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ABSTRACT 

Schirmer, Johanna 
Effects of two-photon oxidation for the development of graphene-bio interfaces 
Jyväskylä: University of Jyväskylä, 2023, 69 p. (+ included articles) 
(JYU Dissertations 
ISSN 2489-9003; 726) 
ISBN 978-951-39-9845-5 (PDF) 

The discovery of graphene’s excellent electronic properties established a research 
field towards creating graphene-based neural interfaces. Indeed, graphene can 
record neuronal activity, which is itself based on electrical signals. An active 
neuronal network is crucial for building a graphene-neuron interface, and is 
heavily dependent on the environment of the neuron, which consists of a gel-like 
matrix. Several factors, such as matrix stiffness and protein layers have been 
shown to affect the formation of the network. In the past decade, two-photon 
oxidation (2PO) of graphene was established as an all-optical, nanoscale method 
that introduces hydroxyl and epoxide groups on the graphene surface, while 
preserving the carbon network and the adjacent pristine graphene. In this thesis, 
the effects of 2PO of graphene on attached proteins and a supramolecular 
hydrogel were studied. Two well-known model proteins, horseradish peroxidase 
(HRP) and bovine serum albumin, were investigated regarding their noncovalent 
immobilization on pristine and 2PO graphene surfaces. Additionally, the 
enzymatic function of HRP immobilized on graphene was studied. The 
supramolecular hydrogel was analyzed regarding its stiffness, the incorporation 
of graphene oxide flakes into the gel and the surface-mediated self-assembly on 
pristine and 2PO graphene surfaces. The results present 2PO as a tool to tune 
protein immobilization and function, and its effect on the supramolecular self-
assembly of an amino acid based amphiphile. Overall, this thesis contributes to 
the knowledge about surface-related effects towards graphene-bio interfaces.  

Keywords: graphene, two-photon oxidation, graphene-bio interface, protein, 
supramolecular hydrogel 
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Grafeenin erinomaisten elektronisten ominaisuuksien löytäminen loi 
tutkimusalan grafeeniin perustuvien hermorajapintojen luomiseksi. Grafeeni voi 
todellakin mitata hermosolujen aktiivisuutta, joka itse perustuu sähköisiin 
signaaleihin. Aktiivinen hermosoluverkko on ratkaisevan tärkeä grafeeni-
neuronirajapinnan rakentamiselle, ja se on voimakkaasti riippuvainen 
hermosolujen ympäristöstä, joka koostuu geelinkaltaisesta matriisista. Useiden 
tekijöiden, kuten ympäröivän matriisin jäykkyyden ja proteiinikerrosten, on 
osoitettu vaikuttavan verkoston muodostumiseen. Viimeisen vuosikymmenen 
aikana grafeenin kaksifotonihapetus (2PO) on kehittynyt täysin optiseksi, 
nanomittakaavan menetelmäksi, jonka avulla voidaan funktionalisoida 
hydroksyyli- ja epoksidiryhmiä grafeenin pinnalle säilyttäen yhtenäinen 
hiiliverkosto hapetetulla alueella samalla kun hapettamattoman grafeenin 
rakenne säilyy täysin muuttumattomana. Tässä opinnäytetyössä tutkittiin 
grafeenin kaksifotonihapetuksen vaikutuksia siihen kiinnitettyihin proteiineihin 
ja supramolekulaariseen hydrogeeliin. Kahta hyvin tunnettua malliproteiinia 
tutkittiin liittyen niiden ei-kovalenttiseen immobilisaatioon muokkaamattomille 
ja kaksifotonihapetetuille grafeenipinnoille. Lisäksi tutkittiin grafeeniin 
immobilisoidun piparjuuriperoksidaasin entsymaattista toimintaa. 
Supramolekulaarista hydrogeeliä analysoitiin sen jäykkyyden, 
grafeenioksidihiutaleiden sisällyttämisen geeliin ja pintavälitteisen 
itsejärjestäytymisen suhteen muokkaamattomilla ja kaksifotonihapetetuilla 
grafeenipinnoilla. Tulosten mukaan kaksifotonihapetus toimii työkaluna, jonka 
avulla voidaan säätää proteiinien immobilisaatiota ja toimintaa sekä 
aminohappopohjaisen amfifiilin supramolekulaarista itsejärjestäytymistä. 
Kaiken kaikkiaan tämä opinnäytetyö lisää tietoa pintailmiöistä liittyen  grafeeni-
biorajapintojen kehittämiseen. 

Avainsanat: grafeeni, kaksifotoninen hapetus, grafeeni-biorajapinta, proteiini, 
supramolekulaarinen hydrogeeli 
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lab. It was a privilege to work with all of you. Also, I would like to thank the 
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1 INTRODUCTION 

The human body is a complex organism, in the center of which is the brain.1 
Together with the spinal cord and billions of nerves, it forms the nervous system 
and coordinates all the actions of the body. From vital functions like breathing 
and temperature control to all our movements, memories and feelings, 
everything is controlled by the nervous system. It creates our reality. Accordingly, 
the tissue of the nervous system – the neural tissue – is very complex, and injuries 
or malfunction can have a huge impact on the life of a human. For this reason, 
research towards neural interfaces for implants and neuroprosthetics has long 
been a research field of enormous interest.2 In fact, the first neuroprosthetic 
device was developed in 1972: the cochlear implant, which improves the hearing 
ability of the patient. Since then, neuroprosthetics have been developed further 
until this year (2023), when a man was able to naturally walk after a spinal cord 
injury that left him with tetraplegia, thanks to brain and spine neural interfaces.3 

Existing neural interface systems usually communicate with the nerve cells 
(neurons) through microelectrode arrays containing many small electrodes that 
receive and transmit signals.4 The devices commonly consist of materials that are 
much stiffer than the brain tissue. This causes tissue damage during the 
implantation, and poor cell adhesion and proliferation are observed. In recent 
years, research towards less stiff, flexible implants has expanded.4,5  

In 2004, the exceptional electronic properties of the “miracle material” 
graphene were discovered.6 Among the various proposed applications of this 
two-dimensional honeycomb carbon film was the improvement of the electronic 
performance of neural implants using graphene field-effect transistors (GFETs) 
instead of the many metal electrodes in an array.7 However, the interactions 
between the graphene surface and the natural or artificial biomaterial need to be 
understood to develop functional and safe devices. 

This thesis is part of a bigger project, which aims to create graphene-based 
interfaces for neuro applications. The included studies were performed to 
understand the effect of the graphene functionalization on surface interactions at 
the molecular level. However, the goal of creating an interface between a 
working graphene device and functional neurons was omnipresent in each step. 
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At the beginning of this introductory chapter, the biological background of 
the neural tissue in humans and the possibilities and requirements for neural 
interfaces are explained to show the broader context of this work. Secondly, low-
molecular-weight supramolecular hydrogels as a possible artificial extracellular 
matrix are introduced, including surface-related effects on the gel network. Then, 
structure, properties and biological applications of graphene are introduced. 
Especially protein immobilization and the effects of graphene on self-assembly 
events are reviewed. Finally, the aims of this project are presented. 

1.1 Biological background of the project 

1.1.1 Neurons in their natural environment 

Neurons are the main component of the nervous system in vertebrates. They 
forward sensory and actional signals through the whole body; thus, their 
functioning is crucial for the living organism.1 The nervous system is further 
divided into the central nervous system (CNS), which involves the brain and the 
spinal cord, and the peripheral nervous system (PNS), which mainly consists of 
nerves.8 An enormous network of neurons exists in the neural tissue: In the 
human brain, there are more than 1011 neurons, each connected to a thousand 
other neurons on average. To build up this huge network, neurons have a specific 
shape (FIGURE 1a): The cell body, which includes the nucleus, has many thin 
extensions, the dendrites, that radiate into the neural tissue. One-to-few long 
axons grow from the cell body and cause the elongated shape of the neuron. The 
length of an axon in an adult human can vary from below one millimeter to above 
one meter. The nerves in the PNS are bundles of these long axons that connect 
the CNS with every sensing part of the body. At the end of the axon, the cell 
branches again into many thin extensions. Due to all these thin extensions in the 
cell body and at the axon terminal, neurons can build their unique network and 
communicate through the whole body.  

Neuronal signals are transmitted intracellularly by membrane potential 
changes and intercellularly by neurotransmitter molecules.8 The signal 
transmission happens at the synapses, where an axon terminal extension of the 
presynaptic neuron is close to a dendrite of the postsynaptic neuron (FIGURE 1b). 
The membrane potential change arrives at the axon terminal of the presynaptic 
neuron and causes calcium channels to open, which leads to an influx of Ca2+ 
ions from the extracellular space. This in turn causes vesicles containing 
neurotransmitter molecules to release their cargo into the synaptic cleft via 
exocytosis, i.e., the fusion of the vesicle and cell membrane. The neurotransmitter 
molecules move the relatively short distance (≈ 20 nm1) between the two cells and 
bind to transmitter-gated ion channels, which open only upon binding of specific 
molecules. Next, sodium, calcium or potassium ions enter the postsynaptic 
neuron, causing another change in the membrane potential. If this process 
happens at many synapses, the overall change in the membrane potential leads 
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to the formation of an action potential, which is further transmitted through the 
axon by voltage-gated Na+ channels. 
 

 

FIGURE 1 Schemes of a neuron and the neuronal signal transmission: (a) A neuron inside 
the brain, including cell compartment definitions. (b) Signal transmission from 
the presynaptic neuron (pink) to the postsynaptic neuron (orange) via neuro-
transmitters (blue). (c) Intracellular action potential propagation through the 
axon. (d) The extracellular matrix as a gel-like network of various components. 
The colored font indicates the described components. 

In the axon, the abovementioned membrane potential change upon the influx of 
cations causes the opening of voltage-gated Na+ channels (FIGURE 1c).8 The 
resulting Na+ influx leads to a further change of the membrane potential and the 
opening of more voltage-gated Na+ channels. The open channels will be 
inactivated automatically after a short period of time and stay inactive until the 
membrane potential has returned to its initial value. Thus, the signal 
transmission can only proceed in one direction by opening further closed – but 
not inactive – channels. The so-called myelin sheaths (FIGURE 1a) cover and 
insulate parts of the axon, which allows the action potential to jump from one 
myelin-free membrane node to another. Once the action potential reaches the 
axon terminal, it will again induce Ca2+ influx and neurotransmitter release. In 
this way, a signal is transmitted through the network of nerve cells in the whole 
human body to the desired destination, for example a muscle cell, with an 
intracellular speed of 100 meters per second or more. 

A viable and functional neuronal network, however, requires more than the 
neurons themselves and other cell types. In any tissue of the human body, the 
cells are surrounded by a network of mainly proteins and sugars, the 
extracellular matrix (ECM, FIGURE 1d).8 The components of the ECM are 
produced and secreted by the cells themselves. In the extracellular space, the 
molecules self-assemble and form a matrix with tissue-specific viscoelastic 
properties. For example, the ECM of teeth and bones is very stiff compared to the 
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soft ECM of neurons in the brain, which consists of collagen, laminins, and 
hyaluronic acid, among others. The ECM conducts several functions: It holds a 
tissue together, guides cells during the growth of the body and is a place of 
intercellular communication, as described above for the synapses. 

Overall, the nervous system is a complex composite material crucial for any 
sensing and action mechanism in the human body. A vast number of cells, 
proteins and ions contribute to its function and thus the living of humans. 

1.1.2 Neural interfaces 

The processes and tissue composition of the neural tissue are very complex and 
specific, as explained above. However, from a chemist’s perspective, they can be 
broken down into reaction steps and material properties.  

The signal transmission can be divided into three steps: At the dendrite, the 
neuron acts like a sensor specific to certain small organic molecules 
(neurotransmitters). The intracellular transmission of the signal is induced by a 
change of potential, i.e., an electric stimulus, that is transmitted to the other end 
of the neuron. At the axon terminal, the neuron increases the concentration of 
neurotransmitters in the synaptic cleft. To mimic these processes and to 
communicate with neurons, electronic devices and artificial neurotransmitter 
sensors can be used.  

The ECM components in the brain are secreted by the cells themselves if 
they are viable and functional. An artificial ECM could support neuronal growth 
and regeneration after injuries, but it must meet tissue-specific requirements for 
the viscoelastic properties, as neuronal growth was shown to depend on the 
matrix stiffness in cell cultures.9–11 In fact, Georges et al.9 found that if the matrix 
stiffness is comparable to the brain tissue (Young’s modulus 0.1 kPa to 1 kPa12), 
the growth of neurons in a cell culture is preferred compared to the growth of 
glial cells, which are part of the neural tissue as well but cannot transmit signals. 
Kayal et al.10 showed that neurons change their orientation and branching 
behavior upon changing matrix stiffness. These results highlight the importance 
of the viscoelastic material properties with regard to therapeutics for brain 
injuries. Once the neuronal network is functional, it will produce its own ECM. 
In this stage, it would be beneficial if the artificial ECM degrades by automatic or 
enzymatic degradation. Thus, the requirements for an artificial ECM are 
biocompatibility, biodegradability and matching viscoelastic properties with the 
target tissue.  

In conclusion, the artificial surface and environment must be able to 
support the growth of a functional neuronal network close to the surface, detect 
signals from the neurons (neurotransmitter concentration changes), induce 
electric stimuli to the neurons and stay intact as long as it is in contact with the 
neural tissue. 



 
 

17 
 

1.2 Low-molecular-weight supramolecular hydrogels 

Gels have sparked research interest in chemistry, physics, biology and materials 
science due to their versatile applications and tunable properties. They are 
omnipresent in the daily life in the form of, for example, food products like jelly, 
cosmetic products like hair gel and the gel-filling in bicycle saddles. An 
important part of the human body, the ECM of soft tissues (see section 1.1), is a 
gel as well. For this reason, gels are studied for biomedical applications. In this 
chapter, the concept, structure and possible biomedical applications of low-
molecular-weight supramolecular hydrogels will be reviewed, followed by an 
introduction to surface-mediated self-assembly. 

1.2.1 Structure and potential applications 

By definition, a gel consists of at least two components: a liquid that is present in 
a substantial amount and a crosslinked substance.13 Additionally, it has to be a 
soft, solid or solid-like material with certain viscoelastic properties. Depending 
on the nature of the solvent, gels can be divided into hydrogels and organogels. 
In the case of hydrogels, the solvent is water or other aqueous liquids such as 
buffer solutions. The crosslinking can be chemical (covalent) or physical 
(noncovalent), and each has its advantages, depending on the intended 
application of the gel.14 Chemically crosslinked gels are more stable due to the 
formation of permanent covalent bonds and robust to chemical modification and 
dissolution. A physically linked gel, on the other hand, provides reversibility 
(degradability), mild gelation conditions and easy incorporation of biomolecules. 
The physical interactions underlying the gel formation can include hydrogen 
bonding and π-π stacking, among others, depending on the chemical structure of 
the gelator molecules. 

 A physical gel formed by noncovalent interactions between amphiphilic 
low-molecular-weight gelator (LMWG) molecules is a supramolecular gel.15 
LMWGs hierarchically self-assemble in solution upon certain stimuli, mostly into 
fibers (FIGURE 2). The stimuli include pH and temperature changes and 
sonication. Initially, the LMWG molecules self-assemble in one or two 
dimensions (primary structure).16 Subsequently, aggregates such as fibers or 
ribbons are formed (secondary structure). The interactions between these 
aggregates further describe the tertiary structure of the gel. The solvent is 
entrapped in between the aggregates, which makes the resulting material a gel. 
The properties of this gel depend on several parameters, such as the LMWG 
chemical structure, its concentration, the solvent, and the stimulus.  
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FIGURE 2 The gelation process and structural levels in a LMW supramolecular hydrogel. 
The double-sided black arrows and black circles indicate the interactions at 
each organizational level. 

A biologically interesting group of LMWGs is the peptide amphiphiles. They 
consist of one to a few biocompatible amino acids linked via peptide bonds and 
modified with hydrophobic moieties, such as lipid tails or the 
fluorenylmethyloxycarbonyl (Fmoc) group.17,18 The large number of possibly 
biocompatible amino acid based LMWGs and biocompatible solvents, such as 
buffer solutions, have led to a variety of possible biological applications for the 
resulting hydrogels. These include tissue engineering,19 cell culturing20 and 
therapeutics21,22. As mentioned above, the intended application of the gel defines 
the desired mechanical and chemical properties. For example, for tissue 
engineering, the hydrogel must be sufficiently strong to support cells and 
chemically resistant to in vivo stress, for instance, through enzymatic degradation 
and pH changes. When used in therapeutics or as ECM mimic for neural 
interfaces, on the other hand, the gel might be intended to degrade in the body 
after a successful therapy or neuronal network formation, respectively. The 
tuneability of the self-assembly and the gel’s properties opens the possibility for 
application-specific material engineering. The existing results involving LMW 
supramolecular hydrogels in biological applications are promising. However, 
the research field is relatively young, with the first peptide amphiphile self-
assembly reported in 2001,23 which is why some gelation-affecting parameters 
are not yet fully understood. These need to be elucidated to develop safe and 
reliable biomaterials. 

1.2.2 Surface-mediated self-assembly 

The gelation process of supramolecular hydrogels is sensitive to several factors, 
like the parameters mentioned above, but also the size and volume of the gelation 
container and the surface on which the gelation event takes place.24,25 In fact, 
surface-mediated self-assembly has become a research field of its own in recent 
years. It explores self-assembly processes that are affected by certain surface 
properties.  

Studies usually describe the effects of changing specific surface properties 
on the different levels of self-assembly (FIGURE 2). The properties include 
hydrophilicity/hydrophobicity, surface charge and physical properties like 
topography and roughness.25 The effects describe initiation/inhibition and 
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acceleration/deceleration of the self-assembly, and controlling the shape of the 
self-assembled structures, their orientation, and their mechanical properties. For 
example, Angelerou et al.26 have shown the effect of the surface 
hydrophilicity/hydrophobicity on the fiber diameter and Young’s modulus of a 
LMWG hydrogel. The cytidine-based hydrogel on the hydrophobic surface is 
stiffer and consists of thicker fibers than the gel on the more hydrophilic surface. 
In another study, Yang et al.27 demonstrated that by changing the surface charge, 
one peptide amphiphile can self-assemble into two different hydrogels with 
distinct viscoelastic properties and secondary and tertiary structures. 
Interestingly, both hydrogel forms were observed on the same sample in a 
relatively small volume (350 µl) after photopatterning of the surface. These 
results highlight the importance of the surface as an initiating platform for the 
self-assembly. 

Surfaces are omnipresent during self-assembly events in the laboratory and 
in nature in the form of, for example, vials, flasks, flat surface samples or cell 
membranes. Though it is well known that the surface can affect self-assembly 
events in various ways, the observations are not yet fully understood. For a more 
in-depth elucidation, systematic studies of surface property effects on 
supramolecular self-assembly and their synergies are needed. Additionally, the 
range of the effects, i.e., the question of how far from the surface the effect persists, 
remains a rather open question, while the first results indicate a limited range.26 
By understanding the surface-related effects on supramolecular self-assembly, 
the surface can become a tool to design new materials for specific applications. 

1.3 Graphene 

Graphene is a two-dimensional material consisting of a single layer of carbon 
atoms in a hexagonal honeycomb lattice (FIGURE 3). Theoretically, the material 
has been studied for a long time: In 1947, P. R. Wallace predicted the electronic 
structure of graphene.28 Afterwards, more theoretical and observational studies 
about single-layer graphene have been published.29–32 However, the “graphene 
rush” started in 2004, when it was characterized for the first time by Andre Geim 
and Konstantin Novoselov, who received the Nobel Prize in Physics in 2010 for 
their groundbreaking experiments with graphene.6,33 Since 2004, graphene has 
been a material of high interest to the scientific community, due to its exceptional 
properties. In this chapter, the structure, selected properties and characterization 
of graphene and graphene oxide (GO) will be reviewed, together with 
approaches for biological applications of and protein immobilization on the 
graphene-based materials (GBMs). Finally, the effects of graphene and graphene 
oxide on supramolecular self-assembly will be presented.  
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FIGURE 3 Graphene as a two-dimensional material (left) and its atomic structure (right, 
bond length ≈0.142 nm). 

1.3.1 Structure and selected properties of graphene and graphene oxide 

The outstanding electrical, mechanical and optical properties of graphene are 
based on its unique structure. The carbon atoms in graphene are sp2-hybridized, 
with three sp2-orbitals in one plane and one p orbital perpendicular to this plane 
(FIGURE 4a).34 The three sp2-orbitals are involved in σ-bonds to three carbon 
atoms, with a bond length of 0.142 nm and bond angles of 120°. The electrons in 
the p-orbitals of all conjugated carbon atoms form a delocalized π electron system, 
or π- (valence) and π*- (conduction) bands, over the whole lattice. Through this 
atomic structure, graphene is highly hydrophobic, and electrons can move easily 
over long distances in the graphene plane. 

 

 

FIGURE 4 Structural features of graphene and GO: (a) Hybridization of the carbon atoms 
in the graphene lattice, (b) the two sublattices A and B and the unit cell con-
sisting of two carbon atoms, (c) Brillouin zone of graphene, (d) band structure 
of graphene with a zoom to one Dirac cone, and (e) example structure of GO. 
(d) Electronic properties and quantum transport in Graphene-based nanostructures.35 
Copyright 2009 EDP Sciences, SIF, Springer-Verlag Berlin Heidelberg.  
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The unit cell of graphene contains the two carbon atoms, A and B (FIGURE 
4b), and the material can be described as a hexagonal lattice with a two-atom 
basis. The Brillouin zone of graphene is a hexagon and contains the inequivalent 
high symmetry points K and K’ (FIGURE 4c). There are six Dirac points at the K 
and K’ points, with the valence band and the conduction band touching at the 
Fermi energy level, which makes graphene a zero-gap semimetal (FIGURE 4d). 
In this model, the valence band is fully occupied, while the conduction band is 
empty at zero temperature.  

By positive or negative doping of the graphene sheet, the Fermi energy can 
be tuned continuously to induce electrons or holes, respectively. The charge 
carrier mobility is outstanding and remains high even at room temperature and 
high doping.36,37 For comparison, crystalline silicon, a commonly used 
semiconductor in electronics, has a charge carrier mobility in the order of 
103 cm2· V-1· s-1 at room temperature, while graphene has one on the order of 
105 cm2· V-1· s-1.38 However, for devices with a Si/SiO2 substrate, the interactions 
between graphene and its support material can decrease the mobility by one 
order of magnitude and induce p-type doping.39,40  

In addition to the excellent electronic properties, graphene is mechanically 
robust. A single-crystalline free-standing graphene layer has shown a high 
elasticity with a Young’s modulus of approximately 900-1000 GPa.41 These 
unique electronic and mechanical properties make graphene a promising 
material for electronic devices in general.36 Another remarkable property of 
graphene is its visual transparency,42 which makes it an interesting material for 
the development of transparent devices, such as organic light emitting diodes43 
and transparent conductive electrodes for organic solar cells44. 

The properties of the perfect honeycomb graphene lattice change for its 
derivative GO. The synthesis of GO was reported for the first time in 1859 by 
Benjamin Brodie,45 88 years before the first theoretical description of graphene 
itself. Brodie, however, did not describe his discovery as graphene oxide but as 
“graphon”, a new form of carbon. In this material, a part of the carbon atoms is 
sp3-hybridized and bound to oxygen atoms, introducing hydroxyl, epoxide, 
carbonyl, or carboxyl groups to the graphene lattice (FIGURE 4e). The carbon 
atoms at the edge of the graphene sheet are especially prone to functionalization 
because they are not surrounded by the stable sp2 carbon lattice. Depending on 
the synthetic method and the extent of the oxidation, the amount and type of 
oxygen-containing functional groups vary.46  

The incorporation of oxygen-containing functional groups changes the 
properties of graphene. The hydrophobicity of the material decreases, which 
opens possibilities for the use of GO in aqueous media and for further covalent 
and noncovalent functionalization with, for example, proteins47–49 or drugs50. 
Herein, noncovalent immobilization is based on hydrogen bonding, van-der-
Waals interactions and π-π stacking, while covalent approaches include the 
formation of ester or amide bonds. The change from sp2 to sp3 hybridization for 
some of the carbon atoms also affects the delocalized π electron system. As a 
result, a band gap opens between the valence and conduction band, which makes 
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highly oxidized GO an insulating material.51 It has been shown that this band gap 
decreases with a decreasing number of oxygen-containing groups during the 
reduction of GO.51,52 Thus, the oxidation and reduction of graphene opens the 
possibility to tune the band gap of the material. 

1.3.2 Two-photon oxidation of graphene 

The oxidation of single-layer graphene can be achieved via femtosecond laser-
induced two-photon oxidation (2PO). This method was described for the first 
time in 2015 by Aumanen et al.53 and presents an all-optical tool to tune the 
properties of graphene. 

In detail, single-layer graphene – suspended or on a Si/SiO2 substrate – is 
irradiated in ambient conditions with a femtosecond laser in user-defined, 
nanoscale patterns. The process involves two photons and oxygen and water 
molecules from the air, which dissociate prior to the formation of covalent bonds 
with the graphene carbon atoms. In this way, primarily epoxide and hydroxyl 
groups are introduced to the single-layer graphene surface.54 While the 
hybridization of a part of the carbon atoms changes from sp2 to sp3 in the 
irradiated areas, the carbon network stays intact, and the adjacent non-irradiated 
pristine graphene is retained. The oxidation level can be tuned by changing the 
pulse energy and the irradiation time during the oxidation. At lower oxidation 
levels, hydroxyl and epoxide groups are present on the oxidized surface. At 
higher levels, carboxylic groups can also be detected, but hydroxyl and epoxide 
groups remain the dominating species.  

2PO of graphene additionally introduces a band gap in the material, which 
increases with an increasing oxidation level and opens the possibility to fabricate 
graphene with conducting and insulating states adjacent to each other. Thus, the 
method allows tuning the hydrophilicity and the electronic properties of the 
graphene surface without the loss of the carbon network. It promises the 
development of user-defined, nanoscale all-graphene devices. Recently, 2PO was 
used as a tool to tune the sensitivity of GFETs for pH sensing55 and to achieve 
area-selective atomic layer deposition of zinc oxide56. These results demonstrate 
the possibilities of 2PO for device development and surface chemistry. 

1.3.3 Characterization of graphene and graphene oxide 

Graphene and GO can be characterized by various spectroscopic and microscopic 
methods. Raman spectroscopy has become one of the most important analytic 
tools of graphitic materials in general, as it reveals the quality of the sample while 
being non-destructive. X-ray photoelectron spectroscopy shows chemical 
modifications and the sp2/sp3 ratio of the GBM. Some functionalized derivatives, 
such as GO, can be studied with infrared (IR) spectroscopy. To visualize 
graphene, atomic force (AFM), transmission electron (TEM) and scanning 
electron (SEM) microscopy have been used. In this chapter, the two most 
important methods for GBM characterization during this project, Raman 
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spectroscopy and AFM, will be explained regarding single-layer graphene 
samples, 2PO and GO. 

1.3.3.1 Raman spectroscopy 

Raman spectroscopy is an important and powerful tool in studying the quality 
of graphene and its derivatives.57 The visible Raman spectrum of graphitic 
materials is dominated by the sp2 domains of the sample because visible 
excitation is resonant with the π states of the material.58 Among others, 
defects,58,59 doping,58,60 strain61,62 and oxidation53,63 of the graphene lattice can be 
detected and analyzed with this technique. The Raman spectrum of single-layer 
pristine and oxidized graphene (FIGURE 5a) contains several bands 
characteristic for the graphene lattice itself and the beforementioned effects on it. 
The four main bands, G, 2D, D and D’, and their fundamental processes will be 
explained in this chapter.  

The G band at ≈1580 cm-1 (for pristine graphene) originates from in-plane 
stretching of the sp2 C-C bonds in the graphene lattice. It is based on a first order 
Raman scattering process (FIGURE 5b) and is present in all poly-aromatic carbon 
materials.58 However, the band shape and position of the G band varies 
depending on the material properties. The 2D band at ≈2700 cm-1 forms on a 
second order process involving two phonons and two inelastic scattering events 
between the K and the K’ points (intervalley process, FIGURE 5c). For single-
layer graphene, the band shows a Lorentzian shape. An increasing lattice 
disorder induces a decrease in the 2D band intensity.56 The G and 2D bands are 
very prominent in the Raman spectrum of pristine graphene (FIGURE 5a). 
Disorders in the graphene lattice, induced by, for example, edges, domain 
boundaries or 2PO, give rise to defect-related Raman bands.53,64 The D band at 
≈1350 cm-1 is based on a similar second-order process as the 2D band. However, 
one scattering event is inelastic by a phonon and the other one is elastic by a 
defect (FIGURE 5d). Similarly, the D’ band at ≈1620 cm-1 originates from a 
second-order process, which involves a phonon and a defect scattering event 
(FIGURE 5e). In contrast to the D band, it is an intra-valley process because it 
connects two points at the same K or K’ point.  

By analyzing the intensities, widths, and shapes of these four main Raman 
bands of graphene, the quality and functionalization of the graphene sample can 
be obtained. To evaluate the quality of a single-layer graphene sample, the ratio 
of the D band and G band intensity (I) and the width of the 2D band are 
commonly used. The Raman spectrum of a high-quality pristine graphene 
sample has a low ID/IG ratio and a narrow 2D band. 
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FIGURE 5 Raman characterization of graphene and oxidized derivatives: (a) Typical Ra-
man spectra of pristine graphene, 2PO graphene with low and high oxidation 
levels and GO flakes with the characteristic bands. Raman scattering processes 
for the (b) G (c) 2D (d) D and (e) D’ bands. Inelastic phonon scattering is indi-
cated by the dashed lines and elastic defect scattering by the dotted lines. 

2PO of graphene (chapter 1.3.2) introduces oxygen-containing functional groups 
to the graphene surface.53,54 Consequently, the hybridization of the affected 
carbon atoms is converted from sp2 to sp3, which equals a defect introduction to 
the graphene lattice. Additionally, due to the higher electronegativity of oxygen 
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compared to carbon, 2PO induces p-type doping to the graphene lattice. These 
effects are directly visible in the Raman spectrum of the material (FIGURE 5a). 
The induced p-type doping can shift the G band to a higher Raman shift and 
lower the ID/IG ratio.60 The increasing defect density on the surface has several 
effects on the Raman spectrum: (i) The intensity of the D and D’ bands and the 
corresponding ID/IG ratio initially increase.65,66 At higher defect densities, 
however, the ID/IG ratio decreases again. (ii) With increasing lattice disorder at 
higher oxidation levels, the intensity of the 2D band decreases.56 (iii) The G band 
broadens upon increasing lattice disorder. The ID/IG ratio, together with the 
width of the G band, can be used to quantify defects and, in the case of 2PO, to 
estimate the oxidation level.56,65–67  

In commercially available GO flakes, the oxidation is more extensive than 
for a 2PO single-layer graphene and dominated by carboxylic groups at the edge 
of the flakes. Caused by the functional groups and the relatively large amount of 
graphene edges in the GO flakes, the defect-induced bands are naturally intense 
(FIGURE 5a).57  

Overall, Raman spectroscopy is sensitive to chemical and electronical 
changes of graphene samples and is therefore a powerful tool to study graphitic 
materials and their functionalization. 

1.3.3.2 Atomic force microscopy 

The topography of a graphene surface can be studied by AFM. In this technique, 
the sample is scanned by a sharp tip (nanometer range) attached to a cantilever.68 
Upon topographic changes on the sample surface, the tip and consequently the 
cantilever will move, which is detected by a laser reflecting from the upside of 
the cantilever.  

There are different AFM operation modes.68 In the contact mode, the tip is 
constantly in contact with the sample. While this provides a high-resolution 
image, it is also likely to scratch and damage the sample and blunt the tip. 
Another more sensitive mode is the tapping mode. Here, the tip and cantilever 
initially oscillate at the cantilever’s resonant frequency. The contact between the 
tip and the sample is very short and less destructive. Upon topographic changes 
on the sample surface, the oscillation frequency of the cantilever changes, which 
is again detected by the laser reflecting from the upside of the cantilever. The 
vertical resolution of AFM can be as low as 0.01 nm, which makes it a suitable 
tool to study relatively smooth surfaces and detect even small topography 
changes.  

On a single-layer graphene sample, AFM can reveal surface roughness and 
topographical defects such as grain boundaries and double layer domains. 
Additionally, AFM can visualize the functionalization of graphene with, for 
example, proteins,47,69 peptides69,70 or 2PO67. The 2PO graphene surface can be 
distinguished from pristine graphene in AFM images due to its elevation of 
typically one to two nm compared to the adjacent pristine graphene.67,71 With its 
ease of use in ambient conditions and sensitive sample treatment, AFM is an 
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important tool for surface characterization, especially after surface 
functionalization with biomolecules. 

1.3.4 Graphene in biological applications 

Soon after the discovery of graphene’s electronical properties, single-layer 
graphene and GO were functionalized with biomolecules towards graphene-
based biosensors and biotransistors.72,73 In 2008, Mohanty and Berry reported the 
functionalization of GO- and graphene-amine-Si/SiO2 devices with single-
stranded DNA and a gram-positive bacterium.72 The conductivity of the 
graphene-based surface changed upon functionalization and was sensitive even 
to a single bacterial cell. Two years later, GO was used to sensitively quench the 
fluorescence of unbound peptides compared to protein-bound peptides and thus 
showed its great potential for biosensing applications.73 Based on these early 
results, graphene-bio interfaces have established a research field of their own, 
including, for example, biosensing, cell culture, antimicrobial effects, implants 
and neural interfaces.74–80  

1.3.4.1 Biocompatibility 

A crucial factor towards the use of graphene and GO in any biological application 
is their biocompatibility. Herein, the intended use of the GBM defines the 
prerequisites for its biocompatibility.81 For example, in drug delivery, the GBMs 
should transport the drug to the desired location, followed by excretion, directly 
or indirectly via degradation. Conversely, implants require the GBM not to 
degrade or delaminate from the implant while in contact with the body. Since the 
graphene-bio research is in its infancy, there are no studies about the long-term 
response of the human body to GBMs. Existing reports about the responses of 
rats and mice to GBMs are conflicting: Cytotoxic and inflammatory effects were 
reported, as well as a harmless urinary excretion.82–84 For example, a study 
involving a retinal graphene implant showed no cytotoxic effects during 90 days 
in rats.85 These conflicting results may originate from different material 
properties in the studies. Indeed, surface chemistry and reactivity, agglomeration, 
thickness and lateral dimensions, as well as the presence of biomolecules and 
chemical contamination, were reported to affect the cytotoxicity of GBMs.81,86 The 
abovementioned properties are highly affected by the production of the material: 
A graphene layer transferred to another substrate with poly-methyl methacrylate 
(PMMA) could be cytotoxic or proinflammatory due to PMMA residues.87 For 
GO flakes, the extent of oxidation and proportions of the oxygen-containing 
functional groups are not homogeneous for the most common synthesis routes.88 
Thus, when considering biological applications of graphene and GO, the 
biocompatibility prerequisites should be taken into account and tested at an early 
stage for each specific GBM. The research regarding the biocompatibility of 
GBMs and the effects of their properties towards safe devices for medical 
applications, such as neural interfaces, is ongoing.86,89,90 
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1.3.4.2 Graphene-neuron interface 

The communication inside and between neurons relies on electrical and chemical 
signals (see section 1.1.1). Due to the high charge carrier density and mobility of 
graphene, it is a promising material to construct a neuronal interface, which 
measures and transduces the neuronal signals in order to record or stimulate 
brain activity. In 2017, the brain activity of rats was recorded with a solution-
gated GFET array in vivo by placing the device on the brain tissue.5,91 Meanwhile, 
this device has been tested in a sheep and the first human clinical trials are 
scheduled for late 2023.92–94 This will be the first contact of a human with a 
graphene-based neural interface. While these results move towards whole-tissue 
recording with millimeter-sized devices, cell and molecular-level studies 
investigate the effects of graphene on a few neurons and their environment at the 
graphene-neuron interface. It was reported that a single-layer graphene surface 
can modulate the excitability of attached neurons, presumably by trapping 
cations at the surface.95 Additionally, it was shown that graphene and GO-based 
surfaces in cell cultures enhance the differentiation of stem cells into neurons.96,97 
To obtain the differentiated neurons on graphene, the surface was functionalized 
noncovalently with laminin, a protein ubiquitous in the neural ECM.96 It was 
found that the laminin-related receptors were significantly upregulated on the 
graphene surface compared to the control surface. The differentiated neurons on 
graphene were successfully stimulated by applying a voltage through the 
graphene surface and the laminin layer. These results highlight (i) the sensitivity 
of the neurons to their environment and (ii) the possible current transmission 
through the protein layer. Indeed, protein immobilization on graphene devices 
is beneficial for neuronal interfaces and cell cultures, and fundamental in 
graphene-bio interfaces in general. 

1.3.5 Protein immobilization on graphene and graphene oxide 

Proteins are biomolecules consisting of at least one peptide chain, which consists 
of many covalently bonded amino acids.8 The amino acid sequence is specific for 
each protein and defines the secondary and tertiary structure of the protein, i.e., 
the folding and interactions between distinct amino acids or peptide chains, 
respectively. The most common secondary structure motifs in proteins are the α-
helix and the parallel and antiparallel β-sheets (FIGURE 6). Proteins are 
ubiquitous in living organisms and the basis of biological processes. Upon certain 
chemical, optical or electronical signals, the secondary or tertiary structure of a 
protein can change to activate or deactivate its function. Protein functions include 
catalysis, which is essential for digestion and energy production in living 
organisms. Another protein family, the laminins, is present in the ECM and act 
as a bridge between the cell surface and other ECM components while 
simultaneously regulating several cell activities.98 Due to their abundance in the 
human body, proteins are highly interesting for research towards graphene-bio 
interfaces.  
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In this chapter, approaches for protein immobilization on graphene and 
graphene oxide will be reviewed together with the material’s effect on the 
biological function of the proteins. In the end, the catalytic cycle of horseradish 
peroxidase (HRP), the model enzyme used in this project, will be explained. 

 

FIGURE 6 Two of the most common secondary structure motifs in proteins: the antipar-
allel β-sheet and the α-helix. Adapted with permission by The School of Bio-
medical Science Wiki.99 

1.3.5.1 Immobilization strategies 

Generally, the immobilization of proteins on GBMs can be divided into two 
approaches: covalent and noncovalent. Covalent approaches often include linker 
molecules for a controllable reaction and conservation of the natural protein 
structure.48,49 Graphene oxide provides distinct functional groups that can react 
with the linker molecules. In contrast, pristine graphene lacks functional groups, 
and the covalent functionalization with linker molecules is limited. For electronic 
devices, the effect of covalent bonding on the electronic structure of graphene 
needs to be considered. By forming a covalent bond between a linker molecule 
and a carbon atom from the graphene lattice, the hybridization changes from sp2 
to sp3 and the delocalized π electron system gets locally perturbated, which 
affects the band structure of graphene.  

Noncovalent immobilization offers an alternative method that retains the 
intrinsic properties of graphene. The physical adsorption of biomolecules on 
pristine graphene is mainly based on the hydrophobic effect and π 
interactions.100,101 The π interactions can occur in distinct orientations, such as 
face-to-face, parallel displaced and edge-to-face (FIGURE 7a).102 Graphene offers 
a surface full of π orbitals, which can interact with the π orbitals and hydrogen 
atoms of the aromatic amino acids in proteins: phenylalanine, tyrosine and 
tryptophan (FIGURE 7b-d). Another commonly used approach for immobilizing 
proteins on graphene is semi-covalent:103–105 Pyrene-based linker molecules 
(FIGURE 7e) are covalently bound to the protein. The immobilization event itself 
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is based on π-π stacking between the pyrene group and the graphene surface. By 
using these nondestructive immobilization methods, the electronic structure of 
graphene stays nearly intact. 

 

 

FIGURE 7 (a) π interactions: face-to-face and parallel-displaced (top) and edge-to-face 
configurations (bottom). Structures of the aromatic amino acids: (b) phenylal-
anine, (c) tyrosine and (d) tryptophan. (e) The structure of the pyrene group 
with “R” indicating the position for possible functionalization. 

GO provides docking platforms for the π interactions with proteins through its 
sp2 domains (FIGURE 4e). However, due to the various polar functional groups 
in the material, it additionally promotes electrostatic interactions between, for 
example, its negatively charged carboxylate moieties and positively charged 
amine groups in a protein.106 Hydrogen bonds between the oxygen or hydrogen 
atoms on GO and hydrogen or oxygen/nitrogen atoms in a protein, respectively, 
are likely to be present as well. These interactions are also common in proteins in 
their natural form. Therefore, noncovalent protein immobilization is relatively 
easy on GO.8 In fact, many different proteins have been successfully immobilized 
on GO flakes via simple incubation, such as HRP,47 albumins,107,108 and catalase109. 
As the interactions form on polar groups, the pH environment during the 
immobilization may affect the result due to changes in charge state of the 
functional groups.107  Similar to pristine graphene, the electronic structure of GO 
stays nearly intact during the noncovalent immobilization of proteins.  

The noncovalent interactions between 2PO graphene and proteins are 
expected to be similar. Though the material is missing carboxylic acid groups 
almost completely54 – and thus all interactions formed by these groups – 
hydrogen bonds can be obtained through interactions between proteins and 
hydroxyl or epoxide groups of the 2PO surface.  

1.3.5.2 Effects on the protein structure and function 

As explained above, the electronic structure of GBMs is retained during 
noncovalent immobilization of proteins. However, conformational changes 
might be induced to the immobilized proteins upon adhesion, as shown in 
several studies.100,101,109,110 The proteins change their conformation to achieve a 
stable structure on the GBM surface. For example, bovine fibrinogen aligns its 
aromatic moieties to facilitate π-π stacking with graphene.101 Interestingly, both 
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experimental and computational studies reported a partial loss of the α-helix 
secondary structure motif upon noncovalent immobilization on 
graphene.70,100,109,110 This indicates that the α-helix is more sensitive to the 
graphene-protein interactions than the β-sheet motifs. 

The structure of a protein is closely related to its function. Disturbances 
during the initial intracellular folding process of a protein can lead to a loss of the 
protein function.111 A change in the protein function upon immobilization on 
graphene and GO is likely because of the reported structural changes induced by 
the GBMs.100,101,109,110  

The easiest way to examine the function of a protein is to immobilize an 
enzyme and test its function. Enzymes are proteins that catalyze reactions.8 To 
do so, they bind a substrate molecule and perform their specific reaction. For 
example, HRP can oxidize a variety of substrates by consuming hydrogen 
peroxide, H2O2, vide infra. If the substrate and the product of an enzymatic 
reaction have different properties, such as a shifting absorption maximum, the 
reaction can be monitored and verified easily. With this approach, the effect of 
GBMs on the biological function of enzymes can be investigated. HRP, when 
semi-covalently immobilized on a pristine graphene surface, has a lower catalytic 
activity than the free enzyme in the solution.103 In contrast, glucose oxidase was 
more active on the graphene surface than in the solution. These opposing effects 
were attributed to more significant graphene-induced conformational changes in 
the predominantly α-helical enzyme HRP compared to the α-helix and β-sheet 
containing glucose oxidase. The catalytic activity of catalase immobilized on GO 
flakes decreases with an increasing relative GO concentration.109 The effect was 
attributed to conformational changes in the α-helices during the adhesion event 
and to the interference of GO functional groups with the electron transfer during 
the catalyzed reaction. 

Overall, the effects of graphene and GO on noncovalently immobilized 
proteins can be extensive and affect the catalytic activity of enzymes. The effects 
of 2PO graphene were expected to be similar but remained to be studied. 

1.3.5.3 The catalytic function of horseradish peroxidase 

HRP type C is a well-studied, affordable enzyme used in various biochemical 
methods to detect proteins and H2O2.112 It is a monomeric, 44 kDa molecule that 
catalyzes the oxidation of various organic molecules with H2O2 as an oxidizing 
agent.103 The often-colored products are easily detectable through absorption 
measurements. HRP is often used as a model enzyme for studies concerning 
H2O2 and biosensors. It has been immobilized on pristine graphene and GO 
flakes before, which affected its catalytic activity (see above).103,113 

To understand the possible impact of immobilization on the catalytic 
activity of HRP, a thorough understanding of its structure and the catalytic cycle 
is necessary. The peptide chain of HRP folds into ten α-helices and one short 
antiparallel β-sheet, all connected by unfolded sequences of the peptide chain 
(FIGURE 8a). Additionally, two calcium ions and one heme molecule are located 
in the 4.0 nm x 4.4 nm x 6.8 nm enzyme.112,114 The heme is the active site of HRP, 
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where the oxidation of the substrates happens, and consists of a porphyrin ligand 
that coordinates one iron atom in a square planar geometry.115 It is located in the 
center of the enzyme, surrounded by several amino acid residues that contribute 
to coordination bonds during the catalytic mechanism. In the ground state, the 
Fe(III) is bound to one nitrogen atom of a histidine residue from the HRP peptide 
chain, which produces a pentacoordinate state.  

During the first step of the catalytic cycle (FIGURE 8b), a H2O2 molecule 
reacts with the Fe(III) ground state, resulting in a change in the iron’s oxidation 
state and radical formation.115 The product is Compound I, where Fe(VI) is bound 
to an oxygen atom (ferryl oxygen) and the porphyrin is a cationic radical. This 
species is stabilized by hydrogen bonds between the ferryl oxygen and the 
nitrogen atom of an HRP arginine residue and a water molecule. The following 
two steps reduce the enzyme’s active center back to the ground state via the 
formation of Compound II, using a reducing substrate. In Compound II, the 
Fe(IV) is bound to an oxygen atom similar to Compound I. However, the cationic 
porphyrin radical is no longer present, and a proton interacts with the ferryl 
oxygen. Finally, in the last step, the iron atom is reduced back to Fe(III) by 
another reducing substrate and a water molecule is formed with the ferryl 
oxygen. While the oxidation of the active site is one two-electron process, the 
reduction consists of two one-electron reactions. Thus, the reducing substrate is 
oxidized by one electron at a time, and one HRP catalytic cycle can oxidize two 
substrate molecules.  

Several amino acid residues of the HRP peptide chain stabilize the active 
center throughout the catalytic cycle of HRP.115 The enzyme is prone to structural 
changes upon the immobilization on pristine and 2PO graphene and GO because 
it consists almost only of α-helices. This property and the easily detectable 
activity make HRP an interesting candidate to study the effects of 2PO on the 
immobilized enzyme. 
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FIGURE 8 The model enzyme HRP: (a) Crystal structure of HRP116–118 and chemical struc-
ture of the active center. (b) Catalytic cycle of HRP. For clarity, only the iron 
atom of the active center is shown. The grey lines indicate the coordination 
bonds to the nitrogen atoms of the porphyrin ligand and the histidine residue 
of the peptide chain. 

1.3.6 The effects of graphene on self-assembled structures 

The combination of graphene and LMW hydrogels is interesting because of 
graphene’s outstanding properties and the gels’ potential in biological 
applications. The self-assembly of organic and biological molecules can be 
affected by a surface (see section 1.2.2). Similar effects have been shown for 
graphene and GO, either in the form of a surface or as flakes inside a solution, 
i.e., many small surfaces. For example, a nature-inspired peptide self-assembled 
on a pristine graphene surface into a monolayer with specific orientations that 
followed the graphene lattice.119 The protein silk fibroin selectively self-
assembles into fibers on pristine graphene flakes when they are present in the 
solution.120 The amyloid beta protein fibrillation, known to cause Alzheimer’s 
and Parkinson’s diseases, is inhibited on GO flakes.121 Presumably, GO restrains 
the formation of specific protein secondary structures via noncovalent 
interactions with the protein.122 Additionally, GO flakes were shown to tune the 
mechanical properties of a biocompatible peptide amphiphile supramolecular 
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hydrogel without affecting the self-assembly itself.123 In other systems, GO flakes 
act as cross-linkers between LMWGs.124,125  

The reported results demonstrate partially serious effects of GBMs on self-
assembly processes. However, a direct comparison between pristine and 
oxidized species would be interesting to understand better the noncovalent 
interactions between the GBM and the self-assembling species. 

1.4 Aims of this project 

This research project contributes to the development of neuronal interfaces based 
on pristine and 2PO graphene. As explained in the previous chapters, neurons 
are sensitive to their environment, including proteins and viscoelastic properties. 
To create a growth-promoting interface, two approaches were followed: 

1. Protein immobilization: A layer of protein on a surface can promote 
cell growth and proliferation to achieve connections between the 
surface and the neurons. Neuroreceptor proteins detect 
concentration changes of neurotransmitters and could enhance the 
communication between the graphene surface and the neuron. 

2. ECM mimic: A material with a similar stiffness as the brain on the 
graphene surface could support the neuronal network until it 
secretes its own ECM.  

The research project is focused directly on the graphene-based surface, where the 
molecular interactions with the biological or biomimetic components happen. As 
the development of devices with 2PO graphene is still in its infancy, model 
biological and biomimetic components were selected. They are well-studied so 
that the results could be easily compared with the existing literature. These 
model systems allow predictions for surface-related effects on other proteins and 
LMWGs. 

The surfaces used during this work were pristine and 2PO graphene, 
adjacent to each other on Si/SiO2 substrates and GO flakes (FIGURE 9). They 
differ in their hydrophobicity and may interact differently with the immobilized 
species through, for example, π-π stacking and hydrogen bonding. Two proteins 
and one LMWG were studied to gain a deeper understanding of the molecular 
interactions between GBMs and biological or biomimetic systems:  

• Horseradish peroxidase: effects of graphene and 2PO graphene 
surfaces on the HRP immobilization and its catalytic activity. 

• Bovine serum albumin: effects of graphene and 2PO graphene 
surfaces on the BSA immobilization. 

• Fmoc-phenylalanine (Fmoc-Phe): effects of graphene and 2PO 
graphene surfaces and GO flakes on the supramolecular self-
assembly in Fmoc-Phe hydrogels. 

In conclusion, the effects of pristine and 2PO graphene surfaces and GO flakes 
on the biological and biomimetic model systems were studied in this project. 
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Herein, 2PO graphene surfaces were studied with regard to graphene-bio 
interfaces for the first time. 

 

 

FIGURE 9 Schematic illustration of the research project (orange) towards graphene-bio 
interfaces. 
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2 METHODS 

This chapter describes the main analytical methods used during this project. At 
first, the use of spectroscopic techniques, namely Raman spectroscopy and 
absorption spectroscopy in the ultraviolet-visible (UV-vis) and infrared (IR) 
spectral region, will be briefly described, followed by AFM and scattering-type 
scanning near field optical microscopy (s-SNOM). 

2.1 Spectroscopy 

Generally, spectroscopy uses the interaction between electromagnetic radiation 
and matter to obtain information about the chemical structure, polymorphism, 
crystallinity and molecular interactions of a sample. By varying the excitation 
wavelength, different rotational, vibrational or electronic transitions can be 
initiated. The transmitted or scattered light is detected, providing the 
abovementioned information. Raman, IR and UV-vis spectroscopy were used in 
this work, the underlying transitions of which are presented in FIGURE 10. 

 

 

FIGURE 10 Jablonski diagram showing examples of transitions involved in Raman, IR and 
UV-Vis absorption spectroscopy. 
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2.1.1 Raman spectroscopy 

During this project, Raman spectroscopy was used to study pristine and 2PO gra-
phene surfaces before and after protein immobilization and GO flakes, either 
pure or incorporated in a supramolecular hydrogel. The prominent Raman bands 
of the graphene derivatives and the underlying processes are explained in section 
1.3.3.1. A commercial (Thermo Scientific DXR Raman) and a homebuilt Raman 
microscope were used, both with an excitation wavelength of 532 nm. The exper-
imental details can be found in articles I-IV. 

2.1.2 Infrared spectroscopy 

IR spectroscopy was used to characterize GO flakes, Fmoc-Phe powder, and their 
native and hybrid hydrogels (article III). The method detects molecular 
vibrations in the form of absorption bands, which are sensitive to hydrogen 
bonding. Thus, it allowed us to study the supramolecular structure of the 
hydrogels. Additionally, the IR spectrum of the buffer salts used in article IV was 
recorded to identify crystals on the graphene surface samples. All spectra were 
taken on a Fourier transform IR spectrometer in attenuated total reflectance mode 
(Bruker Tensor 27 FT-IR). The experimental details can be found in articles III 
and IV. 

2.1.3 UV-vis spectroscopy 

A plate reader (Tecan Spark multimode) was used to record absorption spectra 
in the UV-vis spectral range (wavelength 200 nm to 800 nm) to monitor the HRP-
catalyzed oxidation of a substrate with absorption maxima in this wavelength 
range. Upon oxidation, the substrate’s absorption maxima shift, allowing us to 
follow the reaction. One spectrum was recorded every 30 seconds from the start 
of the reaction. The corresponding reaction rate was calculated by plotting the 
absorption intensity maximum of the oxidized substrate against the reaction time 
and applying a linear fit to the curve. The experimental details can be found in 
article II. 

2.2 Microscopy 

Microscopy is a powerful and important technique to analyze surfaces. During 
this project, several microscopic methods were used, out of which AFM and s-
SNOM will be described below. 

2.2.1 Atomic force microscopy 

The principles of AFM and its importance for graphene surface research are 
explained in section 1.3.3.2. In this project, AFM was employed to assess the 
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cleanliness of graphene samples, to measure the height of pristine and 2PO 
graphene, to characterize the 2PO areas topographically and to analyze protein 
immobilization and supramolecular hydrogels on the surfaces. All AFM images 
were recorded with a Dimension Icon AFM (Bruker) in the PeakForce Tapping® 
mode, using silicon nitride cantilevers (Bruker ScanAsyst-Air). The experimental 
details are described in articles I-IV. 

2.2.2 Scattering-type scanning near-field optical microscopy 

S-SNOM is a relatively new technique, which is based on an AFM operating in 
tapping mode (see section 1.3.3.2). Additionally to the AFM laser that reflects on 
the cantilever and is used to detect the oscillation of the cantilever, another laser, 
such as a mid-IR (MIR) laser (FIGURE 11a), points to the tip apex. This laser 
induces a plasmon mode in the tip that extends ≈ 10 nm from the apex, creating 
a near-field with enhanced field strength compared to the far-field, which leads 
to an enhanced interaction with molecules. The plasmon mode leads to a dipole 
in the tip apex, which again induces a mirror dipole in the sample. 

 

 

FIGURE 11 (a) Schematic representation of an s-SNOM with the energy of the incident 
light Ei and the energy of the scattered light Es. (b) The structure of the LMWG 
Fmoc-Phe with indicated hydrophilic and hydrophobic regions and stretching 
(ν) and bending (δ) vibrations responsible for the amide I and II modes in IR 
absorption. 

The wavelength of the laser pointing to the tip apex used in this work was in the 
MIR spectral region, with wavenumbers between 1500 cm-1 and 1750 cm-1. The 
samples were supramolecular fibers constituting of Fmoc-Phe (FIGURE 11b), 
which contains aromatic rings, as well as an amide and a carboxylic acid group. 
These functional groups vibrate upon irradiation in the abovementioned 
frequency range, which leads to a change in their dipole moment. In the s-SNOM, 
the created dipole in the tip apex interacts with the dipole in the sample. 
Depending on how strongly the sample is excited by the laser, the nearfield 
between the tip and the sample changes. Then, functional groups that absorb the 
wavelength of the laser change the near-field signal to a larger extent. Thus, s-
SNOM can detect IR absorption. However, in contrast to a standard IR 
spectrometer, the lateral resolution is similar to an AFM.  
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 The MIR light is scattered back from the tip apex and contains near-field 
and far-field contributions. The near-field signal strongly depends on the tip 
oscillation, while the far-field signal is not affected. Based on this difference, the 
signal undergoes careful background suppression via demodulation techniques 
to extract the absorptive and reflective properties of the sample. There are two 
possibilities for measurements. One option is that after choosing a specific laser 
frequency, an image can be recorded at this resonant excitation, similar to 
standard tapping mode AFM. Additionally to the topography, the absorptive 
and reflective properties can be visualized with s-SNOM. The other option is to 
choose one location on the sample and irradiate it with a broadband laser to 
measure a nano-FTIR spectrum. This spectrum resembles a standard IR spectrum 
and can be interpreted accordingly. All results obtained from an s-SNOM are 
relative to a reference background, which is usually the sample substrate. 

In this work, an s-SNOM (Neaspec neaSNOM) with integrated MIR 
imaging and nano-FTIR spectroscopy modules and Pt/Ir-coated silicon tips were 
used to characterize the supramolecular structure of the Fmoc-Phe hydrogel on 
pristine and 2PO graphene surfaces. The experimental details can be found in 
article IV. 
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3 RESULTS AND DISCUSSION 

In this chapter, the results from the articles I-IV are presented and discussed in 
the broader context of the thesis. According to the project aims defined in section 
1.4, the two functionalization approaches are presented: First, the protein 
immobilization on pristine and 2PO graphene surfaces, and subsequently, the 
effects of the graphene surfaces and GO flakes on the Fmoc-Phe self-assembly. 
Experimental and computational details can be found in the articles I-IV and the 
corresponding supplementary information. 

3.1 Functionalization of graphene surfaces with proteinsI, II 

One approach to increase the interactions between graphene and neurons was 
immobilizing relevant proteins on the graphene surface. In articles I and II, the 
effects of 2PO graphene surfaces on the noncovalent immobilization of the model 
proteins HRP and biotinylated BSA (b-BSA) and on the catalytic activity of HRP 
were tested. Though these proteins are not related to neuron signal transduction, 
they are well-studied and provide a good basis for understanding interactions 
between the surface and proteins. 

3.1.1 Noncovalent immobilization of selected proteinsI, II 

The noncovalent functionalization of graphene with proteins has the advantage 
that no defects are introduced to the sp2 graphene lattice through covalent bonds. 
However, the protein binding site is not necessarily the same for each protein, 
and it is more difficult to control the functionalization compared to the covalent 
approach.  

In the experiments, Si/SiO2 microchips with a single-layer graphene surface 
were incubated in protein solutions with different protein concentrations and 
varying incubation times. These samples contained both pristine graphene and 
2PO graphene with distinct levels of oxidation. After the incubation, each 
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microchip sample was washed with buffer to remove unbound protein and 
subsequently with deionized water to remove buffer salts. The samples were 
analyzed before the incubation and after drying at room temperature.  

3.1.1.1 Selectivity 

AFM was used to inspect the topography of the samples prior to the 
immobilization of HRP and b-BSA. The oxidized areas were visible as elevated 
squares (FIGURE 12a-b). The protein concentration during the incubation was 
10 µg· ml-1 for both HRP and b-BSA, and the incubation time was one hour. After 
the protein immobilization, the HRP samples were analyzed by AFM again, 
while b-BSA was labeled for confocal fluorescence microscopy.  

In general, HRP and b-BSA were immobilized on pristine and 2PO 
graphene. HRP was detected all over the surface in the AFM topography image 
as higher features when compared to before the protein immobilization (FIGURE 
12a,c). The green color all over the pristine and 2PO areas in FIGURE 12d verifies 
that b-BSA is also immobilized on both surfaces. The AFM cross sections showed 
an increased height difference between the pristine and 2PO areas after protein 
immobilization (FIGURE 12e), which demonstrated that more HRP was 
immobilized on the oxidized areas than on the pristine graphene, relative to the 
surface area. There were between one to four layers of HRP on the 2PO areas. For 
b-BSA, a similar conclusion could be drawn from the cross-section of the confocal 
microscope image (FIGURE 12f). The green signal originated from the fluorescent 
label of b-BSA and was stronger in the 2PO areas.  

Generally, a selective immobilization of the two proteins towards the 2PO 
areas was observed for the abovementioned incubation conditions. The 
underlying noncovalent interactions presumably caused the selectivity. Both 
proteins contained hydrophilic and hydrophobic amino acid residues, i.e., they 
could interact with the hydrophobic pristine and hydrophilic 2PO surface. The 
observed selectivity, however, indicated that interactions with the 2PO surface – 
possibly via hydrogen bonding – led to an energetically more favorable formation 
compared to the pristine surface. Here, π-π stacking was assumed to be the main 
interaction type. Once the first protein layer was immobilized, several more HRP 
layers were deposited on 2PO graphene. Thus, the preferential binding site for 
the following layers seemed to be the first protein layer on 2PO graphene. 
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FIGURE 12 AFM and confocal microscopy results from the noncovalent immobilization of 
HRP (left) and b-BSA (right): AFM topography images after 2PO from sample 
1 (a) and 2 (b), (c) AFM topography image of 1 after HRP immobilization, (d) 
confocal microscopy image of 2 after b-BSA immobilization and fluorescent 
labelling, (e) height cross-section from 1 before (black) and after (green) HRP 
immobilization as indicated in (a) and (c), (f) intensity cross-section from the 
confocal image of 2 as indicated in (d). 
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3.1.1.2 Effect of the oxidation level 

By taking a closer look at FIGURE 12c, it is obvious that the HRP is immobilized 
in different patterns on the individual 2PO areas. Indeed, each 2PO square on 
this sample was prepared under distinct 2PO conditions and the oxidation level, 
i.e., the amount and nature of the functional groups, might have been different. 
The analysis in the following two paragraphs is based on data from article I but 
has been improved based on the current knowledge. 

To compare the immobilization patterns of HRP between the oxidation 
levels, the 2PO areas were initially be sorted according to their oxidation levels, 
which were deduced from Raman spectra. Therefore, the Raman spectra of seven 
selected 2PO areas before HRP immobilization (FIGURE 13a) were analyzed. The 
ID/IG ratios, 2D band intensities and width of the G band were extracted from the 
spectra because they indicated the quantity of defects (= oxygen 
functionalization) and the lattice disorder (TABLE 1).56,65–67 With an increasing 
oxidation level, the lattice disorder increased, leading to a decrease of the 2D 
band intensity. The 2PO areas have been arranged accordingly, with the most 
intense 2D band for 2PO labeled area 1 and the weakest one for the 2PO labeled 
area 7. By increasing the oxidation level, the ID/IG ratio of the 2PO areas should 
initially increase to a maximum, followed by a decrease to a certain level. This 
progression could be observed in our measurements (2PO area 1 to 7). Finally, 
the G band should broaden at higher oxidation levels because the lattice disorder 
increased, which could also be observed in our measurements. Thus, the 
oxidation level presumably increased from 2PO area 1 to 7.  

 

 

FIGURE 13 AFM images of the selected 2PO areas 1 to 7 before and after HRP immobili-
zation for the analysis of the HRP adsorption based on the oxidation level. 

  



 
 

43 
 

TABLE 1 Comparison of HRP adsorption at different oxidation levels: Intensity (I) of the 
2D band, ID/IG ratios and width w of the G band extracted from the Raman 
spectra before HRP adsorption and a description of the HRP adsorption be-
havior.  

2PO area I2D (a.u.) ID/IG wG (cm-1) HRP adsorption 

1 1.01 1.3 34.4 whole 2PO area +  
agglomerate in the center (1) 

2 0.94 1.8 29.8 whole 2PO area +  
agglomerate in the center (1) 

3 0.62 2.0 35.4 whole 2PO area +  
agglomerate in the center (1) 

4 0.50 1.9 44.5 edge +  
agglomerate in the center (1) 

5 0.35 1.7 45.6 edge +  
agglomerate in the center (2) 

6 0.33 1.6 45.6 edge +  
agglomerate in the center (2) 

7 0.29 1.7 63.6 edge +  
agglomerate in the center (2) 

 
The HRP adsorption behavior (FIGURE 13b) could be roughly divided into two 
groups: group 1 showing HRP immobilization in the whole 2PO area, and group 
2, where HRP immobilized mainly at the edges of the 2PO areas. For both groups, 
HRP agglomerates were found in the center of the 2PO area. Interestingly, the 
groups followed the oxidation level. HRP immobilized in a group 1 pattern for 
the three lowest oxidation levels (1-3). Group 2 was observed for the four 2PO 
areas with the higher oxidation levels (4-7). Indeed, there was no clear-cut 
difference between the two groups, but rather a smooth transition. For example, 
moving step by step from area 4 to 7, the selectivity towards the 2PO area edge 
became clearer.  

The reason for the changing immobilization behavior could be the distinct 
quantities and nature of the functional groups in the 2PO areas. The lower 
oxidation levels were expected to contain only epoxide and hydroxyl groups. 
These groups also dominated the 2PO areas with higher oxidation levels, but in 
a greater quantity, and carboxylic groups could be present as well. At the edge 
of the 2PO areas, the oxidation level might have been lower than in the center 
because there were fewer overlapping laser spots during the 2PO. Additionally, 
the graphene could have started to ablate in the center of the high-oxidation-level 
areas. The observations indicated that HRP interacted more strongly with 
epoxide and hydroxyl groups and was sensitive to their concentration on the 
surface. These results highlighted the oxidation level as a parameter towards 
tuning protein immobilization on 2PO graphene. 

3.1.1.3 Effect of the protein concentration and incubation time 

In order to study the effect of incubation time on the immobilization of HRP on 
pristine and 2PO graphene, we measured samples incubated at a lower HRP 
concentration (2.5 µg· ml-1) for zero, three, and six hours in three-hour incubation 
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steps. The AFM images showed that with an increasing incubation time, the 
amount of immobilized HRP also increased (FIGURE 14a). During the first three 
hours of incubation, the average height difference between pristine and 2PO 
graphene changed from ≈2 nm to ≈4 nm (FIGURE 14b, black and blue cross-
section). The HRP adsorption at this time was not homogeneous, as could be seen 
from the rough profile and the topography image. The protein seems to 
agglomerate on the surface, comparable to FIGURE 13b (center of the 2PO 
squares). After the second incubation (six hours of incubation in total), the profile 
of the 2PO areas was relatively smooth, and the height difference increased 
further to ≈10 nm (FIGURE 14b, red cross-section). This was equal to 
approximately two additional layers of HRP on the 2PO than on the pristine 
surface. After the initial formation of agglomerates, longer incubation times 
resulted in a more homogeneous HRP covering of the 2PO areas. By adjusting 
the HRP concentration and the incubation time, we were able to tune the 
homogeneity of the immobilized protein. 

 

FIGURE 14 Effect of incubation time on the immobilization of HRP. (a) AFM topography 
images of the same 2PO areas before incubation (top) and after 3 h (middle) 
and 6 h (bottom) of incubation in the HRP solution. (b) Corresponding topo-
graphic profiles from the topography images in (a) with average height differ-
ence Δh between the pristine and 2PO areas. Reproduced from article I with 
permission from the Royal Society of Chemistry. 

3.1.1.4 Effects on the graphene surfaces 

All abovementioned effects were focused on altering the properties of the 
graphene and how it affected the protein immobilization. However, the reverse 
could happen as well: the immobilized species on the graphene lattice can affect 
the properties of the graphene. By comparing the Raman spectra of 2PO 
graphene before and after the HRP immobilization, we found that all 
characteristic Raman bands were shifted lower (FIGURE 15). The band at 
≈1000 cm-1 in all spectra originated from the Si substrate and did not shift, which 
verified that the observed shifts of the graphene bands were not due to 
measurement error. All our graphene samples were initially p-type doped 
because the annealing during the sample cleaning procedure enhanced the 
graphene-SiO2 substrate conformity, and the interaction of graphene with SiO2 
induced p-type doping.39 The overall doping remained p-type after the 
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oxidization. The observed shifts after the protein immobilization could indicate 
a decreased p-type doping, i.e., more electrons in the graphene lattice.60,126 For all 
our samples, the doping remained p-type, even after the immobilization of HRP. 
The results indicated that the interactions between HRP and 2PO graphene led 
to electron-donation from the enzyme towards the graphene surface, for example 
via hydrogen bonding.  

 

FIGURE 15 Effect of HRP immobilization on the electronic properties of 2PO graphene. (a) 
AFM topography image indicating the location of spectra A to D. (b) Raman 
spectra from positions A to D before (black) and after (red) HRP immobiliza-
tion. The arrows indicate the direction of the G, D and 2D band shifts. Repro-
duced from article I with permission from the Royal Society of Chemistry. 

In the presented studies, 2PO of graphene was demonstrated as a tool to tune the 
noncovalent immobilization of two proteins. For specific 2PO conditions, more 
HRP and b-BSA were immobilized on the 2PO areas compared to the pristine 
areas. However, there was no absolute selectivity, and both proteins adsorbed on 
both surfaces. By varying the oxidation level, the immobilization pattern on the 
individual 2PO areas could be tuned. With this noncovalent approach, initially 
one-to-four layers of HRP could be controllably immobilized (article I). In a later 
study (article II), we adjusted the HRP concentration and were able to refine the 
range to one-to-two layers, which suggested that at least every second HRP 
molecule is in direct contact with graphene. It has been shown that HRP 
electronically interacted with graphene by transferring electrons to the graphitic 
lattice. Thus, the structure and catalytic activity of HRP might be altered 
compared to the free enzyme in the solution.  

3.1.2 Catalytic activity of immobilized HRPII 

After demonstrating the tuning of HRP adsorption with the 2PO of graphene, the 
question of whether HRP retained its catalytic function after the immobilization 
remained open. An active HRP enzyme can catalyze the oxidation reaction of 
several chromophores, among which 3,3’,5,5’-tetramethylbenzidine (TMB) is a 
low-cost and non-dangerous option. The oxidation of TMB is a two-step process 
and the reduced form, as well as the intermediate charge-transfer-complex (CTC) 
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and the final product (TMB2+) have characteristic bands in the UV-vis absorption 
spectrum (FIGURE 16a).127 Here, HRP was initially immobilized on pristine (P), 
half-2PO (H) or full 2PO (F) graphene samples (FIGURE 16b). Afterwards, the 
oxidation of TMB catalyzed by HRP was monitored with a simple well-plate 
setup by measuring UV-vis absorption spectra (FIGURE 16c). To assess the 
stability of the samples, the measurements were performed on four consecutive 
days. 

 

 

FIGURE 16 Schematic illustration of the study: (a) The oxidation of TMB catalyzed by im-
mobilized HRP, including the absorption maxima of TMB, the intermediate 
CTC and the product TMB2+. (b) Surfaces and sample geometry: Pristine sur-
faces are highlighted in grey, 2PO surfaces in red. (c) Well-plate setup: the 
sample with immobilized HRP was mounted to the side wall of the well and 
the UV-Vis absorption spectra were measured from the surrounding solution. 
Adapted from article II.   

Eight graphene samples were analyzed in total: three pristine (P1-P3), three half-
oxidized (H1-H3) and two fully oxidized samples (F1, F2). After the addition of 
TMB and H2O2 to a well containing a sample, a UV-vis absorption spectrum was 
measured every 30 seconds. On the first day, immediately after the 
immobilization of HRP, every sample showed the characteristic bands of the 
TMB2+ and/or the CTC (FIGURE 17a-c). The reaction rate of the TMB oxidation 
for each sample was calculated from the increasing intensity of the 650 nm 
absorption band of the CTC because of its reduced overlap with the other bands. 
The reaction rates were the highest for the pristine samples, followed by the half-
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oxidized and fully oxidized samples (FIGURE 17d). In the following days, the 
oxidation of TMB was detected only on the pristine samples, where it decreased 
over time (FIGURE 17e). On day 4, none of the samples showed catalytic activity. 
Three main results were concluded from this data: (i) The HRP was catalytically 
active directly after the immobilization on both pristine and 2PO graphene. (ii) 
With an increasing 2PO area, the reaction rate decreased. (iii) The reaction rates 
decreased over time. 

 

 

FIGURE 17 Main results for the catalytic activity of immobilized HRP: Absorption spectra 
from each sample 10 minutes after substrate addition for pristine (P, (a)), half-
2PO (H, (b)) and full 2PO (F, (c)) samples. (d) Reaction rates for each sample 
on day 1 calculated from the 650 nm absorption band of the CTC. (e) Reaction 
rates over time for the pristine samples. The percentage indicates the rate rel-
ative to day one (=100%). The legend of (d) also applies to (e). Adapted from 
article II. 

Each of the samples had distinct pristine and 2PO graphene-covered areas. To 
make the results of the absorption measurements more comparable, the mass of 
the immobilized HRP was estimated for each sample. AFM images were taken 
after scratching the samples to measure the height and estimate the number of 
protein layers. Also, the share of surface covered by HRP was considered and the 
resulting total masses of HRP on the samples varied between 4.41 ng and 
19.94 ng (TABLE 2).  

Additionally, a calibration curve was generated with free HRP in solution. 
The reaction rates of the free enzyme were plotted against the distinct, known 
masses of HRP in the solution. The calibration curve itself was generated by a 
linear fit through these values. By comparing the rate values of the calibration 
curve with the rates from the experiment on day 1, the activity of each sample 
was correlated with the comparable mass of the free enzyme (activity-correlated 
mass, TABLE 2). To further evaluate the performance of the samples compared 
to each other, the mass-normalized activity was calculated as the ratio of the 
activity-correlated mass to the total mass of HRP on each sample. The pristine 
samples showed up to 7.5% of the activity compared to the free enzyme. By 
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increasing the 2PO area, the percentage decreased to a maximum of 2.1% for half-
oxidized surfaces and a maximum of 1.2% for fully oxidized surfaces.  

TABLE 2 The total mass of HRP mHRP on all pristine (P), half-oxidized (H) and fully ox-
idized (F) samples, the activity-correlated mass of HRP macHRP and the mass-
normalized activity as a ratio of mHRP and macHRP. 

Sample mHRP (ng) macHRP (ng) Mass-normalized activity (%) 
P1 4.41 0.33 7.5 
P2 13.89 0.33 2.4 
P3 19.94 0.96 4.8 
H1 10.54 0.22 2.1 
H2 9.99 0.09 0.90 
H3 10.32 0.07 0.68 
F1 16.33 0.06 0.37 
F2 7.39 0.09 1.2 

 
The results indicated an effect of the graphene surfaces on the catalytic activity 
of the immobilized HRP. Possible effects included the blocking of the active site 
by the surface or other enzymes. Blocking could have appeared on both surfaces 
in this noncovalent approach because the initial enzyme orientation might have 
been random. Thus, it could have contributed to the generally lower catalytic 
activity of the immobilized HRP compared to the free enzyme. 

Also, surface-induced alterations of the secondary and/or tertiary structure 
of HRP could have occurred. These could have again led to changes of the 
molecular structure at the active site and could have hindered a successful 
catalytic cycle (see section 1.3.5.3). In fact, HRP is prone to these effects because 
it consists almost solely of α-helices, which have been reported to change their 
structure on pristine graphene.70,100 In 2PO graphene, the carbon network is 
widely preserved. Hence, surface-induced structural changes could have also 
contributed to the lower catalytic activity of immobilized HRP on both surfaces. 
However, we observed a lower catalytic activity on 2PO when compared to 
pristine graphene. This indicated that the surface-induced structural alterations 
were more extensive on 2PO graphene. Obviously, pristine and 2PO graphene 
could have promoted different types of noncovalent interactions due to their 
distinct surface functional groups. Thus, we speculate that these different 
noncovalent interactions with HRP on the two surfaces changed the secondary 
and/or tertiary structure of the enzyme in different ways.  

As a result, 2PO of graphene is not only a tool to tune protein adsorption 
but also protein function on a graphene surface. We have shown that the 
immobilization on pristine and 2PO graphene decreased the catalytic activity of 
HRP. Herein, increasing the 2PO area led to a lower reaction rate of the substrate 
oxidation, i.e., a lower catalytic activity. On all surfaces, the rate decreased over 
time. We attributed the effects to noncovalent interactions between HRP and the 
surfaces, which could alter the secondary and/or tertiary structure of the protein. 
The effect of 2PO on the protein function of the model enzyme HRP was 
significant. We believe that similar effects can be expected for other proteins, 
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including components of the extracellular matrix of neurons and neuroreceptor 
proteins.  

In conclusion, by patterning a graphene surface with 2PO, it could be 
possible to selectively bind different proteins on one surface and tune their 
activity. Thus, the sensitivity of a GFET array to distinct neurotransmitters and 
the neuron-graphene communication could be tuned in a defined nanoscale 
pattern. 

3.2 Effects of graphene surfaces and graphene oxide flakes on the 
self-assembly of Fmoc-PheIII, IV 

The functionalization of graphene with a supramolecular hydrogel was the 
second goal of this project and aimed to provide an environment for viable and 
functional neurons, similar to the extracellular matrix in the human body. The 
model used in articles III and IV was the well-known amphiphilic LMWG Fmoc-
Phe and the solvent was phosphate buffer saline (PBS), which was selected due 
to its biocompatibility. Two distinct systems were studied during this work: (i) 
the bulk gel as native and hybrid gel with GO flakes to assess the critical gelation 
concentration and the suitability of the gel as a mimic for the brain ECM and (ii) 
the effect of pristine and 2PO graphene surfaces on the Fmoc-Phe surface-
mediated self-assembly to further understand the interactions between the gel 
and graphene surfaces. 

3.2.1 Gel formation and properties 

The supramolecular gels were prepared by mixing Fmoc-Phe with PBS, followed 
by a heating-cooling cycle (room temperature to 80 °C (30 min) to room 
temperature). The bulk gels were cooled down to room temperature in glass vials 
and for the study of the surface effects, 2 µl of the hot Fmoc-Phe solution was 
added on the graphene surface and cooled down in a humid chamber to prevent 
drying (FIGURE 18a).  

Self-supporting, thermoreversible and homogeneous hydrogels were 
produced with an Fmoc-Phe concentration between 2 mg· ml-1 and 6 mg· ml-1 for 
the native and the Fmoc-Phe/GO hybrid hydrogel. As 2 mg· ml-1 was the critical 
gelation concentration, it was used to prepare the hybrid hydrogels. The 
incorporation of GO flakes (0.25 mg· ml-1 to 1.0 mg· ml-1) did not affect the 
gelation outcome and the thermoreversibility of the gel (FIGURE 18b). However, 
it did affect the gel formation time. While the native hydrogel took at least 12 
hours to form, the hybrid analogue took only 6 hours. The GO flakes in the 
solution provided additional nucleation sites for the self-assembly of Fmoc-Phe, 
which could have accelerated the gel formation. An increase of the heating 
temperature and time to 95 °C and 1 h, respectively, led to the precipitation of 
GO. Various processes, such as an enhanced collision frequency and a reduced 
electrostatic repulsion between the GO flakes at higher temperatures, could have 
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caused the precipitation.128 Reduced GO (rGO), with fewer hydrophilic groups 
compared to GO, precipitated when incorporated into the gel. Presumably, the 
interactions between rGO and the Fmoc-Phe supramolecular structures were 
weaker compared to GO. This indicated that the interactions between the 
oxygen-containing functional groups of GO/rGO and Fmoc-Phe were stronger 
than those between the hydrophobic domains and the gelator. 

 

 

FIGURE 18 (a) Scheme of the cool-down setup for the graphene surface samples and photo 
of the formed gel on the sample. (b) Fmoc-Phe/GO hybrid hydrogels and vial 
inversion test. The Fmoc-Phe concentration was 2.0 mg· ml-1 for all samples 
and the GO concentration in mg· ml-1 is indicated in the photo. The volume of 
the gel V is indicated for both systems in the figure. (b) Adapted with permis-
sion by E. D. Sitsanidis, L. A. L. Dutra, J. Schirmer, R. Chevigny, M. Lahtinen, 
A. Johansson, C. C. Piras, D. K. Smith, M. Tiirola, M. Pettersson and M. Nis-
sinen. Probing the Gelation Synergies and Anti-Escherichia coli Activity of 
Fmoc-Phenylalanine/Graphene Oxide Hybrid Hydrogel, ACS Omega 2023, 8 
(11), 10225-10234. Copyright 2022 American Chemical Society. 

The viscoelastic properties of the bulk native and hybrid hydrogels were 
analyzed to show that the stiffness of the gel and the brain are in the same range 
(brain: 0.1 kPa to 1 kPa). Additionally, possible effects of the GO incorporation 
on the material’s stiffness and elasticity were studied. The stiffness of the material 
was affected only by the concentration of Fmoc-Phe, not by the incorporation of 
GO. At higher gelator concentrations, the gel was stiffer. The native and all 
hybrid gels with an Fmoc-Phe concentration of 2 mg· ml-1 matched the stiffness 
of the brain tissue. The incorporation of GO, however, led to an increase in the 
gel elasticity, with a higher elasticity for higher GO concentrations. 

One potential application of hydrogels in general is the prevention of 
microbial infections.129 In our study, the activity against Gram-negative 
Escherichia coli was tested for the native and hybrid hydrogels and GO 
suspensions in PBS. All the materials and solutions showed poor antibacterial 
activity. However, the antibacterial activity of the hybrid gel could be increased 
by functionalizing GO with antibacterial agents in future.  

The gel formation and viscoelastic studies revealed self-supporting, 
homogeneous native and hybrid hydrogels that matched the stiffness of the brain, 
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which is beneficial for the application of the gel in this tissue. The results 
indicated that the GO flakes provided nucleation sites for faster gel formation 
and that the hydrophilic functional groups of the incorporated GBM 
strengthened the interactions between Fmoc-Phe and the material. 

3.2.2 Gel morphology 

The morphology and fiber dimensions of the bulk hybrid gel and the gel formed 
on the graphene surface were analyzed by AFM, SEM, TEM and HIM. In this 
way, the incorporation of GO flakes into the bulk hydrogel network and the 
surface-induced effects of pristine and 2PO graphene on the morphology of the 
supramolecular structures could be studied. The imaging sample of the bulk gel 
was prepared by dipping a carbon film into the gel and allowing it to dry 
overnight at room temperature. The graphene surface sample was lyophilized 
after gel formation and before the analysis. Different drying methods affect the 
morphology of the dried gel sample.130,131 Thus, the two samples could not be 
directly compared. 

Generally, both the bulk gel and the gel on the surfaces were 
supramolecular structures made of a network of fibers (FIGURE 19). The shape 
and dimensions of the fibers from the bulk gel were similar for the native and the 
hybrid hydrogels. Thus, we assumed that the fiber structure itself (primary and 
secondary organization level) was not affected by the GO incorporation. The 
hybrid gel had single, branched and entangled fibers between, on top, and 
around the edges of the GO flakes (FIGURE 19a). This indicated that the GO 
flakes interacted with the Fmoc-Phe fibers at the tertiary organization level.  

On the graphene surface sample, AFM images from the center of the gel 
network presented similar fiber shapes and dimensions on pristine and 2PO 
graphene. However, when comparing fibers at the edge of the gel network, the 
fibers appeared straight on the pristine surface, whereas they were curved on the 
2PO surface (FIGURE 19b-c, blue lines). The fibers at the edges of the gel network 
grew close to the surface and might have been affected by the surface to a greater 
extent than the fibers in the center of the network. The results indicated an effect 
of the distinct surface hydrophilicity between pristine and 2PO graphene on the 
tertiary organization level of the fibers.  

To conclude, the imaging of the dried gels revealed fibers as 
supramolecular structures, independent of the GBM in contact with the gel. In 
the bulk gel, GO flakes did not affect the morphology. When studying the 
surface-induced self-assembly, however, the morphology was slightly different. 
From these results, effects on the tertiary organization level of the gel could be 
concluded. The primary and secondary structures, however, remained unclear. 
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FIGURE 19 HIM images of (a) the bulk Fmoc-Phe/GO hybrid gel (GO flakes appear light 
grey, examples are highlighted) and the Fmoc-Phe gel on (b) the pristine and 
(c) the 2PO graphene surface. The blue lines follow the shape of example fibers. 
(a) Adapted with permission by E. D. Sitsanidis, L. A. L. Dutra, J. Schirmer, R. 
Chevigny, M. Lahtinen, A. Johansson, C. C. Piras, D. K. Smith, M. Tiirola, M. 
Pettersson and M. Nissinen. Probing the Gelation Synergies and Anti-Esche-
richia coli Activity of Fmoc-Phenylalanine/Graphene Oxide Hybrid Hydrogel, 
ACS Omega 2023, 8 (11), 10225-10234. Copyright 2022 American Chemical So-
ciety. (b), (c) Reproduced from article IV with permission from the PCCP 
Owner Societies. 

3.2.3 Self-assembly 

The self-assembly and interactions between the Fmoc-Phe molecules themselves 
and with the respective GBM were studied with s-SNOM experiments and 
Density Functional Theory (DFT) calculations for the surface sample. The bulk 
gels were analyzed by powder X-ray diffraction (PXRD), FTIR and Raman 
spectroscopy. While the results for the bulk gel showed the average packing and 
interactions in the whole gel sample, the s-SNOM and DFT results of the surface 
sample showed interactions at specific locations on the sample and at the 
nanoscale. 

Overall, a heterogeneous fibrous network was found for the bulk and the 
surface samples. This was confirmed by s-SNOM MIR imaging and PXRD 
patterns of the surface and bulk samples, respectively. The results confirmed 
previous reports about the polymorphic nature of the Fmoc-Phe gel.132  

The interactions at the primary and secondary organization levels of the gel 
could be studied with IR spectroscopy. The (nano-)FTIR spectra of amides 
showed characteristic bands between 1500 cm-1 and 1750 cm-1. These bands 
corresponded to the carbonyl C=O stretching vibration (amide I) and a 
combination of the N-H bending and C-N stretching vibrations (amide II, 
FIGURE 11b). Especially the amide I band is sensitive to hydrogen bonding and 
is an important parameter for the analysis of proteins and peptides. The band 
positions in the amide I region were assigned to the specific secondary structure 
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motifs of the biomolecules, such as β-sheets and helices.133,134 These motifs are 
based on hydrogen bonding between the amide groups of the amino acid chain. 
The molecular packing of peptide amphiphiles is based on hydrogen bonding 
between amino acids as well. Thus, the bands in the amide I region of the gels 
could be interpreted similarly. 

The FTIR spectrum of the Fmoc-Phe powder before gelation showed the 
non-hydrogen bonded carbonyl stretching at 1720 cm-1 and the amide I band at 
1681 cm-1 (FIGURE 20a). For the Fmoc-Phe/GO hybrid gel, the spectrum lacked 
the non-hydrogen bonded carbonyl stretching band. The amide I band shifted to 
1691 cm-1, with a shoulder at 1672cm-1. Both changes indicate the formation of 
sheet-like supramolecular structures during the Fmoc-Phe self-assembly based 
on hydrogen bonds involving the C=O groups.  

 

 

FIGURE 20 (a) FTIR spectra of the Fmoc-Phe powder and the Fmoc-Phe/GO hybrid gel; 
Nano-FTIR spectra of Fmoc-Phe gel on (b) pristine and (c) 2PO graphene; Two 
of the energetically most stable structures of Fmoc-Phe adsorbed on (d) pris-
tine and (e) 2PO graphene. (b)-(e) Reproduced from article IV with permission 
from the PCCP Owner Societies. 

The nano-FTIR spectra of the Fmoc-Phe fibers on pristine and 2PO graphene 
showed similar and distinct bands in the amide I region, indicating surface-
related effects on the self-assembly (FIGURE 20b,c). When correlating the band 
positions in the nano-FTIR spectra with the secondary structure elements, there 
would be sheet assemblies on pristine and 2PO graphene and additionally helical 
or disordered structures only on 2PO graphene. On both surfaces, a band at 
approximately 1730 cm-1 could have originated from non-hydrogen bonded C=O 
groups.  

In all studied systems, the carbonyl groups of Fmoc-Phe formed hydrogen 
bonds during the self-assembly process. Interestingly, the incorporation of GO 
into the bulk gel did not affect the bulk average hydrogen bonding. During the 
gelation of the bulk gels, the surfaces for nucleation sites were the glass vial and 
GO flakes (only for the hybrid gels). The results indicated that either the 
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nucleation on glass and GO led to the same molecular arrangement, or that the 
relative amount of different molecular packing induced by the GO flakes was too 
small to be detected in the average FTIR spectrum. On the other hand, the pristine 
and 2PO graphene surfaces led to similar and distinct hydrogen bonding in the 
gel fibers. Here, during the self-assembly, there was only the pristine and 2PO 
graphene surfaces available for nucleation. Thus, the surface-induced effect 
relative to the probed volume during the experiment might have been more 
significant and more easily detected when compared to the bulk gel.  

To elucidate the interactions between the surface and the Fmoc-Phe 
molecules that could cause the distinct self-assembly, we performed DFT 
calculations. A surface-mediated self-assembly was assumed. Distinct 
orientations of the initially adsorbing Fmoc-Phe monomer on the surface could 
have affected the self-assembly process alongside the forming fiber. In our 
calculations, the 2PO graphene contained one hydroxyl and one epoxide group, 
and one Fmoc-Phe molecule was adsorbed on the surfaces. The environment of 
the calculations was a vacuum space. While these conditions differed from reality 
during the self-assembly, the calculations could reveal the driving forces of 
molecular adsorption. A variety of initial orientations were tested, and the 
energetically most stable structures were assumed to be the dominating species. 

On pristine graphene, the adsorption of Fmoc-Phe was mainly based on 
interactions between the aromatic moieties of Fmoc-Phe and the surface. FIGURE 
20d presents two of the most stable configurations, where edge-to-face and face-
to-face/parallel-displaced π-π stacking was observed (FIGURE 7a). On 2PO 
graphene, the hydrophilic groups played a more important role in the 
interactions with Fmoc-Phe. The molecule oriented itself such that the carboxylic 
acid group was close to the epoxide or hydroxyl group (FIGURE 20e). As a result, 
different moieties of Fmoc-Phe interacted with each surface. In this way, 
hydrophilic or hydrophobic groups pointed towards the Fmoc-Phe solution on 
pristine or 2PO graphene, respectively. The self-assembly could have been 
initiated by different parts of the molecule and could have led to distinct primary 
and secondary structures of the fibers. The most energetically stable structures 
included different and similar orientations on pristine and 2PO graphene. This 
complements the nano-FTIR results, which showed distinct and similar bands on 
the two surfaces. 

For the Fmoc-Phe/GO hybrid gel, molecular interactions between the 
gelator and GO were investigated with Raman spectroscopy. By comparing the 
Raman spectrum of GO flakes with the hybrid gel, two differences were observed: 
The ID/IG ratio was larger in the gel compared to the plane flakes. Additionally, 
the G band shifted from 1583 cm-1 in the flakes to 1600 cm-1 in the gel. Both 
observations suggested a decrease of in-plane sp2 domains in the gel, which 
could be attributed to π-π-stacking between the GO flakes and the aromatic 
moieties of Fmoc-Phe.  

In summary, we found polymorphic Fmoc-Phe hydrogels that matched the 
stiffness of brain tissue as a bulk gel. We proved that Fmoc-Phe molecules and 
fibers interacted with pristine and 2PO graphene surfaces and GO flakes. While 
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GO flakes had no detectable effect on the bulk self-assembly of Fmoc-Phe, 
pristine and 2PO graphene surfaces affected the self-assembly at the nanoscale 
near the surface. These effects might have been limited to the proximity of the 
surface. However, it is important to understand them towards graphene-bio 
interfaces, where a biological component, for example, a neuron, is near the 
surface. 
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4 CONCLUSIONS AND OUTLOOK 

Since the discovery of graphene’s outstanding properties, various applications of 
the material and its derivatives have been considered. The potential biological 
applications of this material generated an entire research field on their own. Due 
to the high charge carrier density of graphene and the communication of human 
neurons based on electrical signals, graphene has been successfully used to 
measure brain activity. Thus, graphene can become a useful material for the 
treatment of nervous system injuries. The properties of graphene can be tuned 
by laser-induced two-photon oxidation (2PO) in nanoscale patterns, which 
introduces mainly hydroxyl and epoxide groups to the surface and does not 
affect the adjacent pristine graphene. In this way, graphene-bio interfaces with 
user-defined nanoscale properties can be developed. However, the research is 
still in its infancy, and the surface-related effects of 2PO on the biosystems need 
to be elucidated for any biomedical applications. The analysis of these effects was 
started in this thesis: Biological and biomimetic model systems were studied in 
direct contact with pristine and 2PO graphene surfaces as well as GO flakes. Two 
approaches were followed: (i) the noncovalent immobilization of proteins as a 
coating prior to neuron attachment and (ii) the formation of an ECM mimic on 
the graphene-based surfaces as a support for neurons. 

The model proteins were the enzyme horseradish peroxidase (HRP) and 
bovine serum albumin, two well-studied species. For certain incubation and 2PO 
parameters, both proteins immobilized selectively on the 2PO areas. Herein, the 
oxidation level, protein concentration and incubation time are important tuning 
parameters. The selectivity was attributed to distinct noncovalent interactions 
between the proteins and the two surfaces. HRP could be immobilized in a one-
to-four-layer range, and the noncovalent interactions were assumed to lead to 
electron-donation from the protein to the graphene surface. These results are 
very promising with regard to graphene-neuron communication because former 
studies showed that signals can be measured through a thin protein layer. The 
method could also enable selective immobilization of different proteins on one 
GFET array. The function of HRP could be tuned by the immobilization on 
pristine and 2PO graphene. A higher catalytic activity was detected from HRP 



 
 

57 
 

on the pristine surfaces compared to the 2PO surfaces. Presumably, 2PO surfaces 
affect the secondary structure of HRP more significantly than the pristine 
graphene surfaces. These results are interesting towards graphene-bio interfaces 
in general, as they indicate the potential of 2PO as a tool to tune protein 
immobilization and function at the nanoscale, which opens possibilities for new 
devices. 

The second part of the thesis studied the effects of pristine and 2PO 
graphene surfaces and GO flakes on the supramolecular self-assembly of the 
peptide amphiphile Fmoc-Phe. The GO flakes were successfully incorporated 
into the Fmoc-Phe hydrogel and did not affect the structure of the gel fibers. The 
stiffness of the gels matched the stiffness of the brain’s ECM. This is important 
for a viable and functional neuronal network formation close to the artificial 
surface. When the supramolecular self-assembly was initiated from the pristine 
or 2PO graphene surface, differences in the fiber structure were observed on 
several organizational levels. Herein, s-SNOM, a relatively new technique, was 
introduced to study the secondary structure of gel fibers. While the nano-FTIR 
spectra of fibers on pristine graphene show sheet-like structures, additional 
helical/disordered structures were found on 2PO graphene. These were 
attributed to distinct noncovalent interactions between initially adsorbed Fmoc-
Phe molecules and the two surfaces. The range of this effect, i.e., the distance 
from the surface at which the effect is still detectable, remains an open question. 
Also, it should be tested if the distinct structures lead to distinct viscoelastic 
properties, which have been shown for other gel systems on different surfaces. 
These studies highlight Fmoc-Phe as a possible gelator for brain and nerve 
applications and s-SNOM as a powerful technique for analyzing surface-
mediated self-assembly. Additionally, 2PO was shown to affect surface-mediated 
supramolecular self-assembly, thus indicating its use to generate biomimetic 
layers with differing viscoelastic properties. This might be useful to guide 
neurons on a graphene surface because they are sensitive to the viscoelastic 
properties of their environment. 

In conclusion, this thesis has contributed to advancing the knowledge of 
graphene-related surface-induced effects on biological and biomimetic systems. 
For 2PO surfaces, the studies presented were the first to explore the material for 
bio applications. Therefore, we started to explore well-known model systems. In 
this way, the observed effects could be traced back to the surface properties of 
graphene. The results show that 2PO could be a useful tool for developing 
graphene-bio and -neuron interfaces. The method might guide neurons with 
functional proteins and suitable stiffness of the support material to specific 
surface locations. This could lead to the development of more efficient devices 
for treating injuries to the nervous system. However, there is still a long way to 
go before 2PO graphene can be used clinically. The biocompatibility and safety 
of the material still need to be tested. Nevertheless, it is important to study 
interactions between the material and biological systems at the molecular level. 
This will deepen our knowledge and improve our ability to predict and 
understand possible responses of organisms at the graphene-bio interface.  
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Tuning protein adsorption on graphene surfaces via
laser-induced oxidation†

Efstratios D. Sitsanidis, a Johanna Schirmer, a Aku Lampinen, a

Kamila K. Mentel, a Vesa-Matti Hiltunen, b Visa Ruokolainen, c

Andreas Johansson, ab Pasi Myllyperkiö, a Maija Nissinen a

and Mika Pettersson *a

An approach for controlled protein immobilization on laser-induced two-photon (2P) oxidation patterned

graphene oxide (GO) surfaces is described. Selected proteins, horseradish peroxidase (HRP) and

biotinylated bovine serum albumin (b-BSA) were successfully immobilized on oxidized graphene

surfaces, via non-covalent interactions, by immersion of graphene-coated microchips in the protein

solution. The effects of laser pulse energy, irradiation time, protein concentration and duration of

incubation on the topography of immobilized proteins and consequent defects upon the lattice of

graphene were systemically studied by atomic force microscopy (AFM) and Raman spectroscopy. AFM

and fluorescence microscopy confirmed the selective aggregation of protein molecules towards the

irradiated areas. In addition, the attachment of b-BSA was detected by a reaction with fluorescently

labelled avidin-fluorescein isothiocyanate (Av-FITC). In contrast to chemically oxidized graphene, laser-

induced oxidation introduces the capability for localization on oxidized areas and tunability of the levels

of oxidation, resulting in controlled guidance of proteins by light over graphene surfaces and progressing

towards graphene microchips suitable for biomedical applications.

Introduction

Graphene is a carbon allotrope, consisting of a monolayer of sp2

hybridized carbon atoms bound together in a honeycomb
lattice. Due to its mechanical, physicochemical, optical, elec-
tronic and biological properties, this two-dimensional (2D)
nanomaterial has attracted much attention in the biomedical
eld. Indeed, functionalized graphene-based nanostructures
have been already reported for tissue engineering, cancer
therapy, drug delivery, regenerative medicine, imaging, cyto-
toxicity and biosensing applications.1–5

Graphene and its derivatives (graphene oxide, GO, reduced
graphene oxide, rGO) can be prepared in a scalable and cost-
effective manner. They demonstrate a strong antimicrobial
activity and their amphiphilic nature allows conjugation with
biomolecules. At the same time, a high specic surface area
results in the enhancement of cell adhesion, proliferation and
in certain cases, cell differentiation.6–8 To this extent, graphene-

based implantable materials have already led to advanced
therapeutic approaches by xing or replacing tissues and
organs damaged by accident or disease. Such sophisticated
bionic devices exploit the synergy of biology with electronics
(bioelectronics) and focus on restoring vision, treating spinal
cord injuries and ameliorating neurodegenerative diseases.9

Certain devices (neural interfaces) which have been already
clinically developed, consist of cortical electrodes, retina
implants, spinal cord and vagal nerve stimulators, deep brain
stimulation (DBS) and cochlear implants.10

In terms of biocompatibility, the response of the human
body towards injectable or implantable graphene-based mate-
rials is not yet fully understood. As different physicochemical
properties may generate different interactions with biological
systems, all implantable devices need to meet specic key
requirements such as minimal inammation, an adequate
signal-to-noise ratio and mechanical compliance towards the
affected tissues.10,11 Any chemical contamination during their
formulation process can cause adverse biological reactions
therefore, to minimize potential toxic effects, an effective ster-
ilization and depyrogenation procedure should be followed. In
addition, their stability and functionality need to be assessed
over time.12 Although the phenomenon of biocompatibility is
complex and its mechanisms not fully known, for those mate-
rials exposed to the human body, it is associated with the
adsorption of proteins on their surface.13
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While working towards bioinspired surfaces, our study aims
at the preparation of biocompatible graphene-based micro-
chips, to induce graphene–cell interactions, as potential
implantable devices. Here, we describe the selective function-
alization of laser-induced GO patterns on graphene surfaces by
protein adsorption via non-covalent interactions.

Our protein models were HRP enzyme and b-BSA. HRP was
previously immobilized on GO sheets in aqueous suspensions
by Zhang et al.14 Based on their ndings, certain pH values
favoured either electrostatic interactions or hydrogen bonding,
when the pH was below or above the enzyme's isoelectric point
(pI ¼ 7.2), respectively. According to the authors, although
physical adsorption resulted in conformational changes of the
HRP molecule, its observed catalytic activity was mainly deter-
mined by the type of interactions with the GO sheets. In addi-
tion, loading the enzyme on GO sheets did not affect its activity,
provided that the surface of the sheets was not crowded, thus
allowing free diffusion of the HRP substrate and the respective
product molecules.

BSA is the most abundant protein found in the blood
plasma, while its adsorption over the surface of implantable
materials passivates the reaction of the human body.13 Huang
et al. reported that incubation of GO with 10% fetal bovine
serum reduced signicantly its cytotoxicity.15 Furthermore, in
silico studies based on BSA's adsorption over graphene, showed
that free adsorption occurred with little structural rearrange-
ments.16,17 In contrast, forced adsorption simulations led to
orientations capable of preserving the structural properties of
the majority of the protein's binding sites. Herein, we used the
biotinylated derivative (b-BSA) due to its high affinity towards
avidin to detect its immobilization by the reaction with the
uorescently labelled Av-FITC.

In our case, the immobilization of proteins is based on non-
covalent interactions by immersion of the laser-patterned
microchips into protein solutions. In contrast to covalent
binding, supramolecular forces maintain the structure and the
properties of graphene. Physical adsorption is caused by weak
interactions among graphene and proteinmolecules, such as H-
bonding, van der Waals forces, hydrophobic, electrostatic and

aromatic–aromatic (p–p stacking) interactions. It is of note that
such forces depend on the morphology and hydrophobicity of
the GO surface. Additionally, physical adsorption is mainly
hydrophobic in nature due to the sp2 hybridization of carbon
atoms within the honeycomb lattice, and it depends on both the
electron density and geometry of the protein molecules. By
adapting their shape, proteins orientate their aromatic residues
accordingly, resulting in stronger p–p stacking with
graphene.18,19

In this study, the focus is on the topography of the protein
molecules rather than their functionality, therefore the catalytic
activity of the immobilized HRP enzyme was not assessed. A
range of different conditions for the irradiation process and
adsorption protocols were used to introduce tunability in
protein functionalization and investigate any consequently
generated defects upon graphene. The methodology presented
here can be used to selectively localize various proteins on
graphene, which is highly benecial for the development of
bioinspired graphene devices suitable, for example, in virus
detection,20 electrochemical catalysis21 and cell/tissue adhesion.

Results and discussion
Raman and AFM assessment of oxidized graphene and
protein immobilization

We used a set of squared silicon chips (7 mm � 7 mm) con-
sisting of a 300 nm upper layer of SiO2 and a monolayer of
graphene on top (5 mm � 5 mm). A reference metal grid was
prepared on the surface of graphene, to ease exposure of the
oxidation patterns by laser-induced 2P oxidation.22–24 Details of
the microchip preparation and its full characterization are
described in our previous studies.25 Graphene was irradiated
using a range of laser pulse energies (5 to 30 pJ) and duration of
irradiation from 0.2 up to 1.5 s per spot, to assess its effect on
the level of oxidation and optimal conditions for protein
adhesion. The matrices of squares with sizes �2 � 2 mm2 were
patterned by step-by-step irradiation with steps of 0.1 mm and
laser spot diameter of �0.6 mm (Fig. 1).

Fig. 1 Graphene microchip and depiction of the matrix of squares after irradiation. (A) Schematic representation and (B) optical images of a Si/
SiO2 microchip bearing a monolayer of graphene on top with given dimensions of the pattern grid; (C) AFM height sensor image of the irradiated
area (matrix of squares), using a range of laser pulse energies and duration of irradiation; the field of view (FOV) is 22 � 22 mm2.

2066 | Nanoscale Adv., 2021, 3, 2065–2074 © 2021 The Author(s). Published by the Royal Society of Chemistry
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When comparing the height distribution proles of the
irradiated graphene squares before any treatment with protein
solutions, it was evident that an increase of the laser pulse
energy (from 5 to 30 pJ) for the same irradiation time (1.5 s)
resulted in higher height proles for the corresponding gra-
phene spots (Fig. 2-D; irradiated area within the red frame).

On the other hand, when increasing the irradiation time
(from 0.05 to 1.5 s), no signicant increase in height was
noticed for higher pulse energies (30 and 25 pJ). In contrast, for
lower energies (20 and 15 pJ), the difference in heights wasmore
profound (Fig. 2-C; irradiated areas marked by the orange
arrows). The observed differences in height indicate a different
level of graphene oxidation achieved by laser-induced oxidation,
as stated in our previous studies.22 In addition, Raman
measurements of the oxidized samples showed that the inten-
sity of the D band and interestingly that of G were increasing by
irradiation (in all times ID > IG). The G band frequency was
slightly shied towards higher wavenumbers (blue-shied)
which denotes a signature of oxidized graphene.

The effect of laser oxidation on HRP immobilization

A combination of different laser pulse energies and irradiation
times allowed us to assess the effects of different levels of gra-
phene oxidation on protein adhesion and consequently defects
upon the graphitic lattice, induced by protein immobilization. A
microchip sample was therefore incubated in HRP solution for
one hour, and AFM images and Raman spectra were recorded
prior and aer incubation.

The topographic height proles of the irradiated squares
veried an increase in height from 2 nm to almost �7 nm aer
HRP adhesion (Fig. 3). A dense aggregation of enzyme

molecules was observed in the middle and over the edges of
each irradiated square. For such a short incubation time (1 h)
there were no signicant differences among the observed height
proles for the squares irradiated by intense pulse energies (30
and 25 pJ). For moderate pulse energies (20 and 15 pJ), however,
HRP adhesion was denser when irradiation time had been
longer. This suggests that both the irradiation conditions and
the incubation time may affect protein adhesion, vide infra.

In contrast to the height proles, the Raman spectra
appeared both qualitatively and quantitatively different
regarding the given irradiation conditions (Fig. S1–S3 and
Tables S1–S3†). As anticipated, the intensity of the G and 2D
bands were prominent for all non-irradiated graphene areas. In
contrast, for the oxidized areas, both D and G peaks were more
intense compared to the 2D vibrational mode. It is of note that
the position, intensity and full width at half maximum (FWHM)
of the 2D and D + D0 peaks were changing depending on the
used irradiation conditions.

Furthermore, less intense peaks of the D0 at�1620 cm�1 and
G* at �2460 cm�1 were also observed. The D0 band appeared as
a shoulder of the G peak in the spectra of graphene squares
irradiated under moderate conditions (15 and 20 pJ/irradiation
time over 0.5 s). For the regions treated with an increased laser
pulse energy and irradiation time (25 and 30 pJ/irradiation over
1.5 s), both peaks merged into a broader band (Fig. S1–S3†). On
the other hand, for the non-irradiated graphene regions, the G*
peak was observed at a very low intensity.

The D or disorder-induced band usually ranges at �1250–
1450 cm�1 and is indicative of lattice defects or appears near the
edges of graphene. It originates from an intervalley process by
the transverse optical phonons and associates to the breathing

Fig. 2 Evaluation of laser induced 2P oxidation of a microchip prior to the treatment with protein solutions. (A) AFM height sensor image of the
irradiated microchip with designated oxidized areas (red frame and orange arrows); (B) Raman map showing integrated intensity in the D band
area at �1350 cm�1. Height distribution profiles of the designated areas; (C) increased duration of irradiation (0.05–1.5 s, orange arrows); (D)
increased laser pulse energy (5–30 pJ, red frame). Raman spectra of the designated irradiated and non-irradiated (denoted by the asterisk) spots,
normalized with respect to the Si band intensities; (E) increased pulse energy at a constant irradiation of 1.5 s; (F) increased duration of irradiation
at a constant pulse energy of 25 pJ.
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oscillation of the six-membered ring due to the presence of
structural defects. The G or graphitic vibrational mode appears
at �1580 cm�1 and is due to the in-plane motion of the sp2

hybridized carbon atoms (bond stretching). The less intense D0

peak usually appears as a shoulder of the G band and is asso-
ciated with lattice defects. The G* band can be attributed to two
different time-order phonon processes, a combination of
transverse optical and longitudinal acoustic phonons.26 The 2D
vibrational mode, an overtone of the D band, appears near
2700 cm�1 and is a second-order, two phonon, double reso-
nance process. The D + D0 located near 2900 cm�1 is a combi-
nation of defect activated phonons related to the D and D0

vibrations.27–30

For all studied cases (irradiated and non-irradiated gra-
phene), the Raman bands were shied towards lower wave-
numbers aer HRP adhesion. The observed downshi was
quantitatively different for each peak. One of our main ndings
is that a signicant downshi was evident for areas irradiated
under less intense conditions (laser pulse energy of 15 and 20 pJ
for a duration of 1.5 s), especially for the G and 2D bands
(Table 1 and Fig. 4). Whenmore intense irradiation was applied,
however, not any notable shi was observed for the G band in
contrast to the 2D peak, which appeared notably shied aer
functionalization. In addition, the shi of the D band was
smaller in areas treated under intense pulse energy, following
the same pattern as above (Fig. S1–S3†).

For more intense irradiation conditions (laser pulse energy
of 25 and 30 pJ/irradiation time > 1.0 s), our observations

indicate that the defects on the graphitic lattice, caused by laser-
induced oxidation, generated a strong Raman ngerprint.
Therefore, the weak supramolecular interactions, induced by
HRP adhesion, when added to the overall number of defects

Fig. 3 Evaluation of laser pulse energy and duration of irradiation upon protein adhesion. AFM height sensor images of the microchip, before (A)
and after (B) HRP adhesion; (C) topographic height profiles of a designated area (yellow frame) before and after functionalization; (D) HRP
aggregation towards themiddle and over the edges of the squares, irradiated by laser pulse energy of 25 pJ at different durations (red arrows and
corresponding height profiles).

Table 1 Observed downshifts of the Raman bands after HRP adhe-
sion. Shifts were calculated based on the position of the peaks ob-
tained by the Lorentzian function fitting procedure

Conditions

Red shi (cm�1)

D G 2D

Increased pulse energy (pJ)/constant irradiation time of 1.5 s
30 4.2 0.8 8.8
25 5.3 1.0 9.7
20 6.1 13.6 11.2
15 7.4 14.0 14.4

Increased irradiation time (s)/constant pulse energy of 25 pJ
1.5 4.7 1.1 4.3
1.0 5.2 2.3 8.3
0.75 6.5 4.9 12.8
0.5 7.4 12.8 13.5

Non-irradiated spots
Spot 1 4.2 3.7 6.5
Spot 2 4.6 4.2 5.2
Spot 3 3.2 2.4 2.8
Spot 4 3.7 5.0 7.2
Spot 5 2.5 3.9 4.3
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were not strong enough to cause signicant changes at the
spectroscopic features of the densely deformed graphene areas
and thus causing a smaller downshi. Furthermore, for any
specic irradiated spot on the lattice, the Raman vibrational
modes originate by different phonon processes and therefore
respond to a different extent towards the applied supramolec-
ular forces.

Similar shis caused by strain on the graphitic lattice have
already been reported.31,32 In a previous case, the deposition of
gold nanoparticles (GNPs) on graphene resulted in the whole
Raman spectrum to downshi.33 More specically, the shi of
the 2D peak (�6 cm�1) was more signicant than that of the G
band (�3 cm�1). In the attempt to explain the observed down-
shi, a model of local strain was proposed, generated by the
charge transfer among GNPs and graphene. Regarding our
sample, the observed downshi of the G and 2D bands could be
associated to both strain and doping effects due to charge
transfer from the protein to graphene. Based on Ferrari et al.,
a downshi for both bands would indicate a decrease of positive
doping.34,35 In general, for strained or doped graphene, both the
G and 2D bands are shied. Depending on its origin, such
shiing is slightly different, which makes it possible to differ-
entiate their contributions. We, therefore, calculated the level of
strain and doping from the obtained Raman data (Fig. 5, S4 and
S5†)36–39 following a methodology described by Lee et al.36

Non-irradiated graphene is initially p-type doped (about 0.35
eV) because of annealing enhanced graphene/SiO2 substrate
conformity, which is the case for all our graphene samples on
SiO2 substrate. Laser-induced oxidation does not seem to
change the doping substantially, and the change is in different
directions at the different irradiated spots as can be seen by the

Fermi level plots (black squares, Fig. S4 and S5†). HRP adhesion
(red circles, Fig. S4 and S5†) does not change the doping
signicantly for most of the patterns. However, in those squares
where it does (15 and 20 pJ laser pulse energy; Fig. S4-A†/irra-
diation over 0.5 s; Fig. S5-A†), the change is large, and the
doping is almost neutralized. It changes from �0.35 eV to
�0.05 eV but still remains p-type.

According to the applied experimental conditions, the HRP
molecules were positively charged as we adjusted the pH of the
phosphate buffer solution slightly below the pI (7.2) of the
enzyme. Our intention was to induce coulombic forces between
the protein molecules and GO. Albeit a dense aggregation of
HRP was observed by AFM upon the irradiated areas, the
enzyme interacted with the whole graphitic surface. Indeed, the
non-irradiated spot 4 (pristine graphene, Fig. S3†), although
positioned far from any irradiated areas, showed a similar
downshi pattern to the irradiated areas aer the functionali-
zation process. However, the magnitude of the shi was
smaller. The differences in shiing among the irradiated and
non-irradiated regions of graphene can only suggest differences
in the type of supramolecular interactions (electrostatic forces
or hydrogen bonding) between the protein molecules and the
graphitic lattice.

For the non-irradiated spots and those oxidized under
moderate conditions, a sharp 2D band was present before and
aer HRP adhesion. For regions bearing denser deformities,
however, the sharp 2D band was signicantly broadened.
According to Ferreira et al., an increase of the lattice defects
leads to an increase in the intensity of the defect activated
bands. In contrast, for denser deformities, the 2D band is
suppressed as the honeycomb graphene network is disturbed.40

Fig. 4 Observed Raman shifts. AFM height sensor images of the
microchip, depicting the designated areas before (A) and after (B) HRP
adhesion. (C) Raman spectra recorded prior and after HRP adhesion.
Moderate irradiation conditions: laser pulse energy of 15 and 20 pJ and
duration of irradiation of 1.5 s; all spectra are normalized with respect
to the Si band intensities.

Fig. 5 2D vs. G Raman band position plot. The green line shows the
effect of pure strain without doping, and the red line the effect of
doping without strain. The blue line shows a case of changing doping
with constant �0.05% biaxial strain. Symbols show measurement
points in different places on the sample. The blue triangle represents
measurements from spots irradiated by constant 25 pJ pulse energy
before HRP adhesion and green triangles after HRP adhesion. Black
squares represent measurements from spots irradiated by different
pulse energies (30–15 pJ) with a constant 1.5 s exposure time before
functionalization and red circles after functionalization. Purple dia-
monds refer to non-irradiated graphene before functionalization and
yellow triangles after.
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This explains the increase of the FWHM of the 2D peak and
other defect activated bands (D and D + D0) towards regions
oxidized under more intense conditions. Therefore, for irradi-
ation time of 1.5 s and pulse energy ranging from 15 pJ to 30 pJ,
the FWHM of the D and 2D bands was increased by 56 and
170 cm�1 accordingly, while the D + D0 vibrational mode was
visible only at regions bearing denser deformities. Similarly, by
increasing the irradiation time from 0.5 s to 1.5 s under
constant pulse energy of 25 pJ, the FWHM of the D, 2D and D +
D0 bands increased by 18, 99 and 25 cm�1 respectively.

The effect of HRP immobilization on GO was further
assessed by comparison of the ID/IG ratio before and aer the
functionalization of the microchip (Fig. 6). Signicant changes
in the ratio values were noticed only over the areas of graphene
oxidized under moderate conditions. For a constant irradiation
time (1.5 s), the highest difference in the ID/IG ratio was spotted
at areas treated with the lowest laser pulse energy (15 pJ). The
ratio increased from 1.29 to 2.16, whereas minor changes were
observed as the pulse energy increased. For those regions
treated with constant pulse energy (25 pJ) over different irradi-
ation times, the alterations in the ID/IG ratio were signicant at
0.5 s of irradiation.

Differences in the ID/IG ratio related to differences in doping
have been previously reported. In their work, Ferrari et al.

describe how the intensity of the D band decreases as doping
increases.35 In our case, the same observation applies; the
intensity of the D band is increased when doping is decreased,
which explains the increase in ID/IG ratio. Such a result denotes
that although HRP adhesion introduces defects upon the gra-
phene monolayer, these are noticeable at a different extent,
depending on the initial deformities achieved by laser-induced
2P oxidation. In other words, the weak supramolecular inter-
actions between the enzyme and GO surface are notably visible
when the deformities over the lattice of graphene are less dense.

The effect of incubation cycles on HRP immobilization

A secondmicrochip was successively incubated in HRP solution
for 1, 2 and 3 h, respectively, (totally 6 h of incubation) to
investigate potential concentration and sample handling effects
on protein immobilization. The enzymatic solution was diluted
to a quarter of the initial concentration, AFM height sensor
images were captured aer each incubation cycle, and Raman
spectra were recorded prior any treatment and aer function-
alization (Fig. 7).

For a selected area of graphene, irradiated by 15 pJ for
different lengths of times, the 2P oxidation process increased
the height of the irradiated squares up to 1–1.5 nm in a homo-
geneous manner. Aer two cycles of incubation (totally 3 h of
treatment), the designated squares increased their heights due
to protein adhesion. Based on the topographic height proles,
a denser accumulation of the enzymemolecules was observed at
the centre and over the edges of each square. A third incubation
cycle for 3 more hours (totally 6 h of treatment) resulted in
heights up to 15 nm. It is of note that for an increased irradi-
ation time (1.5 s) the same aggregation pattern was observed.
For shorter irradiation times (0.75–1.25 s), however, HRP
enzymes immobilized upon the surface of the squares almost
evenly.

To ensure that the observed changes in height and the
topography of HRP enzyme are not related to non-specic
adsorption of the buffer solutes, we compared the height
prole of a non-irradiated area of the microchip aer each
incubation cycle. Indeed, no changes in height were present
aer 6 h of treatment, indicating the absence of HRP molecules
upon pristine graphene (Fig. S6†). In addition, although scan-
ning electron microscopy (SEM) images of the microchip
showed the deposition of crystals on its surface, their shape was
rather distinct and could not be related to immobilized HRP
(Fig. S6-D†).

Further to this, we generated histograms corresponding to
the topographic height proles of the irradiated area (Fig. 7-A)
by using the depth function of Nanoscope analysis soware
(Fig. S7-C†). The x axis of each histogram represents the
measured heights from the AFM height sensor channel versus
the percentage of data points (y axis) related to the corre-
sponding heights. Before treatment, two distinct peaks are
visible (black histogram). By comparison to the AFM height
sensor image (Fig. 7-A and B) it is evident that the peak at
�0 nm corresponds to non-irradiated graphene while the peak
at �0.5 nm to oxidized graphene. Aer each incubation cycle,

Fig. 6 ID/IG ratios prior and after incubation of the microchip in HRP
solution. AFM height sensor image of the microchip, before (A) and
after (B) HRP adhesion with designated areas. The blue spot is non-
irradiated graphene. (C) Ratio values correspond to graphene squares
(red frame) irradiated at a constant duration of 1.5 s over a range of
pulse energies (top plot) and those squares (yellow frame) irradiated at
a constant pulse energy of 25 pJ over a range of time durations
(bottom plot).
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both peaks were broadened (blue and red histograms) while
a notable shi was observed for those peaks related to irradi-
ated graphene. Indeed, shiing denotes an increase of height (x
axis values) by increasing the time of incubation from 3 h (4 nm)
to 6 h (10 nm). Prior treatment, two distinct height levels (x axis
values) are observed and almost all data points (y axis) fall
within this range. The broadening of the peaks aer each
incubation cycle, suggests the preference of HRP molecules to
immobilize upon irradiated graphene resulting in a rougher
surface with variations in height. The shiing towards
increased heights (x axis) supports the increased deposition of
HRP molecules.

To relate the successive incubation cycles with the formation
of multiple HRP layers upon irradiated graphene (measured
heights, Fig. 7-B) we took into account the dimensions and
hydrophobic–hydrophilic distribution of the enzyme itself

(Protein Data Bank ID, 1HCH).41 Assuming that the GO–HRP
interaction is mostly electrostatic then one could expect that
regions with a higher amount of hydrophilic amino-acids will
be more prone to adsorption. According to the measured height
proles (Fig. 3-C, S8-A†) the nominal height of immobilized
HRP in a single layer should be around 3 nm (�0.6 nm owing to
the deformation-induced upon AFM indentation). Based on our
ndings, aer 3 h of incubation 1–2 layers of the enzyme seem
to have been deposited (1 nm + 3 nm) while aer 6 h, 3–4 layers
(Fig. S8†).

Aer 6 h of incubation, the Raman spectra showed a signif-
icant decrease in the intensity of the D and G bands (ID > IG in
both cases). Also, the initial broad G band appeared rather
sharp aer 6 h of treatment, bearing the D0 peak as a shoulder,
while the 2D signal increased its intensity almost to that of the
G band (Fig. 7-C). The ID/IG ratio values, prior and aer HRP
adhesion were 2.28 and 1.85, respectively, which suggests an
increase in doping aer 6 h of treatment. Finally, a downshi
was also observed which was qualitatively different for all peaks
(D: 3.5 cm�1, G: 5.7 cm�1, 2D: no shi observed, D + D0:
5.6 cm�1) showing the presence of strain and/or doping effects
due to charge transfer over the graphitic lattice.

In contrast to shorter incubation times (1 h, rst microchip),
additional immersion cycles in HRP solution (second micro-
chip) increased further the height of the irradiated squares,
indicating a denser aggregation of proteins. The differences in
Raman spectroscopy between the two microchips suggest that
the initial incubation cycles favoured interactions among the
protein molecules and graphene. Indeed, the induced supra-
molecular forces had an immediate structural effect on the
graphitic lattice, which was reected by the outstanding vibra-
tional responses (i.e. downshiing) of the Raman peaks (rst
microchip). Depending on the type of interactions (i.e. electro-
static or hydrogen bonding), graphene is affected either by
charge transfer and/or mechanical deformations, leading to
different phonon processes. A denser accumulation of enzyme
molecules through additional incubation cycles (second
microchip), favours intermolecular interactions, causing minor
effects on the graphitic lattice. This hypothesis is justied by the
smaller downshiing before and aer functionalization. In
addition, the moderate changes in the Raman spectra can be
attributed to the reduced concentration of HRP used during the
treatment of the second microchip.

Detection of b-BSA/Av-FITC attachment by uorescence
microscopy

In our attempt to visualize the topography/selective aggregation
of protein molecules over irradiated graphene, a third micro-
chip was initially treated with a b-BSA solution and reacted
thereaer with uorescently labelled Av-FITC, before imaging
by uorescence confocal microscopy. Using ImageJ soware, we
analysed the obtained red, green, blue (RGB) colour image and
generated the given grayscale plot proles of the selected areas
of the microchip (Fig. 8). The surface plot displays the intensity
of light which reects from the chosen areas, designated by the
dashed lines. It denes the brightness of the pixels along the

Fig. 7 Incubation studies in HRP solution. (A) AFM height sensor
images of a selected area at different cycles of incubation. Graphene
was irradiated by laser pulse energy of 15 pJ at different time durations;
(B) topographic height profiles of the designated area after 3 and 6 h of
incubation; (C) Raman spectra of a selected irradiated square (orange
frame) before and after functionalization. All spectra are normalized to
the Si bands intensity.

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 2065–2074 | 2071
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drawn lines and relates to the number of immobilized protein
molecules. The denser the protein aggregation, the higher the
grayscale value is.

The black and yellow horizontal lines correspond to gra-
phene treated by a constant pulse energy of 30 and 10 pJ
respectively, over a range of irradiation times (0.2–1.5 s). The
red and blue vertical lines represent graphene irradiated for 1.5
and 0.2 s respectively, at a range of laser pulse energies (30–10
pJ). From the plot, it is evident that for intense oxidation
conditions (higher pulse energy and longer irradiation time), b-
BSA adhered on graphene almost evenly (black and red plots).
On the other hand, for moderate oxidation conditions, the
intensity varies. The intensity is reaching the highest values on
the grayscale when higher pulse energies (30 and 25 pJ) are used

over short irradiation times (blue plot) and when longer irra-
diation is applied (1.5 to 0.8 s) at lower energies (yellow plot).

As the protein carries a net negative charge at the used pH
value (7.3), it was expected to adhere less upon areas bearing
a high surface density of oxygen-containing groups due to
electrostatic repulsion. The experimental results, however, can
be attributed to the induced coulombic forces between the
negatively charged GO and the positively charged amino acids
of b-BSA (lysine, histidine).42 This also explains the poor adhe-
sion of protein molecules over graphene areas irradiated under
moderate conditions hence bearing a lower surface density of
oxygen functional groups.

The functionalization of graphene surfaces by proteins
expands the potential of the microchips towards applications in
biomedicine, such as in biosensors, drug delivery systems and
immunological assays. In comparison to the existing patterning
technologies,43,44 laser-induced oxidation introduces tunability
on protein adhesion by controlling the levels of oxidation. In
other words, proteins can be guided over graphene surfaces by
light. Sequential irradiation of different areas followed by the
immobilization of proteins can be used to functionalize chips
with multiple proteins, localized in separate regions. Since the
selective immobilization of proteins is based on non-covalent
interactions, our approach does not require the addition of
chemicals or the use of chemical masking techniques resulting
in a facile and free from chemical contaminants patterning
method.

Conclusions

We studied protein adhesion upon laser-induced GO patterns.
Our key observations are: (i) by modication of the irradiation
conditions we introduced tunability of the levels of graphene
oxidation and hence induced the selective immobilization of
protein molecules; (ii) the type of protein, its concentration,
incubation time and pH value of the buffer solution have an
immediate effect on physical adsorption; (iii) any consequent
deformities upon the graphitic lattice due to protein adhesion
are notably visible by Raman spectroscopy over areas oxidized
under moderate conditions; (iv) we facilitated a Raman spec-
troscopic ngerprint of protein adhesion and observed the
topography of protein immobilization by AFM and uorescence
microscopy.

Working towards bioinspired graphene surfaces, we can
control the topography of protein immobilization by laser-
induced oxidation in contrast to chemically oxidized gra-
phene. Our methodology has a high potential for advancing the
development of bioelectronic devices and sensors, for example,
via the selective immobilization of antibodies on active sensor
areas.

Materials and methods
Material

Horseradish peroxidase, HRP (type VI, $250 units per mg
solid), biotinylated Bovine Serum Albumin, b-BSA (A8549) and

Fig. 8 Evaluation of the b-BSA/Av-FITC topographic immobilization
by fluorescence microscopy. (A) Fluorescence microscopy image of
the microchip after treatment with given oxidation parameters; (B)
grayscale surface plot profiles corresponding to constant laser pulse
energies of 30 and 10 pJ; (C) grayscale surface plot profiles corre-
sponding to constant irradiation times of 1.5 and 0.2 s.

2072 | Nanoscale Adv., 2021, 3, 2065–2074 © 2021 The Author(s). Published by the Royal Society of Chemistry
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avidin-uorescein isothiocyanate, Av-FITC from egg white
(A2901) were purchased from Sigma Aldrich.

Preparation of protein solutions

HRP solutions were prepared in phosphate-buffered saline, PBS
(0.0754 M Na2HPO4$2H2O, 0.0246 M NaH2PO4$2H2O, pH 7.1)
with nal concentrations of 2.5 units per mL or 10 mg mL�1 and
0.625 units per mL or 2.5 mg mL�1. b-BSA and Av-FITC solutions
were prepared in PBS (137 mmol L�1 NaCl, 2.7 mmol L�1 KCl,
10 mmol L�1 Na2HPO4, 2.0 mmol L�1 KH2PO4, pH 7.3 pH) at
nal concentrations of 10 mg mL�1 and 80 mg mL�1 respectively.

Immobilization of HRP enzyme

The microchip was immersed in HRP solution (2.5 units per
mL) for 1 h at 0 �C. The graphene surface was then extensively
washed with PBS solution (pH 7.1) and MilliQ water before
dried under the stream of N2 gas. A lower concentration of the
enzyme was used (0.625 units per mL) to assess concentration
and immersion timing effects on HRP adsorption. The micro-
chip was therefore immersed into HRP solution for 1, 2 and 3 h
respectively. Aer each immersion cycle, washings were per-
formed using PBS solution (pH 7.1) and MilliQ water followed
by drying.

Immobilization of b-BSA and binding with Av-FITC

The microchip was immersed in b-BSA solution (10 mg mL�1) for
24 h at r.t. The graphene surface was washed with a PBS solution
(pH 7.3) and MilliQ water to remove unbound proteins. The chip
was then dried under a stream of N2 gas before it was immersed
for a second time into an Av-FITC solution (80 mg mL�1) for 1 h at
r.t. Excess of Av-FITC was removed by PBS solution and water
washings followed by drying.

Instruments

Oxidized patterns were curved on graphene monolayer by irradi-
ation with 515 nm focused femtosecond laser in the ambient
atmosphere (pulse duration 250 fs, repetition rate: 600 kHz). A
home-built Raman setup was used for mapping and spectra
acquisition, as previously described.22,45 The laser power of 0.250
mW and 532 nm of excitation was utilized, the exposure time was
set at 10 s andmapping was conducted in a 25� 25 mm area. AFM
imaging was carried on a Bruker Dimension Icon atomic force
microscope, using Peak Force Tappingmode. ScanAsyst-Air probes
from Bruker were used during imaging with the peak force set to
2.0 nN. All AFM images were processed with NanoScope Analysis
1.9 soware. Images of the height channel were smoothed with
a Gaussian low-pass lter to suppress noise to generate 3D struc-
tures. Fluorescence imaging was performed on a Nikon A1R laser
scanning confocal microscope. Images were acquired by using
argon laser excitation at 488 nm and a 512/30 emission lter for
detection. All images were processed with Fiji2 soware.

AFM and Raman analysis

The height distribution prole of the functionalized surfaces was
evaluated by PeakForce tapping (PFT) mode AFM.46 The irradiated

graphene surfaces were visualized by Raman mapping of the
integrated intensity of the D band, while Raman spectra were
recorded for all samples at selected spots (irradiated and non-
irradiated). By comparison of the vibrational response of the gra-
phene surfaces before and aer protein adhesion, we attempted to
facilitate a spectroscopic ngerprint of the functionalized areas.
Both rst (1050–1750 cm�1) and second (2400–3100 cm�1) order
scattering spectral regions were evaluated prior and aer protein
functionalization to assess potential defects on the lattice of gra-
phene. Our study focused on features such as the position,
intensity and displacement of the recorded bands, the ID/IG ratios
and the FWHM of the vibrational modes which were quantied by
the Lorentzian function tting procedure.

To calculate the level of strain and doping, the sensitivity
factors we used were (Du2D/DuG)

hole
n ¼ 0.7 and (Du2D/DuG)

biaxial
3 ¼

2.63. Doping was estimated simply by n ¼ (EF/(ħnF))/p, where n is
carrier concentration, EF Fermi energy and nF Fermi velocity. The
shi of the G band frequency is given byDuG¼ EF� 42 cm�1/eV.37

The effect of strain on the G band frequency was estimated with
a sensitivity factor of �69.1 cm�1/%, which is an average value
derived from previous studies.36–39 The point of zero doping and
strain we used in calculations was 1581 cm�1 (G band frequency)
and 2671 cm�1 (2D band frequency) (Fig. 5, S4 and S5†).
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and M. Pettersson, Nanoscale, 2015, 7, 2851–2855.

23 J. Koivistoinen, L. Sládková, J. Aumanen, P. Koskinen,
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Tuning Protein Adsorption on Graphene Surfaces via Laser-Induced Oxidation
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P.O. Box 35, FI-40014 JYU, Finland.

Table S1. Raman shifts (cm-1), quantified by the Lorentzian function fitting procedure, corresponding 
to the spectra depicted in Figure S1. Shifts are given in black colour font (before HRP adhesion) and 
red colour font (after HRP adhesion). 

Pulse energy (pJ) D G 2D D+D´

30 1347.8
1343.6

1596.6
1595.8

2692.5
2683.7

2933.5
2930.5

25 1348.5
1343.2

1596.5
1595.5

2693.3
2683.6

2933.9
2931.4

20 1347.4
1341.3

1599.8
1586.2

2693.0
2681.8

2939.8
---

15 1348.3
1340.9

1600.7
1586.7

2694.8
2680.4

---
---

Figure S1. Raman spectra before and after HRP adhesion. Increased pulse energy (15 to 30 pJ) for a constant 
irradiation time of 1.5 s. Insert depicts the location of the corresponding squares, before (top) and after (bottom) 
HRP adhesion. All spectra are normalized with respect to the Si band intensities.

Electronic Supplementary Material (ESI) for Nanoscale Advances.
This journal is © The Royal Society of Chemistry 2021
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Table S2. Raman shifts (cm-1), quantified by the Lorentzian function fitting procedure, corresponding 
to the spectra depicted in Figure S2. Shifts are given in black colour font (before HRP adhesion) and 
red colour font (after HRP adhesion). 

Duration of 
irradiation (s) D G 2D D+D´

1.5 1347.3
1342.6

1600.6
1599.5

2689.2
2684.9

2938.1
2931.7

1.0 1347.1
1341.9

1600.9
1598.6

2690.3
2682.0

2941.2
2934.8

0.75 1347.6
1341.1

1601.0
1596.1

2692.6
2679.8

2943.7
2937.4

0.5 1348.3
1340.9

1599.7
1586.9

2694.5
2681.0

2949.9
2938.6

Figure S2. Raman spectra before and after HRP adhesion. Increased irradiation time at a constant pulse 
energy of 25 pJ.  Insert depicts the location of the corresponding squares, before (top) and after (bottom) 
HRP adhesion. All spectra are normalized with respect to the Si band intensities.
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Table S3. Raman shifts (cm-1), quantified by the Lorentzian function fitting procedure, corresponding 
to the spectra depicted in Figure S3. Shifts are given in black colour font (before HRP adhesion) and 
red colour font (after HRP adhesion). 

Non-irradiated 
spots D G G* 2D

spot 1 1347.4
1343.2

1600.3
1596.6

2465.7
---

2695.1
2688.6

spot 2 1347.6
1343.0

1599.6
1595.4

2464.2
---

2693.1
2687.9

spot 3 1345.9
1342.7

1599.7
1597.3

---
---

2692.4
2689.6

spot 4 1347.8
1344.1

1601.6
1596.6

---
---

2696.8
2689.6

spot 5 1345.6
1343.1

1600.2
1596.3

---
---

2693.1
2688.8

Figure S3.  Raman spectra before and after HRP adhesion. Non-irradiated graphene spots. Insert depicts 
the location of the corresponding spots. All spectra are normalized with respect to the Si band 
intensities.
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Figure S4. Fermi level (A) and compressive strain (B) plots calculated from the obtained Raman data 
before and after HRP adhesion. The values correspond to graphene squares irradiated at a constant 
duration of 1.5 s over a range of pulse energies (corresponding Raman spectra are given in Figure S1).

Figure S5. Fermi level (A) and compressive strain (B) plots calculated from the obtained Raman data 
before and after HRP adhesion. The values correspond to graphene squares irradiated at a constant pulse 
energy of 25 pJ over a range of time durations. (corresponding Raman spectra are given in Figure S2).



5

 

Figure S6. Control measurements of protein adhesion based on topographic height profiles. (A) AFM 
height sensor images of a selected area at different cycles of incubation. Graphene was irradiated by 
laser pulse energy of 15 pJ at different time durations  (orange frame); (B) Topographic height profile 
of non-irradiated graphene (yellow dashed line) at different cycles of incubation; (C) Topographic 
height profile of irradiated graphene (orange frame) at different cycles of incubation; (D) Comparison 
of the microchip´s AFM height sensor image with the corresponding SEM image. Crystals of the PBS 
solutes (magnification insert) are distinct in shape compared to the immobilized HRP upon the 
irradiated squares. Images were captured after incubating the microchip in HRP solution for 1 h. 

Figure S7. Incubation studies in HRP solution. (A) AFM height sensor images of a selected area at 
different cycles of incubation. Graphene was irradiated by laser pulse energy of 15 pJ at different time 
durations; (B) Topographic height profiles of the designated area after 3 and 6 h of incubation; (C)  
Histograms corresponding to the topographic height profiles of irradiated graphene.



6

References

1. G. I. Berglund, G. H. Carlsson, A. T. Smith, H. Szöke, A. Henriksen, J. Hajdu, Nature, 2002, 417, 
463-468.  

Figure S8. Layer deposition of HRP enzyme. (A) Topographic height profile of irradiated graphene 
(25 pJ for a range of time durations) before (black) and after (red) incubation in HRP solution for 1 h. 
A 3 nm increase in height suggests the deposition of a single layer of HRP. The insert depicts the 
structure of HRP enzyme and given dimensions (protein data bank ID: 1HCH)1; (B) Topographic height 
profile of irradiated graphene (15 pJ for a range of time durations) at different incubation cycles. After 
3 h of incubation 2 layers of HRP appear to be immobilized while after 6 h almost 4 layers of HRP 
have been deposited; (C) Three-dimensional images of the corresponding microchip area at different 
incubation cycles showing the immobilization of HRP upon irradiated graphene. 
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Abstract 

Biosensors based on graphene and bio-graphene interfaces have gained momentum in recent 

years due to graphene’s outstanding electronic and mechanical properties. By introducing the 

patterning of a single-layer graphene surface by two-photon oxidation (2PO), the surface 

hydrophobicity/hydrophilicity and doping can be varied at the nanoscale while preserving the 

carbon network, thus opening possibilities to design new devices. In this study, the effect of 

2PO on the catalytic activity of the noncovalently immobilized enzyme horseradish peroxidase 

(HRP) on single-layer graphene-coated Si/SiO2 chips is presented. To monitor the activity 

continuously, a simple well-plate setup is introduced. Upon controllable 1–2-layer 

immobilization, the catalytic activity decreases to a maximum value of 7.5% of the free enzyme. 

Interestingly, the activity decreases with increasing 2PO area on the samples. Hence, the HRP 

catalytic activity on the graphene surface is locally controlled. This approach could enable the 

development of graphene-bio interfaces with locally varying enzyme activity. 

 
1. Introduction 

The immobilization of biomolecules has a wide range of applications, including biosensing, 
drug delivery and industrial processes used in the production of pharmaceutical, chemical and 
food products.[1,2] Additionally, immobilized biomolecules can improve a surface’s 
biocompatibility for medical applications.[3] When proteins and enzymes are immobilized on a 
solid support, it is crucial to preserve their functionality and, for enzymes, their catalytic activity. 
Therefore, investigating the interactions between the protein or enzyme and the solid support 
and their effects on the functionality and catalytic activity is central in the research developing 
biocompatible surfaces and enzyme-based biosensors.  
Support materials for enzymes include polymers and two-dimensional materials, such as 
graphene and its derivatives.[2,4–6] Enzymes can be immobilized on the graphene materials 
covalently or noncovalently, with the latter being preferred as it preserves graphene’s 
outstanding electronic and mechanical properties.[7] The noncovalent immobilization of 
enzymes on graphene oxide (GO) is based on dipole-dipole and ionic interactions between the 
enzyme and the oxygen-containing functional groups of GO as well as π-π stacking. For pristine 
graphene, noncovalent approaches commonly include linker molecules such as pyrene 
derivatives[8–10], which are covalently attached to the enzyme and interact with graphene via π-
π stacking. However, a direct attachment was also demonstrated for a dihydrolipoyl 
acyltransferase supramolecular complex and horseradish peroxidase (HRP).[11,12] 
HRP is a 44 kDa, well-studied biosensing enzyme that has shown catalytic activity both free in 
solution and when immobilized on different support materials, including a pristine graphene 
surface[10] and GO flakes[13]. It catalyzes the oxidization reaction of its substrates by consuming 
hydrogen peroxide (H2O2). The catalytic activity of HRP was preserved after noncovalent 
immobilization on graphene and GO, although it was lower for the immobilized than for the 
free enzyme in the solution.[10,13] This was attributed to structural changes of HRP upon the 
noncovalent immobilization. However, the thermal and storage stability improved after the 
immobilization of HRP on GO.[14] On pristine graphene, the stability of HRP was lower 
compared to the free enzyme in the solution,[10] suggesting that the two graphene derivatives 
might interact differently with HRP. 
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Two-photon oxidation (2PO)[15] of graphene is a tool that allows for the combination of the 
properties of oxidized and pristine graphene on one surface with a nanoscale resolution. While 
the carbon network remains intact, mainly hydroxyl and epoxide groups are introduced on the 
graphene surface.[16] This method enables the design of new sensors and bio interfaces with 
graphene. So far, the tuning of the graphene field effect transistor sensitivity for pH sensing[17] 
and the tuning of protein immobilization[12] have been demonstrated. In detail, HRP adsorption 
on the surface happened preferably in the 2PO compared to the pristine areas and the 
immobilization affected the doping level of graphene, demonstrating an electronic interaction. 
However, the question of whether the immobilized enzyme retains its catalytic activity 
remained open. 
In this study, we combine the existing knowledge about HRP with 2PO of graphene to assess 
the catalytic activity of the enzyme. We noncovalently immobilized HRP on pristine and 2PO 
single-layer graphene surfaces and performed a kinetic analysis of an HRP-catalyzed reaction 
using UV-vis spectroscopy. The results were correlated with the surface type. In this way, we 
demonstrate how 2PO of graphene can control the catalytic activity of HRP. 
 
2. Experimental Section 

2.1. Materials 

Horseradish peroxidase (Type VI, lyophilized, ≥250 units per mg), Na2HPO4·2H2O and 
NaH2PO4·2H2O were purchased from Merck. 3,3’,5,5’-tetramethylbenzidine (TMB) solution 
containing <0.1% hydrogen peroxide was purchased from Immunochemistry Technologies. All 
chemicals were used as described by the manufacturer and without further purification. 
 
2.2 Graphene samples 

2.2.1 Single-layer graphene surface preparation. Graphene was synthesized on Cu (111) thin 
films evaporated onto single-crystal sapphire (0001) substrates. The catalyst film was annealed 
at 1060 °C under the gas flows of argon (470 sccm) and hydrogen (27 sccm) for 30 min to 
promote mono-crystallinity through secondary grain growth. After annealing, graphene growth 
was initiated by adding 6.8 sccm of 1% methane in argon to the furnace while keeping the 
temperature at 1060 °C. The growth time was 25 min. The graphene films were transferred by 
a standard PMMA transfer method[18] onto a silicon substrate (2 mm x 2 mm) with a 300 nm 
thermal oxide film. The PMMA film was removed with acetone (30 min at 50 °C). Finally, the 
samples were annealed at 300 °C in Ar/H2 atmosphere for two hours to remove PMMA residues. 
 
2.2.2 Two-photon oxidation. Two-photon oxidation of graphene was performed with a 515 nm 
femtosecond laser (Pharos-10, Light Conversion Ltd., 600 kHz repetition rate, 250 fs pulse 
duration, 6 nJ pulse energy, Lithuania) in an ambient atmosphere with a relative humidity of 
45%. A high-speed galvanometer scanner (Newson, Belgium) with high numerical aperture 
optics with a focal length of 65 mm (Sill Optics, Germany) was utilized. To pattern the graphene 
areas, we used the scanner speed of 4 mm/s with a beam spot of 5 μm and 0.1 μm separation 
between lines. The laser parameters for the 2PO of graphene used in this work were optimized 
(to achieve the highest ID/IG ratio) as reported previously[19,20]. The oxidation was verified by 
Raman spectroscopy (Figure S1, Supporting Information). 
 
2.3 Sample characterization 

2.3.1 Atomic force microscopy. AFM imaging was performed in air on a Bruker Dimension 
Icon AFM, operated in PeakForce Tapping mode. Scan-Asyst-AIR probes (Bruker, USA) made 
from silicon nitride with a spring constant of 0.4 N/m were used, and the PeakForce Setpoint 
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was 2 nN for all images. The images were processed and analyzed with the Nanoscope Analysis 
1.9 software. 
 
2.3.2 Raman spectroscopy. The Raman spectra of pristine and laser-oxidized graphene were 
recorded with a DXR Raman (Thermo Scientific), equipped with a 50x objective. The 
excitation wavelength was 532 nm, and the laser power was 1 mW. 
 
2.4 HRP immobilization 

Phosphate buffer saline (0.2 M) was prepared by mixing a 0.2 M solution of Na2HPO4 · 2 H2O 
in deionized water with a 0.2 M solution of NaH2PO4 · 2 H2O until the desired pH of 7.1 was 
reached. HRP (1 mg, 250 units) was dissolved in 1 mL of PBS to obtain the enzyme stock 
solution (250 U/mL), which was diluted with PBS to obtain an HRP concentration of 1.25 U/mL. 
The graphene samples were incubated in freshly prepared and diluted HRP solutions (2 mL) 
for 1h at room temperature (rt), protected from light, before washing with PBS (3x1 mL).  
Subsequently, each sample was mounted at the side wall of a well in a 96-well plate 
(polystyrene, Sarstaedt) using commercially available double-sided adhesive tape. PBS 
(300 μL) was added to each well for sample storage before the activity measurements to prevent 
the drying of the enzyme. 
 
2.5 Catalytic activity measurements 

All measurements were performed on a Spark multimode microplate reader (Tecan) in 
absorbance scan mode. The absorption spectra were measured between 200 nm and 800 nm 
wavelength, in the ultraviolet and visible spectral range, with a resolution of 2 nm. All spectra 
were baseline corrected. To exclude the interference of the tape and the sample, negative control 
experiments were performed (Table S1, Figure S2, Supporting Information). 
 
2.5.1 Kinetic cycles. After immobilization of the enzyme, PBS (5 μL) was replaced by TMB 
solution (containing <0.1% H2O2) in the well containing the sample. Then, a kinetic loop 
absorbance scan was started, taking an absorption spectrum every 30 seconds for 30 minutes.  
 
2.5.2 Stability over time. To assess the reusability of the immobilized HRP, the samples were 
stored overnight after the first kinetic cycle measurement. The next day, 5 μL of solution was 
replaced by TMB solution (5 μL, containing <0.1% H2O2) in each well. A kinetic loop was 
measured as described above (section 2.5.1.). The procedure was repeated on the following two 
days (4 days in total) until no catalytic activity was detected. After the last measurement, the 
liquid was removed from each well, and the samples were dried overnight at rt. 
 
2.5.3 Calibration curve. An HRP solution (2.5 · 10-5 μg · μl-1) was prepared from the HRP 
stock solution. For the calibration curve, nine wells in a 96-well plate were prepared as 
described in Table S2 (Supporting Information). TMB solution (5 μl, containing <0.1% H2O2) 
was added immediately before measuring absorption spectra every 30 s for 10 min. 
 
2.5.4 Rate calculation. From each spectrum, the maximum of the 655 nm absorption band was 
extracted and plotted against time after TMB addition. A linear fit was applied to the data points 
at the beginning of each measurement (usually the first 0.5 to 5 min). The slope of the fit (unit 
Abs · min-1) was defined as the reaction rate, with its standard deviation as the error of the rate. 
The Lamber-Beer law (1) and the volume of solution were used to convert the unit of the rate 
and its error to mmol · min-1: 

 c = 
A
ε · l

 (1) 
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, where A = the measured absorbance, ε = the extinction coefficient for the charge transfer 
complex (CTC; εCTC = 3.9 · 104 L · mol-1 · cm-1 (for the absorption at 650 nm)[21]) and l = the 
path length in the plate reader (0.9 cm). 
 
2.6 HRP coverage 

To estimate the mass of HRP immobilized on the graphene samples, each dried sample was 
gently scratched with a spatula to remove both HRP and graphene from the Si/SiO2 substrate. 
AFM images were recorded covering the protein layer and a part of a scratch (Figure S3, 
Supporting Information). From each sample, 2 or 3 images were recorded and compared with 
the AFM images before the HRP immobilization at the edge of the graphene sheet. The height 
differences between SiO2 and graphene (hgr) or HRP (hgr+HRP), respectively, were measured 
with the Nanoscope Analysis 1.9 software step tool and used to calculate the height of the HRP 
layer hHRP: 

 hHRP = hgr+HRP - hgr (2) 

The obtained heights of the protein layer were compared to the dimensions of HRP (4.0 nm x 
4.4 nm x 6.8 nm)[22], and the number of layers on each sample was determined. 
To assess the relative area covered by the enzymes (PC), the bearing analysis tool of Nanoscope 
analysis was used. The tool gives the amount of data points above a certain, user-defined level 
in % (Figure S 4, Supporting Information). The bearing level was set to hgr to include only 
points above the graphene surface.  
Assuming that HRP lays mainly on one of the longer sides, it would cover either 6.8 nm x 4.0 
nm = 27.2 nm2 or 6.8 nm x 4.4 nm = 29.92 nm2. For further calculations, the mean of these two 
areas, 28.56 nm2, was used as the area covered by one HRP enzyme (AHRP). The mass of HRP 
mHRP on each sample was estimated as follows: 

 mHRP = 

Agr ∙ PC
AHRP

 ∙ MHRP

NA
 (3) 

, where Agr = the total area on a sample covered by graphene, MHRP = the molar mass of HRP 

(44 kDa) and NA = the Avogadro constant (6.022 · 1023 mol-1). 

 

3. Results and Discussion 

3.1. Setup 

Measuring the catalytic activity of surface-immobilized enzymes with UV-Vis spectroscopy 
has some practical challenges. The enzymes cannot be immobilized in the same container used 
to record the spectra, such as a cuvette or a well plate, since the enzymes would immobilize not 
only on the desired surface but also in the container itself. In an earlier approach, separate 
containers were used for catalytic reaction and absorption measurement.[10] However, this 
experiment design limits the number of possible measurements because the solution needs to 
be transferred for the measurement. The reaction cannot be monitored continuously, and 
consequently, reaction rates cannot be calculated. To monitor the reaction continuously, the 
sample must be mounted in the measurement container without disturbing the measurement. 
Here, we introduce a simple approach: We used double-sided adhesive tape to mount our 2 mm 
x 2 mm Si/SiO2 chips coated with single-layer graphene and HRP into a 96-well plate and were 
able to continuously measure the progress of the HRP-catalyzed oxidation of TMB (Figure 1). 
The possible interference of the tape and the sample were excluded with negative control 
experiments (Table S1, Figure S2, Supporting Information). 
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Figure 1: Schematic representation of the experiment: UV-Vis absorbance spectra were recorded from a well plate with a 
sample mounted on the side of the well. The sample consists of a graphene surface with noncovalently immobilized HRP enzyme, 
which oxidizes 3,3’,5,5’ tetramethylbenzidine (TMB) if it is catalytically active. The two-step reaction can be observed in the 
UV-Vis absorbance spectra. Three distinct graphene surfaces were studied to see the effect of laser-oxidation on the catalytic 
activity of HRP.

3.2. HRP loading

The noncovalent immobilization of proteins is based on physical interactions between the 
surface and the protein. Thus, controlling the amount of immobilized protein and its orientation 
is challenging. However, to sufficiently evaluate the catalytic activity of immobilized enzymes, 
it is crucial to know the enzyme load. 
In our experiments, HRP was immobilized on three different graphene surfaces, which differ 
in the area of 2PO graphene: pristine (P), half-oxidized (H) and fully oxidized (F) graphene 
(Figure 1). Our previous study showed that under certain conditions, HRP prefers to adsorb to 
the 2PO areas.[12]

Here, the amount of HRP on each sample was estimated as described in section 2.6, using AFM 
images before and after the protein immobilization and extrapolating the whole area covered 
by graphene. (Figure S 3, Supporting Information, Table 1, Figure 2). The amount of HRP 
varies between a monolayer and 2.5 layers, demonstrating that we were able to immobilize HRP 
noncovalently on graphene in a controlled manner in a range of a few layers on the pristine and 
2PO graphene surfaces. In contrast to our previous study[12], there was no clear preference 
towards one surface. This might be caused by different oxidation and immobilization conditions. 
Since the HRP layer does not cover the whole graphene surface for some samples, we calculated 
the protein coverage from the same AFM images (Figure S4, Supporting Information, Table 1), 
showing that HRP covered 84 - 100% of the graphene area. The graphene and 2PO areas were 
measured from optical microscope images and varied between the samples in the range from 
2.76 mm2 to 3.62 mm2 (total graphene area) and from 1.63 mm2 to 3.23 mm2 (2PO area). The 
variation of the total graphene area originates from the graphene layer position on the surface 
after the transfer process. Considering the molar mass of HRP, the total mass of HRP on each 
sample was calculated (section 2.6, Table 1) and was found to vary from 4.41 ng to 19.94 ng. 
Thus, distinct catalytic activity differences could be expected from the samples due to a varying 
mass of HRP.
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Figure 2: (a-c) Example AFM topography cross sections from all samples and pristine and 2PO graphene (G) as a base for 
the estimation of the HRP mass on each sample. The corresponding AFM images are shown in Figure S3, Supporting 
Information. (d) Crystal structure of HRP in the Gaussian surface view, showing hydrophobic and hydrophilic amino acid 
residues,[23–25] and the simplified cuboid model used for HRP mass calculations.
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Table 1: Estimation of the total HRP mass on each sample and values used for the calculation, with the height of the HRP 
layer hHRP and the resulting mass of HRP mHRP. 

 hHRP [nm] #HRP layer Protein 

Covering [%] 

Graphene area  

[mm2] 

2PO area 

[mm2] 

mHRP  

[ng] 

P1 3.5 1 89 2.76 0 4.41 

P2 3.5 - 6.6 1.5 100 3.62 0 13.89 

P3 8.4 - 10.6 2.5 100 3.12 0 19.94 

H1 5.1 - 6.4 (ox), 
3.9 (pr) 

1.5 (ox) 
1 (pr) 

98 (ox) 
99 (pr) 

3.36 1.68 10.54 

H2 5.0 - 5.4 (ox), 
3.9 (pr) 

1.5 (ox) 
1 (pr) 

98 (ox) 
95 (pr) 

3.13 1.78 9.99 

H3 5.9 - 7.3 (ox), 

4.2 - 6.4 (pr) 

1.5 (ox) 

1.5 (pr) 

84 (ox) 

100 (pr) 

2.94 1.63 10.32 

F1 8.5 2 99 3.23 3.23 16.33 

F2 4.4 - 5.7 1 97 2.93 2.93 7.39 

 
3.3. Surface effect on the catalytic activity of HRP 

The catalytic activity and stability of HRP can be measured by following the oxidation of a 
substrate over time. TMB absorbs light in the UV-vis spectral region, with distinct absorbance 
maxima for each oxidation step (Figure 1). If HRP is active, TMB is oxidized under 
consumption of H2O2 from a diamine (TMB0) to a diimine (TMB+2) via the formation of a 
charge transfer complex (CTC). The monitoring of the arising absorption bands over time 
elucidates the reaction progress. On day 1, the absorption bands of the CTC (370 nm and 655 
nm) were observed for all samples ten minutes after the addition of TMB and H2O2 (Figure 3a-
c), demonstrating catalytically active HRP on all three surface types. The formation of TMB+2 
was observed on all samples except for F1 (450 nm absorption band). Indeed, as expected due 
to the varying mass of HRP on the samples, the band intensities clearly vary between the sample 
type and the single samples. To quantitatively compare the catalytic activity of HRP on the 
samples, the oxidation reaction rate from TMB0 to CTC was calculated using the absorption 
maximum at 655 nm due to its minimal overlap with other bands (Figure 3d, Table S1, 
Supporting Information). A general trend shows decreasing rates with increasing oxidized area 
(P to F). To eliminate the varying enzyme load of the samples from the calculated values, the 
rates were divided by the calculated mass of HRP for each sample (Figure 3e, Table 1, Table 
S3, Supporting Information). The trend remains for the normalized rate values. These results 
show that 2PO of the graphene surface reduces the catalytic activity of noncovalently bound 
HRP. 
When binding noncovalently to a surface, certain amino acid residues interact with certain 
surface features. Depending on the strength of interaction and stability of the protein, the tertiary 
structure of a protein may be altered, and – in the case of enzymes – the function may be lost. 
Indeed, according to previous experimental and theoretical results α-helical structural motifs 
tend to change their structure on pristine graphene in contrast to β-sheets, which are less 
affected.[26-28] HRP consists predominantly of α-helices and is prone to these effects. In 2PO 
graphene, the carbon network is largely preserved despite introducing oxygen-containing 
groups.[15,16] Hence, similar effects could trigger structural changes and loss of function in HRP 
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on both pristine and 2PO graphene. However, lower reaction rates on samples with 2PO 
graphene indicate that the effects are more significant after 2PO of the surface, i.e. the structure 
of the enzyme is perturbed more on 2PO than on pristine graphene.
In addition, HRP could lose its activity due to the blocking of the active site by the support 
material or other enzymes.[28,29] In our noncovalent approach, the orientation of the enzymes 
approaching the surface is random, and a part of the immobilization might occur with the active 
site facing the surface. Blocking the active site by the graphene surface itself is, therefore, 
possible for both surfaces. Blocking HRP’s active site by other enzymes is possible for samples 
with more than one protein layers. The upper layer could make the active sites of the lower 
layer inaccessible for the substrate.

Figure 3: (a)-(c) Normalized absorbance spectra from the first 10 minutes after substrate addition on day 1 for each sample. 
Sample name and color gradient are indicated in the plots. (d) Reaction rates for the oxidation of TMB0 to CTC on day 1 for 
each sample. Error bars indicate the standard deviation of the calculated rates.

To estimate the catalytic activity of the immobilized HRP on each sample, we compared the 
rates of the immobilized enzymes to the rate of free HRP. A calibration curve was generated 
by measuring the reaction rate from TMB0 to CTC from 9 solutions with distinct, known masses 
of HRP and fitting a linear curve to the rate values (Figure 4a). Knowing the reaction rate, the 
mass of active HRP on each sample was calculated with the linear fit equation (Figure 4b). The 
estimated masses of active HRP vary between 0.06 ng (F1) and 0.96 ng (P3). 
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Figure 4: (a) Calibration points and resulting linear calibration fit (green). Error bars present the standard deviation of each 
rate. The linear fit equation was Rate = mHRP · (1.1 · 10-10 ± 6.4 · 10-12) - (1.9 · 10-12 ± 1.6 · 10-13) (b) Calibration fit from (a) 
and calculated position on fit for each sample. Error bars indicate the maximum and minimum mass of HRP.

To further classify the amount of active HRP on each sample, the mass of active HRP was 
related to the previously calculated total mass of HRP on each sample (Table 2). Overall, the 
activity of the immobilized HRP was a maximum of 7.5% of the free enzyme (P1). The activity 
loss might originate from the surface-induced structural changes or the blocking of the active 
site, as suggested above.[26-29] Looking at the samples in detail, the biggest mass-normalized 
activity was found on the pristine samples P1, P3 and P2, respectively. The mass-normalized 
activity of HRP on the half-oxidized samples is in a similar range as on the fully oxidized 
samples. Considering that perhaps only the top layer of HRP is accessible for the substrate, the 
mass-normalized activity of HRP would change to 7.5% (P1), 3.6% (P2) and 12.0% (P3) for 
pristine samples, 2.6% (H1), 1.2% (H2) and 1.0% (H3) for half-oxidized samples and 0.73 (F1) 
and 1.2% (F2) for fully oxidized samples. These values are in a similar range than before and 
follow the same trend. The results indicate that, compared to pristine graphene, the interactions 
between 2PO graphene and HRP lead to either more HRP binding to the surface with the active 
site inaccessible for the substrate or a more significant impact on the enzyme structure and a 
consequent loss of function. Whether we analyze the raw data or include the graphene area, the 
HRP mass or the monolayer theory into our calculations, the results are the same: HRP was less 
active on 2PO graphene compared to the pristine graphene. However, the activity was not lost 
completely, and HRP on 2PO graphene can perform its enzymatic function. Thus, with 2PO of 
graphene, we can control the catalytic activity of the model enzyme HRP, which suggests that 
there might be similar effects on other proteins as well.
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Table 2: Mass-normalized activity of HRP as a ratio of the mass of active HRP mHRP,active and the total mass of HRP mHRP.

mHRP

[ng]

mHRP,active

[ng]

Mass-normalized activity

[%]

P1 4.41 0.33 7.5

P2 13.89 0.33 2.4

P3 19.94 0.96 4.8

H1 10.54 0.22 2.1

H2 9.99 0.09 0.90

H3 10.32 0.07 0.68

F1 16.33 0.06 0.37

F2 7.39 0.09 1.2

3.4. Stability of the samples

To assess the stability of the noncovalently immobilized HRP on pristine and 2PO graphene, 
the catalytic activity measurement was repeated on the three following days after the incubation. 
The samples were stored in the solution overnight to prevent drying of HRP. The absorption 
spectra 10 minutes after the substrate addition show activity only for the three P samples on day 
2 (Figure 5a) and on day 3 only for sample P3 (Figure 5b). On day 4, no catalytic activity was 
detected for any sample (Figure S5, Supporting Information). The corresponding reaction rates 
of the P samples present a decreasing activity over time for each sample (Figure 5c, Table S4, 
Supporting Information). On day 2, the activity had decreased relative to day one to 10% (P2), 
31% (P1) and 58% (P3). P3 shows 13% of its initial activity on day 3. The decrease for the 
oxidized samples is 100% from day 1 to day 2, which could be caused by the already small 
initial activity, i.e. a possible activity on day 2 would be below the detection limit of the 
experiment. For our samples, the desorption of HRP from the surfaces can be neglected due to 
extensive washing after HRP immobilization. We, therefore, attribute the catalytic activity loss 
over time to structural changes of the immobilized enzymes. Blocking of the active site, as 
described above, might not happen after the initial immobilization of the enzymes, as 
noncovalent interactions should hold them in place. For the free enzyme, Hou et al. reported a 
remaining activity of roughly 40% after 12 h at 20 °C,[10] which is in the same range as our 
pristine samples after 24 h at rt. Therefore, the stability of HRP on pristine graphene is similar 
or better compared to the free enzyme. Hence, our results support the hypothesis of structural 
changes due to interactions between surface and HRP and are consistent with previous 
experimental and theoretical results for HRP on pristine graphene and graphene oxide 
flakes.[10,14,26]

Figure 5: Catalytic activity of HRP over time: Absorbance spectra 10 minutes after substrate addition of all samples on (a) 
day 2 and (b) day 3. (c) Reaction rates relative to day 1 for the oxidation of TMB0 to CTC from day 1 to 4 for each sample. 
Error bars indicate the standard deviation of each rate. The exact values are shown in Table S4, Supporting Information.
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4. Conclusion 

In this study, we controllably immobilized HRP on single-layer graphene surfaces on Si/SiO2 
chips and demonstrated the effect of 2PO of the graphene surface on the catalytic activity of 
HRP. With our noncovalent approach, we were able to controllably immobilize 1-2 layers of 
HRP on both pristine and 2PO graphene in the nanogram scale. The catalytic activity was 
measured for the HRP catalyzed oxidation of TMB and observed via UV-vis spectroscopy. To 
continuously monitor the oxidation, we introduced a simple setup where the graphene sample 
was mounted to the wall of the measurement container. In this way, we could calculate reaction 
rates that correlate with the catalytic activity of the samples. The initial activity of the 
immobilized enzyme showed a clear trend of decreasing activity with increasing 2PO area. We 
attribute this to distinct interactions between HRP and the two surfaces, which differ in 
functional groups and the extent of p-type doping. Over the following three days, the activity 
steadily decreased for all pristine samples, while the oxidized samples lost their activity entirely 
after day 1. These results are consistent with the previous studies, which connect the activity 
loss to structural changes in the enzyme upon immobilization. 
We demonstrated that 2PO of graphene affects the activity of HRP. In a previous study, we 
showed that the adhesion of HRP and bovine serum albumin on graphene surfaces can be tuned 
with 2PO.[12] Though these studies demonstrate the effects for one or two proteins, respectively, 
we believe that similar effects could be found for other proteins as they consist of similar amino 
acids that can interact with the surface. Herein, distinct secondary structure elements and 2PO 
levels might lead to different effects on the protein adhesion, function, and stability. Hence, 
2PO as an optical, locally defined nanoscale method enables the construction of surfaces with 
differing protein loading and functionality. Our approach was performed for graphene, GO and 
HRP on a Si chip configuration and opens new possibilities for the design and development of 
biosensors and bio-graphene interfaces on Si chips. 
 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Raman spectroscopy of pristine and oxidized graphene 
The laser-induced two-photon oxidation (2PO) of graphene was verified by Raman spectroscopy. 
Figure S1 shows one Raman spectra each oxidized sample. There are two bands that appear in the 
spectra of pristine and laser-oxidized graphene. (i) The G band is assigned to sp2 C-C stretching in the 
graphene lattice. (ii) The 2D band is based on a second-order double-resonant process. In addition to 
the G and 2D band, the spectra of 2PO graphene shows the D and the D’ band. Both reveal defects in 
the carbon lattice of graphene. Here, they show the defects introduced by adding oxygen-containing 
functional groups to the graphene surface during laser-oxidization.[1] 

 

Figure S 1: Raman spectra of a typical pristine graphene samples and the oxidized samples H1, H2, H3, 
F1 and F2. 
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UV-Vis negative controls 
Two negative control experiments were performed to exclude any interference of the sample and the 
double-sided adhesive tape to the experiment, similar to section 2.5.1 (Table S 1). A PBS spectrum was 
subtracted as baseline correction, and the resulting spectra did not show any absorption bands or an 
elevated background (Figure S 2). Thus, the tape and the sample do not interfere with the signal or 
catalyze the oxidation of TMB. 

 

Table S 1: List of negative controls and the excluded effects from each control. 

#Negative control Well contained Excluded effect 
1 PBS, TMB, H2O2, adhesive tape Adhesive tape interference with signal and 

substrate 
2 PBS, TMB, H2O2, adhesive tape, Si/SiO2 substrate Sample interference with signal and 

substrate 
 

 

 

Figure S 2: Negative control spectra after subtraction of the PBS baseline spectrum. 
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Calibration curve 
Table S 2: Calibration curve: Composition of the calibration solutions containing a certain volume of 
PBS (VPBS) and HRP solution (VHRP) and the resulting mass of HRP mHRP in each solution. 

Calibration point VPBS (μl) VHRP (μl) mHRP (ng) 
1 294.0 1.0 2.50 · 10-2 
2 292.5 2.5 6.25 · 10-2 
3 291.0 3.5 8.75 · 10-2 
4 290.0 5.0 1.25 · 10-1 
5 285.0 10.0 2.50 · 10-1 
6 277.5 17.5 4.38 · 10-1 
7 270.0 25.0 6.25 · 10-1 
8 257.5 37.5 9.38 · 10-1 
9 245.0 50.0 1.25 · 100 
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AFM imaging

Figure S 3: AFM images of each sample after scratching. The cross-sections of the images were used 
to estimate the number of HRP layers on each sample.



6

HRP covering

Figure S 4: Schematic illustration of the bearing analysis process: A plane is laid onto an AFM 
topography image at a certain height level (“bearing level”), dividing data points in “above” and 
“below” this level. The output is the relative amount of data points above the bearing level in %.
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Catalytic activity on day 1 
Table S 3: Reaction rates of all samples on day one as raw data and relative to the mass of HRP on 
each sample. 

Sample Rate (10-12 mol · min-1)  
± Standard deviation 

Rate (10-12 mol · min-1 · ng-1)  
± Standard deviation 

P1 33.56 ± 0.36 7.61 ± 0.082 
P2 33.62 ± 0.24 2.42 ± 0.017 
P3 101.32 ± 1.27 5.08 ± 0.063 
H1 22.22 ± 0.77 2.11 ± 0.073 
H2 7.32 ± 0.085 0.73 ± 0.0085 
H3 5.16 ± 0.092 0.50 ±0.0089 
F1 4.62 ± 0.088 0.28 ± 0.0054 
F2 7.53 ± 0.068 1.02 ± 0.0091 
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Catalytic activity on day 4 

 

Figure S 5: UV-Vis spectra of all samples on day 4 after baseline correction. The lines are flat, 
indicating no catalytic activity of the immobilized HRP. The spectrum of F1 has an elevated baseline 
because the sample fell to the bottom of the well plate and consequently blocked part of the light 
beam. 

 

Table S 4: Reaction rates of all pristine samples on days 1, 2, 3 and 4. 

Sample Rate (10-11 mol · min-1) ± Standard deviation 
day 1 day 2 day 3 day 4 

P1 3.36 ± 0.036 1.05 ± 0.014 0 0 
P2 3.36 ± 0.024 0.324 ± 0.013 0 0 
P3 10.13 ± 0.13 5.90 ± 0.039 1.28 ± 0.014 0 
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ABSTRACT: The N-fluorenyl-9-methyloxycarbonyl (Fmoc)-pro-
tected amino acids have shown high antimicrobial application
potential, among which the phenylalanine derivative (Fmoc-F) is the
most well-known representative. However, the activity spectrum of
Fmoc-F is restricted to Gram-positive bacteria only. The demand for
efficient antimicrobial materials expanded research into graphene
and its derivatives, although the reported results are somewhat
controversial. Herein, we combined graphene oxide (GO) flakes
with Fmoc-F amino acid to form Fmoc-F/GO hybrid hydrogel for
the first time. We studied the synergistic effect of each component
on gelation and assessed the material’s bactericidal activity on Gram-
negative Escherichia coli (E. coli). GO flakes do not affect Fmoc-F
self-assembly per se but modulate the elasticity of the gel and speed up its formation. The hybrid hydrogel affects E. coli survival,
initially causing abrupt bacterial death followed by the recovery of the surviving ones due to the inoculum effect (IE). The
combination of graphene with amino acids is a step forward in developing antimicrobial gels due to their easy preparation, chemical
modification, graphene functionalization, cost-effectiveness, and physicochemical/biological synergy of each component.

■ INTRODUCTION

Microbial infections pose a significant threat to human health
and are one of the major concerns in public healthcare.1

Despite the advances in drug development, limitations
associated with the treatment of pathogens include antimicro-
bial resistance (AMR) toward existing medication and the
appearance of new diseases.2 Currently, new approaches in
antimicrobial therapeutics3 and materials are constantly
introduced, such as polymers, ceramics, nanoparticles,
biomacromolecules, small organic molecules, and hydro-
gels.4−7

Hydrogels have gained momentum for the treatment and
prevention of microbial infections due to their physicochemical
and viscoelastic properties, cost-effectiveness, ease of prepara-
tion, and manufacturing upscale. In addition, they have high
water content and combine low toxicity (high biocompatibility
toward mammalian cells) with antimicrobial activity. Their
activity can be either inherent or, for example, caused by
incorporating antimicrobial agents within the gel matrix, which
can increase their spectrum of activity.8,9 Recently, several
amino acid and peptide-based supramolecular gels have been
introduced, of which the N-fluorenylmethyloxycarbonyl
(Fmoc)-protected analogues have shown high application
potential.10−13

In particular, the phenylalanine derivative (Fmoc-F) has
exhibited antibacterial activity against Gram-positive bacteria,
both in the solution and gel state, via a mechanism disrupting
the bacterial membrane/wall.14,15 Additionally, Fmoc-F
inhibits the formation of biofilms and eradicates the already
formed ones over surfaces due to its surfactant properties.16
Despite its efficacy over Gram-positive bacteria, its biocidal
effect on Gram-negative bacteria is limited due to its inability
to cross the bacterial membrane of Gram-negative microbes.
Therefore, to increase the antibacterial spectrum of the amino
acid, several Fmoc-F hybrid gels have been fabricated,
exploiting the synergistic effect of incorporated antimicrobial
agents, for example, aztreonam (AZT) antibiotic,17 silver
ions,18 berberine chloride,19 and salicylic acid.20
The research for efficient antimicrobial materials has

expanded into carbon nanomaterials, such as graphite (Gt),
graphite oxide (GtO), graphene oxide (GO), reduced
graphene oxide (rGO), carbon nanotubes (CN), and full-
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erenes.21,22 GO forms stable colloids in water and can be easily
chemically modified. Therefore, its antimicrobial activity has
been extensively studied against Gram-positive/negative
pathogens.23,24 Graphene-based materials display antibacterial
action as they disrupt the cell membrane and induce oxidative
stress by producing reactive oxygen species (ROS). However,
the reported results are somewhat controversial since their
activity is influenced by several factors, such as their size,
morphology, purity, concentration, and type of functionaliza-
tion.25,26
Since GO flakes have been reported to show antibacterial

activity against Gram-negative Escherichia coli (E. coli),21 their
incorporation within the Fmoc-F gel network could expand the
antibacterial spectrum of the amino acid against E. coli.14 In
this study, we combined GO flakes with commercially available
Fmoc-F amino acid for the first time to produce Fmoc-F/GO
hybrid hydrogel. We investigated the synergistic effect of each
component on the gelation process spectroscopically and
assessed the macro-/microscopic properties of the hybrid
material (Fmoc-F/GO) in relation to the native Fmoc-F
hydrogel. In addition, we investigated the antimicrobial activity
of the formed gel and its components against Gram-negative E.
coli.

■ MATERIALS AND METHODS

Materials. N-Fluorenyl-9-methoxycarbonyl-L-phenylalanine
(Fmoc-F) was purchased from Sigma-Aldrich, GO water
dispersion (0.4 wt %) from Graphenea, and rGO powder (98−
99%) from Wholesale Graphene. All reagents were used as
supplied.
Preparation of Hydrogels. Fmoc-F Native Hydrogel. A

suspension of Fmoc-F (2.0 mg/mL) in phosphate buffer
solution (PBS, 50 mM, pH 7.4) was sonicated for 2 min and
heated at 80 °C for 30 min. The obtained transparent solution
was then left to cool down at room temperature for 12 h,
giving a self-supporting hydrogel as verified by vial inversion.
Fmoc-F/GO Hybrid Hydrogel. GO flakes were formed by

drying GO water dispersion (0.4 wt %) under a vacuum for 2
days. The obtained flakes were suspended in PBS solution (50
mM, pH 7.4) at several concentrations (0.2, 0.5, 0.75, 1.0 mg/
mL) by sonication (15 min) before the addition of Fmoc-F
(2.0 mg/mL). The resulting Fmoc-F/GO suspension was
sonicated (2 min) and heated at 80 °C (30 min). Gelation
occurred at room temperature after 12 h and was assessed by
the vial inversion method. The GO flakes remained equally
distributed through the final gel.
Instrumentation. Fluorescence Spectroscopy. Emission

spectra were recorded on the Varian Cary Eclipse fluorescence
spectrophotometer. Gel samples were formed in situ in a quartz
cuvette with a path length of 1 cm. The excitation wavelength
was 296 nm. Both excitation and emission slit widths were 5
nm.
Fourier Transform Infrared (FT-IR) Spectroscopy. IR

spectra were measured on Bruker Tensor 27 FT-IR
spectrometer in Attenuated Total Reflection (ATR) mode.
(Spectral width: 400−4000 cm−1; absorption mode; step: 2
cm−1; the number of scans: 124). All spectra were baseline
corrected.
Raman Spectroscopy. Raman spectra were recorded on

Bruker Optics SENTERRA R200-785 Raman microscope
(Laser 785 nm). Gels were dried under a vacuum for 2 days
and placed on a microscope glass slide before measurement.

Microscopy. Helium ion microscopy (HIM) images were
captured on the Zeiss Orion Nanofab microscope and
transmission electron microscopy (TEM) images on the
JEOL JEM-1400HC microscope. Atomic force microscopy
(AFM) imaging was performed on a Bruker Dimension Icon
atomic force microscope using PeakForce tapping mode.
ScanAsyst-Air probes from Bruker were used during imaging
with the peak force set to 2.0 nN. All AFM images were
processed with NanoScope Analysis 1.9 software. To prepare
xerogel samples for microscopy imaging, carbon films (400
mesh copper grids, Agar Scientific) were dipped into the gels
and allowed to dry in the open air overnight.

Rheology. Oscillation rheology was performed on the
Malvern Kinexus Pro+ rheometer, fitted with an 8 mm parallel
plate upper geometry. All gel samples (1.0 mL volume) were
prepared in homemade glass chambers and transferred onto
the lower geometry of the instrument as intact gel pellets.
Amplitude sweep measurements were performed at an angular
frequency of 1.0 Hz, using shear strain (γ%) within the range
of 0.05−100% at 25 °C. Frequency sweep measurements were
performed in triplicate within the linear viscoelastic region
(LVR) where the elastic (G′) and loss (G″) moduli are
independent of the strain amplitude. Each measurement was
performed using a shear strain (γ%) of 0.25%, at a range of 0.1
to 100 rad/s at 25 °C.

Thermogravimetric Analysis (TGA). Thermogravimetric
analysis was performed on PerkinElmer STA 6000 simulta-
neous thermogravimetric and differential scanning calorimetric
analyzer (TG/DSC). Each sample was placed in an open
platinum crucible and heated under air atmosphere (flow rate
of 40 mL/min) with a heating rate of 10 °C/min at a
temperature range of 20−600 °C. The temperature calibration
of the analyzer was based on the melting points of indium
(156.60 °C) and zinc (419.5 °C). The weight balance was
calibrated at room temperature with a standard weight of 50.0
mg. The used sample weights were 6.0−7.0 mg.

Powder X-ray Diffraction (PXRD). Powder X-ray diffraction
measurements were performed on a PANalytical X’Pert PRO
MPD diffractometer in Bragg−Brentano geometry using
Johansson monochromator generated Cu Kα1 radiation (λ =
1.5406 Å; 45 kV, 40 mA). Each lightly hand-ground powder
sample was prepared on a silicon-made “zero-background”
inducing holder using petroleum jelly as an adhesive.
Diffraction patterns were recorded from a spinning sample
by a position-sensitive X’Celerator detector using continuous
scanning mode in a 2θ range of 4−70° with a step size of
0.017° and a counting time of 200 s/step. Diffraction data were
analyzed using Malvern Panalytical HighScore Plus (v. 4.8).27
The unit cell parameters of neat Fmoc-F powder at RT were
determined by the Pawley method28 using the corresponding
single crystal structure parameters (CSD database29 entry
OGIXOT30) as the basis of least-squares refinement. Variable
parameters were as follows: zero-offset, polynomial back-
ground, sample displacement, unit cell, and peak profile
parameters. Refined unit cell parameters were used for
monitoring the structural properties of Fmoc-F and Fmoc-F/
GO hybrid xerogels.

Antimicrobial Screening. The antimicrobial activity of
Fmoc-F/GO hybrid hydrogel against Gram-negative E. coli
(strain DSM 882) was assessed by evaluating the bacterial
growth/culture density over time (optical density-OD600).
Two-fold serial dilutions of the Fmoc-F/GO hybrid gel and its
corresponding components (Fmoc-F native gel, GO suspen-
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sion and PBS) were prepared in Luria−Bertani (LB) broth.
Fresh E. coli culture, in the exponential growth phase, was used
to prepare the bacterial inoculum to a final density of 1.5 × 106
CFU/mL in testing samples. The gel samples, prepared at a
range of concentrations (Table 1), were pipetted in a

honeycomb 96-well plate (200 μL/well) and incubated in a
Bioscreen C spectrophotometer (37 °C, continuous shaking
with low amplitude and normal speed, OD600 readings at 10
min intervals for 24 h). The OD600 background values were
obtained by subtraction of the negative control values. The
OD600 background values of the hybrid gel and each
component were obtained from samples prepared without
bacterial inoculum. The control growth curve for each dilution
(with growth medium) was based on the bacterial growth in
the presence of the basic growth medium.
Gel samples were prepared based on the given gelation

protocol and sterilized under UV light for 1 h. Fluorescence
microscopy imaging of the bacteria was performed using a
Leica TCS SP8 Falcon microscope. The bacterial cell viability
was assessed after 5 h of incubation. E. coli were stained by a
mixture of SYTO 9 (33.4 μM working solution) and
propidium iodide (PI, 400 μM working solution) stains. The
obtained images were processed by Fiji2 (ImageJ2) software.

■ RESULTS AND DISCUSSION

Gel Fabrication and Morphological Features. The
gelation efficacy of the Fmoc-F/GO hybrid system was
assessed by a series of concentration screening trials. The
critical gelation concentration (CGC) of the protected amino
acid (Fmoc-F) for both gels, native and hybrid, was found to
be 2.0 mg/mL (Tables S1, S2). For the hybrid material, the
gelation outcome depended only on the amino acid
concentration, irrespective of the added amount of GO flakes
(Table S2). The gel-to-sol phase transition temperature
(Tgel−sol) was measured by controlled heating of the gels.
The Tgel−sol of the hybrid hydrogel increased only by increasing
the amino acid concentration, while the incorporation of GO
flakes at different concentrations showed negligible effects
(Tables S3, S4). The Tgel−sol study verified the thermorever-
sible nature (gel-to-sol-to-gel) of the hybrid gel system since all
test samples reformed upon cooling within 12 h.
Under the given gelation conditions, the suspension of

Fmoc-F/GO yielded a homogeneous self-supporting hydrogel,
i.e., no phase separation or precipitation of the GO flakes was
observed (Figure 1). However, heating the suspension at a
higher temperature and for a longer time (95 °C, 1 h) led to
the precipitation of GO (Figure S1). When rGO powder was
incorporated into the amino acid solution, nonhomogeneous
gels formed under the standard gelation conditions (heating at
80 °C for 30 min). Indeed, rGO precipitated in all trials at all
used concentrations (0.25−1.0 mg/mL, Figure S2). The
increased aggregation of GO at a higher temperature may be
attributed to various processes such as enhanced collision

frequency, cation dehydration, and reduced electrostatic
repulsion, as reported by Gao et al.31 in their aggregation
kinetics studies of GO in mono- and divalent aqueous
solutions.
The morphology of the hybrid gel network was investigated

by HIM, TEM, and AFM. The formed Fmoc-F fibers were
similar in shape, width, and length among the native and
hybrid materials (Figures 2, S3), suggesting that the presence
of GO flakes did not affect the self-assembly of the amino acid.
Therefore, the molecular packing of the Fmoc-F building
blocks seems to follow a specific hierarchy, initially forming
one-dimensional polymeric molecular chains, which lead to

Table 1. Concentration of Fmoc-F/GO Hybrid Hydrogel
Samples for OD600 Screening

gel components D1 D2 D3 D4 D5

Fmoc-F (mg/mL)a 1.0 0.5 0.25 0.125 0.0625
GO (μg/mL)a 125 62.5 31.25 15.625 7.8125

aGiven concentrations of each component of the Fmoc-F/GO hybrid
hydrogels prepared by serial dilutions (D1−D5).

Figure 1. Gelation screening of the Fmoc-F/GO hybrid system at a
range of GO concentrations (0.25−1.0 mg/mL). Homogeneous self-
supporting gels were formed regardless of the amount of GO. The
concentration of Fmoc-F was kept constant (2.0 mg/mL).

Figure 2.Microscopy images of the Fmoc-F/GO hybrid hydrogel. (A,
C) HIM images; (B) TEM image; (D) AFM image with given
dimensions of the fibers. The concentrations of Fmoc-F and GO were
2.0 and 0.25 mg/mL, respectively.
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higher architectures that interact with GO, vide inf ra. The
three-dimensional network comprises single, branched, and
entangled fibers and fine fibers in coiled-coil constructions.
Their length varies up to several micrometers, and their width
is within the range of ∼40−70 nm (Figure 2D).
The GO flakes, seen as semitransparent sheets in the TEM

and HIM micrographs, have various dimensions from nano to
micrometers. The flakes are well dispersed in the gel network
and encircled by Fmoc-F fibrillar loops (Figures 2A,C, white
arrows). Indeed, the fibers are formed on the surface, around
the edges and between the GO flakes, showcasing the
development of noncovalent interactions between the al-
ready-formed fibers and GO. GO flakes do not seem to affect
the self-assembly per se. However, the size of the flakes needs
to be investigated further regarding the nucleation step of
Fmoc-F to identify potential connection between the hydro-
gelation kinetics of the amino acid and the size of GO flakes.
In addition, microscopy imaging revealed spherulitic

structures or nucleation points, out of which fibers grow and
interpenetrate to adjacent spherulites (Figure 2B). Such
structures (microcrystals) have previously been reported in
Fmoc-F hydrogels at low pH values, originating from bundles
of needle-shaped crystals.30 When spin-cast, the structurally
similar diphenylalanine (F−F) dipeptide also grows dendritic
structures, which have been interpreted as two-dimensional
spherulites.32 For our hybrid Fmoc-F/GO material, the
spherulitic pattern does not cover the entire gel network,
which mostly consists of branched, entangled fibers. The
hydrogel sample was allowed to dry overnight in the open air
before imaging, which might have led to the crystallization of
Fmoc-F and the formation of the observed spherulites.

Mechanical Properties and Thermogravimetric Anal-

ysis. The viscoelastic properties of the hybrid hydrogel were
assessed by oscillatory rheology studies (Figure 3). The
frequency sweep measurements were performed on self-
supporting gels within the linear viscoelastic region (LVR),
in which the storage (G′) and loss moduli (G″) are
independent of the strain amplitude. For both the native and
hybrid hydrogels, the G′ had a higher value than the G′′,
confirming the materials’ viscoelastic nature (gel state)
(Figures 3, S4, S5). The stiffness of the hybrid material
depends only on the amino acid concentration (Figures 3A,
S5A), as the incorporation of GO flakes at different
concentrations had a negligible effect on the G′ value (Figures
3B, S5B). However, the addition of GO flakes increased the
elasticity of the material, as indicated by its resistance to shear
strain, since the cross points of the G′ and G″ of the amplitude
sweep measurements shifted toward higher shear strain (γ%)
values at higher GO concentrations (Figure 3C). It is of note
that the addition of GO resulted in a faster formation of the
hybrid material (within 6 h based on the vial inversion
method) than the native gel, which required a longer time to
fully form (at least 12 h).
The thermogravimetric (TG) data and differential scanning

calorimetric (DSC) curves of the neat Fmoc-F powder and the
corresponding xerogels (native and hybrid materials) are given
in Figure 4 and Table S5. The neat Fmoc-F bulk powder is free
of hydrated and nonbound water as the first thermal weight
loss can be observed only at 194 °C, indicating the beginning
of its thermal decomposition (onset value 218 °C). The
primary decomposition occurs steeply between 200 and 350
°C by various degradation and cleavage processes on the

Figure 3. Rheology studies of the hybrid hydrogel. (A) The effect of Fmoc-F concentration on the stiffness (G′) of the material. The concentration
of GO was kept constant at 0.25 mg/mL. (B) The effect of GO concentration on the stiffness (G′) of the material. The concentration of Fmoc-F
was kept constant at 2.0 mg/mL. The corresponding G″ values are given in Figure S5A,B. (C) Assessing the elasticity of the hybrid gel: Comparing
the G′ and G″ cross points of the amplitude sweep measurements in contrast to the amount of added GO. The concentration of Fmoc-F was kept
constant at 2.0 mg/mL. Error bars represent standard deviation.
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carboxylic acid and amide groups and finally at higher
temperatures on the aromatic groups, resulting in a carbona-
ceous residue of ∼0.5 wt % at 600 °C.
On the DSC curve, the endothermic melting transition of

the neat Fmoc-F powder can be seen at 184.6 °C. The TG
curves of both xerogels (native and hybrid) show their first
initial weight loss from 22 °C to about 100 °C, indicating the
removal of residual water remaining in the xerogels (12.5 and
4.17 wt % on the native gel and hybrid material, respectively).
The thermal decomposition of both xerogels initiates at a
somewhat lower temperature than that of neat Fmoc-F
powder, which may be due to the more porous, less structured,
and highly amorphous nature of the xerogels in contrast to the
highly crystalline Fmoc-F raw material. Overall, the thermal
decomposition processes follow the same path in both
xerogels, showing slightly higher residue on the GO-containing
xerogel. This is expected due to the thermal stability of the GO
sheets.
Molecular Packing. To probe the self-assembly of Fmoc-F

in the presence of GO flakes, we compared the Fourier
transform infrared (FT-IR) spectra of neat amino acid powder
with the native (Fmoc-F) and hybrid (Fmoc-F/GO) xerogels
(dried gels) and neat GO flakes (Figure 5). Both xerogels gave
identical spectra, however different from neat Fmoc-F powder.
Therefore, any interactions between the formed fibers and GO
flakes could not be observed. The data confirm the
microscopic observations that adding GO to the system did
not affect the Fmoc-F self-assembly. In addition, the obtained
IR profiles of both xerogels are consistent with previously
reported similar systems,33,34 meaning that no profound
changes occurred during the self-assembly of the amino acid
in the hybrid system.
Both xerogels lack the 1720 cm−1 band of the amino acid,

which corresponds to the non-hydrogen bonded carbonyl
carbamate of the Fmoc group. This shows the involvement of
the Fmoc moiety either in H-bond formation or other
noncovalent interactions. The amide A and II bands at 3316
and 1537 cm−1, respectively, are shifted in both xerogels, which
corroborates the formation of amide−amide H-bonding. A
blue shift is also observed for the amide I band (1681 to 1691
cm−1). The C−O/C−N stretching peaks (1254, 1224 cm−1) of
neat Fmoc-F merged toward a broader band in both xerogels
(∼1255 cm−1), while the C−H out of plane band (895 cm−1)

is diminished. Finally, neat GO gave the characteristic peaks of
O−H stretching (broad ∼3430−2940 cm−1), CO stretching
(1730 cm−1), aromatic CC and O−H bending (1618 cm−1),
epoxy C−O stretching (1272 cm−1), and alkoxy C−O
stretching (1045 cm−1), which are not seen in the hybrid
xerogel.35
To further explore potential differences in the structure of

the materials, we compared the powder X-ray diffraction
(PXRD) patterns of the native and hybrid xerogels with the
neat bulk powder of Fmoc-F and GO flakes (Figure 6). The
Pawley fit (Figure S6) indicates that the crystalline bulk
powder, with sharp, distinct diffraction peaks, is phase pure and

Figure 4. TG curves (solid lines) and DSC curves (dashed lines) of
(a) neat Fmoc-F powder, (b) Fmoc-F native xerogel, and (c) Fmoc-
F/GO hybrid xerogel, measured under an air atmosphere with a
heating rate of 10 °C/min.

Figure 5. FT-IR spectra of neat Fmoc-F, neat GO, native, and hybrid
xerogels. The amino acid concentration in both xerogels was 2.0 mg/
mL. GO was added at a concentration of 0.25 mg/mL in the hybrid
system. The FT-IR spectra of the phosphate salts Na2HPO4·2H2O
and NaH2PO4·H2O used for preparing PBS solution (negative
control) are given in Figure S7.

Figure 6. Powder X-ray diffraction patterns of (a) neat Fmoc-F, (b)
Fmoc-F native xerogel, (c) Fmoc-F/GO hybrid xerogel, and (d) neat
GO. Green vertical markers correspond to characteristic Bragg peak
positions of anhydrous Na2HPO4, originating from the phosphate
buffer solution, which crystallized in both xerogel samples. Black and
magenta markers represent graphite and GO phases, respectively. The
concentration of Fmoc-F was 2.0 mg/mL in both xerogel samples.
GO was added at a concentration of 0.25 mg/mL in the hybrid
system.
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structurally congruent with the reported single crystal structure
since no unindexed peak positions remain in the fit. The
crystallographic data and the agreement indices are given in
Table S6.
The native Fmoc-F xerogel shows several sharp, distinct

diffraction peaks at the angular range of 15−40° 2θ. However,
a search-match phase identification analysis indicated that the
obtained peaks do not originate from the Fmoc-F phase.
Instead, they are unambiguously characteristic of the
anhydrous Na2HPO4 phase. The phosphate phase originates
from the buffer solution, crystallized during the drying of the
hydrogel. Similar peaks have also been reported previously for
the Fmoc-F xerogel (gel samples prepared in PBS solution by
sonication/heating).34 Here, all gel samples were prepared in
PBS solution with sonication/heating-induced gelation, as
reported by Thakur et al.,14 whose materials showed
antibacterial properties against Gram-positive bacteria in the
solution and gel phases. To avoid strong X-ray diffraction of
phosphate salts, gels could be prepared in water, and gelation
triggered by the pH switch method. However, we have
intentionally followed the gelation protocol of Thakur et al.14
to prepare materials with known antimicrobial properties. Also,
changes in the gelation method and/or the solvent alter self-
assembly mode resulting in materials with different properties.

In addition to the phosphate phase peaks, a few very weak peak
positions remain unindexed in the pattern, for example, at
14.8°, 15.3°, 19.7°, 20.0°, and 20.7° 2θ. The peaks may
correspond to a small contribution of a different Fmoc-F
polymorph or a hydrated form, as suggested by Singh et al.34
Despite the above findings, Fmoc-F in the native xerogel exists
in an amorphous form.
The PXRD pattern of neat GO shows that the sample is

practically amorphous, as only a few very broad diffraction
peaks (humps) can be observed. The strongest broad peak at
10.08° is the characteristic carbon (001) peak for GO sheets,
corresponding to a definite d spacing of 0.8−0.9 nm, as
reported by Marcano et al. and Yasin et al.36,37 The GO sample
contains also traces of graphite, which is best seen by the
characteristic (002) peak at 26.52° 2θ.
The diffraction pattern of the hybrid xerogel is clearly

reminiscent of the native Fmoc-F xerogel pattern. In both
patterns, the strongest diffraction peaks can be assigned to the
anhydrous Na2HPO4 phase. The most significant difference
between hybrid and native xerogels is the lack of additional
weaker peaks, suggesting that the Fmoc-F fibers have collapsed
to a fully amorphous form during the preparation of the hybrid
xerogel. This differs, for example, from the previously reported
structurally similar Fmoc-glutamic acid/GO gel system, in

Figure 7. Spectroscopy analysis of the hydrogels. (A) Fluorescence spectra of the Fmoc-F solution in DMSO, native, and hybrid hydrogels. The
concentration of Fmoc-F was 2.0 mg/mL and GO 0.25 mg/mL. The corresponding UV−vis spectra are given in Figure S8. (B) Raman spectra of
neat GO and the hybrid hydrogel at a range of GO concentrations. The concentration of Fmoc-F was kept constant (2.0 mg/mL). The insert
depicts a magnification of the G band plots with an arrow indicating the blue shift by addition of GO.
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which a weak crystalline phase was observed.38 It is also noted
that the broad peak of GO and the weaker peak of the graphite
phase are missing from the hybrid xerogel PXRD pattern. This
suggests that the GO sheets most likely interact with the
Fmoc-F fibrous network, which in turn partially causes some
delamination of the GO sheets and, thereby, the 10.08° peak is
absent.

To explore potential changes in the fluorescent properties of
Fmoc-F amino acid at the gel state, we compared the emission
spectra of the native and hybrid hydrogels with Fmoc-F at the
solution state (Figure 7A). The amino acid shows a strong
emission at the solution state, centered at 318 nm on excitation
at 296 nm. No significant shifting is observed at the native
hydrogel (emission, 319 nm; excitation, 296 nm). However,
the fluorescence emission of the hybrid material is quenched,

Figure 8. Antibacterial effect of GO flakes and native (Fmoc-F) and hybrid (Fmoc-F/GO) hydrogels against E. coli. (A) Optical density
measurements of the treated bacterial cultures at five different concentrations over 40 h. (B) The cell viability at different time points of incubation
at D1 concentration (i) and after 5 h of incubation at all five concentrations (D1−D5) (ii). *p < 0.05; ns, nonsignificant (in relation to the
control); statistical analysis was performed with t-Test; n = 3. Error bars denote standard deviation.

Figure 9. Live/dead staining images of the bacteria after 5 h of incubation at D1 concentration at two different magnifications (A and B). The
green fluorescence indicates bacteria with both intact and damaged membrane/wall, and the red fluorescence indicates dead bacteria cells.
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suggesting either the development of supramolecular inter-
actions between the amino acid (formed Fmoc-F fibers) and
GO flakes or just their spatial proximity. To support our
findings, we performed Raman spectroscopy studies of the
hybrid hydrogel at a range of GO concentrations (Figure 7B).
As expected, neat GO showed two fundamental vibrations at
∼1345 and ∼1583 cm−1, corresponding to the D and G bands,
respectively. The D or disorder-induced band is indicative of
lattice defects or appears near the edges of graphene, while the
G or graphitic vibrational mode is due to the in-plane motion
of the sp2 hybridized carbon atoms (bond stretching). For all
gel samples, irrespective of the amount of added GO, the ID/
IG ratio is higher than that of neat GO. In addition, the G
band is blue-shifted toward higher values compared to neat
GO (∼1583 to ∼1600 cm−1). These observations suggest a
decrease in the size of the GO basal plane (in-plane sp2
domains), presumably due to the development of π−π
interactions between the Fmoc group of the amino acid and
the basal plane of GO flakes.38
Antimicrobial Screening. The antimicrobial activity of

neat GO (suspension in PBS) and native (Fmoc-F) and hybrid
(Fmoc-F/GO) hydrogels was assessed against Gram-negative
E. coli. The bacterial growth was evaluated over time, in vitro,
by measuring the optical density of the treated cultures at a
wavelength of 600 nm (OD600). The results were then
translated into cell growth rate (%) by considering the cell
survival (OD600) of the untreated bacteria (control) as 100%.
The samples were evaluated at five different concentrations,
prepared by serial dilutions (Table 1, D1−D5) over a period of
40 h (Figure 8). In addition to bacterial growth, the integrity of
the bacterial membrane/wall was further assessed by a live/
dead staining assay (Figure 9, intact cells are viable cells).
The Fmoc-F native hydrogel, as expected, showed poor

bactericidal efficacy, especially after the second dilution (D2).
The hybrid hydrogel, however, inhibited E. coli growth over
three consecutive dilutions (D1−D3), while the GO
suspension showed negligible antimicrobial effects at all five
concentrations (Figure 8B,ii). Interestingly, the most profound
delay in growth population was observed during the first 5 h of
incubation for both gel samples, native and hybrid, at the first
dilution (Figure 8A, D1). Indeed, the cell growth rate for the
native gel was 44% and for the hybrid gel was 56% compared
to the control (Figure 8B,i).
After 10 h of incubation, at the first dilution (Figure 8A,

D1), only the native hydrogel inhibited bacterial growth, which
was kept below that of the control until the end of the
measurement (40 h). At the same time point (10 h), the
hybrid gel lost its inhibition effect as after that (from 10 to 40
h), the observed cell growth exceeded that of the control
(Figure 8A, D1). Further dilutions of the Fmoc-F native gel
(D2−D5) did not inhibit/delay the bacterial growth either,
resulting in a cell growth increase (Figure 8B, ii). The hybrid
hydrogel, instead, led to lower bacterial populations compared
to the control for the first three consecutive dilutions (D1−
D3). Notably, the inhibition/delay of the bacterial growth for
dilutions D1−D3 occurred during the first 5 h of incubation
with corresponding cell growth rates of 56%, 25%, and 76% at
D1, D2, and D3 dilutions, respectively. After 10 h of
incubation, the recorded OD600 values exceeded the control
values, demonstrating the lack of inhibition effects and
bacterial regrowth (Figure 8A, D1, D2, D3).
The data showed that the hydrogels and the GO suspension

demonstrate poor antibacterial activity against Gram-negative

E. coli. Although the bacterial growth was delayed for the first 5
h of incubation and a large number of cells died, the remaining
ones developed resistance over time and managed to increase
their population density compared to the untreated cells. This
could be explained by the “inoculum ef fect” (IE), in which the
antimicrobial outcome of a bactericidal depends on the initial
population size.39 Several mechanisms related to the IE, such
as the “phenotypic heterogeneity” and “bacterial density”, may
affect the cell−hydrogel interactions. Therefore, the abrupt
bacterial death (in our case within the first 5 h of incubation) is
followed by the regrowth of the surviving bacteria, on which
the hydrogels do not have an effect due to the IE. In addition,
incorporating GO flakes in the gel system may increase the
surface area upon which the bacteria can grow. Finally, the
extra lipopolysaccharides at the cell wall of Gram-negative E.
coli could protect them from the Fmoc-F hydrogel, which
shows bactericidal effects against Gram-positive bacteria.10
To further detect the antibacterial efficacy of the samples

and evaluate the integrity of the bacterial membrane/wall, we
performed a live/dead staining assay, after 5 h of incubation, at
the first dilution D1 (Figure 9). The green fluorescent dye
(Syto9) stains both live and dead cells, in contrast to the red
fluorescent dye (PI), which selectively stains bacteria with
destroyed cell walls and membranes. The live/dead imaging
data are only qualitative and complement the OD600 findings,
meaning no statistical analysis was performed about the
percentage of dead cells. The imaging data were consistent
with the OD600 findings. As expected, the untreated bacteria
were intact and stained mainly green, while no changes were
observed in their morphology. Similarly, those treated with GO
suspension were predominantly stained green, with some
negligible red fluorescence also present. However, the bacteria
treated with both gel samples were mainly stained red,
suggesting that most cells were dead.

■ CONCLUSIONS

In summary, we studied the gelation synergies of Fmoc-F
amino acid and GO flakes and assessed the antimicrobial
efficacy of the formed hybrid material against Gram-negative E.
coli for the first time. GO flakes do not affect the self-assembly
of Fmoc-F amino acid per se, but the formed fibers interact
with the flakes, as we observed by spectroscopy analysis. The
incorporation of GO flakes modulates the viscoelastic
properties of the hybrid material, which also forms faster
than the native gel. The hybrid hydrogel showed poor
antimicrobial activity against E. coli, likewise the native gel,
probably due to the inoculum effect. However, due to its
mechanical and physicochemical properties, the Fmoc-F/GO
hybrid hydrogel has a high potential for advancing the
development of bactericidal soft materials, for example, via
the selective immobilization of antibacterial agents on the
surface area of GO flakes.
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1. Concentration screening 

 

Table S1. Concentration screening trials of the Fmoc-F native hydrogel and corresponding 

phase transition temperature measurements   

Fmoc-F (mg/mL) Gelation 

outcome 

Tgel-sol (℃) 

1.0 No - 

2.0* Yes 35 

3.0 Yes 50 

4.0 Yes 55 

5.0 Yes 60 

6.0 Yes 60 

*Critical gelation concentration 

 

Table S2. Concentration screening trials of the GO flakes on the critical gelation 

concentration of Fmoc-F  

Fmoc-F (mg/mL) Gelation 

without GO 

GO 

(mg/mL) 

Gelation with GO 

1.0 

 

No 

 

0.25 No 

0.5 No 

0.75 No 

1.0 No 

2.0* Yes 0.25 Yes 

0.5 Yes 

0.75 Yes 

1.0 Yes 

*Critical gelation concentration of Fmoc-F. 
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2. Gelation and phase transition temperature measurements 

 

Table S3. Gelation trials and phase transition temperature measurements of the Fmoc-F/GO 

hybrid hydrogels. Gelation occurred under constant Fmoc-F concertation (2.0 mg/mL) 

GO (mg/mL) Gelation  Tgel-sol (℃) 

0.25 Yes 40-45 

0.5 Yes 40-45 

0.75 Yes 50 

1.0 Yes 50 

 

Table S4. Gelation trials and phase transition temperature measurements of the Fmoc-F/GO 

hybrid hydrogels. Gelation occurred under constant Fmoc-F concertation (6.0 mg/ mL) 

GO (mg/mL) Gelation  Tgel-sol (℃) 

0.25 Yes 60 

0.5 Yes 60 

0.75 Yes 60 

1.0 Yes 60 

 

 

 

Figure S1. Heating the Fmoc-F/GO suspension at 95 ℃ for 1 h led to the precipitation of GO 

(gel sample in triplicate). The concentration of Fmoc-F was 2.0 mg/mL, and that of GO 

flakes was 0.25 mg/mL. 
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Figure S2. Gelation screening of the Fmoc-F/rGO hybrid system at a range of rGO 

concentrations (mg/mL). The precipitation of rGO was observed irrespective of its 

concentration. The concentration of Fmoc-F was constant (2.0 mg/mL). 
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3. Helium Ion Microscopy 

 

 

 

Figure S3. Helium ion microscopy image of the native Fmoc-F hydrogel. The formed fibres 

are similar to those of the hybrid Fmoc-F/GO material. The concentration of Fmoc-F was 2.0 

mg/mL. 
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4. Rheological studies 

 

 

Figure S4. Rheology studies. Amplitude (A) and frequency sweep (B) measurements of the 

native hydrogel. Amplitude (C) and frequency sweep (D) measurements of the hybrid gel. 

The concentration of Fmoc-F was 2.0 mg/mL for both samples and GO 0.25 mg/mL for the 

hybrid gel. Amplitude sweep measurements were performed at an angular frequency of 1.0 

Hz, using shear strain (γ%) within the range of 0.05% - 100%. Frequency sweep 

measurements were performed in triplicates using a shear strain (γ%) of 0.25%, at a range of 

0.1 to 100 rad/s. All measurements were performed at 25 ℃. Error bars denote the standard 

deviation. 

 

 

Figure S5. (A) Corresponding loss moduli (G´´) values of Figures 3A and 3B.  (A) The effect 

of Fmoc-F concentration on G´´;(B) The effect of GO addition on G´´. Frequency sweep 

measurements were performed in triplicates using a shear strain (γ%) of 0.25%, at a range of 

0.1 to 100 rad/s. All measurements were performed at 25 ℃. Error bars denote the standard 

deviation. 
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5. Thermogravimetric and differential scanning calorimetry analysis 

 

Table S5. The summary of TG/DSC analysis results 

Sample Weight loss per 

step (wt.- %),  

Temp. range (°C) 

Residual weight 

(wt.- %),  

Temp. (°C) 

Td (°C) Transitions by 

DSC (°C), (J/g) 

Fmoc-F 

neat 

67.73, (194 - 272) 

26.61, (272 - 373) 

5.15, (373 - 545) 

 

 

0, 545 

218 184.6, (128.06) 

Fmoc-F 

xerogel 

12.50, (20 - 102) 

12.79, (102 - 221) 

7.10, (221 - 309) 

2.59, (309 - 595) 

 

 

 

64.78*, 595 

 

200 

159.0, (6.68) 

Fmoc-

F/GO 

xerogel 

4.17, (20 - 104) 

16.84, (104 - 233) 

6.14, (233 - 333) 

6.14, (333 - 595) 

 

 

 

68.49*, 595 

 

200 

159.8, (6.02) 

* mainly phosphate salts.  
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7. Powder X-ray diffraction 

 

 

Figure S6. Pawley refinement plot of Fmoc-F. The experimental pattern is shown in red, the 

fitted profile in blue, and the green-coloured vertical markers correspond to the Bragg peak 

positions of the indexed unit cell. The difference plot of the experimental vs refined profile is 

shown below in black. 

 

Table S6. Crystallographic data of Fmoc-F measured by powder and single-crystal diffraction1 

 Parameters PXRD SC-XRD1 

Temp [°C] 22 -173 

Crystal system monoclinic monoclinic 

Space group P21  P21  

a /Å 13.206(2) 13.1570(13) 

b /Å 4.9637(8) 4.9083(4) 

c /Å 16.234(2) 16.1242(16) 

α /° 90 90 

β /° 112,712(1) 113.135(3) 

γ /° 90 90 

V/Å3 981,65(23) 957.54(16) 

Rexp. 0.0891  

Rprof. 0.0740  

Rw-prof 0.1019  

R1  0.0455 

wR2  0.1027 

GOF 1.14327 0.996 
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Figure S7. The FT-IR spectra of the native xerogel (Fmoc-F prepared in PBS solution) and 

phosphate salts Na2HPO4 ∙ 2 H2O and NaH2PO4 ∙ H2O used for the preparation of the PBS 

solution (50 mM, pH 7.4, negative control). The concentration of Fmoc-F was 2 mg/mL. 

 

 

Figure S8. The UV-vis spectra of (A) the Fmoc-F solution in DMSO (spectrum cut off at 265 

nm); (B) the Fmoc-F native and Fmoc-F/GO hybrid hydrogels (spectrum cut off at 200 nm). 

The concentration of Fmoc-F was 2.0 mg/mL and GO 0.25 mg/mL. Both gel samples were 

formed in situ in a quartz cuvette with a path length of 1 cm. 
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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

8726 | Phys. Chem. Chem. Phys., 2023, 25, 8725–8733

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 ionmicroscopy (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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S1. Experimental and computational details

Materials

Fluorenylmethoxycarbonyl-Phenylalanine, Fmoc-Phe, was purchased from TCI (Japan). Phosphate 
Buffer Saline tablets (PBS, NaCl 137 mM, phosphate buffer 10mM, KCl 2.7 mM, pH 7.4) were 
purchased from Fisher Scientific (United Kingdom) and used as described by the manufacturer.

Sample Preparation

Single layer graphene (SLG) surface preparation. Graphene was synthesized on Cu (111) thin films 
evaporated onto single-crystal sapphire (0001) substrates. The catalyst film was annealed at 1060 °C 
under the gas flows of argon (470 sccm) and hydrogen (27 sccm) for 30 min to promote mono-
crystallinity through secondary grain growth. After annealing, graphene growth was initiated by 
adding 6.8 sccm of 1% methane in argon to the furnace while keeping the temperature at 1060 °C. 
The growth time was 25 min. The graphene films were transferred by a standard PMMA transfer 
method onto a silicon substrate (5 mm x 5 mm) with a 300 nm thermal oxide film and a palladium 
reference grid on top. The PMMA film was removed with acetone (30 min at 50 °C). Finally, the sample 
was annealed at 300 °C in Ar/H2 atmosphere for two hours to remove PMMA residues.

Laser-Oxidation. Two-photon oxidation of graphene was performed with a 515 nm femtosecond laser 
(Pharos-10, Light Conversion Ltd., 600 kHz repetition rate, 250 fs pulse duration, Lithuania) in an 
ambient atmosphere with a relative humidity of 35%. To pattern ten 40 x 400 µm2 areas, 4x objective 
was used with a spot diameter of approximately 6 µm. The pulse energy was set to 3 nJ, and the time 
of irradiation was 0.1 s/spot with a 2 µm step separation. Laser-oxidation of graphene was confirmed 
by Raman spectroscopy (section S4).

Gel sample preparation. Fmoc-Phe (1 mg, 2 mg or 3 mg) and PBS (1 mL, 0.1 M, pH = 7.4) were mixed 
and sonicated to obtain a fine suspension. Subsequently, the suspension was heated at 80 °C for 30 
min to a transparent, colourless solution. 2 µL of the hot Fmoc-Phe solution were added on top of the 
SLG surface. The solution was let to cool down overnight at room temperature in a water-saturated 
environment. The remaining Fmoc-Phe solution was kept in a closed vial overnight to ensure gelation 
had occurred. Three different types of samples were produced, namely room temperature (rt) 
samples, rt-vacuumed samples, and lyophilized samples.
Next day, rt samples were transferred to a half-open petri dish and left to dry overnight at rt. The rt-
vacuumed sample was transferred into a glass vial and dried under vacuum (p < 1 mbar) at rt. The 
lyophilized samples were transferred to glass vials and stored overnight at -20 °C. Next day, the 
lyophilized samples were dried for 30 min at -50 °C under vacuum (p < 1 mbar). The list of samples 
with the respective Fmoc-Phe concentration c and the drying method are listed in table S1. 

Table S1: List of prepared samples type of surface, Fmoc-Phe concentration and drying method.

Substrate cFmoc-Phe (w%) Drying method
Mica 0.1 rt
Mica 0.2 rt
Mica 0.3 rt
Mica 0.1 rt-Vacuum
Mica 0.1 Lyophilization
prG 0.1 rt
prG/oxG 0.1 Lyophilization
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Sample Characterization

Optical microscopy. Optical images were taken with an Olympus microscope, equipped with 5x, 10x, 
20x and 50x objectives and a camera. All images were processed with Fiji2 software.

Atomic force microscopy (AFM). AFM imaging was performed in air on a Bruker Dimension Icon AFM, 
operated in PeakForce Tapping mode. Scan-Asyst-AIR probes (Bruker, USA) made from silicon nitride 
with a spring constant of 0.4 N/m were employed, and the PeakForce Setpoint was 2 nN for all images.

The obtained data was processed and analysed with Nanoscope Analysis 1.9 software. The roughness 
of pristine and laser-oxidized graphene was calculated with the roughness analysis function, and fibre 
height and width were measured with the section analysis function. AFM images for figures were 
created with the Gwyddion software. The significancy of the difference in fibre height was determined 
in OriginPro 2017 software with a One-way ANOVA test (p < 0.001).

Scattering-type scanning near-field optical microscopy (s-SNOM). The s-SNOM experiments were 
performed on a neaSNOM device (attocube systems AG, Germany) equipped with a tuneable 
quantum cascade laser for s-SNOM imaging and a broadband laser continuum for nano-FTIR 
spectroscopy. 
For imaging experiments, Arrow-NCPt-50 silicon probes (Nanoworld® AG, Switzerland) with a Pt/Ir 
coating on the tip and detector side and a resonance frequency of 285 kHz were used. Six images were 
taken in the same location with different MIR frequencies (1546 cm-1, 1600 cm-1, 1645 cm-1, 1672 cm-1, 
1699 cm-1, 1720 cm-1) on a pristine graphene surface. The images were taken with a resolution of 
10 nm and processed with the Gwyddion software. A plane fit was applied to remove the thermal drift 
of the microscope. Due to a maladjustment of the mirror amplitude, the images at 1699 cm-1 and 1645 
cm-1 showed an inverse optical phase contrast. The phase values were corrected for analysis by 
inversion. For the analysis of the absorptive properties at specific locations, the phase values of five 
pixels in the respective location were averaged.
Metal-coated nanospectroscopy probes were used for nano-FTIR experiments. Initially, an AFM 
topographic image was taken from the area of interest. Subsequently, nano-FTIR spectra were taken 
from the desired spots, including background spectra from outside the region covered with gel 
(pristine and oxidized graphene). The used frequency range was 1500 cm-1 to 1800 cm-1. The 
integration time per pixel was 80 ms and the spectral resolution ≈15 cm-1. Each spectrum was divided 
by the corresponding background spectrum. The phase offset was manually adjusted so that each 
spectrum had zero points before the first and after the last band in the spectral range of interest (1500 
cm-1 to 1800 cm-1). Peak fitting was performed with OriginPro 2017 software. Firstly, the second 
derivative of the respective spectrum was calculated to obtain the peak maxima of the spectrum, 
which are located at the minima of the second derivative. Fitting was done with the “Peak Analyzer” 
function between 1400 cm-1 and 1750 cm-1 with fixed peak centres at the known positions. The shape 
of the bands was a Gaussian function.
To calculate the inputs of helical and sheet-like secondary structures, the areas of the fitted bands 
assigned to secondary structures were used. The inputs for helical and sheet-like structures in % were 
calculated with the following equations, respectively:

Ih =  
Ah

Ah + ∑As

∙ 100

Is =  
∑As

Ah + ∑As

∙ 100
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with the input of helical and sheet-like structures Ih and Is, respectiely, and the area of a fitted band 
assigned to helical and sheet-like structures Ah and As, respectively.

Scanning electron and helium ion microscopy. Scanning electron microscopy images were captured on 
a Raith e-LiNE microscope and helium ion microscopy (HIM) images on a Zeiss Orion Nanofab 
microscope. All images were processed with Fiji2 software.

Computational Details

All calculations were performed in a vacuum using the GPAW code based on the projector-augmented 
wave formalism. The Bayesian error estimation functional with van der Waals correlation1 was 
employed together with the grid-based finite-difference basis set. A 5 x 5 graphene super cell was 
constructed, containing 72 carbon atoms. The dimensions of the super cell were set to 14.82 Å x 
14.82 Å x 20.76 Å to exclude interactions between neighboring cells in z-direction. To obtain laser-
oxidized graphene, one epoxide and one hydroxyl group were placed on top of the graphene 
monolayer. The resulting graphene-based surfaces were optimized in to obtain the total energy Esurface. 
The structure of Fmoc-Phe was obtained from PubChem (compound ID 978331) and optimized as a 
monomer (with the total energy EFmoc-Phe) before adding it to the surfaces. 
Finally, Fmoc-Phe was added on the surfaces. The surface-Fmoc-Phe distance and orientation was 
varied and the systems were optimized to obtain the total energy Esystem of the complex. The number 
of k-points was 4x4x1 to obtain an energy difference of less than 0.05 eV. 
The adsorption energy Eads of each system was calculated using the following equation:

Eads =  Esystem -  (Esurface +  EFmoc - Phe)

with parameters described above.
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S2. Sample optimization
Fmoc-Phe gelled in Phosphate Buffer Saline (PBS) solution, at a concentration of 0.2 w%, following a 
heating/cooling cycle. Before assessing the gel network on the graphene surfaces, we investigated 
gelation on mica discs (Table S1) to determine the optimal conditions for sample handling and 
microscopy imaging (such as Fmoc-Phe concentration, network thickness and drying methods).

For AFM imaging – and s-SNOM as an AFM-based method – a flat background with distinct structural 
features is a prerequisite for obtaining high-resolution images. Therefore, the desired Fmoc-Phe gel 
sample should provide distinct, spatially separated fibres on the flat surface. This implies that the 
concentration of Fmoc-Phe should be low enough to avoid the formation of a rather dense fibrous 
network. The minimum gelation concentration (MGC) of Fmoc-Phe is 0.2 wt.-%2. Below the MGC, the 
supramolecular network is too weak to form a self-supporting gel. However, the self-assembly process 
does occur, resulting in a viscous solution with a less dense network. To evaluate fibre density, we 
prepared Fmoc-Phe xerogel samples (gels dried overnight at rt in open air) at a range of concentrations 
(0.1 wt.-%, 0.2 wt.-% and 0.3 wt.-%). Optical images (Fig. S1) showed the formation of different 
densities (crystals) depending on concentration. At 0.1 wt.-% and 0.2 wt.-%, distinct, round-shaped, 
concentric crystals formed on the mica surface. Nano-FTIR analysis of the crystals showed that they 
consist of PBS salts (Fig. S2, section S3). Although PBS concentration is constant in all samples, the 
density of PBS crystals is affected by the Fmoc-Phe concentration. Indeed, the crystal density was 
lower at 0.1 wt.-% Fmoc-Phe samples than at 0.2 wt.-%. At 0.3 wt.-%, a thick xerogel layer was visible, 
lacking distinct crystalline structures. It is of note that the formation of crystals or fibres depends on 
the drying method (vide infra). Additionally, fibres could not be observed with optical microscopy. An 
increased gelator concentration seems to hinder the formation of distinct crystals. Therefore, since 
we aimed for the least dense gel network, 0.1 wt.-% was chosen as the optimal concentration for 
sample preparation.

SEM and HIM imaging are performed under vacuum; therefore, a dry sample (xerogel) is required. The 
drying method of wet gels can significantly impact the supramolecular network.3,4 Indeed, during 
drying, the 3D network collapses to 2D, which appears denser. In practice, no wet and dry gels can be 
compared. Single fibres tend to aggregate into thicker bundles during drying, which again aggregate 
to higher-ordered structures than in wet gels.4,5 To obtain the most realistic image of the 
supramolecular fibrous network, the drying time should be as short as possible. For example, freezing 
at -20 °C for 7 h and subsequent lyophilization leads to a rather realistic result.4 For Fmoc-Phe gels, 
the molecular arrangement of the gelator molecules is retained after lyophilization.2 We therefore 
prepared a xerogel sample on mica by freezing and subsequent lyophilization, while a reference 
sample was dried under vacuum at rt. The latter showed similar, round-shaped crystals as the samples 
dried at rt in open air (Table S1 and Fig. S1). The crystals of the freeze-dried/lyophilized sample were 
elongated in shape and partially aligned in a parallel manner. This observation suggests that round-
shaped concentric crystals form due to the slow evaporation of the solvent, which presumably could 
lead to variations in the morphology and density of the Fmoc-Phe fibres. Therefore, for the analysis of 
Fmoc-Phe fibres, we have chosen lyophilization as a standard method for sample preparation, as it 
yields the most realistic image of the surface-gel interface.
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Figure S1: Optical microscopy images of Fmoc-Phe on Mica: rt-dried Fmoc-Phe gel with Fmoc-Phe 
concentrations of 0.1 wt.-%, 0.2 wt.-% and 0.3 wt.-%, rt-dried PBS solution, vacuumed-rt-dried and 
lyophilized Fmoc-Phe gel, both with an Fmoc-Phe concentration of 0.1 wt.-%. The black scalebars 
correspond to 50 µm in all images.
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S3. Characterization of concentric crystals
The AFM image (Fig. S2A) of the concentric crystal showed a symmetric nanostructure, while HIM (Fig. 
S2B) and SEM (Fig. S2C) images revealed gel fibres on top of the crystal. To clarify the composition of 
the crystals, a control sample was prepared on mica, using a hot PBS solution without any Fmoc-Phe 
molecules. The sample contained various shapes of crystals. A few centred, round crystals were found, 
while other shapes dominate (Fig. S1). A nano-FTIR spectrum was measured from one crystal to 
analyse the chemical identity of the crystals. Figure S2-D shows the nano-FTIR spectrum of the crystal 
(red), the graphene background (black) and the ATR-FTIR spectrum of the PBS salt used to prepare the 
buffer (blue). The spectrum of the crystal follows the spectrum of the PBS salt with slight deviations. 
This indicates that the crystal consists of buffer salts. However, the symmetric shape forms when 
surrounded by Fmoc-Phe fibres, which indicates that the Fmoc-Phe network affects the shape of the 
crystals. 

Figure S2: Concentric crystals on rt-dried Fmoc-Phe gel samples on prG: AFM (A), SEM (B), HIM (C) 
images and nano-FTIR spectra of prG and crystal and ATR-FTIR spectrum of the buffer salts (D).
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S4. Raman spectroscopy of pristine and oxidized graphene
After the laser-oxidization of graphene, oxidization was verified by Raman spectroscopy. Figure S3 
represents Raman spectra of one pristine and one oxidized area on the same sample. Two bands are 
observable in both pristine and laser-oxidized graphene: The G band, which is assigned to stretching 
in the sp2 carbon lattice of graphene and the 2D band, which is derived from a second-order double-
resonant process. The spectrum of laser-oxidized graphene also shows the D and D’ bands, which 
reveal defects in the graphene lattice. The latter is visible as a shoulder of the G band. By adding 
oxygen-containing functional groups to the graphene surface during laser-oxidization, defects are 
introduced, which give rise to the D and D’ bands.

The Raman spectra were recorded with a DXR Raman (Thermo Scientific), equipped with a 50x 
objective. The excitation wavelength was 532 nm, and the laser power was 0.5 mW. 

Figure S3: Raman spectra from pristine (black) and laser-oxidized (orange) graphene monolayer.
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S5. Nano-FTIR spectra locations and description
The nano-FTIR spectra were taken from five and six different locations on oxidized and pristine 
graphene, respectively. The exact locations are shown in figure S4 A-D together with the 3rd harmonic 
phase spectra (Fig. S4 E-F).

Figure S4: Locations of measured nano-FTIR spectra: (A) Optical microscopy image indicating the 
oxidized areas and locations of AFM images (B), (C) and (D), which again reveal the exact locations of 
all nano-FTIR spectra on oxG (E) and prG (F).
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S6. Density Functional Theory calculations
In the first step, the pristine and oxidized graphene surfaces, as well as the Fmoc-Phe molecule were 
optimized in a 14.82 Å x 14.82 Å x 20.76 Å super cell. Figure S5 shows the optimized components. The 
Fmoc-Phe was added on top of the surfaces in distinct orientations and distances to find the 
energetically most preferable structures. Table S2 lists all calculated structures, including the 
adsorption energies of Fmoc-Phe on the surface and the surface-monomer distances. 

Figure S5: Structures of the optimized components before adsorption energy calculations. The 
calculated potential energies are (A) -585.11 eV, (B) -1260.04 eV and (C) -1223.25 eV.

Table S2: List of all optimized structures from the DFT calculations, including surface type, the Fmoc-
Phe moiety closest to the surface, adsorption energy, distance between the surface and Fmoc-Phe 
(between the two closest atoms) and the optimized structure. Bold text indicates structures discussed 
in the manuscript.

Surface Fmoc-Phe 
moiety pointing 
to the surface

Adsorption 
Energy (eV)

Surface-
monomer 
distance (Å)

Structure

oxG Fluorenyl group 
(F)

-0.389298 3.199

oxG F -0.257192 2.788

oxG F -0.400973 3.131

oxG F -0.229931 2.912
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Surface Fmoc-Phe 
moiety pointing 
to the surface

Adsorption 
Energy (eV)

Surface-
monomer 
distance (Å)

Structure

oxG F -0.176901 2.901

oxG Phenyl ring (P) -0.200131 3.387

oxG P -0.231245 2.856

oxG P +0.035285 4.928

oxG P -0.079452 3.409

oxG P -0.231245 2.943

oxG P -0.401081 2.884
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Surface Fmoc-Phe 
moiety pointing 
to the surface

Adsorption 
Energy (eV)

Surface-
monomer 
distance (Å)

Structure

oxG Carboxylic Acid 
(COOH)

-0.448214 2.428

oxG F/COOH -0.766519 2.708

oxG COOH -0.225065 3.117

oxG COOH -0.335819 2.261

oxG P/Amide N-H -0.629901 3.028

oxG P/COOH -0.733678 2.903

oxG COOH -0.650409 2.152
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Surface Fmoc-Phe 
moiety pointing 
to the surface

Adsorption 
Energy (eV)

Surface-
monomer 
distance (Å)

Structure

prG F -0.473977 3.649

prG F -0.556214 4.217

prG F -0.629435 3.848

prG F -0.345276 4.900

prG P -0.188953 4.897

prG P -0.508591 3.639

prG P -0.622241 3.489
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Surface Fmoc-Phe 
moiety pointing 
to the surface

Adsorption 
Energy (eV)

Surface-
monomer 
distance (Å)

Structure

prG COOH -0.296705 3.200

prG F/COOH -0.622007 3.472

prG F/P/COOH -0.766176 3.674

prG F/P/COOH -0.248640 4.888

prG F/COOH -0.662321 2.682

prG F/P/COOH -0.892036 3.222

prG F/Amide C=O -0.442086 3.715
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