and hence the effects of SLG’s different levels of
hydrophobicity/hydrophilicity. Overall, a structurally hetero-
geneous fibrous network of Fmoc-Phe is formed on both surfaces,
prG and oxG.

Results and discussion
Surface effects on gel morphology and fibre dimensions

Surface-mediated self-assembly can be modulated depending on
the physicochemical properties of the surface.21,25 Here, SLG was
patterned with oxidized areas via laser-irradiation, to assess the
self-assembly of amphiphilic gelator Fmoc-Phe. The surface con-
sists of hydrophobic/flat prG (Ra = 0.23 nm, where Ra is arithmetic
average height43) adjacent to hydrophilic/rough oxG (Ra =
0.33 nm).8 Ten parallel rectangular patterns were irradiated
(40 mm � 400 mm in size) and arranged approximately 160 mm
apart, creating an alternating motif of oxG and prG (Fig. 2).
An Fmoc-Phe solution in phosphate buffer (PBS) was then added
on the graphene surface and allowed to gel overnight, followed by
freezing and lyophilization of the gel–SLG interface prior analysis.
A detailed description of the experimental and sample prepara-
tion procedures can be found in the ESI† (Sections S1–S4).

Fig. 1 (A) Scheme of laser-oxidized SLG, showing pristine and oxidized
areas adjacent to each other. (B) Chemical structure of Fmoc-Phe; the
arrows depict vibrations that contribute to the amide I (blue) and amide II
(orange) vibrational modes. Stretching vibrations are indicated as n and
bending vibrations as d. Hydrophobic moieties are highlighted in green,
hydrophilic moieties in yellow.
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AFM, SEM and HIM imaging were employed to analyse the
gel morphology and fibres’ dimensions (Section S1, ESI†). The
fibres in supramolecular gels are larger architectures formed by
the organization of many fibrils. An entangled fibrous network
was visible in the AFM topographic images on both prG and
oxG surfaces (Fig. 3A and B). Single fibres entangle into thicker
bundles, creating a dense network. The fibre thickness was
measured using the AFM images, as an average of 100 single
fibres on each surface. The average thickness of the fibres t on
the two surfaces is almost identical (tprG = 2.0 � 1.0 nm, toxG =
2.3 � 1.1 nm, one-way ANOVA, p o 0.001), which indicates no
significant effect of surface properties on the size of the Fmoc-
Phe fibres.

SEM imaging of the Fmoc-Phe xerogel (dried gel) on prG
(Fig. 3C) showed fibres growing from spherulites (dark spots),
consistent with previous observations on Phe-based gels.24,44

HIM imaging, at the edges of the supramolecular network, on
both oxG and prG (Fig. 3D–G) revealed a slightly different
appearance of the fibres in contrast to the AFM images, which
were taken at the center of the gel network. On oxG, the fibres
appear curved in the HIM images, whereas straight on prG.
During the sample preparation (Fig. 2), the fibre density was

lower at the edges of the gel. Fibres at the edges grow near the
surface and may therefore be affected by the surface properties
to a greater extent than fibres in the center of the gel network
(AFM images).21 The observed difference in fibre morphology
suggests that the hydrophobic/hydrophilic differences upon the
SLG surface affect the tertiary organization level (fibril–fibril
interaction) of Fmoc-Phe in the proximity of the surface.

Surface effects on the secondary organization level

To investigate the self-assembly and molecular interactions of
Fmoc-Phe on prG and oxG surfaces at the nanoscale (secondary
organization level), the gel–SLG interface was studied by
s-SNOM (Section S1, ESI†). Singh et al.20 have reported that
both hydrogen bonding and hydrophobic stacking interactions
contribute to the self-assembly of Fmoc-Phe, which carries a
negative net charge at pH 7.4. IR, ultraviolet-visible, circular
dichroism, and nuclear magnetic resonance spectroscopy
revealed a heterogeneous secondary structure, consisting of
stacked molecules (different polymorphs). The fluorenyl group
appears to stack with the phenyl ring while the carbamate
group is involved in hydrogen bonding. However, these

Fig. 2 Schematic depiction of the SLG sample geometry and gel–SLG
interface preparation. Yellow rectangular patterns represent irradiated,
laser-oxidized graphene and the Si/SiO2 substrate is depicted in blue.

Fig. 3 Microscopic analysis of the Fmoc-Phe fibres on oxG and prG: AFM
images on oxG (A) and prG (B); SEM image on prG showing two nucleation
sites (C); HIM images of the Fmoc-Phe gel edge on oxG (D) and prG (E) and
corresponding magnified images (F) and (G), respectively, indicated by the
orange rectangles.
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observations derive from the bulk gel, meaning that the spectro-
scopic data of the whole bulk material were averaged. Here,
we studied the absorptive properties of the fibres on the scale
of single fibres and fibre bundles (nano- and microscale).
We hypothesized that potential effects of the graphitic surface
on the secondary structure of Fmoc-Phe could be observable in
the nano-FTIR spectrum. Additionally, we suggested that the
polymorphic nature of the bulk gel, as previously reported,20

would be confirmed by MIR imaging at different frequencies.
Secondary structure analysis. Initially, nano-FTIR spectra

were taken from five oxG and six prG positions on the gel–
SLG interface (Section S5, ESI†). Each spectrum was normalized
to the corresponding background (oxG or prG, respectively) to
eliminate the contribution of the graphene surface. The optical
phase spectrum (referred to as ‘‘nano-FTIR spectrum’’) corre-
sponds to the absorptive properties of the fibres inside the
near-field.33 We analysed the 3rd harmonic of the cantilever
oscillation as it yields detailed spectral features at an adequate
signal-to-noise ratio. We focused on the frequency range
between 1500 cm�1 and 1750 cm�1, corresponding to the carbo-
nyl and amide vibrations. The amide II band appears approxi-
mately at 1550 cm�1 as a combination of the N–H bending and
C–N stretching vibration (Fig. 1B). The absorption band(s)
between 1600 cm�1 and 1700 cm�1 (amide I region), arise from
the CQO stretching vibration and are immediately related to the
secondary structure of the gel sample.45 For protein samples, it
has been reported that the amide I band shifts and/or splits
depending on the secondary structures45,46 and common second-
ary structures like a-helices and b-sheets, forming via hydrogen
bonding of the amide backbone, absorb at certain frequencies.
According to Barth,45 a-helices show one main absorption
approximately at 1655 cm�1. However, disordered structures
absorb at a similar frequency, while b-sheets give rise to two
absorption bands in the amide I region (r1640 cm�1 and
Z1680 cm�1), resulting from the transition dipole coupling of
the carbonyl groups. In a single molecule, the carbonyl CQO
vibration shows only one band. When coupled with another CQO
oscillator, at a b-sheet conformation, the excitation leads to
exciton splitting and splitting of the absorption band.46 The
difference between the two bands depends on the strength of
the IR absorption (stronger absorption = larger splitting) and the
distance and orientation of the two oscillators to each other.
During the self-assembly of the amino acid-based gelators, the
molecules arrange into similar secondary structures via hydrogen
bonding of the amide group(s). Therefore, changes in the mole-
cular arrangement due to different surface properties are expected
to be observable in the amide I region of the nano-FTIR spectra. It
is of note that band positions may shift a few wavenumbers when
comparing transmission FTIR and nano-FTIR spectra.47

Fig. 4 shows the AFM images of the Fmoc-Phe fibres on oxG
and prG and one nano-FTIR spectrum from each surface area.
Several overlapping bands appeared in the amide I and II
regions. Spectra of the same surface area showed mostly similar
band positions (Table 1 and Fig. S4, ESI†). However, there
were noticeable shifts among the gel–oxG and –prG interfaces.
Fmoc-Phe fibres showed two absorption bands on both surfaces

at frequencies typical for b-sheet structures (oxG: 1618 cm�1 and
1699 cm�1, prG: 1640 cm�1 and 1683 cm�1). The bands’ centres
were further apart on oxG (distance: 81 cm�1) than on prG
(distance: 43 cm�1). Since the strength of the IR absorption
should be similar for all Fmoc-Phe molecules, our results
suggest that the orientation and/or distance of CQO groups
change between sheet-like assemblies on oxG or prG, leading to
different couplings. On oxG, the fibres additionally gave rise to a
band at 1657 cm�1, suggesting the presence of a-helices or
disordered structures.46 Interestingly, this band was absent in
67% of the spectra of Fmoc-Phe on prG. Therefore, these
findings indicate a connection between the secondary structure
of the fibres and the surface properties (differences in hydro-
phobicity/hydrophilicity) of oxG and prG.

To investigate the proportion of different types of secondary
structures over the oxG and prG surfaces, the areas of the bands,
assigned to secondary structures (highlighted in Fig. 4C and D
for the sample spectra), were compared at each spectrum. To
obtain a quantitative comparison profile, the input of each
secondary structure was calculated (Section S1, ESI†). The sum

Fig. 4 Nano-FTIR study of Fmoc-Phe fibre bundles on oxG and prG: AFM
topographic images of Fmoc-Phe fibres on (A) oxG and (B) prG; corres-
ponding deconvoluted nano-FTIR spectra in the amide I and II regions
(C and D). The exact position of each spectrum is highlighted with a black
spot in the corresponding AFM image. The filled bands in the Amide I
region show the assigned secondary structure elements.

Table 1 Band positions and their standard deviation derived from the
second derivative of each spectrum from Fig. S4E and F, ESI. In parenthesis
behind the number, the abundance of the respective band in the whole
sample N is shown (NoxG = 5, NprG = 6). Bold numbers indicate bands that
appear in at least 80% of the samples. A secondary structure was assigned
to absorbance bands in the Amide I region

Peak positions oxG Peak positions prG
Assigned secondary
structure

1546 � 5 (5/5) 1558 � 5 (6/6)
1578 � 1 (3/5)
1598 (1/5) 1600 � 4 (6/6)
1618 � 3 (5/5) Sheet

1640 � 4 (5/6) Sheet
1657 � 1 (5/5) 1656 � 0 (2/6) Helix/disordered

1683 � 6 (6/6) Sheet
1699 � 2 (5/5) 1707 � 3 (4/6) Sheet
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of areas of all bands assigned to secondary structures was set to
100% in each spectrum. Although this approach is not rigorously
accurate as it overlooks the differences between oscillator
strengths for different vibrations, it allows to compare propor-
tions of different structures between different areas. The inputs
are presented in Table 2. As described above, all spectra on oxG
showed absorption bands at both b-sheet and a-helix/disordered
structure frequencies. However, the inputs varied from 52% to
87% for b-sheets and 13% to 48% for a-helix/disordered structures.
This indicates a heterogeneous fibrous network, which sup-
ports the presence of different polymorphs as reported by Singh
et al. in bulk gels.20 On prG, most spectra showed a network
solely consisting of b-sheets. Though, in two positions, different
amounts of a-helix/disordered structures were found (13% and
43%). Possible reasons for the appearance of this band on prG
are: (i) the spectra were taken at positions near the oxidized areas
(Fig. S4, prG spectrum 1–3, ESI†). Since prG and oxG are adjacent
(Fig. 1B) and Fmoc-Phe fibres can be several micrometres long,
it is possible that some cross the boundary between the two
surfaces. (ii) The dried sample transforms the 3D network to a
2D (Fig. 2). This could lead to the displacement of the fibres
from their original location in the 3D network. However, the
trend of solely b-sheet structures on prG is strong, and there is a
clear difference between the inputs of secondary structures,
depending on the surface oxidation.

Surface–monomer interactions. At the gel–SLG interface
system, the differences in hydrophobicity/hydrophilicity are
expected to result in secondary structure alterations of Fmoc-Phe.
A previous study reported a cytidine-based gelator which formed a
gel on hydrophobic/hydrophilic surfaces.21 The material had
a different Young’s modulus and diameter of fibres depending
on the surface’s hydrophobicity. In addition, different amyloid
peptides form fibrils preferably on hydrophobic surfaces,26,29

suggesting that distinct electrostatic interactions and hydrophobic
effects between the surface and the monomers are responsible for
the assembly event. Such effects apply to relatively few molecules
adsorbed on the surface. The monomer–surface interactions could
affect the self-assembly process alongside an entire fibre if its
formation starts from a nucleation point at the surface.
Depending on the spatial orientation of the molecules adsorbed

on the surface, i.e. the functional groups interacting with the
surface, different functional groups of the molecule point towards
the monomer solution. In this way, distinct nucleation points are
created. During the surface-mediated self-assembly, the subsequent
molecules interact with different functional groups, depending on
the spatial orientation of the monomer adsorbed on the surface.
The distinct interactions could lead to distinct secondary structures.
Regarding Fmoc-Phe, the self-assembly may start via p–p stacking
or hydrogen bonding. The surface hydrophobicity/hydrophilicity
could affect the preferred type of interaction.

To investigate the interactions between the two surfaces
(oxG and prG) and the Fmoc-Phe monomer, we performed
density functional theory (DFT) calculations to obtain the
adsorption energies (Eads) of the Fmoc-Phe monomer on oxG
and prG, respectively (Section S6, ESI†). By varying the distance
and orientation of Fmoc-Phe towards the two surfaces, we
aimed to identify the most stable configurations. Though the
model is calculated under a vacuum state, it gives insight into
the driving forces of molecular adsorption onto the surfaces.
On oxG, the Fmoc-Phe monomer tends to orient its polar
groups towards the oxygen-containing groups of the surface
(Fig. 5A–D). The distances between 2.2 Å and 3.0 Å (Table S2,
ESI†) and Eads between �0.63 eV and �0.77 eV indicate physi-
sorption and the formation of hydrogen bonds. Especially, the
carboxylic moiety (COOH) of Phe is involved in hydrogen
bonding. The reason for the surface–COOH interaction is likely
the sterically less hindered position of COOH compared to the
amide group, which is sterically shielded by the Fmoc and
phenyl aromatic moieties and COOH. When Fmoc-Phe adsorbs
on the surface in these orientations (Fig. 5A–D), the aromatic
moieties point towards the gelator solution and could generate
a nucleation site for further self-assembly via p–p stacking.

On the prG surface, the adsorption of Fmoc-Phe leads partly
to different orientations (Fig. 5E–H). Here, the aromatic moi-
eties play the main role during the DFT structure optimization.
With surface–monomer distances between 2.7 Å and 3.9 Å
(Table S2, ESI†) and Eads between �0.62 eV and �0.89 eV,
non-covalent interactions such as p–p stacking may contribute
to the physisorption. Indeed, parallel p–p stacking is observed
between prG and Fmoc or the phenyl ring (Fig. 5G and H,
respectively). By occupying the aromatic moieties of Fmoc-Phe
in surface–monomer interactions, the hydrophilic amide and
COOH groups could play a more significant role in initiating
the self-assembly of Fmoc-Phe beyond the surface. While, for
example, structures D (oxG) and G (prG) are different regarding
the orientation and adsorption-involving groups, structures A
and B on oxG appear similar to structures E and F on prG,
respectively. The observation of similar and distinct adsorption
orientations of Fmoc-Phe on both surfaces in DFT results
complements the obtained nano-FTIR results: The spectra of
the self-assembled structures on oxG and prG show both
similar and distinct bands. Thus, it is probable that the self-
assembly of Fmoc-Phe on prG and oxG is a surface-mediated
process.

Heterogeneity of the fibrous network. The nano-FTIR spectra
were recorded at the positions of fibre bundles and overlaying

Table 2 Input of sheet and helix/disordered structures for nano-FTIR
spectra of Fmoc-Phe fibre bundles on oxG and prG

#Spectrum Input sheet (%) Input helix/disordered (%)

oxG
1 87 13
2 74 26
3 52 48
4 62 38
5 67 33

prG
1 100 0
2 100 0
3 87 13
4 57 43
5 100 0
6 100 0
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fibres to obtain an adequate NF signal. To investigate the
potential polymorphic forms of the gelator in single fibres, a
series of MIR phase images were obtained of the Fmoc-Phe
fibres on prG. A fibrous network of low density was selected, at
the edge of the gel, to achieve adequate contrast in the images.
The imaging frequencies were selected to cover the amide II
(1546 cm�1), amide I (1600 cm�1, 1645 cm�1, 1672 cm�1 and
1699 cm�1) and off-amide vibrations (1720 cm�1) (Fig. 6A).
The topography and corresponding optical phase images are
presented in Fig. 6B–H. The three wide lines were visible in all
optical phase images, while not in the topography image
(Fig. 6H). These likely originate from defects or wrinkles of the
graphene monolayer, which were observed in the NF signal.48

Here, the signal overlapped with the signal of fibres deposited
in this area. The highest contrast between prG surface and the
fibre network was visible at frequencies of the b-sheet region
(1645 cm�1, 1672 cm�1 and 1699 cm�1), underpinning the
relevance of sheet-like secondary structures of Fmoc-Phe on prG.
Another frequency revealing a high contrast was that of 1600 cm�1.
This behaviour correlates with the intense band around 1600 cm�1

in all the recorded spectra on prG (for example, Fig. 6A). The
aromatic C–C stretching of the Fmoc and phenyl moieties could
give rise to this band.49,50

Overall, the detected vibrational modes occurred heteroge-
neously throughout the fibre network, as shown by the varying
intensity of the phase shift in Fig. 6C–H. To investigate if the
NF phase change was caused by height variations and the
accompanying varying number of molecules, a model fibre was
analyzed in detail (Fig. 6I, orange dashed line). The cross-sections
from the topography image and the optical phase images at
1645 cm�1 and 1699 cm�1 are shown in Fig. 6J. The phase profiles
do not follow the height profile linearly or inversely throughout
the cross-section. The two optical phase signals have a similar
magnitude in the yellow (entangled fibres) and blue highlighted
parts (single fibre) of the profile. In contrast, the height of the
entangled fibres is bigger compared to the single fibre. Thus, the
difference in optical phase signal intensity probably did not

originate from height variations but was due to differences, for
example, in the secondary structure of the material.

To investigate trends in absorption for single and entangled
fibres, all imaged frequencies were compared at specific location
points on the fibres (symbols in Fig. 6I). The optical phase
signals of these points were plotted against the imaging fre-
quency (Fig. 6K), leading to an optical phase profile. For each
data point in plot Fig. 6K, the optical phase values of 5 pixels
were averaged. The orange and blue plots (Fig. 6K) correspond to
the two single fibres, which form a coiled coil formation (repre-
sented by the black and green plots in Fig. 6K). The yellow plot
shows the signal at a different entanglement point. Each plot
has a different shape, meaning the signal profile is different.
However, the signal profiles of the black and green plots have a
similar shape except for one point (1699 cm�1). The signal
profiles of the two entanglement points (Fig. 6I, black and yellow
squares) do not correlate. Also, the signal profiles of the two
single fibres have different shapes. Indeed, these findings show-
case the heterogeneity of the fibrous network and support
previous findings of polymorphic forms in the Fmoc-Phe lyophi-
lized bulk gel.20 Moreover, our results demonstrate variations of
the secondary structure of Fmoc-Phe molecules at a single
fibre level.

Conclusions

In summary, we gained insight into the surface-mediated self-
assembly process of amphiphilic gelator Fmoc-Phe at the inter-
face of an SLG surface and highlighted the effect of graphene’s
laser-oxidation on gelation at the secondary and tertiary orga-
nization levels. Based on our findings, nano-FTIR can distin-
guish different secondary structures of supramolecular gels at
the nanoscale. The secondary structure of Fmoc-Phe fibres is
affected by the laser-oxidation of the SLG surface, which results
in different hydrophobic/hydrophilic surface areas. On the
hydrophobic prG, sheet-like structures dominate the network,

Fig. 5 Adsorption of Fmoc-Phe on oxG (A–D) and prG (E–H) surfaces (DFT study). Four of the energetically most stable structures are shown for each
surface. The corresponding adsorption energies are (A) �0.73 eV, (B) �0.77 eV, (C) �0.63 eV, (D) �0.65 eV, (E) �0.89 eV, (F) �0.66 eV, (G) �0.63 eV and
(H) �0.62 eV.
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while additional helical or disordered structures were observed
on hydrophilic oxG. Additionally, laser-oxidation can affect the
tertiary organization level (fibril–fibril interactions) of Fmoc-Phe.
The fibres appear rather straight on prG and curvy on oxG.
Supported by DFT calculations, the self-assembly of amphiphilic
Fmoc-Phe is a surface-mediated process, i.e., the self-assembly
process starts from the first layer of molecules adsorbed on the
surface.

In addition, the Fmoc-Phe gel on prG consists of a hetero-
geneous network, as observed at a single fibre level. Our results
are in accordance with previous findings on polymorphism in
Fmoc-Phe bulk gels. However, we prove that the heterogeneity
of the secondary organization level initiates at the nanoscale.
It is of note that the presented observations reflect the

experimental conditions and may change under different con-
ditions (i.e., different solvents, Fmoc-Phe concentration, or
sample volume).

In future, the surface effects on the physical properties of the
wet gel remain to be studied. We believe that a thorough
understanding of the interactions between a surface and an
ECM-biomimetic gel is crucial for the engineering of bioelec-
tronic interfaces, towards next-generation neuron–machine
connections.
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