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1 Introduction

The electron configuration of carbon enables the formation of a wide variety of molecules [1].
Over the last years, many researchers have focused their research interest in producing and
analyzing novel carbon structures. The diverse production techniques used in the synthesis of
these nanostructures have produced a range of carbon materials with different sizes, shapes
and properties [2]. This is possible because of the unique ability of carbon to occur with
structures resulting from sp1, sp2, and sp3 orbital hybridizations and combinations of these
configurations [3].

In this thesis, different carbon-based nanomaterials including cell membranes, carbon nanomem-
branes and carbon nanofoams were analyzed and modified for future applications such as filter
systems. To visualize the surfaces of these materials, a helium ion microscope (HIM ) was
used. HIM is an alternative microscopy method to the commonly used scanning electron mi-
croscope (SEM ). Compared to the SEM, it has the decisive advantage that insulating carbon
materials can be imaged at high resolution without the need to apply a conductive coating [4].

Membranes usually serve as selective barriers and are important for technical applications,
such as filter systems or barrier coatings. A membrane consists of a thin layer, which sepa-
rates two environments. It can be differentiated between biological and synthetic membranes.
An example of a biological membrane is a cell membrane that surrounds a cell and separates
it from the outside environment. Cell membranes consist of different lipids and proteins [5].
It is assumed that the various lipids are arranged in domains that have an important impact
on elementary functions of the cell such as the regulation of ion channel function [6].

In the first part of this thesis, various cell membrane domains were investigated by HIM
based on the results shown in my master thesis [7]. The cells were dried for imaging but
not coated. By these means, structures in the cell membranes of human stem cells, stem
cell differentiated neurons and mouse neurons in the nanometer range could be imaged. To
find out the origin of these structures, atomic force microscopy (AFM ) was performed on
biological membranes. By generating a supported lipid bilayer as a model membrane the
occurring structures in biological membranes have been investigated.

Furthermore, mouse neurons were used to form neural networks. A neuron usually con-
sists of a cell body, the so-called soma, and neurites, which enable signal transmission [8].
In order to study the signal transmission in neural networks, the neurons were grown on
structured surfaces. This allows the cell somata and neurites to be localized on the elec-
trodes, resulting in an increased signal strength during signal transmission experiments [9].
In this thesis surfaces were structured, consisting of junctions for the cell bodies and ridges
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for the neurites arranged in regular intervals. The HIM was used to visualize the adhesion
mechanism of cell membranes to the structured substrate and the growth of neurons.

The second part of this thesis focuses on carbon nanomembranes (CNMs), their chemical
modification and their use as substrates for cell membranes. A CNM consists of only one
monolayer and is made by self-assembly of carbon-based molecules and subsequent crosslink-
ing by electron-, UV- or EUV- irradiation. CNMs are synthetic membranes and their mechan-
ical properties can be tailored. In addition, CNMs can be modified, for example by chemical
surface functionalization [10]. The functionalization of the CNM opens up new application
possibilities for biological membranes. The cell membrane of Halobacterium salinarum, the
so-called purple membrane (PM ), consists of patches which have a diameter of only a few
micrometer and thus require a suitable carrier film for potential technical applications [11].
Since CNMs are only 1 nm thin and can be prepared free-standing, they represent a promis-
ing carriage substrate [12]. PM patches contain the protein bacteriorhodopsin, which pumps
protons by light irradiation through the membrane [13]. To use this feature for technical
applications the PM patches need to be applied on a CNM with the same orientation, be-
cause the proton pumping property works unidirectionally. This can be achieved for example
by electrophoretic sedimentation, wherein the immobilization of the PMs is controlled by an
electric field [14]. This technique is presented in this thesis. For analysis of the orientation
of the immobilized patches, mainly the AFM was used. A chemical bond between PM and
CNM was achieved by complex formation. For this purpose, a PM mutant was used, which
is specifically modified on only one side with polyhistidin-tags. Other PM mutants are avail-
able that pump, for example, chlorides and are therefore interesting for applications such as
light-driven seawater desalination [15].

For future applications of CNMs further treatment methods were investigated. This includes
the patterning of the membranes at nanometer scale, which is shown in this thesis. For this
purpose, self-assembled monolayers were structured by direct laser printing and then partially
refilled with other molecules. Subsequent crosslinking with electron irradiation then leads to
structured membranes. These internally structured membranes can be used, for example, as
model membranes, biochips or for directed cell growth [16].

In the third part of this thesis hydrothermal carbonization was investigated as an alter-
native method to obtain nanomaterials from carbon precursor molecules. For this, biomass
such as sucrose is heated in an autoclave under hydrothermal conditions [17]. Usually carbon
nanofoam is the resulting material, which consists of a network of micropearls. Micropearls
are carbon-based, filled spheres of only a few micrometer in diameter. To reveal the morphol-
ogy and chemical composition, the samples were analyzed by HIM, Raman spectroscopy and
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X-ray photoelectron spectroscopy (XPS). As shown in this thesis, the demonstrated porosity
of the foams could be used as an alternative material in filter applications.

On the one hand, this thesis shows the ability of the HIM to image uncoated carbon-based
materials such as cells, in particular cell membranes, carbon nanomembranes and carbon
nanofoam with nanometer resolution. On the other hand, this thesis focuses on two meth-
ods, self-assembly and hydrothermal carbonization, to obtain carbon nanomaterials, which
can be used for purification processes in further studies. The materials were analyzed by
various analytical methods, such as HIM, XPS, Raman spectroscopy and AFM. In the field
of analysis of carbon-based nanomaterials, as well as in the development of new applications
or treatment methods for nanomaterial-based filter applications, progress has been made.
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2 Methods

2.1 Helium ion microscopy

The ORION Plus helium ion microscope (HIM ) shown in figure 1 and its successor, Nanofab,
are produced in the USA by Carl Zeiss SMT (Oberkochen, Germany). The HIM is known
for high-resolution imaging of biological samples, nanostructures and nanolithography [18,
19, 20]. This chapter about the operating principle of a HIM was previously described in my
master thesis [7]. The principle is based on a scanning method, in which a sample surface is
rastered by a helium-ion beam and the resulting particles released from the sample surface
are then detected. This principle is comparable to the operation of a scanning electron micro-
scope (SEM ), with the difference that in the SEM a beam of electrons scans over a sample [21].

Figure 1: The helium ion microscope ORION by Carl Zeiss SMT [22].
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As shown schematically in figure 2, the HIM consists of a column containing the ion source,
lenses and apertures for focusing and deflecting the ion beam, a sample chamber equipped
with secondary electron and backscattered ion detectors and a computer, which is used to
control and display the measurements.

The realization of the ion source is based on the principle of the field ion microscope by
Erwin Müller from the year 1951 and was optimized by patented work of ALIS (Peabody,
Massachusetts) under the direction of Bill Ward [23]. ALIS was purchased by Carl Zeiss SMT
in 2006 and fully integrated [24].

ALIS (Atomic Level Ion Source) is the name of the gas field ionization source, consisting
of liquid nitrogen cooled tungsten needle in ultra high vacuum with three atoms at the tip
apex, a so called trimer. When helium gas enters the ionization chamber at a pressure of
10−6 mbar and a high voltage is applied between the needle and the extractor electrode,
ionization disks form at the atoms of the trimer where helium atoms ionize continuously
through the tunnelling effect and accelerate to the extractor electrode [21, 25]. Figure 2 illus-
trates this effect. An electric field strength of 3 V/Å at the tip atoms is sufficiently large to
allow the ionization of the helium atoms without causing a detachment of atoms from the tip.

For imaging sample surfaces one atom of the trimer is selected to generate the helium ion
beam, while the other two helium ion beams are blocked by a variable-size aperture [26]. A
typical emission current is between 0.1 − 100 pA at an acceleration voltage of 30 keV [25].

Since in this work only the secondary electron detector (SE-detection) was used for imag-
ing, the following section is about the generation of secondary electrons, the detection of
secondary electrons, advantages of the HIM with SE-detection compared to a SEM and the
effective charge compensation in the HIM.
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Figure 2: Schematic structure of a helium ion microscope [7, 27].

Figure 3: Helium ion emission pattern of a trimer in the Source-View-Mode [23].
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Generation of secondary electrons
The images with the helium ion microscope are generated pixel by pixel. Starting at the top
left edge of the image, the helium ion beam scans the first row, followed by the remaining
rows. Each grid point of the helium ion beam corresponds to one pixel in the resulting image.
The number of pixels per image is set in advance by the user, for example 1024 x 1024 pixels
per image.

As shown schematically in figure 4, secondary electrons are generated at each pixel. De-
pending on the number of secondary electrons produced, the pixel is assigned a gray value.
Therefore regions where more secondary electrons are produced per incident helium ion are
assigned a higher gray scale level. In the resulting image these regions appear lighter than
regions in which less secondary electrons are generated [22].

The number of generated secondary electrons depends on the material, topography, and
electrical properties of the sample to be imaged, as well as the kinetic energy at which the
helium ions strike the sample [28, 29]. Typically 3-8 secondary electrons are generated per
helium ion with the rate of secondary electrons being greater for samples with high atomic
numbers than for samples having low atomic numbers. Since most of the secondary electrons
are generated directly by the helium-ion beam, the HIM images are rich in surface details
[30].

Final lens

Figure 4: Secondary electron generation in the helium-ion microscope [7, 22].
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Detection of secondary electrons
The number of secondary electrons generated by the helium ion beam is measured by an
Everhart-Thornley detector. As shown in figure 5, the secondary electrons released from the
sample are directed towards the detector with the aid of an Everhart-Thornley grid, to which
a positive voltage of up to 500V can be applied. Once in the grid, the secondary electrons
are accelerated to the scintillator and converted into photons by cathodoluminescence. Sub-
sequently, the photons arriving at the photomultiplier are amplified and converted into a
voltage pulse of maximum 2 V. From the resulting pulse amplitude, the gray value is cal-
culated for the respective pixel. The raster motion of the helium-ion beam can be repeated
line by line or imagewise to average the gray value per pixel from multiple scans to minimize
noise [22].

photocathode scintillator

optical waveguide

Faraday cage sample

incident helium 
ion beam

secondary
electrons

collector

photomultiplier
tube

output 
signal

Figure 5: Detection of secondary electrons with the Everhart-Thornley detector. The sec-
ondary electrons are directed by the Everhart-Thornley grid in the direction of the detector
and arrived there converted into photons. The photons are then converted in the photomul-
tiplier into a voltage pulse, from which the respective gray value of the pixel is calculated
[31].
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Advantages of a HIM with SE-detection compared to a SEM
The helium-ion microscope and the scanning electron microscope are similar in their overall
function, since in both devices a tungsten tip generates a beam of particles, which is guided
in a rastering motion over the sample and through scattering processes released electrons are
detected for each pixel and assigned a gray value. The minimum size of the ion beam spot
on the sample surface in the HIM can be less than 0.25 nm, since the ion source consists of a
single atom [32]. In contrast, in the SEM the minimum size of the electron beam spot on the
sample surface is 0.8 nm. Together with the smaller wavelength of the helium ions compared
to electrons, the resulting HIM images have a higher resolution and a greater depth of field
compared to SEM images [21, 30].

Figure 6 schematically represents the scattering volumes, in which the beam-sample interac-
tions take place, in the HIM and in the SEM. The depth of information (SE escape depth)
is the region in which the secondary electrons have sufficient energy to leave the sample.
For metallic samples, this depth of information is smaller than for insulating samples [33].
Importantly, most of the secondary electrons in the HIM are generated directly by the ion
beam and not by further scattering processes. The reason for this is that the helium ions are
heavier than electrons and thus penetrate deeper into the sample with less lateral scattering
[25]. This results in an increased surface sensitivity for HIM compared to SEM. Since more
secondary electrons are produced in the HIM per incident helium ion than for an electron,
high-contrast images are possible in the HIM despite low emission currents [32]. Further-
more, the beam of noble gas ions minimizes the chemical, electrical and optical change of the
sample [25].

Charge compensation
The artefact-inducing charge effects of insulating samples that occur during imaging with SE-
detection can be stabilized by the use of an electron flood gun [34]. The sample is alternately
scanned with the helium ion beam and irradiated with electrons, as shown in figure 7. The
irradiation with electrons, as well as the scanning with the helium ion beam can be done
line by line or imagewise. For an effective charge compensation, a balance between the ion
beam, the secondary electron current and the electron beam of the electron gun is necessary.
It should be noted that the HIM image can have a width of less than one micron, while the
electron beam typically has a diameter of one millimeter [35]. In addition, the sample surface
charge depends on the imaging settings, therefore optimal settings vary for each sample.
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Figure 6: Scheme of the scattering volumes in the HIM and SEM [7, 33]. The secondary
electron information depth indicates the region in which the secondary electrons have suffi-
cient energy to leave the sample. Most of the secondary electrons in the HIM are generated
directly by the ion beam and not by further scattering processes.
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Figure 7: Scheme of the charge compensation in the HIM [7]. The charging of an electrically
insulating sample surface by the ion beam (black) is stabilized by an additional electron beam
(red). The number of secondary electrons released from the sample surface by the ion beam
(blue) is detected for each pixel and assigned to a gray value.
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2.2 Atomic force microscopy

The atomic force microscope (AFM ) was developed 1986 by Binning, Gerber and Quate for
the topographical imaging of surfaces with a resolution in the subnanometer range [36]. This
chapter about the operating principle of an AFM was previously described in my bachelor
thesis [37]. The operation principle is based on the scanning of a sample surface line by
line with the help of a fine probe. This principle can be realized in air, vacuum and liquids
[36, 38, 39].

Between the scanning probe, consisting of a cantilever and a tip, and the sample surface
long-range or short-range interactions can be used as imaging information. For the imaging
of the surface topography, the interactions are usually detected optically by the deflection of
the cantilever. The deflection can be measured by using a laser and diodes.

In general, a distinction is made between three different modes. The Lennard-Jones po-
tential shown in figure 9 summarizes the forces acting on the various modes. In the contact
mode, the tip of the sample surface is so close to the surface that the Pauli repulsion leads
to the deflection of the cantilever (see figure 8). In the non-contact mode, the probe is ex-
cited next to the resonance frequency and approximates the sample surface until the resonant
frequency of the probe shifts by a preset value due to penetration into the potential of the
surface. This change is primarily explained by the Van-der-Waals interaction. In the semi-
contact mode, the probe oscillates at a distance to the surface, as in non-contact mode, but
touches it at regular intervals, so that both repulsive and attractive forces contribute [40]. For
electrostatic force microscopy (EFM ) measurements the same image is scanned two times.
The first time in semi-contact mode and the second time with an adjustable height offset.
The cantilever oscillates and the attractive and repulsive electrostatic forces are balanced by
applying a voltage to the tip. The applied voltage indicates the electrostatic potential of the
sample [41].

In this work, two different AFMs were used. The cells and model membranes were imaged
using a NT-MDT Ntegra PNL in semi-contact mode and a cantilever with a spring constant
of 0.03 N/m. The purple membranes were imaged using a Multimode 8 in semi-contact mode
and a cantilever with a spring constant of 0.03 N/m. For electrostatic potential measurements
of the purple membrane a conductive cantilever was used with a spring constant of 1 N/m.
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Figure 8: Measuring principle of an AFM in contact mode [42].

Figure 9: Lennard-Jones-Potential with marked areas for the three different AFM modes [42].
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2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a method to determine the chemical composition
of material surfaces. XPS is based on the photoelectic effect, in which electrons are released
from a surface by X-rays. By irradiating a surface with electromagnetic waves, whose en-
ergy is greater than the work function of the sample, electrons are excited from occupied
initial states to unoccupied, unbound final states of the sample. From near-surface atoms of
the sample, these photoelectrons are emitted and in the photoelectron spectrometer energy-
dispersive detected. The analyzer used for the detection of the electrons is adjusted via
electrostatic lenses, so that only electrons of a certain energy can pass through it [43].

The characteristic components of such an energy spectrum are emission lines of photoelec-
trons and Auger electron lines. For photoelectrons, a distinction is made between electrons
emitted from core levels and those derived from the valence band. For XPS examinations, the
positions of the core-level emission lines are usually of importance. The spectra are obtained
by plotting the count rate against the measured kinetic energy of the electrons. It is also
possible to convert the kinetic energy to the binding energy of the electrons with respect to
the Fermi level [44].

Surface sensitivity is one of the most important properties of photoelectron spectroscopy.
Crucial for this is the mean free path of photogenerated electrons in the material. This
depends strongly on the kinetic energy of the electrons and varies only slightly between dif-
ferent materials. Usually the information depth is around 0.5-2 nm. The measuring principle
is illustrated in figure 10 [45].

In this work the samples were analyzed in an Omicron Multiprobe UHV system at an pres-
sure of 10−10 mbar. Monochromatic Al Kα irradiation, a Sphera electron analyzer with a
resolution of 0.9 eV and an emission angle of 20◦ were used.
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21

2.4 Raman spectroscopy

Raman spectroscopy is an analytical technique for the chemical characterization of samples
discovered by Raman and Krishnan in 1928. The operating principle is based on the phe-
nomenon of inelastic scattering of light. Raman and Krishnan used sunlight, which was
focused on a sample and detected the scattered radiation, which had an altered frequency,
with a lens and optical filters [46].

In modern systems, the sample is irradiated with a single frequency of radiation by using
a laser beam. The incoming photon interacts with the molecule, which leads to polarization
of the electron cloud. This state is named virtual state and is not stable. Therefore, the
photon is reradiated with a frequency shift. The wavelengths of the reradiated light can be
detected by a lens and filters. Raman scattering is a weak process as the scattered photons
exhibit small frequency changes. Therefore, an effective filtering is essential [47].

Raman spectroscopy is a powerful method to characterize carbon materials as ordered and
disordered structures can be distinguished. In this work carbon nanomembranes and carbon
foams were analyzed by Raman spectroscopy. Therefore, a Raman spectrometer Labram
ARAMIS was operated in the backscattering mode. A blue diode laser with a wavelength of
473 nm and a 10x microscope objective were used.
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3 Results and Discussion

3.1 Cells

Biological samples including cells are characterized by nano-sized functional features. But as
all biological samples, cells are not conductive. Therefore, they provide a good opportunity
to use the high-resolution imaging of non-conductive samples by HIM as shown in this thesis.

Generally, a distinction is made between prokaryotic and eukaryotic cells. Prokaryotes are
the simplest, single-celled organisms that, unlike eukaryotes, have no cell nucleus [48]. In
this chapter eukaryotes were studied, therefore further sections focus on this cell type. The
sections 3.1 - 3.1.2 were previously described in my master thesis [7].

Important cell structures are the organelles, the cytoplasm and the cell membranes. The
organelles are embedded in the cytoplasm and include the cell nucleus containing the genome,
mitochondria, the Golgi apparatus, centrioles and the endoplasmic reticulum. The mechani-
cal stability of the cell is ensured by its cytoskeleton consisting of actin filaments, intermediate
filaments and microtubules. The cytoskeleton extends through the entire cytoplasm and de-
termines the shape of the cell. The filaments of the cytoskeleton form networks and contribute
to the stabilization of the cell morphology. The filaments also stabilize cell protrusions. The
cell is enveloped by the cell membrane, which separates the cell from its environment, thereby
enabling the maintenance of the internal environment of the cell [49]. The vesicle transport
by endocytosis or exocytosis between the extracellular matrix and the intracellular space en-
ables controlled exchange of substances. Endocytosis is the invagination process in which a
cell receives a vesicle derived from the extracellular matrix through the membrane, whereas
in exocytosis a vesicle is delivered across the membrane into the extracellular matrix [50].

The cell membrane consists of a 5-6 nm thick double lipid layer, which is mainly composed
of phospho- and sphingolipids, glycolipids and cholesterols [51]. Apart from cholesterol, the
lipids have a hydrophobic side facing the center of the membrane and a hydrophilic side pro-
vided with a polar head group. The polar head group faces the cytoplasm on the one hand,
and the extracellular space on the other hand [52]. The glycolipids have a carbohydrate
residue that is important for interactions with the cell environment and cell stability [53].
The cholesterol, which belongs to the sterols, resides in the cell membrane. It increases the
permeability and restricts the fluidity of the membrane [53].

The biological function of the membrane is mainly determined by a variety of different pro-
teins [52]. The ratio of proteins to lipids varies depending on the type of membrane and
cell. For example, while the cell membrane of a nerve cell contains 18 % proteins, the inner
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mitochondrial membrane has a protein content of 76 %. According to the fluid mosaic model
by Singer and Nicolson from 1972, the phase state of the lipids in cell membranes is fluid,
allowing membrane proteins to move laterally freely [49]. A distinction is made between in-
tegral, lipid-anchored and peripheral membrane proteins. While integral membrane proteins
span the double lipid layer, peripheral membrane proteins are superimposed on the surface of
the inner or outer lipid layer. Integral membrane proteins include, for example, ion channels
that are responsible for the generation and transmission of electrical signals between neuronal
linked cells [54].

Lipid-anchored membrane proteins were originally thought to be peripheral membrane pro-
teins but, in contrast to peripheral membrane proteins, are covalently linked to the hydropho-
bic lipid chains of the cell membrane. Since the lipid-anchored membrane proteins usually
occur with membrane sphingolipids, they protrude from the cell membrane and assemble
into microdomains. These microdomains are called lipid rafts [55]. A special type of raft-like
domains are caveolae, which take part in endocytosis [56]. Their size is in the range of 10-200
nm, therefore these domains can not be imaged by confocal microscopy [57].

3.1.1 Stem cells

Stem cells can both reproduce and/or progress in differentiation. This means that the progeny
of a stem cell are either stem cells themselves or more differentiated cells. Self renewal or dif-
ferentiation of the stem cell depends on signals from the microenvironment of the respective
niche [58].

The adult stem cells studied in this work can be transformed into cells with neuro-ectodermal
and mesodermal phenotype, in particular into nerve, bone, fat and cartilage cells, as shown
in figure 11 [59]. In general, a distinction is made between totipotent, pluripotent and multi-
potent cells. While research with human totipotent stem cells derived from embryonic tissue
is possible only under strict conditions in Germany, research with adult human multipotent
stem cells is considered ethically unobjectionable [58]. The multipotent stem cells studied in
this work were obtained from the human respiratory mucosa of the nasal cavity, therefore
named neural crest-derived stem cells (NCSCs). The advantage of these stem cells is, that
they are easily accessible and can be isolated from patients of all ages while possessing a vast
differentiation potential [59]. Figure 12 shows a NCSC in a) and neuronally differentiated
NCSC in b) imaged by confocal laser scanning microscopy (CLSM ).
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Figure 11: Self renewal and differentiation of NCSCs [60].

Figure 12: a) A NCSC and b) neuronally differentiated NCSCs.
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3.1.2 Neurons

The human brain has more than 1011 neurons, which are linked together according to fixed
rules and form a complex network. A neuron usually consists of a cell body, called soma,
several dendrites and an axon, which is much longer than the dendrites [8].

While the dendrites act as signal inputs through spines, the axon has the ability to relay
signals to other neurons. To establish a connection between neurons the so-called growth
cone is of outmost importance. It is located at the end of the axon and equipped with
finger-shaped membrane prostrusions called filopodia, which scan surrounding areas. If the
filopodia get in contact with unfavourable environment, the growth cone retreats. When the
filopodia come into contact with a favourable environment such as a dendrite of another cell,
the entire growth cone is directed in that direction, allowing to build synaptic connections [61].

The dendrites can form a multitude of branches and thus allow up to 105 signal inputs
on a single neuron, whereby the cell body itself can also receive signals. The shape of the
signal is the same for all neurons and consists of changes in the electrical potential across
the cell membrane. In general, a spine that emerges from a dendrite forms a single synapse.
A distinction is made between thin, mushroom, sessile and stubby spines. Spines serve to
enlarge the surface and change its shape within seconds, which is essential for finding and
stabilizing correct synaptic connections. Wiegert and Oertner describe spines as the elemen-
tary unit of memory [62].

The neurons studied in this work are hippocampal mouse neurons and are shown in figure
13 imaged by CLSM.

Figure 13: a) Hippocampal mouse neurons after 1 day in vitro and b) after 3 days in vitro.
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3.1.3 Imaging of cell membranes

Figure 14 shows a silicon nitride membrane on a metal grid, on which HeLa cells were cultured.
The HIM images in a) and b) show the same spot on the sample. In the middle of the images
are two cells located on top of the freestanding membrane. Image a) was taken without
simultaneous exposure by an electron floodgun and shows charging effects since the sample is
not coated with metal. Hence, the membrane, which is not in contact with the metallic grid
and the cells appear dark. In contrast to that image b) was taken with the floodgun, which
can be used for charge stabilisation in the HIM. Therefore the charge effects are minimized
and the cells and the freestanding membrane show a good contrast.

Figure 14: a) A cell imaged by HIM without floodgun and b) with floodgun.

HIM images of different cell types have shown that pits appear in all investigated cell mem-
branes [63]. These pits could be areas where saturated fatty acids were located before the cells
were critical point or freeze dried. Before drying of the cells their membranes were fixed with
osmium tetroxide, which only crosslinks unsaturated fatty acids concentrated outside of the
lipid nanodomains. In contrast to that non stabilized fatty acids inside the nanodomains will
get lost during the subsequent drying process (e.g. the dehydration in ethanol) and the pits
emerge. Figure 15 shows three of the investigated cell types: NCSCs, NCSC-derived human
neurons, and hippocampal mouse neurons. The mean diameter of the pits is less than 20
nm and the main fraction of the domains lies closer than 50 nm to the next neighbor, which
indicates the raft-like origin. Flask-like shaped pits originating from exocytosis or endocyto-
sis for example would need to have a greater next neighbor distance. The pictures show the
great ability to image uncoated cells at a high resolution with the HIM. In a common SEM
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a metal coating would be necessary to image biological materials. Therefore, small features
as the pits shown would be disturbed by the coating.

Figure 15: Three different cell types imaged by HIM. They all show pit-like structures in the
cell membrane [63].

To elucidate the exact mechanism of nanodomain extraction another microscopy technique,
the AFM, was applied to image the change in membranes after fixation and ethanol treat-
ment. Figure 16 shows topographic AFM images of a NCSC fixed with aldehydes and osmium
tetroxide (left) and of the same cell rinsed with 70 % ethanol (right) imaged under the same
conditions. The fixed cell membrane appears smooth with a few groove-like membrane fea-
tures (inset, left image). After treatment with ethanol the membrane becomes significantly
rougher. Additionally, the small pit-like structures can be detected in the membrane (inset,
right image). These images support the hypothesis that ethanol treatment after fixation
leads to a pit formation in the cell membrane due to the loss of regions consisting mainly of
saturated fatty acids.

To further support the above mentioned hypothesis a supported lipid bilayer was gener-
ated to work as a model membrane. AFM images of the following process are provided in
figure 17. 1,2-dioleoyl-sn-glycerol-3-phosphocholine (DOPC ) and 1,2-distearoyl-sn-glycerol-
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3-phosphocholine (DSPC ) on mica were used to mimic a biological cell membrane (B). After
fixation (C) and treatment with ethanol (D), only DOPC areas were able to withstand the
extraction process, which was proposed by the hypothesis. Further investigation by CLSM
showed that labelled, saturated domains in the cell membranes showed no signal after treat-
ment with ethanol. In summary these experiments lead to the conclusion that the pits in the
cell membrane, which were first seen in the HIM, originate from lipid-raft like nanodomains.
These nanodomains, especially their size and distribution, have an important impact on
elementary functions of cells and can be visualized with nanometer precision by HIM.

Figure 16: NCSC imaged by AFM before and after ethanol treatment.

Figure 17: AFM images show the mechanism of the pit-like membrane feature formation in
a model membrane [63]. DOPC and DSPC on mica were used to mimic a biological cell
membrane (B). After fixation (C) and treatment with ethanol (D), only DOPC areas were
able to withstand the extraction process.
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High resolution HIM images of the membrane of a critical point dried neuronally differentiated
NCSC are shown in figure 18. Figure 18 (A) shows the analyzed cell and (B) a close up of
the somatic cell membrane. A neurite of the cell is imaged in (C), whereas (D) shows a close
up of the cell membrane of the neurite.

Figure 18: HIM images of a critical point dried neuronally differentiated NCSC [63].(A)
HIM image of a neuronally differentiated and critical point dried NCSC. (B) The somatic
membrane reveals pit-like nanodomains. (C) A neurite of the cell. (D) High magnification
of the membrane of the neurite.
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A different preparation method for imaging neuronally differentiated NCSCs by HIM is freeze
drying after the fixation of the cells. This method does not require ethanol treatment com-
pared to critical point drying. Figure 19 includes three images of the same cell membrane
at different magnifications labelled with (A)-(C). The highest magnification in (C) reveals
similar pit-like structures compared to critical point dried cells of the same cell type. This
indicates that the unfixed nanodomains are also unstable in air. Preparation details and
further information can be found in [63]. The presented images show that HIM of biological
cells can be used to get a deeper understanding of the composition of cell membranes of
different cell types and regions.

Figure 19: (A)-(C) HIM images of a freeze dried neuronally differentiated NCSC at different
magnifications. The highest magnification in (C) shows that the cell membrane has similar
sized and shaped nanodomains as membranes observed after critical point drying [63].
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Cells on structured surfaces
In a following study it was investigated how mouse hippocampal neurons behave on multi-
electrode arrays [64]. In particular, the process of neuron attachment and neurite guidance
was investigated by HIM and light microscopy. Therefore, a structured poly lysine coating
on glass was produced consisting of spots of a size allowing only one cell to adhere connected
through lines for the neurite guidance. As figure 20 shows the neurons adhere to the substrate
in a random manner after initial attachment (A). But after 3 days most of the neurons mi-
grated toward the coated surface (dashed lines) whereas the dots seem to be more attractive
since they provided enough space for the cell soma with a diameter of 30 µm compared to
the 3 µm lines (B, C). The HIM image in (D) shows the tight adherence of a cell as seen
by adhesion prostrusions. The inset in (D) confirms that the axon is tightly bound to the
surface as wanted.

To initially investigate which line width is needed to guide the axon but prevents the cell
soma from adhering on the line, different line widths were tested. As seen in figure 21 the
neuron on the pattern (dashed line) in (a) with the thin line of about 2.5 µm adheres to the
node whereas the neuron in (b) stays on the line since the soma fits onto the 6 µm line. Hence,
a pattern with 6 µm lines is too wide for building a neuronal network where the somata stay
on the nodes. Preparation details and additional information can be found in [64]. In sum-
mary the images shown in this chapter reveal the high potential of imaging biomaterials as
cell membranes without coating via HIM to study their morphology or adhesion on different
substrates.



32

Figure 20: Neurons on a patterned surface [64]. (A), (B) and (C) show the migration of the
neurons towards the pattern imaged by CLSM. (D) A single neuron is imaged by HIM.
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Figure 21: Line width dependence of neuron adhesion on patterns [64]. The line in (a) has a
width of 2.5 µm and the line in (b) has a width of 6 µm.
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3.2 Carbon nanomembranes

The production and characterization of two-dimensional functional membranes is a rapidly
growing field of research within the nanosciences [65]. Molecular thin freestanding films
have high potential as active or passive components in electrical and mechanical devices,
biomimetic applications, water filters or diffusion barriers [66, 67, 68, 69].

Carbon nanomembranes (CNMs) are 1 nm thin carbon-based sheets. CNMs are prepared by
irradiation-induced crosslinking of surface bound self-assembled monolayers (SAMs), which
consist of aromatic molecules on a substrate. The crosslinking of neighboring molecules can
be achieved via electron irradiation, UV- or EUV-radiation, since these methods induce the
separation of C-H bonds. This process is shown in figure 22 a). By etching away the sub-
strate, the CNM can be transferred to another substrate such as a metal grid [70]. Parts of
the membrane are then freestanding. Figure 22 b) and c) show two HIM images of CNMs
that were transferred onto metal grids with carbon lacey covered openings.

An advantage of CNMs is that their modular construction system allows chemical func-
tionalization and modification of the membrane surface. Membranes can be tailored by the
appropriate choice of precursor molecules and irradiation conditions. Through modification
with chemical lithography complex architectures have been build as patterns of proteins or
bifacial Janus membranes [71, 72]. In this work, CNMs have been used to produce internally
structured membranes and as a support for biological membranes. Therefore, SAMs con-
sisting of 4’-nitro-1,1’biphenyl-4-thiol (NBPT ) or 1,1’-biphenyl-4-thiol (BPT ) on a Au(111)-
substrate have been mostly used (see figure 22).

To study the crosslinking process during irradiation, NBPT on gold samples were exposed to
synchrotron radiation with a wavelength of 13.5 nm at different doses as seen in figure 23.
The spectra have been measured by XPS. The lowest dose is 300 mJ/cm2 and the highest
dose is 20000 mJ/cm2. The spectra show the conversion of the terminal nitro groups into
amino groups as seen by the chemical shift oft the N1s binding energy from 405.5 eV to 399.2
eV. The resulting amino groups can be used for further functionalization. It can be seen
that at the highest dose a nitro group peak is still present, which means that the CMN is not
fully crosslinked. The membranes shown in the following sections have been crosslinked by
electron irradiation via electron floodgun at an energy of 100 eV and a dose of 50 mC/cm2

in a vacuum chamber at a pressure of 10−7 mbar.
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Figure 22: Production of carbon nanomembranes.
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Figure 23: Irradiation dose series of NBPT on gold. XPS spectra show the N1s binding
energy shift during irradiation.
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3.2.1 Internally structured CNMs

In section 3.1.3 it is shown that a model membrane can help to understand biological mem-
branes. Another type of model to study self-assembly or membranes are SAMs made of thiols
on gold. But these monolayers are not stable in the absence of the substrate. Crosslinking of
a SAM produces a CNM, which is mechanically stable even without a substrate [70]. Direct
laser patterning of a SAM leads to the removel of molecules at the exposed areas. These gaps
can be refilled with other aromatic molecules. Subsequent crosslinking converts these mixed
SAMs to internally patterned CNMs [73]. A scheme of this process is shown in figure 24.

Figure 24: Internally patterned CNMs by direct laser patterning [73].
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After crosslinking the internally patterned CNMs were transferred to different substrates und
analyzed with a light microscope, HIM and SEM. Figure 25 includes two images of the same
sample, an internally patterned CNM transferred on gold and converted from a NBPT SAM
patterned with BPT SAM lines. The crosslinked NBPT regions are labelled as ABPT, since
the nitro groups convert into amino groups. These groups can be used for further function-
alization as shown in the following chapter. The structured functionalization could be used
to build devices such as a biochip by chemical modification with proteins to detect markers
in biological samples. This method could be particularly useful in the single cell analysis,
because of the small amounts of sample material.

Figure 26 shows an freestanding ABPT/BPT CNM transferred onto a metal grid. In sum-
mary, this method leads to a membrane with distinct chemical domains comparable to bi-
ological membranes. Further details on the preparation and usage of internally patterned
CNMs can be found in [73].

Figure 25: Internally patterned CNMs transferred to another substrate and imaged by (A)
light microscopy and (B) helium ion microscopy [73]. Scale bars are 200 µm.
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Figure 26: Internally patterned CNM transferred onto a metal grid.
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3.2.2 CNM as a substrate for purple membrane

The goal of this project is to achieve a hybrid of biomolecular macromolecules on a surface
by assembling CNMs and purple membranes (PMs). PMs, which are derived from Halobac-
terium salinarum, are membranes consisting of bacteriorhodopsin (BR) arranged in form
of a hexagonal crystalline lattice and lipids [74]. BR is a light-driven proton pump, which
generates a proton gradient and hence a free enthalpy, which enables energy consuming cell
processes in the Halobacterium salinarum [13]. It consists of 7 alpha helices and one molecule
of retinal, which changes its conformation and initiates a proton transfer when irradiated by
photons [75]. Since PMs have a diameter of only a few micrometers and a thickness of 5 nm,
they require a suitable carrier film for potential, technical applications such as a macroscopic
proton pump [76].

CNMs are only 1 nm thin and can be prepared free-standing, therefore they are ideal carrier
films. Since the migration of the protons through the membrane is unidirectional, the ho-
mogeneous orientation of the PM fragments on the CNM is mandatory for the functionality
as a proton pump. The PM fragments itself include preoriented BR molecules, which can be
genetically modified [77]. An assembly of PMs on a substrate is challenging as the two sides
of the PM only slightly differ in charge and chemical composition.

Advance has been made with mutants where specific linker sides have been introduced on
only one side of the membrane such as polyhistidine-tags. To obtain a binding of the mu-
tated PMs on a carrier film, CNMs were chemically functionalized with molecules having a
nitrilotriacetic acid (NTA) moiety as a head group, which is loaded with nickel. This func-
tionalization leads to a complex formation with the polyhistidine-tags of the mutant during
incubation of a PM solution on CNM. A scheme of a PM, which is bound to a CNM creating
a hybrid structure connected through binding points is shown in figure 27.

A challenge concerning the assembly of PMs on CNM is the immobility of PMs in water
due to fragment sizes in the micrometer range and thousands of BR molecules per fragment.
Special techniques, such as concentration by drying or electrophoretic sedimentation, are
needed to bring the two membranes, CNM and PM, into close contact to enable chelatiza-
tion. Additionally, PM fragments are irregular elliptical shaped, which hinders the formation
of PM monolayers. The only way to form PM monolayers on CNMs might be recrystallization
on the surface.

Since there is a limited availability of the C-terminal His-tagged PM mutant, initial ex-
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periments were performed with wildtype PMs and NBPT CNMs without functionalization.
NBPT CNMs were prepared as follows. 300 nm gold on mica substrates were cleaned in an
ozone cleaner, rinsed with ethanol and dried in a stream of nitrogen. The cleaned samples
were then immersed in 1 mmol solution of NBPT in degased and dry dimethylformamide
(DMF) and stored under nitrogen atmosphere. After 72 hours the samples were taken out
of the solution and rinsed with DMF and ethanol. For crosslinking of the SAMs the samples
were introduced into a high vacuum chamber (10−7 mbar) and irradiated with electrons at
an energy of 100 eV and a dose of 50 mC/cm2. After crosslinking the samples were stored
under argon atmosphere until further use.

The wildtype PM solution in water was diluted in water to an optical density of OD570 = 0.2.
Figure 28 shows the absorption spectrum of wildtype PM in water at a pH of 7 at room tem-
perature. The longest wavelength absorption band occurs at 570 nm, which belongs to BR.
This indicates intact BR proteins in the PM fragments.

Figure 27: Hybrid structure consisting of a CNM (green) and a PM. The PM consists of BR
(purple) and lipids (blue). The unidirectional assembly of PMs on CNMs is necessary for the
potential use of their proton-pumping properties. The linkers are depicted as red lines.
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Figure 28: Absorption spectrum of wildtype PM in water at a pH of 7 and room temperature.

Figure 29 shows three HIM images of NBPT CNMs, on which wildtype PMs were incubated
by drop casting with a) deionized (DI ) water at a pH of 7, b) 300 mM potassium chloride at
a pH of 8.2 and c) 5 mM calcium chloride, 300 mM potassium chloride, 10 mM Tris buffer
at a pH of 8.2. After an incubation time of 40 minutes the samples were rinsed with the
respective liquid for 1 minute each. The images reveal that the PMs incubated and rinsed
with water were washed away by the rinsing. However, PMs incubated and rinsed in the
presence of salt were not or only partially washed away.

Figure 29: HIM images of NBPT CNMs, on which wildtype PMs were incubated by drop
casting with a) deionized (DI ) water at a pH of 7, b) 300 mM potassium chloride at a pH of
8.2 and c) 5 mM calcium chloride, 300 mM potassium chloride, 10 mM Tris buffer at a pH
of 8.2. After 40 minutes of incubation the samples were rinsed with the respective liquid for
1 minute each.
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This behavior changes when the wildtype PM is incubated, dried in air and then rinsed with
the respective liquid. NBPT CNMs, which have been incubated for 40 minutes with wild-
type PMs with and without a drying step between incubation and rinsing, were analyzed
by CLSM. The samples, which have been dried between incubation and rinsing, show that
the PM fragments could not be removed from the substrate by rinsing. The samples, which
were directly rinsed show that PMs incubated and rinsed with DI-water can be almost fully
removed, whereas incubation and rinsing with salt solutions result in patches on the surface.
The highest amount of patches after 40 minutes of incubation and subsequent rinsing can
be observed for 300 mM potassium chloride solution. This result and figure 29 reveal that
drop casting of wildtype PMs on NBPT CNMs leads to overlapping PMs forming clusters on
NBPT CNMs with single flat lying PM patches in-between.

An incubation series of wildtype PM on NBPT CNM is shown in figure 30. All samples
were incubated with wildtype PM in a 300 mM potassium chloride solution and were not
rinsed. Figure 30 shows AFM images of wildtype PMs on NBPT CNM after a) 1 hour of
incubation, b) 4 hours of incubation, c) 12 hours of incubation and d) 24 hours of incubation.
The images indicate that a longer incubation time leads to a higher coverage since a) shows
a 50 % coverage whereas d) reveals a 80 % coverage.

Nonetheless, a monolayer consisting of PM patches on NBPT CNMs could not be achieved
by drop casting. At this state the PM patches orient in a random way on the sample due
to the size of the patches and van der Waals forces. This is shown by AFM/EFM images in
figure 31). Therefore, the next sections focus on the functionalization of NBPT CNMs for
the assembly of His-tagged PMs on modified NBPT CNMs.
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Figure 30: Incubation series of wildtype PMs on CNMs. AFM images of wildtype PMs on
NBPT CNM after a) 1 hour of incubation, b) 4 hours of incubation, c) 12 hours of incubation
and d) 24 hours of incubation without rinsing.
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Figure 31: AFM/EFM measurements reveal the orientation of wildtype PMs on NBPT CNM.
The EFM image in b) demonstrates that the orientation is random.

To achieve oriented PM patches bound to CNM, NBPT CNMs were functionalized to ob-
tain NTA moieties as head groups of the CNM. These moieties can be loaded with nickel
enabling complex building with molecules or particles, which are modified with His-tags, e.g.
His-tagged PM mutants. The first promising functionalization of NBPT CNMs is depicted
in figure 32. The images in figure 32 a)-c) schematically show the 2 step reaction to obtain
NTA moieties as head groups of the NBPT CNM. For this purpose, 3-(Maleimido)propionic
acid N-hydroxysuccinimide ester was dissolved in dried DMF (5 mg in 1 mL). 5 µL of this
solution was placed onto a NBPT CNM by drop casting and sandwiched with another sub-
strate. The samples were stored protected from light and rinsed with DMF after 30 min.
Subsequently the samples were dried in a stream of nitrogen. For the second functionalization
step N− [Nα,Nα −Bis(carboxymethyl)−L− lysine]−12−mercaptododecanamide was solved
in dried DMF (4 mg in 1 mL). 5 µL of this solution was placed onto the substrate by drop
casting, sandwiched with another substrate and stored protected from light. After 4 hours
the samples were rinsed with DMF and dried in a stream of nitrogen.

The functionalized samples were tested with His-tagged green fluorescent proteins (GFP).
Therefore, a functionalized sample was loaded with nickel by immersion in nickel sulfate for
30 minutes and dried in a stream of nitrogen. His-tagged GFP was adjusted to 0.2 mg/mL in
PBS buffer. 10 µL of this solution was placed on different samples and incubated for 10 min-
utes. After incubation each sample was washed with PBS buffer for 2.5 minutes and dipped
in DI water. For imaging via fluorescence microscopy the samples were embedded in Mowiol.
Figure 33 depicts fluorescence microscopy images of functionalized NBPT CNMs after the
different substrate processing steps and with sequestered nickel incubated with His-tagged
GFP molecules. Here, the prediction was that only functionalized NBPT CNM loaded with
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nickel and incubated with His-tagged GFP should lead to a fluorescence signal, which was
confirmed. The brightness of the signal is comparable to the reference signal, which is an
indication for a successful functionalization. As expected, NBPT CNMs without functional-
ization or with functionalization but without nickel did not show a detectable fluorescence
signal. Also functionalized NBPT CNM loaded with nickel, incubated with His-tagged GFP
and immersed in ethylenediaminetetraacetic acid did not result in a fluorescence signal, which
indicates a reversible binding of the GFP molecules.

Figure 34 shows XPS spectra of the nitrogen, oxygen, carbon and sulfur regions of the
NBPT-CNM before chemical modification (blue) and after the coupling with NTA (red).
The increase of the nitrogen, oxygen and carbon signal and the appearance of a carboxylic
peak at around 289 eV indicate the successful coupling of the molecules to the NBPT-CNM.

Figure 32: Functionalization of NBPT CNMs. a)-c) schematically show the 2 step reaction
to obtain NTA moieties as head groups of the NBPT CNM.

Figure 33: Fluorescence microscopy of functionalized NBPT CNMs incubated with His-
tagged GFP molecules and different substrates for comparison.
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Figure 34: XPS spectra of NTA functionalization of NBPT CNMs. The spectra of the
nitrogen, oxygen, carbon and sulfur regions of the NBPT-CNM before (blue) and after the
two reaction steps (red). The increase of the nitrogen, oxygen and carbon signal and the
appearance of a carboxylic peak at around 289 eV indicate the successful coupling of the
molecules to the NBPT-CNM.
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The functionalized NBPT CNMs were tested as a substrate for wildtype PMs and His-tagged
PMs. The His-tagged PM solution in water was diluted in water to an optical density of
OD570 = 0.2. Figure 35 shows the absorption spectrum of His-tagged PM in water at a pH
of 7 and room temperature. The longest wavelength absorption band occurs at 570 nm and
belongs to BR molecules. This indicates intact BR proteins in the PM fragments.
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Figure 35: Absorption spectrum of His-tagged PM in water at a pH of 7 and room tempera-
ture.

Figure 36 shows SEM images of a) wildtype PMs and b) His-tagged PM mutants on function-
alized NTA NBPT CNMs. For incubation a 300 mM potassium chloride was used without
the addition of nickel. The images show no significant difference in the distribution of the
PMs. On both images the PM patches form clusters. Some patches lie flat on the substrate,
some are partially or fully stacked on top of each other.

Next, the functioanlized samples were loaded with nickel to form complexes during incu-
bation with His-tagged PMs to get an orientation of the PM patches. But experiments
showed that His-tagged PMs on functionalized NBPT CNMs incubated with 300 mM potas-
sium chloride and loaded with nickel do not lead to uniform orientation of the PMs. This
can be seen in figure 37, which includes a) an AFM image and b) an EFM image of the same
region. The EFM image reveals the orientation of the membrane patches. The membranes
don’t exhibit the expected uniform orientation. A reason for this behavior could be the fact
that PM patches are immobile in solution. Once a membrane patch comes into contact with
the surface, it does not matter if there are molecular sized tags on one or the other side of
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the membrane. Therefore, a different technique is necessary to obtain an oriented assembly
of PMs on CNMs. Only when the functional sides of the PMs come into close contact with
the sample surface, the NTA/His-tag complex can be formed.

Figure 36: SEM images of a) wildtype PMs and b) His-tagged PM mutants on functionalized
NTA NBPT CNMs. The images show no significant difference in the distribution of the PMs.

Figure 37: AFM/EFM images reveal the orientation of His-tagged PMs on NTA NBPT
CNMs. a) shows the AFM image and b) the corresponding EFM image. The patches do not
exhibit a uniform direction.
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In summary, the immobility of PM prevents a uniform directed deposition on substrates by
drop casting. Since the two sides of a PM patch are differently charged, electrophoresis has
been applied during immobilization to force the patches to orient in the desired direction
before reaching the substrate surface. This technique was realized by utilizing a capacitor.
Therefore, the CNMs on gold substrates have been used as one of the capacitor plates. Im-
mobilization takes place by filling PM solution between the capacitor plates and applying a
voltage. Figure 38 shows a schematic structure of the electrophoresis setup.

First experiments were performed with wildtype PM on NBPT CNM on gold. Therefore,
wildtype PM in water was diluted to an optical density of OD570 = 0.001. No buffer was
used to obtain residual free surfaces. 5 µL of the PM solution was pipetted between the
capacitor plates and a voltage of 700 mV was applied to orient the patches on the NBPT
CNM. After incubation the sample was dried and imaged by AFM/EFM. Figure 39 a) shows
the edge of the drop on the NBPT CNM. Figure 39 b) shows a higher magnification of the
PMs inside the drop. It can be seen that the patches do not form clusters as seen in previous
experiments by drop casting. Most of the patches lie flat on the surface and cover a large area.

Figure 40 a) shows the wildtype PM inside the drop on NBPT CNM measured by AFM
and figure 40 b) shows the same area on the sample measured by EFM, which reveals the
orientation of the PM patches. All PM patches on the sample exhibit the same surface po-
tential, which indicates that they all have the same orientation. Therefore, electrophoresis
seems to be a promising technique to obtain a monolayer of unidirectional PM patches on
CNM.

Thereafter, the samples were crosslinked with glutaraldehyde to achieve a monolayer of PM.
Figure 41 shows two AFM images of the wildtype PM on NBPT CNM a) before and b) after
crosslinking with 0.5 % glutaraldehyde and rinsing with water. The image b) indicates that
the crosslinking worked since neighboring wildtype PM patches seem to form a monolayer.
This technique has also been applied on silicon wafers and on gold on mica substrates, where-
upon it also worked. The only requirement that has not been met by this technique is the
formation of a stable bond between the PM layer and the substrate.
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Figure 38: Assembly of PM on CNM by electrophoresis. CNM on gold substrates were used
as one of the capacitor plates during experiments.

Figure 39: Assembly of wildtype PM on NBPT CNM by electrophoresis. CNM on gold
substrates were used as one of the capacitor plates during experiments. a) shows the edge of
the drop on the NBPT CNM. b) shows a higher magnification of the PMs inside the drop.
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Figure 40: AFM/EFM of assembled wildtype PMs on NBPT CNM by electrophoresis. a)
shows the wildtype PM inside the drop on a NBPT CNM measured by AFM and b) shows
the same area on the sample measured by EFM.

Figure 41: AFM images of assembled wildtype PMs on NBPT CNM by electrophoresis. a)
before and b) after crosslinking with glutaraldehyde.
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In order to obtain a stable bond between the PM patches and the NBPT CNM, the substrates
were again functionalized to obtain NTA moieties as head groups but with a different func-
tionalization than shown in the previous sections. The previous presented functionalization
with NTA was tested with GFP after the CNM was only partially irradiated. However, the
pattern of irradiation could not be identified in the CLSM. This is an indication that the
functionalization did not work properly. Therefore, a further functionalization was tested,
which is presented in the following sections.

The new functionalization route is shown in figure 42: The crosslinking of a) NBPT SAM on
gold on mica leads to b) a NBPT CNM. This sample was placed into a dried flask. Then the
flask was filled with 1 mL azidoacetyl chloride in 30 % diethyl ether, 8 mL dichlormethane
and 0.3 mL diisopropylethylamine. The flask was cooled in an ice bath to slow down the
reaction and to dissipate the heat of the reaction. After 24 hours the sample was rinsed
with ethanol and isopropanol. The resulting molecules on gold are shown in c). Afterwards
5 µL of a 1 mg of dibenzocyclooctyne-maleimide in 20 mL dried DMF solution was placed
onto the sample and sandwiched with another sample. After 24 hours of incubation in the
dark the sample was rinsed with ethanol and dried in a stream of nitrogen. The resulting
molecules on gold are shown in d) and were further functionalized with 5 µL of a 1 mg of
N− [Nα,Nα −Bis(carboxymethyl)−L− lysine]−12−mercaptododecanamide in 15 mL dried
DMF solution by drop casting. The sample was sandwiched with another one and protected
from light for 24 hours. The final molecule is shown in e).

The functionalization was tested with the His-tagged fluorescence protein mTurqoise. Fig-
ure 43 shows four fluorescence pictures imaged with a CLSM. In figure 43 a) a NTA NBPT
CNM sample was loaded with nickel and incubated with the protein. This image shows the
strongest fluorescence signal as expected. The edge of the drop can be seen on the right hand
side. In b) a NTA NBPT CNM sample was loaded with nickel, incubated with the protein
and eluted with imidazole. The samples in c) and d) were not loaded with nickel, incubated
with the protein and d) additionally eluted with imidazole. The fluorescence signals in b), c)
and d) exhibit a comparable fluorescence signal, which is weaker than the signal in a). This
indicates that the functionalization was successful and the formed complexes with His-tagged
proteins exhibit reversible bonds.
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Figure 42: Functionalization of NBPT CNM.
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Figure 43: Fluorescence microscopy of NTA functionalized NBPT CNMs incubated with a
fluorescence protein (mTurqoise). Scale bars are 100 µm. a) A functionalized NBPT CNM
sample was loaded with nickel and incubated with the protein. The edge of the drop can
be seen on the right hand side. In b) a functionalized NBPT CNM sample was loaded
with nickel, incubated with the protein and eluted with imidazole. The samples in c) and
d) were not loaded with nickel, incubated with the protein and d) additionally eluted with
imidazole. The signal in a) shows the strongest fluorescence signal, which indicates that the
functionalization was successful.
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The functionalization was also tested via infrared reflection absorption spectroscopy (IRRAS)
and XPS. Figure 44 shows the IRRAS spectrum of a NBPT CNM after the first functional-
ization step (see figure 42 c)). The peak at 2106 cm−1, caused by the asymmetrical stretching
vibration of the azido moiety, indicates that the first functionalization step was successful.
In figure 45 XPS spectra of the NBPT SAM (green), NBPT CNM (blue) and NBPT CNM
after the NTA functionalization (red) are shown. The conversion of the SAM to CNM can
be traced by the chemical shift of the N1s binding energy from 405.5 eV to 399.2 eV, the
broadening of the oxygen and carbon peak and additional sulfur species belonging to sulfur,
which is not bound to gold any more after crosslinking. The functionalization (red) is indi-
cated by a carbon shoulder around 289 eV referring to carboxyl groups of the NTA moieties.
Also the increasing signal intensities of the nitrogen and oxygen peaks indicate a successful
functionalization.

Figure 44: IRRAS spectrum of NBPT CNM after the first functionalization step (see figure
42 c)). The peak at 2106 cm−1 is caused by the stretching vibration of the azido moiety.
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Figure 45: XPS spectra of the NBPT SAM (green), NBPT CNM (blue) and NBPT CNM
after the NTA functionalization (red) are shown. The conversion of the SAM to CNM can
be traced by the chemical shift oft the N1s binding energy, the broadening of the oxygen and
carbon peak and additional sulfur species belonging to sulfur, which is not bound to gold.
The functionalization (red) is indicated by an additional shoulder in the carbon signal.



58

The previous described functionalized samples were used for electrophoresis experiments with
His-tagged PM mutants to obtain bonds between the PM patches and the substrate. For
this purpose, the substrates were loaded with nickel. Figure 46 shows AFM and EFM images
of a sample, which was prepared by incubating a His-tagged PM solution with an optical
density of OD570 = 0.05 for 3 minutes by electrophoresis at an applied voltage of 5 V. The
substrate was used as one of the capacitor plates. Figure 46 a) shows an AFM image of PM
mutants on the substrate and b) an EFM image of the area, which is marked by a red square
in image a). The PMs show a comparable surface potential, which indicates a unidirectional
assembly. Figure 46 c) shows an AFM image of another area of the sample and d) shows the
corresponding EFM image. The EFM image also indicates a unidirectional assembly. But it
can also be seen from all images that the substrate is not covered by a monolayer consisting
of PMs.

Figure 46: AFM/EFM images of His-tagged PMs on a functionalized NBPT CNM. a) AFM
image of PM mutants on the substrate and b) EFM image of the in a) depicted area. c) AFM
image of another area on the sample and d) the corresponding EFM image. The potential of
the PMs indicate an unidirectional orientation.
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To get closer to a monolayer the concentration of the PM solution was decreased to an optical
density of OD570 = 0.02 and then incubated four times for 3 minutes, each time on the same
sample. Afterwards 25 % glycerol was added to support the formation of PM monolayers
and to prevent clustering. Figure 47 shows three AFM images of an exceptional area of PMs
in a), b) and c). In these areas the patches seem to merge and form large monolayers with
a thickness of around 5 nm. The EFM image shown in d) belongs to the area in c) and
indicates a uniform orientation of these monolayers. Figure 48 shows another area, where
the mutated PMs form large area fusions on the substrate. In summary, this experiment
fulfils all the requirements of the project, as a large range of bound, fused and unidirectional
PMs were assembled on CNMs. In future experiments the assembly could be attempted on
free-standing CNMs to test the proton pumping properties of the PMs.

Figure 47: AFM/EFM images of His-tagged PMs on a functionalized NBPT CNM. a) and
b) show AFM images of PM mutants on the substrate. c) Higher magnification AFM image
and d) the corresponding EFM image. The potential of the PMs indicate an unidirectional
orientation.
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Figure 48: AFM image of His-tagged PM fusions on a functionalized NBPT CNM.
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3.3 Carbon nanofoam

In the previous chapter self-assembly of carbon precursor molecules was used to produce car-
bon nanomembranes. A different approach to produce carbon nanomaterials is the so called
hydrothermal carbonization (HTC ). In this work a range of high-quality uniform nanoporous
materials of graphitic nature such as carbon nanofoams, were produced by HTC of carbon
precursor materials [78, 79, 80]. The samples were studied by mass density measurements,
HIM, XPS, Raman spectroscopy and other techniques, which reveal structural and chemical
information of the materials.

Carbon nanomaterials with a low weight are interesting for a variety of engineering applica-
tions. Such materials can exhibit thermodynamically stable crystalline and non-crystalline
structures with different properties. This variety of structures is possible because of the abil-
ity of carbon to form diverse bonds. A distinction is made between sp1- (polymeric-type),
sp2- (graphite-like) and sp3- (diamond-like) hybridized bonds [78]. Porous carbon materials
are attractive for a number of different applications, such as storages, electrodes or for clean-
ing toxic environments [81, 82].

Figure 49 shows schematically the production of the foams [83]. A sucrose solution and
a small amount of naphthalene were filled in an autoclave and heated to temperatures be-
tween 120 ◦C and 170 ◦C. Depending on the conditions, such as time or temperature, different
foam morphologies were produced by this process. Most of the produced foams consist of
spherical microparticles, which are arranged in a network.

Figure 49: Production of carbon nanofoam via HTC. A sucrose solution and a small amount
of naphthalene were filled in an autoclave and heated. Depending on the conditions, such as
time or temperature, different forms of foams can be produced consisting of carbon networks
[83].
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3.3.1 Low density carbon nanofoam

The foam with the lowest density of 0.085 g/cm3 has a black colour and was produced via
HTC of a 5 molar sucrose solution and 3 mg of naphthalene, which acts as a nucleation seed,
filled in a 130 mL autoclave. After heating the autoclave for 5 hours at 155 ◦C the foam was
extracted, rinsed with hot water and dried. HIM images of the foam are shown in figure 50.

The image in figure 50 a) gives an overview of a piece of the foam. In b) the uniform
structure of the foam can be observed. Single micropearls with diameters between 3 µm and
15 µm are connected and form a network. A single pearl is shown in c) and a close up of a
part of this pearl is shown in d). The close up reveals an additional structure in the surface
of the pearl with features around 25 nm in diameter. These features indicate that the single
pearls are porous, which partly explains the low density of the sample.

The XPS C1s spectrum of the sample is shown in figure 51. Three peaks were fitted into
the C1s region, labelled as C1, C2 and C3. The C1s peak at 285.0 eV can be attributed to
aromatic and aliphatic carbons. The C2 peak at 286.2 eV and the C3 peak at 288.6 eV peak
can be attributed to oxygenated carbons. In particular the C2 peak indicates the presence
of C-OH bonds and the C3 peak indicates the presence of C=O and carboxyl groups on the
surface of the sample.

The Raman spectrum of the sample is shown in figure 52. The two characteristic peaks,
the G band at 1589 cm−1 and the D band at 1371 cm−1 can be seen. The peaks are
not separated, which indicates that there is no phase separation between graphite-like and
diamond-like regions and that the foams are structured as a network of carbons. Additionally
the D band intensity indicates that the foam contains a few carbons in other hybridizations
than sp2. The spectrum of the foam sample does not show peaks indicating naphthalene con-
tent, which points to complete carbonization of the naphthalene in the hydrothermal process.

Along with the XPS data, the foam sample might consist of an amorphous carbon core
decorated with oxygenated groups on the surface. However, these experiments do not reveal
whether the micropeals are filled with material or if they are hollow.
Experimental details and further information about low density carbon nanofoam can be
found in [78].



63

Figure 50: HIM images of hydrothermal generated carbon nanofoam. a) Overview of the
carbon nanofoam. Field of view: 2 mm. b) Close up of the carbon nanofoam. Field of view:
75 µm. c) Single foam micropearl. Field of view: 15 µm. d) Close up of the micropearl. Field
of view: 1 µm.
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Figure 51: XPS spectrum of carbon nanofoam with a low density.

Figure 52: Raman spectrum of carbon nanofoam with a low density.
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3.3.2 Comparison of carbon nanofoams

Carbon nanofoams consisting of a micropearl structure with higher densities were also pro-
duced. Figure 53 shows four HIM images of two different foam samples. Figure 53 a) and
b) belong to a sample, which was produced by heating a 0.5 molar sucrose solution with
2 mg naphthalene at 160 ◦C for two days. The foam has a medium density of 0.104 g/cm−3.
Figure 53 c) and d) belong to a sample, which was prepared at the same conditions except a
higher heating temperature of 185 ◦C. The foam has a high density of 0.278 g/cm−3. The
images reveal that a higher temperature leads to a foam consisting of bigger micropearls.

Figure 53: HIM images of different carbon nanofoams. The foam in a) and b) exhibits a
density of 0.104 g/cm−3 whereas the foam in c) and d) has a density of 0.278 g/cm−3.
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Figure 54 depicts XPS spectra of the medium and high density foam samples. The spectrum
in figure 54 a) belongs the medium density foam sample and the spectrum in figure 54 b)
belongs to the high density foam sample. The peaks labelled with C1 at 284.4 eV correspond
to sp2-type carbons and the C2 peaks correspond to sp3-type carbons. The C3 peaks corre-
spond to the oxygenated groups on the surface.

A comparison of the spectra indicates that the higher density sample has a higher content
of sp3-type carbons. The higher amount of sp3-type carbons could be caused by a higher
amount of fusions between the micropearls, as seen in the HIM images in figure 53. These
fusions create neck areas with a negative curvature. Therefore heptagons or sp3-type carbons
are necessary to build these areas. Further details can be found in [79].

Figure 54: XPS spectra of different carbon nanofoams. a) corresponds to the medium density
foam sample and c) corresponds to the high density foam sample.

The same samples were imaged by transmission electron microscopy (TEM ) as shown in
figure 55. The images in figure 55 a) and b) correspond to the medium density sample and
the images in c) and d) correspond to the high density sample. A comparison of the images
in a) and c) reveals that the micropearls in c) appear darker than the micropearls in a). This
indicates the higher density of the sample in c) and d). The images in b) and d) show high
resolution images of edges of the micropearls, which reveal a comparable crystallinity. Car-
bon nanomembranes, which are described in the previous chapter, were used as a substrate.

All in all, from the HIM images shown in figure 50, 53 and from the shown spectra it is
not clear whether the micropearls are filled with material or hollow, as the used techniques
only analyze surfaces.
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To find out the inner structure, the micropearls were embedded in resin and cut into 200 nm
slices with a microtome. Then the slices were imaged by HIM in the transmission mode,
as shown in figure 56. The images in figure 56 a) and b) depict micropearls slices, which
are fused to other pearls. From these images it can be seen that the pearls are filled with
material and are not hollow. Furthermore, the micropearls seem to have a core-shell structure
and neck areas consisting of carbon material with higher densities, which fits to the previous
mentioned results.

Figure 55: TEM images of foam samples. a) and b) correspond to the medium density sample
and the images in c) and d) correspond to the high density sample.
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Figure 56: HIM images of foam slices.

3.3.3 Inner structure of carbon nanofoams

From the measurements shown it is unclear how the pearls grow during the HTC process and
how the internal structure of a micropeals looks like. A simplified possible growth process
is the following: The naphthalene in the solution acts as a nucleation seed, which makes
low temperatures possible during the process. Then, single carbon atoms combine and form
aromatic compounds. Afterwards, from the aromatic compounds graphene layers are formed.
In a next step, these layers stack on top of each other and form the resulting micropearls,
which then consist of layered or onion-like graphene structures. To confirm this suggestion
experimentally broken foam micropearls were imaged by HIM and TEM, as shown in figure 57.

In figure 57 a) a TEM image of a broken micropearl placed on a carbon nanomembrane
is shown. The close up of the broken part in b) indicates that the pearl consists of multiple
carbon layers. The image in 57 c) shows a network of micropearls with two cracked pearls
imaged by HIM. A close up of one of the pearls is shown in d), but it is not obvious how the
internal structure is constructed. Therefore, further experiments are needed to determine the
inner structure of the micropearls.
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Figure 57: TEM images in a) and b) and HIM images in c) and d) of broken micropearls.
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3.3.4 Diamond-like carbon nanofoam

A different form of foam was produced by heating a 2 M sucrose solution with 9 mg of
naphthalene in a 130 mL autoclave at 130 ◦C for 72 h. The foam turned out brown due to
the increased amount of naphthalene and has a density of 0.21 g/cm−3. The low density can
be explained by the sponge-like surface of the sample, which indicates a porous structure of
the sample. The surface morphology was analyzed by HIM images as shown in figure 58.
Figure 58 a) shows a piece of the sample and in b) a close up of the foam piece is shown.
Overall, the sample has a different structure compared to the samples shown in the previous
sections. This sample consists of pieces in the 200-500 µm range instead of single and fused
micropearls.

Figure 58: HIM images of diamond-like carbon foam. a) shows a piece of the diamond-like
foam and b) shows a close up of the surface. The morphology is different compared to the
other produced samples, which are shown in the previous sections.

The C1s XPS spectrum of the sample is shown in figure 59 a) and also looks different com-
pared to the previous shown C1s XPS spectra of the other carbon nanofoam samples. The
spectrum consists of five peaks. C1 and C2 correspond to aromatic and aliphatic carbons,
respectively. The C2 peak has a higher intensity than the C1 peak, which reveals a diamond-
like composition of the sample surface. The other three peaks are assigned to oxygenated
carbon groups.

The Raman spectrum shown in figure 59 b) consists of two main peaks, the D and the
G peak. The G peak has a higher intensity and the peaks are not separated, which refers to
carbonized materials. The existance of the D peak reveals that the sample consists of both,
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sp2 and sp3 carbons.

In summary, the sample might have graphitc carbon core and a diamond-like carbon sur-
face, since XPS and Raman spectroscopy probe a different sample depth. Preparation details
and further information can be found in [80].

Figure 59: XPS and Raman spectra of diamond-like foam. a) shows the XPS C1s spectrum
of the sample and b) the Raman spectrum.
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4 Summary

This thesis focuses on the fundamental development, modification and investigation of carbon-
based nanostructures, which promise great potential in research and industrial applications
such as filter systems. The investigated materials are essentially carbon-based membranes
and foams with different morphologies in the nanometer range used in combination with dif-
ferent biological materials. For material analysis HIM, AFM, XPS and Raman spectroscopy
were applied.

The results of this thesis are divided into three parts. The first part is about the inves-
tigation of biological cells by HIM. The cells studied originate either from humans or from
mice. It has been shown that through investigations with the HIM holes in the nanometer
range could be found in the membrane of dried cells. The HIM opens up the possibility
to image organic samples even without metallic coatings, therefore the cell membranes were
imaged without a conductive coating. Charging effects were minimized by using an electron
floodgun during imaging. Further experiments have shown that the holes are areas, which
contain saturated fatty acids in untreated cells. This has been confirmed by the production
and examination of model membranes. It was found that during the drying process the
treatment with ethanol dissolves those areas, which include saturated fatty acids from the
membrane. AFM measurements of cells before and after an ethanol treatment confirmed this
result.

Further investigations on cells revealed the propagation of neurons on structured surfaces.
These results are used as a preliminary study to structure self-made microelectrode arrays.
HIM images have shown that after a few days in culture the neurons prefer the structured
parts of the surface consisting of nodes connected by lines. Optimizing the line width pre-
vented the cells from being placed on the lines. The cells now located on the nodes showed a
good adhesion to the substrate. The dendrites and axons have grown as expected along the
lines. These experiments show that the HIM is an excellent method for examining biological
cells without coating. The purposeful attachment of neurons to chemically defined electrodes
might be a novel way to grow guided neuronal networks.

The second part of this thesis focuses on CNM, which can be used as a different type of model
membrane or as a substrate for biological samples. CNMs are produced by self-assembly of
carbon-based precursor molecules. It has been shown that the membranes can be partly
eroded by laser ablation. The subsequent replenishment of these regions with other carbon-
based precursor molecules enabled the production of internal structured membranes through
crosslinking by electron irradiation. The resulting membrane can be considered as a model of
a biological cell membrane, as both are internally structured. A possible application for these
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membranes is for example a biochip for single cell analysis. In further experiments cell growth
could also be controlled by optimizing the choice of carbon-based precursor molecules in a
structured CNM substrate. Therefore, the biocompatibility of the CNM was investigated.
It has been shown that the molecules used in this thesis are suitable for the production of
a CNM, which can be used as a substrate for cells. HIM images revealed that cells, which
were immobilized on the CNMs, exhibited a good adhesion to the CNM and could even be
immobilized on free-standing CNMs.

Not only cells were immobilized on CNMs, but also PM, which is the biological membrane
of an Archaea, with the aim of producing a hybrid of CNM and PMs. This hybrid could,
for example, be used for water purification in future applications. The hybrid was produced
by the deposition of PMs on CNM while an electric field was applied in order to allow an
oriented deposition of the PMs. Since protons can pass through the PM in one direction only,
the unidirectional orientation of the patches is required to ensure a possible application of
the hybrid as a proton pump. AFM and EFM images were used to confirm the orientation
of the patches. A bond was achieved by a complex formation between functionalized CNM
and PM mutants.

In the third part of this thesis carbon nanofoams were produced from carbon-based pre-
cursor molecules. The foams were produced by hydrothermal carbonization of carbon-based
precursor molecules as sucrose. Most of the foams are made of micropearls, which are fused to
network-like structures. Depending on the conditions, the size of the pearls could be tailored.
Other carbon materials, which are not made of pearls, were also produced by variation of the
precursor molecules.

In summary, this thesis shows that the HIM is an ideal microscopy technique for the analysis of
carbon materials in the micrometer and nanometer range. Biological cells, carbon nanomem-
branens and carbon nanofoams were imaged and analyzed by HIM. The AFM was used for
further examination of the biological and carbon membranes to determine the topology and
electrostatic surface potential. XPS and Raman spectroscopy were used to investigate the
molecular constitution and structure of the precursor molecules and obtained materials. The
gained insights on carbon-based materials can be used as a basis for the development of new
promising applications.
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 Helium Ion Microscopy Visualizes Lipid Nanodomains in 
Mammalian Cells 

   Matthias    Schürmann     ,        Natalie    Frese     ,        André    Beyer     ,        Peter    Heimann     ,        Darius    Widera     ,    
    Viola    Mönkemöller     ,        Thomas    Huser     ,        Barbara    Kaltschmidt     ,        Christian    Kaltschmidt     ,   *    
   and        Armin    Gölzhäuser   *   

  1.     Introduction 

 According to the classic liquid mosaic model, cell membranes 

represent a 2D lipid bilayer allowing for free lateral diffusion 

of membrane components. [ 1 ]  Since its initial postulation, the 

liquid mosaic model has been substantially modifi ed based on 

various fi ndings made with regard to inhomogeneities in cell 

membranes on the micro- and nanoscale. [ 2,3 ]  Such small deter-

gent-resistant membrane nanodomains are called “lipid rafts” 

and are constituted mostly of sphingolipids with a much higher 

number of saturated bonds [ 4 ]  per molecule as compared to 

other common membrane lipids, e.g., phosphatidylcholine. [ 5 ]  

A special type of raft-like nanodomains are the so-called “cav-

eolae,” which are raft-like membrane invaginations stabilized 

by caveolin. [ 3 ]  Based on their size in the range of 10–200 nm, [ 6 ]  

these membrane domains (lipid rafts and caveolae) can be DOI: 10.1002/smll.201501540

 Cell membranes are composed of 2D bilayers of amphipathic lipids, which allow 
a lateral movement of the respective membrane components. These components are 
arranged in an inhomogeneous manner as transient micro- and nanodomains, which 
are believed to be crucially involved in the regulation of signal transduction pathways 
in mammalian cells. Because of their small size (diameter 10–200 nm), membrane 
nanodomains cannot be directly imaged using conventional light microscopy. Here, 
direct visualization of cell membrane nanodomains by helium ion microscopy 
(HIM) is presented. It is shown that HIM is capable to image biological specimens 
without any conductive coating and that HIM images clearly allow the identifi cation 
of nanodomains in the ultrastructure of membranes with 1.5 nm resolution. The 
shape of these nanodomains is preserved by fi xation of the surrounding unsaturated 
fatty acids while saturated fatty acids inside the nanodomains are selectively 
removed. Atomic force microscopy, fl uorescence microscopy, 3D structured 
illumination microscopy, and direct stochastic optical reconstruction microscopy 
provide additional evidence that the structures in the HIM images of cell membranes 
originate from membrane nanodomains. The nanodomains observed by HIM have 
an average diameter of 20 nm and are densely arranged with a minimal nearest 
neighbor distance of ≈15 nm. 
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collectively termed membrane nanodomains. [ 7 ]  Due to their 

size of <200 nm, membrane nanodomains like lipid rafts of 

200 nm cannot be assessed by confocal microscopy. In prin-

ciple, transmission electron microscopy (TEM) could assess 

the size of such nanodomains. However, lipid rafts cannot be 

measured directly, because they cannot be distinguished from 

the surrounding cell membrane. Thus, mostly indirect methods 

have been applied to measure their size. Older studies based 

on the lateral diffusion of glycosylphosphatidylinositol-

anchored (GPI-anchored) proteins suggested a size between 

200 and 300 nm. [ 8,9 ]  However, modern, super-resolution-

based approaches based on investigation of diffusion of 

GPI-anchored proteins point toward a smaller diameter of 

≈20 nm. [ 10 ]  Similarly, single particle tracking of GPI-anchored 

proteins demonstrated a size of ≈26 nm. [ 11 ]  Further, Krager 

et al. used a biotinylated lipid raft reporter for TEM investiga-

tion of plasma membrane nano/microdomains and reported 

cluster sizes of 20–50 nm. [ 12 ]  

 The size and density of membrane nanodomains are 

believed to play a substantial role in many membrane-related 

biological processes such as apoptosis, [ 13 ]  endocytosis, exocy-

tosis, and immune response [ 14 ]  as well as in cancer. [ 15 ]  More-

over, membrane nanodomains play an important role in the 

biology of neurons, as they are involved in neurotransmitter 

signaling. Changes in neuronal membrane nanodomains may 

be associated with age-related neurological diseases including 

Parkinson and Alzheimer. [ 16–19 ]  Due to their nanoscale size 

below the diffraction limit of conventional light microscopy, 

membrane nanodomains have been mostly studied by indi-

rect biophysical methods (reviewed in refs.  [ 20] and [21 ] ). 

Hell and co-workers utilized stimulated emission depletion 

(STED) microscopy to tune the optical resolution of a con-

focal laser beam from 250 nm down to 20 nm to directly mon-

itor the diffusion and formation dynamics of membrane lipids 

in a living cell. [ 10 ]  In an extended approach, the same group 

applied coaligned dual-channel STED to quantify the diffu-

sion of labeled lipids in cell membranes with a spatial resolu-

tion down to 20 nm. [ 22 ]  Despite STED’s ability to image fast 

dynamic processes, a direct spatial imaging of these structures 

in living cells has not yet been accomplished. The extended 

spatial resolution of super-resolution optical microscopy 

is well complemented by combination with modern elec-

tron microscopy. During the last decades scanning electron 

microscopy (SEM) has become a widespread instrument to 

investigate the surface structure of biological samples with a 

resolution between 2 and 5 nm. [ 23 ]  However, since imaging by 

SEM inevitably introduces electric charge into the specimen 

it is necessary to render the sample conductive, which is rou-

tinely accomplished by coating the sample with a thin metal 

fi lm. The drawback of this technique is that the metal coating 

might obscure small structural features. 

 Since the 2010s, helium ion microscopes have been 

commercially available. In helium ion microscopy (HIM), 

a focused beam of positive helium ions (He + ) is utilized to 

scan a sample surface, leading to the ejection of secondary 

electrons (SEs) that are then detected. [ 24 ]  Like in a scanning 

electron microscope, the local variation of the SE intensity is 

converted into a grayscale image. Soon after its introduction, 

the HIM evolved into a very useful tool in materials science. 

Its small He +  beam can be focused with a diameter below 0.3 

nm, which leads to high-resolution images. In addition, a pro-

nounced material contrast is generated due to a high variation 

of elemental cross-sections of He +  ions, leading to additional 

information for chemically heterogeneous samples (a recent 

review on HIM is found in ref.  [ 25 ] . An HIM can also pro-

vide sharp images from electrically insulating samples. This is 

achieved by a charge compensation, in which positive charges 

deposited by the He +  beam are neutralized by an electron 

beam thus balancing the charge of the incoming He +  ions and 

the outgoing SEs. Armed with this capability, the HIM suc-

cessfully imaged complex biological specimen such as  Arabi-
dopsis thaliana  sepal cuticle or the human cell line  HeLa  

during mitosis with subnanometer resolution. [ 26 ]  Using HIM 

and its charge compensation, networks of collagen fi bers in 

cartilage [ 23 ]  and polymerized fi brin fi bers in a 3D matrix used 

for stem cell cultivation [ 27 ]  were visualized. Thus, the HIM is 

an ideal tool to explore the nanostructural details of biolog-

ical membranes and membrane nanodomains. 

 Here, we investigate the ultrastructure of cell membranes 

with the helium ion microscope. We found that all mammalian 

cell types studied exhibit pit-like features with average diam-

eters of 20 nm. We provide evidence that these pit-like mem-

brane inhomogeneities represent membrane nanodomains 

within an ordered liquid phase. Moreover, our data suggest 

that these membrane nanodomains are lipid-raft-like domains 

and caveolae visualized using HIM with a resolution of 1.5 nm.  

  2.     Results and Discussion 

 Because of their small size, well below the optical resolu-

tion limit, nanoscale membrane inhomogeneities cannot be 

assessed by conventional light microscopy. However, such 

nanodomains seem to play an important role in health and 

disease, [ 18,19 ]  making the study of their structure and com-

position particularly important. We have imaged different 

mammalian cell types, undifferentiated adult human neural 

crest-derived stem cells (NCSCs) from the human respira-

tory mucosa, [ 28 ]  NCSC-derived human neurons, [ 29 ]  and hip-

pocampal mouse neurons with a helium ion microscope. 

 Figure    1  A–C shows images of NCSC-derived human neurons 

with and Figure  1 D–F without an initial gold coating.  

 In both approaches, stem cells differentiated into neurons 

showed a round and defi ned cell body and numerous slender, 

branching, and long projections with small diameters repre-

senting neurites (Figure  1 A,D). Remarkably, in specimens 

sputter-coated with gold (Au) with a typical thickness of ≈10 nm 

(Figure  1 A–C), the cell membrane is covered with clus-

tered Au, masking the cell surface. The evaluation of HIM 

images of uncoated, native-state cell membranes revealed 

numerous pit-like membrane inhomogeneities or domains 

with varying diameters that are rarely visible in coated cells 

(Figure  1 D–F). This becomes particularly clear by comparing 

the high-magnifi cation HIM images in Figure  1 C,F, which 

show regions on the somata of the cells. We also performed 

HIM imaging on the neurites of stem cells differentiated into 

neurons, cf. Figure S1 (Supporting Information). To verify the 

3D appearance of the inhomogeneities, further HIM imaging 

small 2015, 11, No. 43, 5781–5789
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of uncoated specimens was performed, cf.  Figure    2   and 

Figure S2 (Supporting Information).  

 Human neurons are of limited availability and acces-

sibility. Very recently, we successfully differentiated adult 

human NCSCs into neurons with forebrain and midbrain 

characteristics. [ 29 ]  Therefore here we employed human stem 

cell-derived neurons as a model system to study human neu-

ronal cells. In addition to these cells, we used different cell 

small 2015, 11, No. 43, 5781–5789

 Figure 1.    Helium ion microscopic image of critical point dried stem cells differentiated to the neuronal lineage with and without gold coating. 
A,D) Human neural crest-derived stem cells differentiated to neurons with a round and defi ned cell body and numerous thin, slender, branching, 
and long projections with small diameter representing neurites. B,E) Cell membrane of soma. C) In specimens sputter coated with gold (Au) with 
standard thickness of ≈10 nm the cell membrane is covered with clustered Au, masking the true cell surface. F) Helium ion microscopy allows 
high-resolution inspection of uncoated cell surface in the native state. Numerous nanodomains with a roundish circumference and of varying 
diameter become discernible.

 Figure 2.    Pits in ultrastructure of membrane topology are present in different cell types derived from different species. HIM imaging was performed 
on critical point dried uncoated primary mouse hippocampal mouse neurons (4 d cultured), human NCSCs, and human NCSC-derived neurons. 
A–C) In the overview all cell types show their typical morphology, i.e., undifferentiated, adherent for A) NCSC and C) neuronal for primary mouse 
hippocampal neurons and B) neuronally differentiated human NCSC. D–F) Remarkably all images of the different cell membranes acquired at a 
high magnifi cation showed unevenly distributed pit-like structures (arrows).
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types for HIM imaging to exclude interspecies variations and 

potential impact of the differentiation method (Figure  2 ). 

 Adult human NCSCs were imaged either undifferenti-

ated (Figure  2 A) or differentiated into neurons (Figure  2 B), 

which showed typical shape and diverse neurites closely 

resembling morphological features of primary neurons from 

embryonic mouse hippocampus cultured for 4 d (Figure  2 C). 

Importantly, the cell surfaces of all three cell types (NCSCs, 

differentiated NCSCs, and primary neurons) showed aniso-

tropically distributed pit-like structures (Figure  2 D–F). 

 It is our hypothesis that the pit-like domains are a direct 

visualization of the shape of membrane nanodomains, 

including lipid rafts and caveolae. These nanodomains consist 

mainly of saturated fatty acids while the lipid bilayer outside 

of the nanodomains consists of unsaturated fatty acids. It is 

known that osmium tetroxide (OsO 4 ) used in the cell fi xa-

tion and drying (see the Experimental Section) reacts with 

unsaturated fatty acids inside the lipid membrane to create 

cyclic ethers. [ 30 ]  If two unsaturated fatty acids are posi-

tioned in the right manner this is followed by a cross-linking 

of the membrane. On the other hand, saturated fatty acids 

in lipid membranes do not cross-link with OsO 4  as shown 

below. Thus, we conclude that the cell fi xation with OsO 4  

cross-links the lipid bilayer outside the nanodomains while 

the lipid bilayer inside the nanodomains is removed by the 

required subsequent rinsing with ethanol for the cell drying 

process. Therefore, imaging with HIM reveals the shape 

of the nanodomains as missing lipid bilayer domains, i.e., 

pit-like structures. In addition, we performed freeze drying 

of stem cells differentiated into neurons after fi xation with 

aldehydes and OsO 4 . HIM imaging of these cells also shows 

nanodomains in the cell membranes, cf. Figure S3 (Supporting 

Information). It follows that the nanodomains are unstable 

not only in ethanol but also in air. 

 Support of our hypothesis was obtained by reproducing 

the proposed mechanism of selective cross-linking and ethanol-

based removal with a lipid bilayer model system. For 

this purpose we generated supported lipid bilayers 

(SLBs) composed of a 1:1 mixture of 1,2-dioleoyl-sn-glycerol-

3-phosphocholine (DOPC) and 1,2-distearoyl-sn-glycerol-

3-phosphocholine (DSPC) on a mica surface ( Figure    3  ). Such 

SLBs are widely used as models to investigate phospholipid 

membranes mimicking biological surfaces including cell 

membranes and can be accessed by AFM. [ 31 ]  Remarkably, the 

DOPC and DSPC lipid domains can be distinguished based 

on their height difference relative to the mica surface. [ 32 ]   

 The separation of the two phases in the bilayer into a 

gel-like DSPC and more fl uid DOPC domains is apparent 

as a height difference of about 1.5 nm (Figure  3 C). Here, 

DSPC lipid domains (bright areas, ≈7 nm) can be clearly 

differentiated from DOPC domains (dark areas, 5.5 nm). 

After treatment with OsO 4  and subsequent EtOH extraction 

of lipids, ethanol extraction resistant DOPC domains remain 

detectable by their height and shape using AFM (Figure  3 D). 

Importantly, DOPC domains in the bilayer cross-linked by 

the OsO 4  treatment are able to withstand the extraction 
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 Figure 3.    A proposed mechanism for the generation of pit-like membrane features in a synthetic model membrane. A) Scheme of the pit formation 
including the cross-linking of the unsaturated fatty acids via OsO 4  and the extraction of the lipid domains by ethanol. B–D) The experimental test of 
the hypothesized mechanism with a topographic AFM image of a synthetic lipid membrane. The artifi cial lipid bilayer showed a characteristic phase 
separation of the two lipids resulting in domains with a height of 5.5 nm for DOPC and 7 nm for DSPC. These height values were measured with 
respect to the mica substrate, cf. line profi le (inset, C). The extraction of the saturated fatty acids domains with ethanol can be easily ascertained 
by their characteristic shape and height (inset, D).
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process with ethanol, which clearly proves the effectiveness 

of the proposed mechanism of a spatially selective cross-

linking and ethanol-based removal. 

 Further visualization of the proposed mechanism was 

obtained with mammalian cells by fl uorescence-based 

imaging techniques. Therefore, we stained fi xed NCSCs using 

aldehydes and OsO 4  followed by labeling of lipid domains 

using Alexa Fluor 488—coupled to cholera toxin fragment 

B (CTxB) ( Figure   4 ). CTxB is known to effi ciently label a 

fraction of raft-like lipid nanodomains in cells by binding to 

Ganglioside 1. [ 6,33,34 ]  

 Figure  4  shows that domains of the cell membrane positive 

for CTxB can get extracted with 70% ethanol as visualized 

by a loss of the corresponding fl uorescence signal only in the 

EtOH-treated specimen (Figure  4 B) in comparison to the 

control sample, which was prepared in the same way except 

for the EtOH treatment (Figure  4 A). The visualized extrac-

tion of CTxB-labeled membrane domains indicates that our 

proposed mechanism of selective cross-linking and EtOH-

based removal is not only effective in model membranes but 

also detectable in membranes of mammalian cells. Thus, we 

can infer that the pit-like membrane domains in the HIM 

images visualize the shape of lipid raft-like domains and/or 

caveolae.  

 Higher resolved fl uorescence images reveal the distri-

bution of the CTxB labels in the samples without EtOH 

treatment by 3D structured illumination microscopy 

(3D-SIM) and direct stochastic optical reconstruction 

microscopy (dSTORM), cf. Figure  4 C,D, respectively. These 

images show that the CTxB labels are arranged in the form 

of nanodomains and are colocalized with actin which proves 

that the raft-like lipid nanodomains are present in the inves-

tigated mammalian cells. [ 35 ]  

 Concluding from dSTORM that the nanodomains 

visualized in HIM are also visible with an independent 

method, we used the superior resolution of HIM to quantify 
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 Figure 4.    The domains in a fi xed cell membrane labelled with cholera toxin subunit B (CTxB) can be extracted with ethanol suggesting a lipid 
raft-like and/or caveolae-nature. Confocal laser scanning microscopy (CLSM) images of cells fi xed with aldehydes and OsO 4  were treated with 
B) ethanol or remained in A) PBS and subsequently stained with CTxB. The cells treated with ethanol show no positive signal for CTxB. C) 3D structured 
illumination microscopy (3D-SIM) and D) direct stochastic optical reconstruction microscopy (dSTORM) yielded images with a higher resolution. 
A homogenous but anisotropic distribution of CTxB labelled membrane nanodomains is found. In addition, colocalization of nanodomains and 
actin fi laments is marked by arrows in (C).
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lipid nanodomains. We therefore measured the diameters 

and mean nearest neighbor distances of pit-like structures 

(lipid nanodomains) in three different cell types: NCSCs, 

neuronally differentiated stem cells, and mouse hippocampal 

neurons. 

 For all three cell types we measured a mean diameter of 

≤20 nm suggesting that most of the pit structures are raft-like 

( Figure   5 B). This is in general accordance with the consensus 

size defi nition of lipid rafts, claiming raft diameters of 

10–200 nm. [ 6 ]  

 Due to the overlapping size of lipid raft-like membrane 

nanodomains (diameter of lipid rafts: 10–200 nm; [ 6,36–38 ]  

diameter of caveolae: 50–120 nm with an open pore of 

30–50 nm [ 39,40 ] ), the measurement of the pit diameter is not 

suffi cient to distinguish between both nanodomains. Thus, in 

addition to the determination of the diameter (Figure  5 A) we 

measured the mean distance between the respective neigh-

boring nanodomains in NCSCs, stem cell-derived human 

neurons, and mouse hippocampal neurons. Caveolae are 

invaginations of the cell membrane, which look in a section 

like a balloon, cf. Figure S6 (Supporting Information). Since 

the diameter of the caveolae is in the range of 50–120 nm it is 

impossible that the openings of two caveolae can lie closer to 

each other than 50 nm. Hence we conclude that the fraction 

of the pit-like structures revealed by HIM having distances 

to the neighboring domain <50 nm represents at least partly 

lipid-raft-like membrane nanodomains and not caveolae 

(Figure  5 C).  

 In summary, we present a strong line of evidence that pit-like 

structures revealed in helium ion microscopy images of mam-

malian cell membranes represent both lipid raft-like membrane 

nanodomains and caveolae. Since its fi rst introduction, the con-

cept of lipid rafts is still controversial and a matter of ongoing 

scientifi c debate. [ 4,41 ]  However, cholesterol and sphingolipid-

rich nanodomains within the cell membrane seem to have tre-

mendous impact on elementary functions of different cell types 

including signal transduction and regulation of the cell fate. The 

controversy of the lipid raft concept is partly driven by the fact 

small 2015, 11, No. 43, 5781–5789

 Figure 5.    Measurement of the size and distribution of membrane pits with nm-accuracy by HIM. A) For measuring the properties of the pit-like 
structures (lipid-nanodomains) the corresponding regions were marked in the HIM image of an NCSC-derived human neuron soma. B) The resulting 
size was measured at the soma for three different cell types (two cells per type). The size distributions of cells from the same type were comparable. 
The mean diameter for all investigated cell types was shown to be ≤20 nm. C) Further measurements regarding the distance to the next neighboring 
domain showed that a main fraction of the domains lies closer than 50 nm to its next neighbor and hence is at least partly of raft-like origin.
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that they are diffi cult to visualize in cells. Our study allows for 

the fi rst time a direct observation of lipid raft-like nanodomains 

that appear as pit-like structures in unstained and uncoated 

cell membrane. Thus, broad application of HIM in lipid raft 

research could crucially contribute to clarifi cation of open ques-

tions on their size and (sub-) cellular distribution in different 

cell types. As helium ion microscopy is a versatile and “easy to 

use” method, it is expected to fi nd numerous applications in 

biological and medical research, opening new opportunities for 

bioimaging with ions, especially if correlated with other state-

of-the-art methods, such as super-resolution optical micros-

copy, cryoelectron microscopy, or nanomass spectrometry, thus 

pushing the limits in soft-matter research.  

  3.     Experimental Section 

  Cell Culture : Human inferior turbinates were obtained by biopsy 
during routine surgery after an informed consent according to local 
(Bezirksregierung Detmold/Münster) and international guidelines. 
Cell isolation and cultivation was performed as described in ref.  [ 28 ].  
Briefl y, inferior turbinates were mechanically and enzymatically dis-
sociated and further cultivated in a serum-free medium (Dulbecco’s 
modifi ed eagle medium (DMEM)/Ham’s F12 nutrient mixture (F12) 
containing B27 supplement, basic fi broblast growth factor (FGF-2) 
and epidermal growth factor (EGF)). For rapid expansion NCSCs 
were cultivated in medium supplemented with 10% human blood 
plasma as described in ref.  [ 27 ].  Mouse hippocampal neurons 
were isolated and cultivated as described in ref.  [ 42 ].  In particular, 
mouse hippocampal neurons were obtained by dissecting the hip-
pocampi from mouse embryonic stage E17.5 followed by digestion 
in trypsin ethylenediaminetetraacetic acid (EDTA) (from PAA) for 
30 min at 37 °C. Subsequently the tissue was mechanically dissoci-
ated by pipetting the solution through a Pasteur pipette. Afterward 
the cells were seeded on polyethyleneimine (PEI)-coated cover 
slips in DMEM containing 10% fetal calf serum (FCS) with a den-
sity of 1000 cells mm −2 . The medium was changed to neurobasal 
medium containing 1% B27 1 h and 24 h after seeding. 

  Neuronal Differentiation of Human Neural Crest Stem Cells : 
Adult human NCSCs were differentiated toward neuronal lineage 
as described in ref.  [ 29 ].  

  HIM Imaging : The samples were imaged with the helium 
ion microscope ORION PLUS from Zeiss with an accelerating 
voltage between 35 and 40 eV and a beam current between 
0.4 and 1.1 pA. The electron fl ood gun was used to compensate 
for charging of uncoated samples. For visualization with HIM the 
cells were fi xed with 100 × 10 −3   M  sodium cacodylate (pH 7.2) 
containing 4% paraformaldehyde (PFA) and 4% glutaraldehyde for 
1 h at 4 °C followed by lipid fi xation in 100 × 10 −3   M  sodium caco-
dylate buffer containing 1.5% OsO 4  for 30 min at 4 °C. Fixed cells 
were then dehydrated in ethanol series and critical point dried via 
CO 2  of highest purity. The cover slips were either left in their native 
state or were sputtered with 10 nm of gold. Other specimens were 
freeze dried. For this purpose fi xed specimens were washed in dis-
tilled water, which was sucked away resulting in a very thin fi lm 
of water. Subsequently specimens were plunge frozen in liquefi ed 
propane at −190 °C. Shock frozen specimens were then transferred 
under N 2  atmosphere into a self-made freeze-drying apparatus 
(consisting in principle out of two heavy polished copper blocks 
having a distance of 5 mm) at −196 °C. The device was brought 

into a high-vacuum chamber and dried for 15 h at 10 −5  millibar. 
The resolution of the helium ion microscope was determined as 
the distance between two points on a keen edge on which the 
signal corresponds from 25% to 75% of the absolute signal of the 
edge. For this purpose the signal of ten scan lines that cross an 
extracted lipid domain was analyzed. The diameters of the pit-like 
features were determined by calculating equivalent circle areas 
from the pit-like feature areas that are exemplary red marked in 
Figure  5 A. For this purpose, we created a mask by marking the 
nanodomains with the “mask editor” in Gwyddion and calculated 
equivalent disc areas by using the “grain functions” in Gwyddion. 
Furthermore the distances between the middle of every pit-like 
feature and their next neighboring feature were measured. 

  Transmission Electron Microscopy : Animals were transcardially 
perfused (with a permit of the local authorities) under deep anes-
thesia fi rst for 40 s with heparin/procaine (blood isotonic) followed 
by 2% formaldehyde/4% glutaraldehyde fi xative in 0.1  M  phos-
phate buffer for 10 min. Dissected organs were further fi xed for 
2–4 h at 4 °C and postfi xed with 2% OsO4 plus 0.15% potassium 
hexacyanoferrate(III) in buffer and embedded in Araldite. Ultrathin 
sections (70 nm) were contrasted with uranyl acetate and lead cit-
rate and viewed under a Zeiss EM109 electron microscope at 50 kV. 

  Liposome Preparation : Liposomes (DSPC, 18:0 and DOPC, 
18:1; Sigma-Aldrich) were prepared by dissolving the two lipids 
in chloroform to obtain solutions at a 1:1 ratio. The solvent was 
removed by drying the mixture in a glass test tube under a nitrogen 
stream. Rehydration of the lipid fi lm was accomplished in vesicle 
buffer consisting of 10 × 10 −3   M  HEPES, 150 × 10 −3   M  NaCl, and 
4 × 10 −3   M  CaCl 2  at pH 7.4 obtaining a dispersion with an overall 
lipid concentration of 1 × 10 −3   M . Small unilamellar vesicles (SUVs) 
were formed by sonication in a water bath of an ultrasonic cleaner 
which was heated to ≈60 °C slightly above the transition tempera-
ture of DSPC (55 °C) until the dispersion became only slightly hazy. 
To remove the lipid debris generated during the SUV formation the 
dispersion was centrifuged for 3 min at 2000g. 

  SLB Formation : The supported planar bilayer was formed 
by incubation of freshly cleaved mica with the SUV dispersion 
for 30 min at room temperature (RT). Subsequently the mica 
was washed three times with vesicle buffer. Following this pri-
mary washing steps the mica was further washed to remove 
excess liposomes and calcium prior to AFM imaging using rinsing 
buffer composed of 10 × 10 −3   M  HEPES, 150 × 10 −3   M  NaCl, and 
4 × 10 −3   M  EDTA at a pH of 7.4. 

  AFM Imaging and Fixation of the Supported Planar Bilayer : AFM 
imaging was performed using the NT-MDT Ntegra device in tapping 
mode at RT in rinsing buffer as described above (SLB formation). 
The image acquisition was performed using a piezo scanner with a 
maximum scanning area of 71.3 µm and a 225 µm long V-shaped 
cantilever with a spring constant of ≈0.03 N m −1 . The AFM images 
were acquired with a scan rate of 0.3 Hz and a tip oscillating fre-
quency of 12.2 kHz. Fixation of the supported planar lipid bilayer 
was performed by submerging the bilayer in 100 × 10 −3   M  sodium 
cacodylate buffer containing 1.5% OsO 4  for 30 min at RT. Extrac-
tion of the unfi xed lipid with ethanol was executed by rinsing the 
bilayer with 70% ethanol for three times. 

  CTxB Staining and Confocal Fluorescence Imaging : For staining 
with Cholera Toxin subunit B NCSCs were plated on glass cover 
slips in DMEM containing 10% FCS and fi xed as described above 
(HIM imaging). Subsequently the cells were either washed with 
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PBS or washed with 70% ethanol followed by rinsing with phos-
phate-buffered saline (PBS). Afterward the cells were stained with 
1 µg mL −1  CTxB Alexa Fluor 488 conjugate (life technologies) and 
1 µg mL −1  4′6-diamidin-2-phenylindol (DAPI) in PBS for 10 min 
at RT. To visualize the fl uorochromes confocal microscopy was 
applied (CLSM 780, Carl Zeiss). 

  Super-Resolution Imaging of Lipid Rafts : NCSCs were plated 
on glass cover slips in DMEM containing 13% FCS and fi xed 
with 4% FPA in PBS for 20 min at RT. Cells were then stained for 
30 min with 0.1 µg mL −1  CTxB AlexaFluor 647 conjugate (Life 
Technologies) and 165 n M  Phalloidin AlexaFluor 488 conjugate 
(Invitrogen). Further NCSCs were stained with 0.1 µg mL −1  DAPI 
in PBS for 10 min. All staining steps were executed at RT. 3D-SIM 
images of NCSCs were acquired using a commercial 3D structured 
illumination microscope (3D-SIM, DeltaVision|OMXv4.0 BLAZE, GE 
Healthcare). To achieve even higher spatial resolution of lipid rafts 
we used 3D-SIM in combination with single molecule localization 
microscopy of conventional fl uorophores (dSTORM) on the same 
setup by changing the illumination mode from structured illumi-
nation to ring-TIRF (total internal refl ection fl uorescence excita-
tion), albeit at an angle just below the critical angle to obtain a 
highly inclined laminated optical sheet illumination mode. 

 To enable their controlled blinking, the CTxB-AlexaFluor 647 
molecules were excited with a 642 nm laser. The 642 nm laser 
power was set to 100% of laser power so that the density of the 
blinking fl uorophores appears as high as possible while still cre-
ating suffi cient spatial separation between molecules for single 
molecule localization. Typical excitation laser power densities 
were ≈0.5 kW cm −2 . The acquisition time was 30 ms per frame and 
12 000 frames were recorded using an sCMOS camera (total acqui-
sition time ≈10 min). Raw data were preprocessed to reduce back-
ground signal and single pixel characteristics intrinsic to sCMOS 
cameras by subtracting the average of the image stack from each 
individual frame. 

 For the fi nal reconstruction of a dSTORM image the 12 000 
frames were analyzed by the open source reconstruction soft-
ware rapidSTORM. [ 43 ]  Images were corrected for sample drift by 
assuming linear drift using the built-in drift correction of rapid-
STORM and the localization precision was calculated for each 
detected fl uorophore in rapidSTORM. 

 dSTORM images were analyzed to extract feature size using 
Fiji. Thresholding was done using the auto threshold function 
“moments.” To extract the size distribution of lipid rafts, Fiji’s par-
ticle analysis procedure was used with a minimum size of 200 nm 2  
and a minimum circularity of 0.3.  

  Acknowledgements 
 M. Schümann and N. Frese contributed equally to this work. 
The authors thank H. Vieker and B. Völkel for technical help and 
valuable discussion. They also thank the Volkswagenstiftung for 
fi nancial support.   

[1]     S. J.    Singer  ,   G. L.    Nicolson  ,  Science    1972 ,  175 ,  720 .  
[2]     M. J.    Karnovsky  ,   A. M.    Kleinfeld  ,   R. L.    Hoover  ,   R. D.    Klausner  , 

 J. Cell Biol.    1982 ,  94 ,  1 .  

[3]     R. G.    Parton  ,   K.    Simons  ,  Science    1995 ,  269 ,  1398 .  
[4]     K.    Simons  ,   J. L.    Sampaio  ,  Cold Spring Harb. Perspect. Biol.   

 2011 ,  3 ,  a004697 .  
[5]     K.    Simons  ,   E.    Ikonen  ,  Nature    1997 ,  387 ,  569 .  
[6]     L. J.    Pike  ,  J. Lipid Res.    2009 ,  50 ,  S323 .  
[7]     V.    Horejsi  ,   M.    Hrdinka  ,  FEBS Lett.    2014 ,  588 ,  2392 .  
[8]     K.    Jacobson  ,   E. D.    Sheets  ,   R.    Simson  ,  Science    1995 ,  268 ,  1441 .  
[9]     E. D.    Sheets  ,   G. M.    Lee  ,   R.    Simson  ,   K.    Jacobson  ,  Biochemistry   

 1997 ,  36 ,  12449 .  
[10]     C.    Eggeling  ,   C.    Ringemann  ,   R.    Medda  ,   G.    Schwarzmann  , 

  K.    Sandhoff  ,   S.    Polyakova  ,   V. N.    Belov  ,   B.    Hein  ,   C.    von Middendorff  , 
  A.    Schonle  ,   S. W.    Hell  ,  Nature    2009 ,  457 ,  1159 .  

[11]     A.    Pralle  ,   P.    Keller  ,   E. L.    Florin  ,   K.    Simons  ,   J. K. H.    Horber  , 
 J. Cell Biol.    2000 ,  148 ,  997 .  

[12]     K. J.    Krager  ,   M.    Sarkar  ,   E. C.    Twait  ,   N. L.    Lill  ,   J. G.    Koland  , 
 J. Lipid Res.    2012 ,  53 ,  2214 .  

[13]     K. S.    George  ,   S.    Wu  ,  Toxicol. Appl. Pharmacol.    2012 ,  259 ,  311 .  
[14]     K.    Simons  ,   M. J.    Gerl  ,  Nat. Rev. Mol. Cell Biol.    2010 ,  11 ,  688 .  
[15]     S.    Staubach  ,   F. G.    Hanisch  ,  Expert Rev. Proteomics    2011 ,  8 ,  263 .  
[16]     M.    Hashimoto  ,   T.    Takenouchi  ,   E.    Rockenstein  ,   E.    Masliah  ,  J. Neuro-

chem.    2003 ,  85 ,  1468 .  
[17]     R.    Ehehalt  ,   P.    Keller  ,   C.    Haass  ,   C.    Thiele  ,   K.    Simons  ,  J. Cell Biol.   

 2003 ,  160 ,  113 .  
[18]     A. M.    Sebastiao  ,   C.-M.    Oliveira  ,   A.-N.    Lopes  ,   R. B.    Dias  , 

  J. A.    Ribeiro  ,  Neuropharmacology    2013 ,  64 ,  97 .  
[19]     R.    Marin  ,   J. A.    Rojo  ,   N.    Fabelo  ,   C. E.    Fernandez  ,   M.    Diaz  , 

 Neuroscience    2013 ,  245 ,  26 .  
[20]     K.    Simons  ,   D.    Toomre  ,  Nat. Rev. Mol. Cell Biol.    2000 ,  1 ,  31 .  
[21]     S.    Sonnino  ,   A.    Prinetti  ,  Curr. Med. Chem.    2013 ,  20 ,  4 .  
[22]     F.    Gottfert  ,   C. A.    Wurm  ,   V.    Mueller  ,   S.    Berning  ,   V. C.    Cordes  , 

  A.    Honigmann  ,   S. W.    Hell  ,  Biophys. J.    2013 ,  105 ,  L01 .  
[23]     W. S.    Vanden Berg-Foels  ,   L.    Scipioni  ,   C.    Huynh  ,   X.    Wen  ,  J. Microsc.   

 2012 ,  246 ,  168 .  
[24]     B. W.    Ward  ,   J. A.    Notte  ,   N. P.    Economou  ,  J. Vac. Sci. Technol. 

B    2006 ,  24 ,  2871 .  
[25]     G.    Hlavacek  ,   V.    Veligura  ,   R.    van Gastel  ,   J.    Poelsema  ,  J. Vac. Sci. 

Technol. B    2014 ,  32 ,  020801 .  
[26]     M. S.    Joens  ,   C.    Huynh  ,   J. M.    Kasuboski  ,   D.    Ferranti  ,   Y. J.    Sigal  , 

  F.    Zeitvogel  ,   M.    Obst  ,   C. J.    Burkhardt  ,   K. P.    Curran  ,   S. H.    Chalasani  , 
  L. A.    Stern  ,   B.    Goetze  ,   J. A.    Fitzpatrick  ,  Sci. Rep.    2013 ,  3 ,  3514 .  

[27]     J. F.    Greiner  ,   S.    Hauser  ,   D.    Widera  ,   J.    Müller  ,   F.    Qunneis  ,   C.    Zander  , 
  I.    Martin  ,   J.    Mallah  ,   D.    Schuetzmann  ,   C.    Prante  ,   H.    Schwarze  , 
  W.    Prohaska  ,   A.    Beyer  ,   K.    Rott  ,   A.    Hüten  ,   A.    Gölzhäuser  , 
  H.    Sudhoff  ,   C.    Kaltschmidt  ,   B.    Kaltschmidt  ,  Eur. Cells Mater.    2011 , 
 22 ,  403 .  

[28]     S.    Hauser  ,   D.    Widera  ,   F.    Qunneis  ,   J.    Müller  ,   C.    Zander  ,   J.    Greiner  , 
  C.    Strauss  ,   P.    Luningschror  ,   P.    Heimann  ,   H.    Schwarze  ,   J.    Ebmeyer  , 
  H.    Sudhoff  ,   A.-M. J.    Bravo  ,   B.    Greber  ,   H.    Zaehres  ,   H.    Scholer  , 
  C.    Kaltschmidt  ,   B.    Kaltschmidt  ,  Stem Cells Dev.    2012 ,  21 ,  742 .  

[29]     J.    Müller  ,   C.    Ossig  ,   J. F.    Greiner  ,   S.    Hauser  ,   M.    Fauser  ,   D.    Widera  , 
  C.    Kaltschmidt  ,   A.    Storch  ,   B.    Kaltschmidt  ,  Stem Cells Transl. Med.   
 2015 ,  4 ,  31 .  

[30]     G.    Lang  ,  Praxislehrbuch für die Biomedizinische Analytik , 
 Springer , Vienna   2013 , p.  53 .  

[31]     Redondo-L.    Morata  ,   M. I.    Giannotti  ,   F.    Sanz  ,  Mol. Membr. Biol.   
 2014 ,  31 ,  17 .  

[32]     M. C.    Giocondi  ,   D.    Yamamoto  ,   E.    Lesniewska  ,   P. E.    Milhiet  , 
  T.    Ando  ,   L. C.    Grimellec  ,  Biochim. Biophys. Acta    2010 ,  1798 ,  703 .  

[33]     K.    Badizadegan  ,   A. A.    Wolf  ,   C.    Rodighiero  ,   M.    Jobling  ,   T. R.    Hirst  , 
  R. K.    Holmes  ,   W. I.    Lencer  ,  Int. J. Med. Microbiol.    2000 ,  290 ,  403 .  

[34]     B. J.    Nichols  ,   A. K.    Kenworthy  ,   R. S.    Polishchuk  ,   R.    Lodge  , 
  T. H.    Roberts  ,   K.    Hirschberg  ,   R. D.    Phair  ,   J.    Lippincott-Schwartz  , 
 J. Cell Biol.    2001 ,  153 ,  529 .  

[35]     R.    Raghupathy  ,   A. A.    Anilkumar  ,   A.    Polley  ,   P. P.    Singh  ,   M.    Yadav  , 
  C.    Johnson  ,   S.    Suryawanshi  ,   V.    Saikam  ,   S. D.    Sawant  ,   A.    Panda  , 
  Z.    Guo  ,   R. A.    Vishwakarma  ,   M.    Rao  ,   S.    Mayor  ,  Cell    2015 ,  161 ,  581 .  

[36]     J. B.    Helms  ,   C.    Zurzolo  ,  Traffi c    2004 ,  5 ,  247 .  



www.MaterialsViews.com

5789© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.comsmall 2015, 11, No. 43, 5781–5789

[37]     L.    Rajendran  ,   K.    Simons  ,  J. Cell Sci.    2005 ,  118 ,  1099 .  
[38]     D. V.    Nicolau Jr.  ,   K.    Burrage  ,   R. G.    Parton  ,   J. F.    Hancock  ,  Mol. Cell. 

Biol.    2006 ,  26 ,  313 .  
[39]     M.    Westermann  ,   H.    Leutbecher  ,   H. W.    Meyer  ,  Histochem. Cell Biol.   

 1999 ,  111 ,  71 .  
[40]     A. W.    Cohen  ,   R.    Hnasko  ,   W.    Schubert  ,   M. P.    Lisanti  ,  Physiol. 

Rev.    2004 ,  84 ,  1341 .  
[41]     S.    Munro  ,  Cell    2003 ,  115 ,  377 .  

[42]     C.    Klenke  ,   D.    Widera  ,   T.    Engelen  ,   J.    Muller  ,   T.    Noll  ,   K.    Niehaus  , 
  M. L.    Schmitz  ,   B.    Kaltschmidt  ,   C.    Kaltschmidt  ,  PLoS One   
 2013 ,  8 ,  e65280 .  

[43]     S.    Wolter  ,   U.    Endesfelder  ,   S.    van de Linde  ,   M.    Heilemann  , 
  M.    Sauer  ,  Opt. Express    2011 ,  19 ,  7020 .    

Received:  June 1, 2015 
Revised:  July 16, 2015 
Published online: October 5, 2015   



RESEARCH ARTICLE

Technical feasibility study for production of

tailored multielectrode arrays and patterning

of arranged neuronal networks
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Abstract

In this manuscript, we first reveal a simple ultra violet laser lithographic method to design

and produce plain tailored multielectrode arrays. Secondly, we use the same lithographic

setup for surface patterning to enable controlled attachment of primary neuronal cells and

help neurite guidance. For multielectrode array production, we used flat borosilicate glass

directly structured with the laser lithography system. The multi layered electrode system

consists of a layer of titanium coated with a layer of di-titanium nitride. Finally, these elec-

trodes are covered with silicon nitride for insulation. The quality of the custom made multi-

electrode arrays was investigated by light microscopy, electron microscopy and X-ray

diffraction. The performance was verified by the detection of action potentials of primary

neurons. The electrical noise of the custom-made MEA was equal to commercially available

multielectrode arrays. Additionally, we demonstrated that structured coating with poly lysine,

obtained with the aid of the same lithographic system, could be used to attach and guide

neurons to designed structures. The process of neuron attachment and neurite guidance

was investigated by light microscopy and charged particle microscopy.

Importantly, the utilization of the same lithographic system for MEA fabrication and poly

lysine structuring will make it easy to align the architecture of the neuronal network to the

arrangement of the MEA electrode.. In future studies, this will lead to multielectrode arrays,

which are able to specifically attach neuronal cell bodies to their chemically defined elec-

trodes and guide their neurites, gaining a controlled connectivity in the neuronal network.

This type of multielectrode array would be able to precisely assign a signal to a certain neu-

ron resulting in an efficient way for analyzing the maturation of the neuronal connectivity in

small neuronal networks.
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Introduction

The characteristic feature of a neuron is its capability to generate and propagate action poten-

tials. In this manner, these electrically excitable cells fulfill their main purpose by transmitting

and processing information in the neuronal networks drawn through the organism (Fig 1A).

To study the mechanisms underlying the function of neurons, measurements of the action

potentials from cells cultured in vitro can be carried out by various techniques, such as patch

clamp or multielectrode arrays (MEAs). Patch clamp is a well-established technique, since

Neher and Sakmann have introduced it in 1976 [1]. Even though there were many improve-

ments introduced to this technique in the last decades, it still requires a lot of experience

to be executed properly. Even though the patch clamp technique provides quantitative

electrophysiological measurements of single cells or even ion channels, the measurements on

many different neurons at exactly the same time is very difficult. In contrast, an analysis of sev-

eral extracellular potentials from nerve cells in a network is possible with the MEA technique,

which is easier to operate.

A bird´s eye view of a MEA is provided in Fig 1C, showing its general structure. Fig 1B

schematically shows the function of a MEA with its core elements, the electrodes on top of the

glass substrate and a neuron in close contact to the electrodes with a narrow gap between elec-

trode and neuron. Titanium (Ti, dark grey) and di-titanium nitride (Ti2N, orange) are used

here as the conductive materials for the electrodes. The blue layer is made of silicon nitride

and insulates the conductive pathways from the majority of the cells. Even though the neuron

is not in direct contact with the electrode, the extracellular potential in the gap between the

Fig 1. Schematic view on the multielectrode array technique. (A) Scheme of an action potential propagating along an axon of a neuron, which

is connected to a neighboring neuron by a synapse. This composition represents the smallest unit of a neuronal ‘network’. (B) Detection of an

action potential by a MEA electrode. The hatched area is the underlying glass substrate. The dark grey and orange layers show the conducting

path, which consist of a titanium layer (dark grey) and a di-titanium nitride layer (orange). The top layer (blue) is made of silicon nitride serving

as an insulator. A neuron, which partly covers the MEA electrode, is depolarized. Capacitive coupling to the electrode surface, which is tightly

covered by the cell membrane, transmits the extracellular potential. (C) Image of the multielectrode array. The 59 contact pads lead to the

measuring electrodes in the center and one reference electrode. For cell cultures, a glass ring is glued to the top. To prevent contamination, e.g.

with bacteria or fungi, a lid is placed on the glass ring and sealed with an O-ring. (D) A scheme of the electrodes and the conductive pathway in

the center of the MEA layout with a triangular geometry.

https://doi.org/10.1371/journal.pone.0192647.g001
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electrode and the neuronal membrane can be probed by the electrode [2, 3]. In most cases, the

neurons do not cover the whole electrode (Fig 1B). Nevertheless it is known, that the detectable

signal is proportional to the ratio of its overlap with the electrode-area [2]. Since this ratio is

not accessible in most cases, MEA measurements only give access to information regarding

the location and frequency of action potentials in neuronal networks. To make the MEAs suit-

able for cell culture experiments, a glass ring is glued on to the top of the MEA (Fig 1C).

Although the MEA technique was first described by Thomas et al in 1972 [4], this technique

was rarely utilized until the 1990s. This was mainly due to the lack of micro structuring facili-

ties and computer power. Today, several advantages of the MEA technology come into effect.

A benefit is that MEAs receive the action potentials in a non-invasive way, which allows the

experimenter to investigate the development of a neuronal network without disturbance. This

option is used in pharmaceutical research, where the effect of substances on a neuronal net-

work can be examined without affecting the cells in culture. Alongside to drug discovery, basic

research on the growth and development of neuronal networks can be accomplished with the

MEA technique as well, reviewed by Stett and coworkers [5]. Another remarkable advantage

of MEAs is the simultaneous analysis of multiple electrodes or neurons, respectively. This is

necessary to enable studies of the interaction within in neuronal networks. Hence, MEAs were

applied to study the development of networks from neural progenitor cells [6], the properties

of inhibitory or excitatory neurons within a network [7], the growth of functional connectivity

[8], or even the controlled development of hippocampal networks on patterned substrates [9].

In addition to the investigation of neuronal networks developed in vitro MEAs are broadly

used to study neuronal networks developed in vivo under ex-vivo conditions, like organotypic

hippocampal slices [10, 11], or even intact tissue, e.g. retina as described in [12]. A further

advantage of MEA technique is the possibility to utilize one arbitrary electrode for electrical

stimulation of the neuronal network and simultaneously examine the reaction of the neuronal

network upon stimulation. Based on the mentioned properties, the MEA is a very good tech-

nique to study the development of neuronal networks by electrical stimuli as demonstrated by

Jewett et al. [13]. In summary, the MEA is a convenient tool to investigate the development of

growing neuronal networks with the possibility to record and stimulate electric signals from

cells.

One major disadvantage of a standard MEA is that the position of the electrodes is fixed

and cannot be adapted to the architecture of a specific neuronal network. To overcome this

problem, the electrode density can be adapted to increase spatial resolution. When pursuing

this strategy, it should be taken into account, that the signal generated by the extracellular

potential is captured from every cell in the range of the electrode diameter. Thus, the diameter

of electrodes should be scaled down with an increase in electrode density. These high resolu-

tion MEAs are used to analyze retinal ganglion cells [14] or other dense populations. New

complementary metal-oxide-semiconductor (CMOS) based MEAs improve this technology by

overcoming the major problem for high density MEAs, which lies in the limited number

of contacts to external devices [15, 16]. Today, multiplexing allows an electrode amount of

26400 electrodes [17]. The analysis of the large data from these CMOS MEAs is still a topic of

research [18, 19].

Another more elegant approach to analyze neuronal networks might be to prompt the neu-

ron soma to adhere directly to the electrodes. It is established, that an adhesion promoting

surface coating, e.g., with poly lysine, is necessary to enable the attachment and survival of neu-

rons in culture [20]. Hence, an adhesion promoting, dot-like structure on top of the MEA elec-

trodes would be preferable.

Patterning of coated surfaces to control neuronal adhesion via lithographic technique was

first realized by [21]. In addition to photolithography, different methods of surface patterning

Design and application of tailored multielectrode arrays and patterned neuron adhesion
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were developed. Corey and coworkers used laser ablation on poly lysine coated glass to locate

neurons to a specific site [22]. Nowadays, the most common approach is the micro contact

printing or soft lithography. During micro contact printing a polydimethylsiloxane stamp

soaked with the cell adhesion molecule, is carefully pressed onto the sample surface [23]. More

techniques are further described by Kane and colleagues [24]. Furthermore, structured poly

lysine coating was already utilized to create artificial neuronal networks on MEAs [9]. This

was accomplished with a rather coarse approach, not able to localize the cell soma to the

electrodes.

In this study, we demonstrate a simple approach to produce tailored MEAs (cf. Fig 1D)

with the aid of photolithographic devices and sputtering systems. Both devices are accessible as

shared facilities of the science and engineering school in many universities and research insti-

tutions. Furthermore, we utilize the same lithographic device to create a structure of poly

lysine, which is able to prompt the neurons somata to certain positions, and let their neurites

extend in a systematic approach, which creates a defined network. The aim of this study is to

determine the characteristics of a surface patterning regarding its geometry, which will support

the localization of somata on the dots while preventing their localization on the connecting

lines. Since we use the same laser lithographic device for structuring the MEA as well as the

cell adhesive poly lysine pattern, an alignment of the electrode layout to the structure of the

neuronal network can be easily accomplished. This kind of approach might answer one funda-

mental question in network simulations, e.g. the minimal required mechanism for one cell or

synapse to work properly in neuronal networks.

Materials and methods

Multielectrode array fabrication

A square borosilicate glass (D263, Schott) with a side length of 49 mm and a thickness of 1.1

mm served as a substrate for the MEA. The glass was cleaned in an ultrasonic bath with ace-

tone and subsequently with ethanol (Fig 2A). Afterwards, it was dried under a nitrogen stream.

Positive Photoresist (AR-P 5350, AllResist) was spin-coated on the substrate for 60 seconds at

5000 rpm. In the following, the resist was cured on a hot plate for 4 minutes at 100˚C (Fig 2B).

The resist was exposed via a UV-laser lithographic system (DWL66, Heidelberg Instruments).

The UV-lithography system was controlled via a computer aided design (CAD) file (.dxf file),

which was drawn by a standard CAD program (AutoCAD). These exposed areas were dis-

solved with one part remover (AR 300–35, AllResist) diluted with two parts deionized H2O

(Fig 2C). Afterwards the sample was rinsed with H2O for 30 seconds and dried with nitrogen.

Subsequently, a 75 nm Ti layer was DC-sputtered on the surface via a self-build magnetron

sputter deposition system (Fig 2D).

Patterned poly lysine surface coating

A poly lysine pattern was applied on top of a glass surface. First, the surface was cleaned with

acetone in an ultrasonic bath for 15 minutes. Secondly, the sample was immersed in ethanol

for about 30 seconds. Afterwards, the cleaned surface was treated with oxygen plasma for 30

seconds (self-build plasma etcher). Subsequently, the whole surface was coated via gas phase

coating with 3-aminopropyltriethoxysilane (APTES, Sigma-Aldrich). For this purpose, the

sample and an upwardly open vessel with 200 μL APTES were placed in a desiccator for 1 h,

which was evacuated below 10 mbar. For the correct assembly of the APTES layer, the sample

was deposited for 24 h in a normal lab atmosphere at room temperature. Afterwards, the sam-

ple was prepared for lithography with photoresist (AR-P 5350, AllResist) on a spin coater

(5000 rpm, 60 seconds) and structured by UV-laser-lithography. Following this, the resist was
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developed with one part AR 300–35 (AllResist) diluted with two parts deionized water. Finally,

the sample was rinsed with deionized water and dried with nitrogen.

The sample surface, partly covered with the structured photoresist, was functionalized

with a 6% glutaraldehyde (Sigma-Aldrich) solution in water. For this purpose, 300 μL of the

Fig 2. Fabrication strategy of our custom-made multielectrode array. (A) Cleaning of the glass substrate in acetone/ethanol in an ultrasonic

bath. (B) Spin coating with positive photoresist, which is cured on a hot plate and then (C) exposed to a laser lithography system. Afterwards the

exposed photoresist is removed with the dedicated chemical. (D) 100 nm thin layer of Ti is deposited via sputter deposition on the surface.

Subsequently, a 25 nm layer of Ti2N is deposited on top. (E) The excessive photoresist is removed in an ultrasonic bath in acetone. (F) and (G)

show a second lithography step, processed like the first one, except the photoresist remains solely on the contact pads on the rim and the

electrodes in the center. (H) 200 nm of silicon nitride is deposited via sputtering on top. (I) The remaining photoresist is removed in an

ultrasonic bath. (J) For cell culture experiment a glass ring is glued to the top. Thereafter, a second 25 nm thick layer of di-titanium nitride was

reactively sputtered on top. The excess photoresist was lift off in an ultrasonic bath with acetone. The sample was cleaned with ethanol

afterwards. The processed sample consists of the glass substrate with Ti/Ti2N electrodes (Fig 2E). To insulate the conducting paths, a second

lithography step was necessary. The sample was resist coated as stated before (Fig 2F). This time, a pattern was obtained, which covered the

electrode in the middle and the contact pads at the rim of the MEA (Fig 2G). The alignment of the second lithography step was done manually

with a micro camera within the UV-lithography system, which allows an accurate alignment of the structures. After resist development, a 200

nm insulating layer of silicon nitride was deposited on top via RF sputtering (radio-frequency sputtering, Fig 2H) and the photoresist was lift off

(Fig 2I). Finally, a glass ring was glued to the top with silicone aquarium sealant to make the MEA suitable for cell culture experiments (Fig 2J).

https://doi.org/10.1371/journal.pone.0192647.g002
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solution was applied to the surface and the sample was stored at 4˚C for 3 h. After washing

with deionized water, the sample was coated with poly-d-lysine (PDL, MW = 1–5 kDa, Sigma-

Aldrich) or fluorescein labeled poly-l-lysine (PLL-FITC, MW = 15–30 kDa, Sigma-Aldrich).

For this purpose, 300 μL of a poly lysine solution (100 μg/ml in PBS, pH 8.0) was applied to the

surface at 4˚C for 16 h. Afterwards, the sample was washed several times with deionized water.

Finally, the remaining photoresist was removed with acetone and ethanol in an ultrasonic

bath. Because of this procedure, a checkered pattern with line widths of about 2.5 μm, 3 μm

and 6 μm and dots of 30 μm diameters marking the nodes of the pattern were obtained (cf. S1

Fig).

Cell culture

Mouse hippocampal neurons were isolated and cultivated as described in [25], with approval

of the Landesamt für Natur, Umwelt und Verbraucherschutz NRW, Germany (LANUV

NRW, No. 8.87–50.10.43.08.105). In particular, mouse hippocampal neurons were obtained

by dissecting the hippocampi from the cortex of a mouse in the embryonic stage E17.5. The

hippocampi were enzymatically digested for 30 min at 37˚C in 3 ml of a solution containing

0.05% trypsin and 0.02% EDTA. Afterwards, the trypsin was quenched with 1 ml Dulbeccos

modified eagle medium (DMEM) containing 10% fetal calf serum (FCS), and the tissue was

broken down mechanically by gently pipetting through a Pasteur pipette. Subsequently, the

cell number in the obtained suspension was determined. Thereafter, the cell suspension was

further diluted in DMEM containing 10% FCS and the cells were plated on the samples with a

density of 3�104 cell/cm2. The medium was changed to neurobasal medium containing 1%

B27 1 h, 24 h after seeding and subsequently every third day.

Microscopy and sample preparation

Phase contrast images of living neuronal networks and structured collagen, and bright field

images of MEA electrodes were obtained with a Zeiss Axiovert D1 microscope. The fluores-

cence imaging of the structured FITC-PLL coating was performed by confocal laser scanning

microscopy (Zeiss LSM780). For the evaluation of the protein adsorption to the poly lysine

pattern the substrates were incubated with a solution of DMEM containing 10% FCS and 1 μg/

ml IgG Protein coupled with Alexa350 fluorophore at room temperature for 30 minutes. After-

wards, the samples were briefly rinsed with PBS, mounted with mowiol and examined using a

confocal laser-scanning microscope (Zeiss LSM780). For immunocytochemistry, the cells

were fixed with PBS containing 4% paraformaldehyde for 15 minutes. Subsequently, the neu-

rons were permeabilized with 0.2% Triton X-100 in PBS for 10 minutes and incubated with a

primary antibody against microtubule associated protein 2 (MAP2; rabbit, polyclonal, santa

cruz, sc-20172) in phosphate buffered saline (PBS) at a concentration of 1 μg/ml at 4˚C over-

night. In the next step, the cells were incubated with PBS containing an appropriate secondary

antibody coupled to Alexa647 at a concentration of 0.3 μg/ml at room temperature for 1 h.

Finally, the slides were mounted with mowiol and examined using a confocal laser-scanning

microscope (Zeiss LSM780). For helium ion microscopy (HIM) the samples were fixed in a

solution of 4% glutaraldehyde and 4% paraformaldehyde in PBS at room temperature for 1 h.

Subsequently, the samples were post-fixed with 1% osmiumtetroxide in PBS at room tempera-

ture for 30 minutes. After fixation, the samples were dehydrated in acetone and critical point

dried via CO2. Imaging was performed with the helium ion microscopy ORION PLUS from

Zeiss [26] with an acceleration of 39.9 kV and a beam current of 0.2 pA. An electron flood gun

was used to compensate the charging of the uncoated samples.
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XRD and SEM

For an analysis of the sputtered electrode materials, x-ray diffraction (XRD, X’Pert Pro MPD,

Philips) as well as scanning electron microscopy (SEM, Helios NanoLab DualBeam, FEI) were

used. A layer stack of Ti and Ti2N was sputtered on silicon, likewise to the conductive material

for the MEA. The XRD reflexes are compared to calculated data from the ICSD (Inorganic

Crystal Structure Database, Collection Code: 033715). To investigate the structure of the cre-

ated layer stack, a fragment of the sample was severed to obtain a cross section image of the

layers by SEM.

Electrophysiological measurement

The electrophysiological measurement was done with a MEA preamplifier (MEA1060 ampli-

fier, MCS Reutlingen), as well as an external power supply (PS40W, MCS Reutlingen). We

grab our signal over the 64-channel signal divider (SD64, MCS Reutlingen) and record one

channel at a time via a multimeter with internal data acquisition (Keithley 2701/e, Keithley

Instruments). The acquired data was read out with the aid of self-programmed data acquisition

software. Finally, the signal was processed by a data analyzing software (OriginPro 2016)

and fast-fourier filtered through a high pass with a cut off at 55 Hz. During noise measure-

ments we compared the results between the self-built MEAs and commercial available MEAs

(60MEA200/30iR-Ti, MCS Reutlingen) having the same electrode composition, metric and

geometry.

Results

MEA fabrication and design

We fabricated MEAs in two different layouts, shown in Fig 3. We produced a standard layout

often used in MEA set-ups with electrodes in a rectangular pattern. In Fig 3A, the CAD file for

the first lithography step of a standard MEA layout with 59 electrodes is shown. The electrodes

have 30 μm diameters and are spaced 200 μm from the neighboring electrodes. A conducting

track links each electrode to one of 60 contact pads, which can be seen in Fig 1C. The one

remaining contact pad is connected to the grounded reference electrode, needed to measure

the potentials applied to the 59 measuring electrodes with respect to the ground. The conduct-

ing track is 10 μm wide and expands its width to 100 μm close to the contact pad. Fig 3B shows

a microscopic image of the self-fabricated rectangular MEA. Fig 3C shows a MEA design

based on a triangular layout. The baseline is 200 μm and the electrode diameter is 30 μm. Fig

3D shows a microscopic image of the produced triangular MEA. The flexibility to produce the

proper MEA according to the experiment is a key feature of the CAD controlled laser litho-

graphic system.

We used SEM for structure examination of the sputtered electrode layers, as well as XRD

for analysis of the crystalline structure and the chemical composition of the two layers. The

SEM image (Fig 4A) revealed a Ti2N layer, exhibiting its typical columnar morphology on top

of the homogenous Ti layer. Further examination of the layer stack system by XRD (Fig 4B)

revealed the first (200) reflex of Ti2N at 36.025˚ and the second (400) reflex at 76.425˚. This is

in accordance with the calculated reflectivity for tetragonal Ti2N (calculated from ICSD using

POWD-12++, (1997)). The Ti layer showed reflexes at 38.175˚ representing the (002) orienta-

tion of Ti.

To test the performance of our self-built MEAs, a neuronal culture from hippocampal mice

neurons was cultured on the self-built rectangular MEA. The electrophysiological measure-

ment in Fig 5A depicts a recording of the culture after 3 days in vitro (DIV3). Several spikes
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Fig 3. Design of multielectrode arrays. (A) and (C) show the central part of the CAD generated printout used to control the laser

lithography system. The layout corresponds with the later conducting titanium and di-titanium nitride tracks with dot-like electrodes at

the end. (A) Shows a standard rectangular layout with 200 μm distances between the electrodes. (B) The area in the black dashed box is

shown as a bright field microscopic image of a MEA produced by this layout. Picture (C) is a custom-made design for a MEA. In this case,

triangles with a base of 200 μm are used for the positioning of the electrodes. Image (D) shows the corresponding bright field microscopic

image of the custom made MEA layout.

https://doi.org/10.1371/journal.pone.0192647.g003

Fig 4. Electrode material characterization. (A) A SEM picture of a silicon substrate coated with layers of 40 nm titanium and 40 nm di-

titanium nitride (Ti2N). The Ti2N crystals grow in characteristic columns. (B) X-ray diffraction (XRD) measurement from the same

sample. Distinctive reflexes of Ti2N and the underlying Ti layer are detectable.

https://doi.org/10.1371/journal.pone.0192647.g004
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rise above the noise level with amplitudes of up to 40 μV. In Fig 5B, the same measurement

performed after DIV4 is shown. The spiking activity is much higher than before. The noise

measurement has been executed on plain MEAs without a neuronal culture, but with PBS in

the culture chamber. In Fig 5C the noise of one electrode from our self-built MEA (dark blue)

is compared to the commercially available one from the company MCS (light blue). We calcu-

lated the root mean square (RMS) noise for 6 arbitrary electrodes of each MEA and deter-

mined their mean (cf. Fig 5D). The commercially available MEA displays a RMS noise of

3.85 ± 0.09 μV, for our self-built MEA we calculated a RMS noise value of 4.04 ± 0.15 μV, dem-

onstrating no significant difference to the commercially available MEA. The measured noise

generated by the amplifying and recording setup does not contribute substantial to the overall

noise.

Structured poly lysine coating

Usually, the MEA is coated homogenously with molecules supporting the adhesion and matu-

ration of neurons to the substrate, e.g. poly lysine or polyethylenimine (PEI). Fig 6 shows

Fig 5. MEA measurements. (A) Measurement from a DIV3 neuron culture on the self-built MEA with rectangular layout show a few signals

above the noise level. (B) A measurement on the same culture and electrode after DIV4. Accompanied with the progress in maturation, the

spiking activity is visibly increasing. (C) Noise measurement of one electrode of the self-built MEA (dark blue) and a commercial available

MEA from MCS, Reutlingen (light blue). (D) Comparison of the RMS noise values of the self-built MEA and the MEA from MCS (mean for

6 electrodes with standard deviation). The RMS noise of the self-built MEA is not significantly higher compared to the commercially

available MEA from MCS. The noise measurement of the recording amplifier setup is below 1.2 μV and does not contribute significantly to

the measured MEA noises.

https://doi.org/10.1371/journal.pone.0192647.g005

Design and application of tailored multielectrode arrays and patterned neuron adhesion

PLOS ONE | https://doi.org/10.1371/journal.pone.0192647 February 23, 2018 9 / 20



hippocampal mouse neurons grown on a custom made MEA coated with physically attached

poly lysine. The cell density differs from region to region. In the dashed circle marks a low cell

density area, at the arrow a cell cluster with high density can be observed.

The electrode seen in Fig 6 is not assigned to a single defined cell. A structured poly lysine

coating as described in Fig 7 can be utilized to solve this problem. For this purpose, spots of

lysine with a size allowing only one cell to adhere should be coated with poly lysine. In addi-

tion, small poly lysine lines are arranged between the spots, aiding the neurite guidance.

To understand the necessity of the covalent bonding of poly lysine, it must be taken into

consideration that the coated sample has to be placed in acetone in an ultrasonic bath in order

to remove the remaining photoresist (cf. Fig 7). Fig 8B shows a sample with poly lysine physi-

cally bound to the entire surface and cleaned in an ultrasonic bath in acetone. Compared to

Fig 8C, where the same physically bound poly lysine surface is only rinsed with water, 8B

shows nearly no adhered neurons on the sample, while the surface shown in 8C exhibits a

well-developed neuronal network after DIV4. Hence, the physical bonding is not sufficient for

an application in the utilized lithography process. To overcome this challenge, it is necessary

to bind the poly lysine covalently to the sample surface (cf. Fig 8A).

To examine the quality of the surface coating, several imaging methods were utilized for

verification. Initially, we obtained fluorescence images from the PLL-FITC coupled to the poly

lysine (Fig 8A). The dot like structure was easily detectable and was measured to have a diame-

ter of 30 μm, which is sufficient to promote the cell adhesion of a neuronal soma. Furthermore,

thin lines of poly lysine connecting the single cell adhesion spots for neurite guidance have a

width of approximately 2.5 μm.

To verify the adhesion promoting characteristics of the substrates, we tested its protein

adsorption properties. For this purpose, we incubated the patterned substrates with a solution

containing fluorescently labeled proteins. The poly lysine pattern demonstrated a much higher

protein adsorption capability compared to the overall APTES background (Fig 9B).

Finally, we tested the developed substrates in a cell culture experiment (Fig 9C). The neuro-

nal culture showed a high degree of arrangement on the substrate. The majority of the cell

somata were located on the junctions of the checkered pattern, where poly lysine spots of

Fig 6. Hippocampal mouse neurons grown on custom made multielectrode array. Mouse neurons grown on a

custom made MEA coated with PDL attach to the substrate in an anisotropic manner, with regions of higher (arrow)

and lower (circle) cell density. Furthermore, the neurites exhibit no preferred direction of growth, resulting in an

arbitrary neuronal connectivity.

https://doi.org/10.1371/journal.pone.0192647.g006
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30 μm diameter provided enough space to allow their cell soma to attach. On the other hand,

the thin lines of poly lysine connecting the spots provided enough space for the neurites to

develop their mature morphology.

We further investigated the development of the neuronal network on the patterned sub-

strates. For this purpose, we fixed neurons 18 hours, 3 days and 8 days after cell-seeding and

stained the cells for MAP2, a marker for neuronal maturation. It appeared that the neurons

Fig 7. Poly lysine pattern fabrication for arranged neuron growth. (A) Provides the chemical process to gain a covalently bound poly lysine

coating. The surface of the glass substrate is cleaned with acetone/ethanol in an ultrasonic bath. Afterwards the surface is etched with oxygen

plasma to introduce hydroxyl groups to the surface. This surface is coated with a self-assembled layer of (3-Aminopropyl)triethoxysilane (APTES;

yellow). After laser lithography, a layer of structured photoresist (orange) masks parts of the APTES layer. The next step is a treatment with

glutaraldehyde to functionalize the surface. Following the washing of the sample with deionized water, the surface is treated with poly lysine and

the sample is washed again. During this step, the poly lysine is covalently bound to the sample. Afterwards, the excess photoresist is removed with

acetone in an ultrasonic bath. Finally, the substrate is decorated with a defined pattern made of poly lysine on an overall APTES grounding. (B)

Schematically demonstrates the results of the chemical process for an applied pattern. After cleaning and plasma etching, the surface is coated with

an APTES layer (yellow). Afterwards, the UV-laser lithography is performed; the orange layer is made of patterned photoresist. Glutaraldehyde

and poly lysine are applied on top as described before. After washing the sample and removing the remaining photoresist with acetone in an

ultrasonic bath, a pattern of covalently bound poly lysine remains on top of the sample.

https://doi.org/10.1371/journal.pone.0192647.g007
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adhere to the substrate after initial attachment in a rather arbitrary manner (Fig 10A). How-

ever, they showed a high tendency to send out protrusion to the poly lysine pattern and alleg-

edly started to migrate towards the coated surface. After three days in culture, most of the

neurons had migrated towards the nodes at the junctions of the pattern (Fig 10B). The 30 μm

dots seemed to be more attractive for the attachment of their soma compared to the thin lines

with a width of about 3 μm. Presumably, the dots provided enough space to host the somata

(which have a diameter of approximately 15 μm) without restricting its development in any

Fig 8. Hippocampal mouse neurons (DIV4) on differently coated substrates. (A) The substrate is furnished with covalently bound poly

lysine. In (B) and (C) the poly lysine coating was solely physically adsorbed. The surfaces shown in (A) and (B) were cleaned in acetone in an

ultrasonic bath while (C) was only rinsed with H2O. In contrast to (A) and (C), (B) shows no poly lysine attached to the substrate to promote the

cell adhesion and neurite outgrowth. Therefore, a covalent attachment of poly lysine is necessary to obtain a structured poly lysine coating after

acetone treatment during the lithographic process.

https://doi.org/10.1371/journal.pone.0192647.g008

Fig 9. Covalent attachment of structured PDL is sufficient to induce an arranged attachment of neuronal cells and a directed outgrowth of

their neurites. (A) Fluorescence microscopic image of structured poly lysine coupled to PLL-FITC. The homogenous distribution of the poly

lysine is visualized as well as the 30 μm diameter of the dots and the 2.5 μm thickness of the lines connecting the dots (cf. inset). (B) Fluorescence

microscopic image of the structured poly lysine coated surface with adsorbed fluorescently labeled proteins. The applied coating offers a much

higher adhesiveness to proteins compared to the uncoated regions of the surface. (C) Phase contrast image of hippocampal mouse neurons

grown for three days on the structured poly lysine coating. The neuronal somata tend to adhere to the circles marking the junctions of the

checkered pattern, while the lines connecting these circles guide the neurites.

https://doi.org/10.1371/journal.pone.0192647.g009

Design and application of tailored multielectrode arrays and patterned neuron adhesion

PLOS ONE | https://doi.org/10.1371/journal.pone.0192647 February 23, 2018 12 / 20



Fig 10. The processes involved in the controlled attachment and neurite outgrowth of the neurons on patterned substrate. Neurons are

immuno-fluorescently labeled for the protein MAP2, a marker for neuronal maturation. The dashed lines indicate the poly lysine pattern. (A)

18 hours after cell-seeding the neurons have attached to the substrate in a rather arbitrary manner and are attracted by the poly lysine coated

surface, notable by the protrusions attached to poly lysine (arrows). (B) After DIV3 the somata of the neurons are mainly located on the dots

on the nodes of the checkered poly lysine pattern (cf. Fig 9). Furthermore, their neurites are well developed and the translation of MAP2 is

upregulated. (C) Even after DIV8 the somata stayed attached to the nodes and the neurites were further elongated, reaching into the

neighboring node (arrowhead). (D) HIM image of a neuron seeded on an equal poly lysine pattern. The tight adherence of the soma is visible

by adhesion protrusions (arrows). Investigation of the guided axon (inset) elucidated that the axon is tightly bound to the substrate by well-

developed lamellar protrusion (arrowheads).

https://doi.org/10.1371/journal.pone.0192647.g010
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direction (Fig 10D). Furthermore, the neurons showed an upregulation of MAP2 and a well-

developed morphology of mature neurons with their neurites spanning over hundred micro-

meters. Even after DIV8 the soma of the neurons stayed attached firmly to the nodes, demon-

strating the durability of the covalently bound coating. During the progress in neuronal

maturation, the neurites further elongated to a length of up to 200 μm, reaching into the neigh-

boring node.

The localization of a soma on the node after DIV3 could also be demonstrated on similar

pattern by HIM (Fig 10D). The soma showed a well-developed native morphology and

adhered firmly to the poly lysine node as demonstrated by the filopodia-like protrusions. High

resolution images of the axon grown along the poly lysine lines show a tight adherence of the

neurite to the substrate. This is manifested by lamellar extension arising from the axon (cf.

inset Fig 10D). Furthermore, HIM demonstrated that thick lines with a width of approximately

6 μm provide enough area for neurons to adhere (Fig 11B). The neuron can be localized either

on the lysine node or the lysine line with an elongated soma, as shown in Fig 11B. This is in

Fig 11. Line width dependence of neuronal soma adhesion to poly lysine lines. HIM image shows a neuron grown

on lines with a width of about 2.5 μm (A) and 6 μm (B). The dashed lines indicate the poly lysine pattern. The neuron

on the poly lysine pattern with thin line (A) is tightly adhered to the node of the checkered pattern as visualized by

adherence promoting protrusion (arrows). In contrast to that the soma of a neuron adhered to a wider poly lysine line

(B) stays fixed on the line and is not directed to migrate to the node of the checkered poly lysine pattern.

https://doi.org/10.1371/journal.pone.0192647.g011
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strong contrast to cells seeded on substrates with line widths of about 2.5 μm (Fig 11A), which

prompted the soma to localize on the nodes, as already demonstrated.

Discussion

We demonstrate an opportunity to equip MEAs with chemical coating to enable electrophysi-

ological measurements on an arranged neuronal network. The presented method for custom-

ized production of MEAs using laser UV-lithography offers a row of advantages. Compared to

standard contact lithography, no photomask is needed for the laser lithography. This is advan-

tageous in terms of the processing rate of our MEA production process, since several litho-

graphic applications are required and a manual alignment of different masks would otherwise

be necessary during every step. Besides, laser lithography works on several length scales. The

smallest printable feature is approximately 1 μm in size. The area printed during the first

lithography step is about 39 mm by 39 mm. The major advantage is easy adaptability of the

CAD controlled laser lithographic system used in this study. This enables an easy alteration

and high flexibility of the MEAs layout. This is of outmost importance in basic research where

experimental setup changes frequently. In this context, layouts with two different electrode

arrangements and an electrode diameter of 30 μm with an electrode spacing of 200 μm were

chosen. For example, further downscaling of the electrodes can easily be achieved with the

described methods, but the electrode spacing should be altered simultaneously, with respect to

the range of the received signals.

In our MEA design, we used a layered system of Ti and Ti2N as conductive materials. The

biocompatible Ti2N is deposited on top of the Ti and serves as passivation. This is necessary,

since titanium tends to oxygenate to amorphous titanium oxide with insulating characteristics

to a depth of about 3nm [27]. This will result in non-uniform electrical properties of the sur-

face, which will tend to change upon contact with cell culture media [28], making it difficult to

compare signals from different electrodes. Besides its protective function, Ti2N is known to

form a columnar microstructure, hence reducing the impedance of the electrodes. This will

reduce their thermal noise in comparison to even Ti electrodes [29] and enhance charge trans-

fer capability [30]. Silicon nitride is used as the insulating material on top of the MEA, its

transparency making it suitable for microscopic investigation of the neurons cultured on the

MEA. Furthermore, its hardness helps to protect the delicate conductive structure from

scratches during cell culture processing. Electrophysiological measurements of the RMS noise

from the self-built MEA and a commercial available MEA from Multichannelsystems shows

no significant difference. Importantly, our electrophysiological measurements of cultivated

neurons demonstrate the capability of the self-built MEA to distinguish between voltage peaks

generated by action potentials and the overall noise. This is of particular interest, since the pre-

sented custom built MEAs cost around 10% of commercial available MEAs. Considering that

many researchers nowadays have access to lithographic and sputtering devices, our approach

offer a cost-effective alternative, which also can be tailored to the actual researcher needs.

The developed method for the patterning of adhesion molecules can be applied for direct

attachment of neurons to the MEA electrodes. Buitenweg et al. demonstrated that the localiza-

tion of neurons on top of the electrodes will lead to an increase in the signal to noise ratio [3].

More importantly, since only one neuron is in the receiving range of an electrode, an assign-

ment of a signal to one specific neuron would be feasible. To achieve this key point, cage-like

shapes on top of MEA electrodes were applied [31]. A far more convenient method is to apply

a pattern made of molecules promoting the adhesion of cells on the electrodes. This method

was realized by micro contact printing [9] or photolithography [32] with the aid of the well

characterized adhesion molecule poly lysine. Our approach utilized UV-laser lithography in
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combination with the covalent binding of the poly lysine. The covalent binding will make the

overall coating not only resistant to lithographic processing steps involving acetone (cf. Fig 8),

but it will also allow the poly lysine structure to stay defined under cell culture conditions and

more adhesive compared to physiosorbed poly lysine [32]. In our experiments, this could be

demonstrated by long lasting confinement of the soma to the nodes (cf. Figs 10C and 11A).

This covalent binding can also be achieved with different adhesion promoting molecules, as

long as they contain amine groups, like PEI [33] or poly ornithine [34]. In addition, proteins

that can withstand the denaturing conditions of the coating process, could be used as well, e.g.

collagen (cf. S2 Fig), which had been long known for promoting neuronal adhesion [35]. With

the localization of a single neuronal cell on top of an electrode, it should be possible to count

the generated action potentials of this particular neuron. This is of great interest, when the

metabolism of a single neuron needs to be studied, which can be measured by Matrix-assisted

laser desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy on arrayed dead

cells [36] or even on living cells in vitro by fluorescence microscopic means [37].

To study the development of a neuronal network, a second task has to be managed: the

guidance of the neurites. The structured coating of covalently bound poly lysine was already

utilized to create artificial neuronal networks [32]. In this study, the chosen line width was too

big (20 μm) and hence no localization of the soma to the nod was observable. The structuring

of proper poly lysine pattern with micro contact printing [38] has its difficulty, because it is

complicated to produce lines thin enough to fulfill the mentioned needs. In the study of Boeh-

ler et al. from 2012, [9] the rather low resolution of the utilized micro contact printing, resulted

in a line width of only 10 μm, which made it impossible to locate the neuronal soma on the

nodes of the intersecting lines. We decided to use UV-laser lithography, because thin lines can

be easily structured by this technique. Neurite guidance can be accomplished with 2.5 μm wide

lines of adhesion molecules connecting the electrodes. The thickness of this structure must be

balanced between large enough to ensure neurite growth and small enough to prohibit the

adhesion of soma on the lines. We could observe that poly lysine lines with a thickness of 6 μm

were not sufficient to force the soma to be located on the nodes. This finding is in accordance

to previous studies [39] focusing on the same issue.

Furthermore, we established a technique to align the cultured neuron on a surface with the

aid of structured cell adhesion molecules to make the MEA suitable to study the development

of neuronal networks on a single cell level. In the study of Boehler et al. from 2012, micro con-

tact printing was utilized to create artificial neuronal networks on MEAs [9], but the difficult

positioning of the micro contact stamp prohibited an exact alignment of the poly lysine struc-

ture to the MEA [9, 40–47]. An advantage of the UV-laser lithographic structuring of the poly

lysine pattern described in this paper is the feasible alignment of the adhesive pattern to an

electrode array structured with the same lithographic device. Furthermore, the method pre-

sented in this study, the CAD file for the MEA can be reused offhand for structuring the poly

lysine pattern with few modifications. Hence, the adhesion pattern can be designed to match

each self-built MEA individually. This can be utilized in future studies to perform research on

well-defined neuronal networks with directed neurite maturation. Further designs might

match to the self-built triangular MEAs, so that defined neural logics of three neurons can be

studied. To focus on the interplay in simple networks, understanding of the basic rules of large

neuronal networks can be accomplished. In this manner, Pershin et al. [48] demonstrated the

formation of associative memory with three electronic neurons. Similar experiments could be

executed with living neurons in vitro.

Since the presented strategy of axon guidance is biocompatible and, due to the covalent

bonding, long lasting, it could be applied to support directional growth of axons, which is cru-

cial for peripheral nerve regeneration. Therefore, findings from this work could be extended to
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an in vivo situation to aid peripheral nerve regeneration after injury or to improve integration

of electrodes from retinal implants or other neuroprosthetic devices.

Supporting information

S1 Fig. Structures with different line width. Confocal laser scanning microscopic image of

PLL-FITC labeled poly lysine pattern. The three different line width of 6 μm (A), 3 μm (B) and

2.5 μm (C) are easily distinguishable.

(TIF)

S2 Fig. Layer of covalently attached structured collagen is visualized by phase contrast

microscopy. Phase contrast image of collagen covalently attached to the surface with the same

pattern design used for the poly lysine coated samples. The procedure to fabricate this collagen

sample follows the method for the patterned poly lysine coating except the use of collagen

instead of poly lysine. Despite the collagen sample in the image was threatened with acetone in

an ultrasonic bath during fabrication, the collagen pattern is still on top. The dots have 30 μm

diameter and the connecting lines are 2.5 μm wide.

(TIF)
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Ulrich Rückert, Christian Kaltschmidt, Barbara Kaltschmidt, Andy Thomas.
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a  b  s  t  r  a  c  t

Carbon  nanomembranes  (CNMs)  are  a class  of two-dimensional  materials,  which  are  obtained  by  elec-
tron beam-induced  crosslinking  of  aromatic  self-assembled  monolayers  (SAMs)  on solid  substrates.  CNMs
made  from  a single  type of  precursor  molecule  are  uniform  with  homogeneous  chemical  and  physical
properties.  We  have  developed  a method  for the  fabrication  of internally  patterned  CNMs  resembling  a
key  feature  of  biological  membranes.  Direct  laser  patterning  is  used  to obtain  multicomponent  patterned
SAMs  on  gold,  which  are  subsequently  crosslinked  by  electron  irradiation.  We  demonstrate  that  the struc-
ture of  internally  patterned  CNMs  is  preserved  upon  transfer  to different  substrates.  The  method  enables
rapid  fabrication  of patterned  2D  materials  with  local  variations  in  chemical  and  physical  properties  on
the  micrometer  to centimeter  scale.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

A technologically interesting feature of biological membranes
is the formation of complex patterns by two-dimensional self-
assembly of biomolecular building blocks in a 5 nm thin lipid matrix
[1]. Self-assembled monolayers (SAMs) of thiols on gold have been
studied extensively as model systems for self-assembly and pat-
tern formation in two dimensions [2,3]. A variety of techniques
has been used to pattern SAMs including UV lithography [4,5],
microcontact printing [6], dip pen lithography [7], electron beam
lithography [8,9], and direct laser patterning [10–15]. Direct laser
patterning (DLP) of SAMs enables rapid fabrication of multicompo-
nent surface structures with lateral dimensions in the micrometer
to centimeter range [13], which is particularly useful for the fab-
rication of protein-surface [16] and cell-surface interfaces [17].
However, patterned thiol SAMs are not stable in the absence of
the gold support, which precludes their transfer as a continuous
membrane to another substrate.

∗ Corresponding author.
E-mail address: daniel.rhinow@biophys.mpg.de (D. Rhinow).

It has been shown that SAMs of aromatic thiols can be
crosslinked by irradiation with low-energy electrons [18]. Upon
removal of the gold substrate, 1 nm thin free-standing carbon
nanomembranes (CNMs) were obtained [19–21]. Depending on the
aromatic precursor molecule, thickness and mechanical properties
of CNMs can be tuned [22]. Owing to their low thickness, CNMs
have been successfully applied as support films for transmission
electron microscopy of biological specimens [23,24]. Furthermore,
chemically patterned CNMs have been used as templates for the
fabrication of nanostructures such as polymer carpets [25] or bio-
hybrid assemblies [26].

CNMs made from a single precursor molecule are in principle
uniform. Selective electron beam-induced crosslinking of aromatic
SAMs, followed by exchange of thiols in the non-exposed areas
and subsequent crosslinking of the heterogeneous SAM has been
applied to fabricate chemically patterned CNMs [27]. A disadvan-
tage of this method is the fact that crosslinked areas cannot be
patterned multiple times. In this work, we used DLP to fabri-
cate internally patterned CNMs and transferred them to different
substrates. DLP enables rapid fabrication of chemically patterned
aromatic SAMs, which are subsequently crosslinked to form inter-
nally patterned ultrathin CNMs with locally varying chemical and
physical properties. Internally patterned CNMs were analyzed by X-

http://dx.doi.org/10.1016/j.apsusc.2017.07.303
0169-4332/© 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Fabrication of internally patterned CNMs by direct laser patterning. (A) A SAM of aromatic thiols is formed on a gold surface. The SAM consists of BPT molecules. A
focused laser beam (� = 532 nm)  is used to impart thermal energy to a confined area on the gold substrate causing desorption of aromatic thiols (B). (C) The gaps are filled
with  a second thiol, in this case TPT. Irradiation with low-energy electrons causes crosslinking of the aromatic thiols. (D) Internally patterned CNM. (E) Aromatic thiols used
for  the fabrication of patterned CNMs. BPT: 1′-Biphenyl-4-thiol; TPT: [1′′ ,4′ ,1′ ,1]-terphenyl-4-thiol; NBPT: 4′-nitro-1,1′-biphenyl-4-thiol; NPT: naphthalene-2-thiol. Owing
to  the generation of hydrogen radicals during crosslinking, the nitro groups of NBPT are converted to amino groups (4′-amino-1,1′-biphenyl-4-thiol: ABPT) [29].

ray photoelectron microscopy (XPS), scanning electron microscopy
(SEM) and helium ion microscopy (HIM).

2. Materials and methods

2.1. Chemicals

1,1′-Biphenyl-4-thiol (BPT), [1′′,4′,1′,1]-terphenyl-4-thiol (TPT),
and naphthalene-2-thiol (NPT) were purchased from Sigma-
Aldrich (St. Louis, USA), 4′-nitro-1,1′-biphenyl-4-thiol (NBPT) was
purchased from Taros Chemicals. Gold on silicon with titanium
adhesion layer was purchased from Georg Albert PVD (Silz,
Germany). Gold substrates suitable for subsequent transfer of
patterned CNMs were made by depositing 200 nm of gold onto
polished 〈100〉 silicon wafers. SAMs were formed by immersion in
10 mM solutions of aromatic thiols in organic solvents at room tem-
perature. We  used acetone (BPT, TPT, NPT), heptane (BPT), toluene
(BPT, TPT), and dimethylformamide (NBPT) as solvents.

2.2. Direct laser patterning

DLP of aromatic thiols on gold was accomplished with a
frequency-doubled Nd:YVO4 diode pumped solid state laser
(Explorer XP 532-5, Newport, USA) emitting 6 ns pulses (FWHM)
with a 50 kHz repetition rate at a wavelength of � = 532 nm.  Pho-
tons of this wavelength are absorbed by the gold surface only. The
laser beam was focused to a spot diameter of 15 �m.  In previous
work, the optimum energy deposited to the sample was  deter-

mined to 111 MW/cm2 [11]. The energy deposited to the sample
was adjusted with a polarizing beam splitter coupled to a polar-
izer. To optimize the patterning result, SAMs were patterned with
decreasing laser power. After laser irradiation, patterned SAMs
were immersed in a solution of the second thiol at room tempera-
ture.

2.3. Transfer of patterned CNMs

Damage-free transfer of CNMs was accomplished as described
previously [20]. For the transfer of the patterned CNM, the film
was protected with a double-layer of poly(methylmethacrylate)
(PMMA) by spin-coating. Then the gold was exfoliated by angular
dipping of the silicon wafer into water. The floating film on water
was transferred to different solutions using a piece of silicon wafer.
The gold was etched by placing the thin gold film on an aqueous
iodine solution (10 wt%  potassium iodide, 2.5 wt% iodine in water).
Afterwards the PMMA-protected patterned CNM was  placed on an
aqueous potassium iodide solution (10 wt%  potassium iodide in
water). Finally, the film was transferred to a substrate (silicon or
gold), the PMMA  was  removed by immersion in acetone for 2 h,
and the substrate was dried in a stream of nitrogen.

2.4. Scanning electron microscopy (SEM)

Samples were analyzed in a Zeiss Auriga at an acceleration volt-
age of 5 kV using the in-lens detector for secondary electrons.
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Fig. 2. Incorporation of NBPT into a BPT SAM with and without DLP. (A) XP spectrum
obtained from a BPT SAM after laser irradiation and subsequent immersion in a
solution containing NBPT for 72 h. The spectrum reveals the N 1 s peak at 405.7 eV
indicating the incorporation of NBPT. (B) XP spectrum of a BPT sample, which was
immersed in a solution containing NBPT for 72 h. The N 1 s peak is absent.

2.5. Helium ion microscopy (HIM)

Samples were imaged in a Zeiss Orion Plus at acceleration volt-
ages between 30 and 36 kV and currents between 0.4–4 pA. An
electron floodgun was used to mitigate electrostatic charging while
secondary electrons were detected with an Everhart-Thornley
detector.

2.6. X-ray photoelectron spectroscopy (XPS)

Samples were analyzed in an Omicron Multiprobe UHV system
using monochromatic Al K� irradiation, a Sphera electron analyzer
with a resolution of 0.9 eV and an emission angle of 20◦.

3. Results and discussion

Fig. 1 illustrates the use of DLP to fabricate internally patterned
CNMs consisting of crosslinked aromatic SAMs on a gold surface.
This approach enabled us to fabricate patterned CNMs from a vari-
ety of aromatic precursor molecules (Fig. 1E).

To confirm that laser irradiation leads to spatially selective
desorption of aromatic thiols by photothermal cleavage of the gold-
sulfur bond (Fig. 1A and B), we analyzed the incorporation of NBPT
into a BPT SAM with and without prior laser irradiation.

Fig. 2A shows XP spectra of a BPT SAM, which was  irradiated
with a focused laser beam (� = 532 nm)  and subsequently immersed
in a solution containing NBPT. The XP spectrum reveals the N 1 s
signal at a binding energy of 405.7 eV, indicating the incorporation
of NBPT molecules into gaps formed by photothermal desorption
of BPT molecules. Our experiments are in accordance with previous

results obtained with DLP of NBPT SAMs [28]. Without prior laser
irradiation, immersion of a BPT SAM on gold in a solution containing
NBPT does not lead to incorporation of NBPT as confirmed by XPS
(Fig. 2B). This demonstrates that self-exchange of aromatic thiols
at room temperature is negligible at the time scale of a few days.

It is of critical importance that the structure of patterned SAMs
is preserved after electron beam-induced crosslinking. We  ana-
lyzed a patterned BPT SAM, consisting of TPT lines written into
a BPT SAM, by HIM before (Fig. 3A) and after (Fig. 3B) crosslink-
ing with electrons. Fig. 3C shows an SEM image of the same sample
after crosslinking. Our experiments reveal that structure and chem-
ical contrast of patterned aromatic thiol SAMs are preserved after
crosslinking by electron irradiation.

Our experiments reveal that structure and chemical contrast
of patterned aromatic thiol SAMs are preserved after crosslink-
ing by electron irradiation. Furthermore, our analysis enables a
direct comparison of HIM and SEM as tools for imaging patterned
SAMs. SEM is suitable for the analysis of patterned SAMs as thi-
ols produce chemical contrast in the secondary electron image
in dependence of chain length, terminal groups, and acceleration
voltage [30–33]. Recently, HIM has been used to analyze mono-
layers on solid substrates [34,35]. Interestingly, the same pattern
appears with different contrast in HIM and SEM SE images. The
TPT lines appear with a dark center and a bright rim in the HIM
image (Fig. 3B), whereas in the SEM image TPT lines appear uni-
formly darker than the BPT matrix. This could be explained by the
fact that in the SEM most secondary electrons (SE) are generated
in the gold substrate and their contrast is determined by a stronger
attenuation in TPT, as compared to BPT. Conversely, contrast in the
HIM images is largely determined by SE generated in the organic
film and is more influenced by the film’s thickness and topogra-
phy. On the other hand, it may  also be that local heating of the
gold substrate during DLP causes subtle rearrangements in the gold,
which cause changes in SE contrast in HIM images only, owing
to the high sensitivity of HIM towards surface chemistry. More
work on charge-particle interaction in molecular films is needed
to understand the subtle differences in the contrasts of HIM and
SEM images.

The formation of mechanically stable membranes was con-
firmed by successful transfer of internally patterned CNMs to other
substrates. Fig. 4A shows wetting patterns on a patterned CNM after
transfer to a gold substrate, observed by light microscopy upon
exposing the sample to humid air. Although quantitative descrip-
tion of wetting patterns is difficult, wetting is a fast method to
visualize chemical patterns by light microscopy. Areas containing
ABPT and BPT can be clearly distinguished in HIM (Fig. 4B) and SEM
(Fig. 4C) SE images of the same sample.

It has been shown earlier that DLP can be used to fabricate
patterned SAMs of arbitrary complexity [13]. We  applied DLP to
fabricate internally patterned CNMs consisting of three different
types of aromatic molecules (Fig. 4D). Fig. 4D shows a SEM image
of a transferred patterned CNM consisting of patterns of BPT, TPT,
and NPT, which demonstrates that DLP enables the fabrication
of multicomponent patterned CNM. In difference to SE images of
crosslinked patterned SAMs, acquired before transfer to other sub-
strates (Fig. 3B and C), transferred membranes produce identical
contrast in HIM and SEM images (Fig. 4B and C). The mechanisms
behind contrast generation in HIM SE images of monolayers on solid
substrates require further elucidation.

4. Conclusions

We  have demonstrated that DLP is a versatile tool for the fab-
rication of internally patterned CNMs. Like biological membranes,
patterned CNMs consist of distinct chemical domains, which cause
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Fig. 3. Analysis of patterned aromatic SAMs by HIM and SEM. Secondary electron (SE) HIM images of a patterned SAM before (A) and after (B) crosslinking by electron
irradiation. Apart from a small loss in contrast, the patterns are preserved. (C) SE SEM image of the sample after crosslinking. Scale bars are 100 �m.

Fig. 4. Structural analysis of patterned CNMs transferred to different substrates. (A) Wetting patterns observed by light microscopy after transfer to a gold substrate. The
CNM  has been obtained by crosslinking of a NBPT SAM containing lines of BPT. Upon crosslinking, NBPT molecules were converted to amino-terminated molecules (ABPT)
[29]. (B) The same sample imaged by HIM and SEM (C). Shown are SE images acquired at the edge of internally patterned CNMs. BPT lines appear darker than the ABPT matrix.
(D)  SEM image of a patterned CNM, consisting of three aromatic precursor molecules, after transfer to a silicon substrate. Scale bars are 200 �m.

local variation of physical and chemical properties. Future work
should address the analysis of mechanical properties of patterned
CNM. This could be accomplished by methods, which enable local
determination of mechanical properties, such as atomic force
microscopy. Combining DLP of SAMs on a solid substrate with sub-
sequent crosslinking resembles a universal scheme for the rapid
fabrication of chemically patterned 2D materials with patterns
from the biologically relevant micrometer up to the centimeter

scale thus widening the spectrum of available nanomembranes [36]
with technologically interesting properties.
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a b s t r a c t

We report experimental studies of carbon nanofoam produced using a hydrothermal autoclave reactor
with a sucrose solution and a small added amount of naphthalene. The foam has an average density of
85 mg/cc and is uniform in its appearance. He-ion microscopy (HeIM), Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) were used to characterize the foam samples. These show good con-
sistency in the micro/nanostructure as well as in the elemental constitution. The vibrational and electron
core-level studies suggest an open cellular structure with curved graphene walls and basal-plane oxide
groups. We conclude that naphthalene-assisted hydrothermal processing of sucrose is a useful method to
produce high-quality carbon nanofoams.

© 2015 Elsevier Ltd. All rights reserved.

1. . Introduction

Nanofoams from various materials have been synthesized in
recent years. Among these are nanofoams from chemical elements
such as copper [1], silicon [2], nickel [3], gold [4], and silica [5]. Also,
various types of polymeric nanofoams have been produced since
their first synthesis in 1994 [6]. In addition, nanocomposite foams
have been investigated [7] which are interesting due to their su-
perior mechanical and thermal properties. Cu-nanofoams were
studied with respect to their possible use in energy applications [1].

There is an intense interest in nanocarbon for a variety of en-
gineering applications. Nanocarbon materials are thermodynami-
cally stable in different polymorphs which can adopt a wide range
of crystalline and non-crystalline structures with very interesting
properties. This is because of carbon's ability to form sp1- (poly-
meric-type), sp2- (graphite-like), and sp3- (diamond-like) hybrid-
ized bonds. Noncrystalline carbons usually are intermediate
between diamond and graphite since they contain variable
amounts of sp3-and sp2etype atoms. Hybrid graphite-diamond
structures have been theoretically developed [8], in particular for
the understanding of glassy carbons, carbon blacks, and diamond-
like carbon films [9]. The properties of these materials depend very

strongly on the sp3/sp2 ratio [10]. Mass densities typically range
from ~3.5 gcm�3 for diamond to about 1 gcm�3 for noncrystalline
carbon films.

Carbon nanofoam (CNFM) was first produced in 2002 by high-
repetition-rate laser ablation of a glassy carbon target in an Argon
atmosphere [11]. The foams were found to have very low densities
and high electrical resistivity. Carbon nanofoam has been consid-
ered as a potential hydrogen storage material [12] and as cathode
materials for metal-air batteries [13]. It was found that this material
contains both sp2 and sp3 bonded carbon atoms. It was suggested
that the foams consist of graphite-like sheets with hyperbolic
curvature, similar to the structure of “schwarzite”. Surprisingly,
ferromagnetismwas found for some of the foams up to 90 K, with a
narrow hysteresis curve and a high saturation magnetization [14].
Also, catalytic applications have been reported using carbon
nanofoams [15]. Atomistic simulations of carbon nanofoams reveal
a low-density nanoporous material [16]. A nanofoam-related
structure has also been suggested for carbon nanotube aerogels
[17]. Such carbon structures with complex topology related to the
coexistence of both sp2 and sp3 hybridized atoms, have attracted
considerable interest in recent years [18].

Porous carbon materials are usually produced by chemical
[19,20] or physical [21] routes. Among these, the mesoporous and
nanoporous carbons are attractive materials for a number of
different applications, such as methane gas storage [22], hydrogen
storage [23], as electrodes in supercapacitors [24,25], and as
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matrixes incorporating metal particles for highly efficient catalysts
[26,27]. Porous carbon frameworks are also considered for capaci-
tive deionization [28], as sensors for metal ions [29] or as hosts for
the confinement of molecules [30].

In this work we report on the study of carbon nanofoams pro-
duced by hydrothermal processing of sucrose. Hydrothermal
carbonization (HTC), most often applied to biomass processing [31],
is an aqueous-phase route to produce carbon materials. High
temperature/high pressure (HTHP) synthesis has been shown to
lead to the production of a variety of carbon nanomaterials [32].
Separation of carbon species in structural and chemical pure form is
usually required but is often difficult to achieve. Our method of
hydrothermal processing reveals samples with uniform micro-
structure as recorded by helium ion microscopy (HeIM). Raman
spectra show the typical carbon G and D peaks, no structure in the
2D and 2G overtone range, but two peaks in the 700e1200 cm�1

range. The deconvoluted XPS spectra show three C1s peaks which
we assign to sp2/sp3 hybrid, CeOH, and C]O positioned carbon
atoms. In the O1s energy range, we identify three spectral features,
corresponding to oxygen bonded to aromatic (sp2), aliphatic (sp3),
and to carbon atoms in C]O bonds, with the latter presumably
from oxygen attached to carbons to the graphene-type basal-plane
of the cellular walls.

2. Instruments and methods

2.1. Hydrothermal synthesis

A 130 ml stainless steel autoclave was filled with a 5-molar
sucrose solution, and 3 mg of naphthalene was added. The auto-
clave then was tightly sealed and connected to the heating supply.
Subsequently the autoclave was kept at 155 �C for 5 h. After cooling
and opening, we extracted the foam which had formed in the
container. Thenwe separated the foam from the remaining sucrose
solution by rinsing the samples in hot water. After drying the
samples, their mass density was determined using a high-precision
balance and a pre-defined volume container. The density was
determined for several samples from the same experimental run.
The determined value gives an average of threemeasurements with
a standard deviation of 0.8%.

2.2. Helium ion microscopy

Helium ion microscopy images were obtained using the ORION
PLUS (Carl Zeiss) with an acceleration voltage of 34.9 eV and a beam
current of 0.6 pA. Secondary electrons were detected and an elec-
tron flood gun was used to compensate charging of the uncoated
samples. The foam was attached to the HeIM sample holder using
conductive carbon pads.

The helium ion microscope is a powerful instrument for struc-
ture research [33]. It produces a high-brightness, low-energy-
spread, subnanometer-size beam for imaging. A beam of He ions
with a diameter of typically less than one atom is focused onto the
substrate under investigation and the image is provided either by
ionoluminescence [34], Rutherford backscattering of the ions, or
secondary electron emission [35]. The high resolution is possible
due to the small subsurface ion beam spread [36]. Due to its very
high brightness it is particularly suitable for the imaging of low-
mass elements such as carbon. Besides imaging, elemental anal-
ysis can be achieved with the He-ion microscope [37]. In this work
we use the secondary electron emission setup for imaging of our
samples.

2.3. Raman spectroscopy

Raman spectra were recorded using a micro Raman spectrom-
eter (LabRAM ARAMIS) operated in the backscattering mode.
Measurements were performedwith a blue diode laser at 473 nm, a
10� microscope objective and a thermoelectrically cooled CCD
detector. The foam was mounted on conductive carbon tape.

In Raman spectroscopy, vibrational modes are studied by
measuring the energy of photons scattered from a sample which is
exposed to laser light. Raman spectra of bulk carbon materials
typically consist of a graphitic or G-band, and disorder from defects
and from the surface results in the D-band. By determining the ratio
between these two bands (ID:IG), a quantitative measure of defect
density can be obtained. In addition, this intensity ratio can be used
to determine the degree of graphitization of a sample.

2.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was performed in a multi-
chamber UHV system (Multiprobe, Omicron) at a chamber pres-
sure below 10�9 mbar. Monochromatic Al Ka irradiation, an elec-
tron analyzer (Sphera) with a resolution of 0.9 eV, and an emission
angle of 20� were used. The foam was attached to the XPS sample
holder by conductive carbon tape. For deconvolution of XP peaks a
Shirley background and symmetric Voigt functions were employed.

XPS measures surface composition by determining the binding
energy of photoelectrons ejected when a material is irradiated by
X-rays. The surface sensitivity of XPS is derived from the small
(<10 nm) inelastic mean free path of the ejected photoelectrons.
This allows the elemental composition of the near surface region to
be quantified.

In addition to compositional analysis, XPS can also provide in-
formation on the chemical environment of atoms based on the
peak-fitting of the spectral envelopes. This capability stems from
the fact that, although a photoelectron's binding energy is largely
determined by the element from which it originates, binding en-
ergies are also influenced by the local chemical environment (e.g.,
for carbon atom: CeC, C]C, CeO, C]O).

XPS has been used for a large variety of carbonmaterials, such as
nanostructured carbon films [38], carbon nanowall films [39],
diamond-like carbon films [40], amorphous carbon [41], tetrahe-
dral amorphous carbon films [42], nanoporous carbon [43], carbon
black [44], activated carbon [45], or carbon nanotubes [46]. The XPS
is an excellent instrument for chemical structure analysis [47], in
particular for the study of the chemical states with emphasis on the
sp2/sp3 hybridization ratio [41].

3. Results

3.1. Density

The density of the foam was obtained from averaging the data
using various foam samples of the same batch. This resulted in an
average density of 0.085 g cm�3. This value is distinctively below
the densities of diamond (3.515 g cm�3), graphite (2.267 g cm�3),
amorphous carbon (1.8e2.1 g cm�3), or carbon nanotubes
(1.6 g cm�3) [48].

Various types of ‘ultralight carbons’ have been fabricated with
densities typically between 100 and 300mg cm�3. Among these are
carbon aerogels [49e51], nanoporous carbons [52], amorphous
carbon nanoparticles [53,54], carbon nanotube scaffolds [55], and
carbon foams [56,57]. The densities of these carbon materials are
significantly different from ‘heavy carbons’ such as pristine
graphite (2.26 g cm�3), DVD grown carbon films (2.14 g cm�3 [58]),
or carbon nanotube forests (1.6e0.38 g cm�3 [59]). Some
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techniques allow the production of carbons in a wide density range
(0.20e1.4 g cm�3 [60]).

3.2. Microscopy

Fig. 1a shows a He-ion microscopy image of a foam sample with
a 2mm field of view. It can be seen that the structure of thematerial
is quite uniform, at this level of magnification. Fig. 1b shows an
image of the sample with a 75 micron-sized field of view. At this
level of magnification, the sample consists of particles with di-
ameters between ~3 and 15 microns. The particles tend to be
spherical, with an eccentricity close to zero, but are often coalesced
forming larger species. In Fig. 1c, one of the micropearls is shown
enlarged, with a 15 micron field of view. It has a perfectly spherical
shape with a sharp edge. On this recorded length scale, the surface
of the pearl shows perfectly smooth appearance. However, with
further magnification and refocusing of the He ion beam (Fig. 1d,
with 1 micron field of view), additional structure can be observed
with features as small as ~25 nm in diameter. This may be the
diameter of the cavities in the cellular structure of the foam.
However, HeIM does not seem to resolve fully the individual pores
of the foam. In this respect we note that pore sizes for nanoporous
carbons are typically between 0.5 nm and 2 nm [61].

3.3. Raman spectroscopy

Raman spectroscopy is a powerful technique for the character-
ization of carbon nanomaterials and can be used to distinguish
between ordered and disordered atomic structure. The typical
features for carbon in Raman spectra are the G band at wave-
numbers around 1580 cm�1 and the D band at around 1350 cm�1.
The G band is usually assigned to E2g phonons of C sp2 atoms, and
the D band is due to the breathing mode of k-point phonons of A1g
symmetry [62]. The G band may also contain signatures from
polycyclic aromatic hydrocarbons (PAHs), often the precursors in
the growth of graphitic particles [63]. Carbon stretch vibrations in
benzene result in a peak at 1588 cm�1 [64], and PAH signatures are
at similar wavenumbers.

Fig. 2 shows the Raman spectrum of our foam sample. We
identify the two characteristic peaks, the G band at 1589 cm�1 and
the D band at 1371 cm�1. The G band appears with much higher
intensity than the D band. Such intense G band indicates the sig-
nificant presence of a graphitic wall structure, presumably with
single- or few-layer thickness. The wavenumber of the observed G
band (1589 cm�1) is slightly shifted to a higher value compared to
that of the graphite G band (1580 cm�1), which may result from
high curvature of a graphene wall structure. The relatively low D-
band intensity indicates that the nanofoam samples contain few
carbons in hybridizations other than sp2. We further note that the
overtone of the D band, the 2D band, is usually located at about
2700 cm�1 [65]. In our sample, the 2D band is not present in the
extended spectrum.

3.4. XPS

XPS is a powerful method to investigate the character of the
near-surface region of carbonaceous materials. It is a surface sen-
sitive method in which the core level chemical shifts are measured.
This is valuable for understanding the local environment of an
atom, for example in finding whether a carbon allotrope is sp3 or
sp2 bonded. Apart from the chemical shift, the XPS investigation
can provide useful information such as elemental composition,
degree of disorder, compound formation, and surface functional
groups.

Using XPS, the identity and concentration of oxygen-containing
functional groups can, in principle, be obtained from spectral
deconvolution of the C1s and O1s XPS regions. Unambiguous
spectral deconvolution is, however, often complicated by the
presence of different species (e.g., CeH, CeO, C]O, COOH) with
similar binding energies. The C1s and the O1s spectral envelopes
are typically broad and featureless due to both the proximity of the
binding energies associated with different oxygen-containing
functional groups and the limited resolution of typical energy
analyzers.

In Fig. 3a and b, narrow-scan XPS spectra are provided for the
C1s and O1s peak distributions, respectively. The two energy ranges
cover the typical features present in the analysis of nanocarbon
materials.

For the distribution in Fig. 3a we used three-curve fitting. We
label the three peaks as C1, C2 and C3, and find the maxima and %
areas at 285.0 eV (57.0%), 286.2 eV (32.0%), and 288.6 eV (11.0%),
respectively. We assign the C1 peak to CeC bonds in a mixed sp2/

Fig. 1. Helium-ion microscopy (HeIM) images of carbon nanofoam, Fields of view: (a)
2 mm, (b) 75 mm, (c) 15 mm, showing a single micropearl, and (d) 1 mm, showing a
micropearl with internal structure.

Fig. 2. Raman spectrum in the wavenumber range 750 cm�1 to 2300 cm�1.
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sp3 hybridization state since this peak is located between the
graphite-type peak at about 284.3 eV and the diamond peak at
about 285.5 eV. The C1 peak, with 57.0% area, gives the dominant
contribution to the C1s region. The C2 and C3 peaks are assigned to
carbon atoms in CeO and C]O bond configurations, respectively.
The CeO peak has about half the area of the CeC peak, and the C]O
peak a much smaller fraction.

The spectrum in Fig. 3b gives the distribution of the O1s core
level energy with the oxygen atom in different bond environments.
Application of two fitting curves gives the best results. Two peaks
are identified, at 530.0 eV (O1) and at 532.2 eV (O2) with areas of
20.6% and 79.4%, respectively. We assign the broad peak, at
532.2 eV, to carbons in CeO bonds at sp2 and sp3 hybridized car-
bons, i.e. with the carbon atoms located in a diamond-graphite
hybrid environment. The fact, that both, sp2-and sp3-related
peaks are not separated in the O1s distribution suggests that there
is no phase separation between sp2 and sp3 regions in the sample, a
result which we also had obtain considering the location of the C1s
CeC peak at 285.0 eV.

It has been reported that oxygen atoms in carbonmaterials with
adsorbed water yield a peak in the 536e537 eV range (536 eV [96],
537.1 eV [66]). Since no such peak is found in our XPS spectrum, we
conclude that the water from the sucrose/naphthalene solution has
been completely extracted in drying the samples.

4. Discussion

We first discuss the Raman results. We find for our foam sample
that the D and G bands are distinctively separated, different from
the broad distribution of one unresolved peak observed for amor-
phous carbon [67]. This reveals that the foams have an ordered
atomic structure.

In a survey, values for the G-band position between ~1554 cm�1

and ~1595 cm�1 have been given for a range of graphene-, nano-
tube-, and fullerene-type carbon allotropes [68]. The G peak is
positioned at 1581 cm�1 [68] in pristine graphite. However, it is
usually shifted to higher values for the various nanocarbon mate-
rials. It was, for example, detected at 1593 cm�1 for carbon nano-
pearls [69], at 1591 cm�1 for carbon nanospheres [70] and
1595 cm�1 for graphene nanosheets [71]. The upshift of the Raman
band has been attributed to highly-curved structures and small
sizes of carbon species [68]. In our study of the carbon nanofoams
we find the G band at 1589 cm�1, which suggests that the nanofoam
has a wall structure composed of curved graphene walls.

Numerous studies have shown that the D-band lies at
~1350 cm�1 and is quite insensitive to the type of nanocarbons
considered. I has been located at this value for porous carbon
scaffolds (1350 cm�1, [72]), disordered nanocarbons (1350 cm�1,
[73]), nanopearls (1350 cm�1, [69]), carbon nanotubes (1349 cm�1,
[74]), and others. It was found at slightly higher values (1358 cm�1,
[75]) for cluster-assembled carbons, and at a lower value
(1337 cm�1, [70]) for carbon nanospheres. For the nanofoam sam-
ple in this study we find a value of 1371 cm�1 for the D band po-
sition which is consistent with the nanoporous structure of the
foam having a curved and strained wall structure.

The characteristic Raman band has been observed at
~1332 cm�1 for diamond films [76] and for nanocrystalline dia-
mond [77]. In the case of phase separation, separate diamond and
graphite areas would be present in the foam. However, no corre-
sponding feature is found in the foam spectrum. We conclude that
no indication for a phase separation of sp2 and sp3 regions is found.

We note that our foam samples show some structure in the
Raman spectrum for wave numbers ~1850e2140 cm�1, the range
where features due to carbon chains are usually observed [73]. In
this wavenumber range one expects a band originating from vi-
brations of carbon triple bonds, associated with the presence of
conjugated polyacetylenic bonds with a distribution of chain
lengths. The slightly enhanced intensity for wavenumbers
~1850e2140 cm�1, displayed in Fig. 2, indicates that carbon triple
bonds are included in the cell structure of the foam.

We don't have any indication for a 2D peak in our sample; if
present, its intensity is below the noise level. The 2D band, located
near 2700 cm�1, gives a very strong peak for pristine graphene.
However it is substantially reduced in finite graphene nanosheets
[78]. Also, its intensity is sensitive to the degree of order in the
sample. When exposed to Arþ-ion bombardment, this band
significantly decreases, as shown in a study where the distance
between ion impact-produced point defects was changed from
24 nm to 2 nm [79]. This reveals, that increasing degree of disorder
leads to a suppression of the 2D band. Therefore, this band is
usually not present in defective carbons such as graphene oxide
and graphene aerogels [80]. Another property influencing the
occurrence and height of the 2D peak is the curvature of the gra-
phene network. It has been shown that the 2D peak becomes
significantly lower when the diameter of a nanotube is reduced
from 20 nm to 3 nm [81]. These results indicate that the nanofoams
in our study have a strongly-curved defective graphene-type wall
structure.

The nanofoam samples show features in the Raman spectrum in
the wavenumber range of 800e1100 cm�1, as seen in Fig. 2 at

Fig. 3. XPS spectra showing the spectral regions of (a) C1s atomic carbon orbitals, and
(b) O1s atomic oxygen orbitals.
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847.5 cm�1 and 1043.9 cm�1. Two peaks in this range, at 860 cm�1

and 1100 cm�1, have previously been observed for carbon onions
[82]. A 1150 cm�1 mode has also been found for nanocrystalline
diamond [83]. A peak at 1190 cm�1 was observed for amorphous
hydrogenated carbon films produced by plasma deposition [84].
We conclude that our observed band at 847.5 cm�1 may originate
from structures similar to carbon onions. The 1043.9 cm�1 band is
well below the band for nanocrystalline diamond. Therefore there
is no indication for a diamond-graphite phase separation in our
samples.

Five bands characterize the Raman spectrum of naphthalene
(C10H8); at 513.8 cm�1, 763.8 cm�1, 1021.6 cm�1, 1382.2 cm�1, and
1464.5 cm�1 [85]. The Raman spectrum of our foam sample does
not show any sharp peaks at these wave numbers which points to
complete carbonization of the naphthalene in the hydrothermal
process of the sucrose/naphthalene solution.

Next we discuss the XPS results. Deconvolution of the C1s en-
velope for the nanofoams yields three peaks, labeled as C1, C2, and
C3 in Fig. 3a. We attribute the C1 component to CeC bonds, the C2
and C3 peaks to CeO and C]O bonds, respectively.

We consider the location of the C1 core line. There is a general
agreement (within þ/� 0.2 eV) about the binding energy of
284.3 eV for the 1s electron of a carbon atom in pristine graphite
[86]. This binding energy is also found for a variety of C-based
materials such as graphite oxide [87], multiwall carbon nanotubes
[88], amorphous carbon films [89], carbon blacks [66], thin films of
C60 [90], graphene [91], graphene oxide [92], and others. The
location of this peak has been shown to be quite insensitive to
strong changes in the carbon material's crystalline order. It was
found, that with intense Arþ ion radiation of highly-oriented py-
rolytic graphite (HOPG), the position of the C1 peak remained
almost unchanged while the width (FWHM) changed significantly,
from 0.6 eV to 1.5 eV [93]. Yet, small shifts to higher binding en-
ergies of 284.6 eV [94], 284.7 eV [95], and 284.8 eV [96] have been
observed for various graphene oxide materials. In our studies of
carbon nanofoams we also find an upward shift of the binding
energy and observe the CeC peak at 284.96 eV. This indicates that
the cellular walls of the foam in this study have structures related to
graphene oxide.

This shift in binding energy may be explained by the presence of
highly-curved and strained graphenewalls in the foam structure. In
fact, a value of 284.92 eV has been observed for strongly-curved
single-wall carbon nanotubes [88]. The observed peak position is
slightly below the sp3-originated C1s peak, which was found in the
range of 285.2 eVe285.8 eV for diamond [97], hydrogenated
amorphous carbon films [89], CVD diamond [89], and other
diamond-like structures [98]. Therefore we suggest that the foam
sample is characterized by a hybrid sp2-sp3 structure of cavities
with curved graphene sidewalls and with sp3 bonds providing the
links for the 3-dimensional graphene-like network. Hybrid
graphene-diamond structures have been previously suggested by
several research groups, with respect to their structural [99,100]
and electronic [8] properties, and to their phase stability [101].

Another area of discussion is the width of the observed XPS
peaks. For highly oriented pyrolytic graphite (HOPG) the crystals
have close-to perfect atomic structures and the C1s peak is narrow,
with a FWHM of 0.45 eV [93]. In defect-free graphite the electronic
environment is the same for all carbon atoms. Consequently, the
XPS spectrum of HOPG shows a narrow peak. Thewidth of the peak
is related to the heterogeneity of the electronic environment of the
carbon atoms. Differences in the nearest-neighbor configuration
will slightly shift the binding energy and cause a broadening of the
observed peak. For the foam sample we determine a full-width at
half maximum (FWHM) of 1.4 eV. We explain this by the

heterogeneity of the hybrid structure containing sp2-and sp3-type
carbon atoms without a major phase separation.

The C2 peak in the C1s distribution, at 286.2 eV, has an area of
32.0%. It has been assigned to CeOH bonds in a number of studies of
graphene oxidewith reported values of 286.4 eV [102] and 286.2 eV
[96]. It is typically found in the range of 285.5 eVe287.5 eV with
carbon samples prepared under various conditions [103]. The peak
receives its relatively largewidth from the coexistence of carbons in
sp2 and sp3 configurations.

The C3 peak, at 288.6 eV, has a relative area of 11.0% and can be
associated with C]O and carboxyl (COOH) groups [98,99]. These
two functional groups usually are strong features in graphene oxide
[104]. The C3 peak in our sample is well below the peaks at 290.6 eV
and 291.6 eV usually assigned to shake-up satellite (p -> p*) and
plasmon excitations, respectively [105]. In shake-up events the
emission process is accompanied by the promotion of an electron in
one of the highest occupied orbitals into one of the lowest unoc-
cupied orbitals. This leads to a photoelectron emitted from the solid
with lower kinetic energy and the appearance of a higher binding
energy for the C1s state. The lack of a plasmon excitation feature
shows the insulating character of the foam sample. Both excita-
tions, characteristic for HOPG, do not appear to be present in our
foam sample or are too weak to give a measurable signal in the XPS
spectrum. In fact, these features, related to the perfect crystal
structure of HOPG, disappear when HOPG is exposed to Arþ ion
radiation, i.e. with increasing degree of disorder [86].

One of the main objectives in the synthesis of new carbon ma-
terials is to find allotropes composed of carbon atoms in combined
hybridized states, such as sp-sp3, sp2-sp3, or sp-sp2-sp3. Also, car-
bon atoms may exist in intermediate states spn, where n is a frac-
tional number, with 1 < n < 2 for cyclo(N)carbons and 2 < n < 3 for
closed-frame structures [106]. On the other hand, two phases may
coexist side by side in different areas of a sample. For example, self-
formed C60 inclusions were found in hydrogenated carbon films
[107]. In this respect, it is interesting to ask if there is phase sepa-
ration between different hybridizations in the foam sample. For
example, clusters of sp3-bonded carbons could be incorporated in a
graphitic framework. If nanodiamond-type clusters were constit-
uents of the sample, one should observe a narrow C1s peak ac-
cording to these species. The 1s core level peak of pristine
nanodiamonds was observed at 289.07 eV [108], which is about
3 eV above the sp3 peak in bulk diamond. Since no such peak is seen
in our XPS spectra, we can exclude that nanodiamond areas are part
of the foam structure. The spectra rather indicate that the foam
scaffold is made of mixed sp2/sp3 bonding in a graphite-diamond
hybrid network.

Information provided by analysis of the O1s spectra can com-
plement the information from the analysis of C1s spectra. We note
that, because the O1s photoelectron kinetic energies are lower than
those of the C1s, the O1s sampling depth is smaller, and therefore
the O1s spectra are slightly more surface specific.

In Fig. 3b we display the O1s binding energy distribution in the
525 eVe545 eV region. The spectrum shows two main features; a
broad peak with relative peak area of 79.4% centered at 532.2 eV
and a narrow peak centered at 530.0 eV with 20.6 area%. The
observed maxima are very close to those found for oxygen-treated
carbon materials [109]. A peak at ~533 eV is usually assigned to
oxygen atoms bonded to carbon through aromatic sp2 orbitals. A
peak at ~531 eV is usually attributed to oxygen bonded to carbon
through aliphatic sp3 orbitals. The assumption of the coexistence of
two different oxygen functionalities in our sample is supported by
the very broad O1s peak at 532.2 eV, with a FWHM of about 3 eV.

The O1 peak, at 530.0 eV, is narrow and rarely seen in carbon
nanomaterials. However, it was observed in the studies of a single
layer graphene on Cu foil [110] with oxygen atoms adsorbed to the
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surface of the layer. In another study, this peak was found at
530.6 eV for graphene oxide and was assigned to oxygen atoms in
C]O bonds [111]. It is commonly observed, that the basal plane of
graphene in graphene oxide is functionalized mostly with epoxide
and hydroxyl groups, and the edges with carbonyl and carboxyl
groups. Therefore, for the foam samples in this study, we ascribe
the peak at 530.0 eV to oxygen atoms bonded to the basal plane of
graphene oxide walls forming the cavities of the nanoporous foam
structure.

We note that the type of oxygen functionalities present at the
carbon surface affects the electrochemical response of the carbon
material. It has been found that microporous carbon materials
cannot be fully wetted in aqueous solutions because of their hy-
drophobic character [112]. Higher oxygen content affects the elec-
tric field in the surface by changing local polarity, which leads to an
increase of the interactionwithwatermolecules [61]. The prospects
of future applications of carbon nanofoamsmay depend on the type
of oxygen functionalization in the foams, and basal-plane-attached
oxygen atoms may play a significant role in determining the elec-
trochemical properties.

It is not possible to directly determine if the micropearls seen in
the images of Fig. 1b are hollow with a thin graphite skin or if they
are solid with a cellular structure of cavities on the nanometer
scale. Both topologies could describe the ultralow density of the
foam. However, since we don't observe any water or sucrose sig-
natures in Raman and XPS spectra, the cellular structure with open
channels to the periphery of the foam seems to better describe the
foam morphology. These structures presumably have on the
nanoscale the topology of “negative-curvature” carbons (NCCs)
with graphene-thinwalls, similar to ‘schwartzites’, with sp2 and sp3

carbons forming an aperiodic space structure. N-gons larger than
hexagons may also contribute to the curved graphitic structure
[113]. Basal-plane hydrogenation and oxidation of the graphene
wall leads to out-of-plane corrugation and strain, as found in ma-
terials such as graphene oxide and graphane [114]. Similar struc-
tures seem to describe the walls of the nanofoams in this study.

5. Conclusion

We have shown with our investigations that a small amount of
naphthalene added to an aqueous sucrose solution, processed in a
hydrothermal reactor, leads to the formation of carbon nanofoam.
No traces of sucrose and naphthalene are detected in the foam and
we conclude that the sucrose/naphthalene solution has completely
been carbonized. The obtained foam has a continuous structure and
has ultralow mass density. He-ion microscopy studies show an
assembly of micron-sized carbon pearls as the structure of the foam
on the micrometer length scale. With further magnification, fea-
tures on as small as ~25 nm are observed. A porous structure on the
nanometer length scale is required in order to explain the ultralow
density of the foam. Raman and XPS studies of the foam sample
reveal the characteristic spectroscopic features of nanocarbons. In
addition, detailed analysis shows that signatures from aromatic and
aliphatic bonds are not separated but lead to combined peaks. This
observation helps to better understand the topologically complex
carbon foam structure. It indicates that there is no phase separation
between graphite- and diamond-like regions and that the foams
are structured as a network of carbons in a hybrid sp2/sp3 orbital
configuration. Further, the Raman and XPS results suggest that on
the nanometer scale the foams appear to be composed of a curved
graphene scaffold with oxygen functional groups at the basal-plane
of graphene. Neither water, sucrose, or naphthalene signatures are
seen in the spectra which suggests that the foam morphology does
not contain closed cavities but has channels open to the periphery
of the sample. Such an open cellular structure might be useful for

future applications of the material as a hydrogen gas or biomedical
liquid storage medium.
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Abstract
Highly uniform samples of carbon nanofoam from hydrothermal sucrose carbonization were studied by helium ion microscopy

(HIM), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy. Foams with different densities were produced by

changing the process temperature in the autoclave reactor. This work illustrates how the geometrical structure, electron core levels,

and the vibrational signatures change when the density of the foams is varied. We find that the low-density foams have very

uniform structure consisting of micropearls with ≈2–3 μm average diameter. Higher density foams contain larger-sized micropearls

(≈6–9 μm diameter) which often coalesced to form nonspherical μm-sized units. Both, low- and high-density foams are comprised

of predominantly sp2-type carbon. The higher density foams, however, show an advanced graphitization degree and a stronger sp3-

type electronic contribution, related to the inclusion of sp3 connections in their surface network.

2065

Introduction
Nanofoams are of considerable current interest due to their

unique structure, which lies between two and three dimensions,

allowing for many new types of materials with promising new

functions for future technologies. Since many material func-

tions rely on molecule–surface interactions and low-dimen-

sional properties, materials with large surface areas and a quan-

tum-confined nanoscale nature are of particular interest. Such

conditions are provided by porous materials with nanometer

dimensions. The main questions to be answered are related to

the synthetic methods for formation, the foam morphologies,

and the electronic and vibronic properties.

Nanofoam materials derived from various chemical elements

have been investigated. In particular, foams from transition

metals and noble metals have attracted attention, and interest-

ing applications have been developed. Nickel nanofoam has

been used for glucose sensing [1] and also been suggested for

high-performance supercapacitor electrodes [2]. Copper
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nanofoams containing both micropores and nanopores have

been produced for potential use in energy applications [3], and

furthermore, copper nanofoam substrates were used for the pro-

duction of electrocatalysts [4]. Gold nanofoams have been

found to show excellent catalytic properties [5]. Hydrogen ther-

moporometry was used to determine the pore architecture of

gold and titania nanofoams [6]. Nanofoams from low-mass ele-

ments are interesting with respect to possible energy harvesting

applications, e.g., high hydrogen storage capacity of 10 wt % in

Be nanofoam has been predicted [7]. Besides cellular structures,

other scaffolds have been suggested in some cases, for example,

for gold. Foams of connected gold nanowires have been de-

signed in molecular dynamics computer simulations [8]. Also,

for materials such as glass compounds, nanofoam with a three-

dimensional scaffold of interconnected nanowires have been

produced [9]. A few studies of semiconductor and insulator

nanofoams have also been reported. A sol–gel process was used

to produce silicon nanofoam and acousto-optic characteristics

were probed [10]. Silica nanofoam was used as a support mate-

rial for highly active single- and dual-site catalysts [11]. Macro-

porous structured materials with cavities of about 100 nm in di-

ameter have been reported for silica [12], and polyhedral

nanofoam shells with open cells have been produced [13]. A

labyrinth internal structure has been found for tantalum oxide

nanofoams [14]. All these studies show that functional

nanofoam materials can be produced from various chemical ele-

ments and compounds and that these foams are promising mate-

rials for future technologies. However, many questions about

the relationship between foam morphologies and corresponding

formation parameters are not answered. This is in particular true

for nanofoams of carbon, which can occur in many different

structural forms.

Among the chemical elements, carbon has the largest variety of

possible electronic configurations. Therefore, many researchers

have focused their interest in the study of novel carbon struc-

tures. A variety of production techniques have resulted in a

large number of carbon materials with different sizes and struc-

tural properties. In particular, nanocarbons have been the focus

since their properties depend critically on the synthetic

methods, and as a consequence, many exciting developments

have been reported [15].

The unique ability of carbon to occur in the form of sp1, sp2,

and sp3 hybridizations and combinations between these config-

urations results in a wide range of morphologies. Among these

are the complex carbon materials with nanometer-sized porous

structures such as carbon aerogels [16] and carbon sponges

[17]. Carbon nanofoams have first been produced using pulsed

laser ablation of glassy carbon in argon atmosphere [18] and

later, as graphite in liquid nitrogen [19]. Pulsed-laser deposi-

tion has also been used for the fabrication of carbon nanofoam

electrodes [20]. Carbon nanotube foam in the form of aligned

layered carbon nanotube structures infiltrated with pyrolytic

carbon is considered useful in water treatment and oil spill

cleanup [21]. Carbon nanofoam paper [22] is proposed for

energy storage applications. Carbon nanofoam composites may

be used for electrochemical capacitor electrodes [23] with

potential application in high energy density electrochemical

supercapacitors.

A promising formation method for high-quality carbon

nanofoam is the low-temperature hydrothermal carbonization of

sucrose [24]. In order to produce advanced carbon nanomateri-

als, there is a need for further development of this method since

it is environmentally friendly without the use of toxic chemi-

cals. Using this technique, the foams tend to be composed of

micrometer-sized spheres of predominantly sp2 carbon that

forms a three-dimensional open scaffold. These so-called

micropearls are usually detected as individual units which are

weakly connected, forming the foam structure. Their interac-

tion is not strong enough for coalescence to occur. The hydro-

thermal process allows for the variation of growth parameters

which may lead to further foam morphologies. The study of the

parameter–morphology relationship can help to better under-

stand the hydrothermal carbonization process, and in addition,

to tune the growth toward particular materials structures. Such

studies can considerably expand the possibility of production of

nanomaterials by hydrothermal carbonization.

In this paper, we probe two carbon nanofoam materials with

different densities produced by naphthalene-assisted hydrother-

mal sucrose carbonization. Structural, compositional, and vibra-

tional information is obtained by helium ion microscopy (HIM),

XPS (X-ray photoelectron spectroscopy), and Raman spectros-

copy, respectively. We find significant differences between

low- and high-density foams. The low-density foams consist of

small, individual micropearls with only a few being intercon-

nected. The high-density foams are formed by much larger

micropearls where most of them are coalesced into larger units.

Both the signatures in the XPS and the Raman spectra are dif-

ferent for the two types of foams. We discuss the foams

assuming a 3D-graphene-type network with open cavities

forming the micropearl structures.

Experimental
Hydrothermal reactor
Two stainless steel autoclaves, each with a volume of 130 mL,

were used for these studies; a setup which is similar to that

applied in our previous studies on carbon nanofoam [24]. The

autoclaves were filled with 0.5 M sucrose solution, and subse-

quently 2 mg of naphthalene was added to each container. Then,
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the autoclaves were sealed and connected to the heating supply.

Subsequently, one of the autoclaves was kept at 150 °C, the

other at 185 °C, each for 48 h. After cooling and opening, the

carbon foams which had formed in the container were extracted.

Then, boiling water was applied to separate the solid carbon

foam from the remaining liquid solution. After drying, the mass

densities of the foams were determined using a predefined

volume container and a high-precision balance.

Helium-ion microscopy
An Orion Plus (Carl Zeiss) helium-ion instrument was used. An

acceleration voltage of 34.9 keV and a beam current of 0.6 pA

were applied, and secondary electrons were detected to obtain

the images. Since the samples were not coated with conductive

layers, an electron flood gun was applied to stabilize charging.

Prior to imaging, the foam material was attached to the HIM

sample holder with conductive carbon pads.

The HIM induces a high brightness, low-energy spread,

subnanometer-size beam of helium ions [25]. An atomic-level

ion source (ALIS) is used for the production of the helium ions.

In this source, the beam is formed by ionization of helium

atoms at a sharp needle held at high positive voltage. Such a

beam of He ions has a diameter of typically less than one atom.

It is focused onto the substrate under investigation using an

electro-optical lens system. The image is then provided either

by ionoluminescence [26], Rutherford backscattering of the ions

[27], or secondary electron emission [28]. The high resolution is

given by the small subsurface ion beam spread [29]. The instru-

ment is suitable for the imaging of low-mass elements such as

carbon due to its very high brightness. In addition to imaging,

elemental analysis can be achieved with the He-ion microscope

[30]. In this work we chose to use the secondary electron emis-

sion setup for imaging of our samples.

Raman spectroscopy
Raman spectroscopy is a valuable method for the characteriza-

tion of carbon nanofoam [24]. In these studies, Raman spectra

were recorded using a micro Raman spectrometer (LabRAM

ARAMIS) which was operated in the backscattering mode. As

light source we used a diode laser at 473 nm, which was

focused onto the sample with a 10x microscope objective. A

thermoelectrically-cooled CCD detector was applied to detect

the scattered photon intensity. For the measurement, the foam

was mounted on conductive carbon tape.

X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy was performed in a UHV

system (Multiprobe, Omicron) at a pressure <10−9 mbar, as

applied in our previous work on carbon nanofoams [24]. The

combination of monochromatic Al Kα irradiation, an electron

analyzer (Sphera) with a resolution of 0.9 eV, and an emission

angle of 20° was used. The deconvolution of XPS peaks was

performed by consideration of a Shirley background and sym-

metric Voigt functions. The foam was attached to the XPS sam-

ple holder by conductive carbon tape.

In XPS, the elemental composition is obtained by measuring the

binding energy of photoelectrons which are emitted when a ma-

terial is irradiated by X-rays. The method is surface sensitive

due to the small inelastic mean free path of the photoelectrons.

With XPS, bond information can also be obtained since the core

level energies are affected by the chemical environment of the

atoms. For example, for carbon atoms, bonds such as C–C,

C=C, C–O, and C=O can be distinguished.

A large variety of carbon materials have been investigated by

XPS. In particular, XPS reveals important bonding information

about carbons with nanoscale units such as carbon nanotubes

[31], diamond-like carbon films [32], nanostructured carbon

films [33], tetrahedral amorphous carbon films [34], amor-

phous carbon [35], nanoporous carbon [36], activated carbon

[37], or carbon black [38]. In addition, XPS is important for the

analysis of chemical structure [39], in particular, for the investi-

gation of the sp2/sp3 hybridization ratio [35].

Results
Density
We determined the density of the foam by averaging over the

densities of several foam samples. Using two different process

temperatures of 160 and 185 °C in the autoclave resulted in av-

erage densities of 0.104 g·cm−3 and 0.278 g·cm−3, respectively.

These densities are significantly lower than the densities of

graphite (2.267 g·cm−3), amorphous carbon (1.8–2.1 g·cm−3),

carbon nanotubes (1.6 g cm−3) or diamond (3.515 g·cm−3) [40].

Various types of low-weight carbons have been reported

in the literature, with densities typically between 100 and

300 mg·cm−3. Among these are carbon aerogels [41-43], amor-

phous carbon nanoparticles [44,45], nanoporous carbons [46],

carbon nanotube scaffolds [47], and carbon foams [48,49]. The

densities of these carbon materials are significantly lower

compared to “heavy carbons” such as pristine graphite

(2.26 g·cm−3), CVD grown carbon films (2.14 g·cm−3 [50]), or

carbon nanotube forests (1.6 to 0.38 g·cm−3 [51]). Some tech-

niques have been reported which allow the production of

carbons in a wide density range (0.20 to 1.4 g·cm−3 [52]) when

production parameters were varied.

Microscopy
Figure 1a,b shows HIM images of low-density (LD) nanofoam,

and high-density (HD) nanofoams in the lower-panels (c,d). In
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Figure 1: Helium-ion microscopy (HIM) images of low-density (a,b) and high-density (c,d) carbon nanofoams, with different magnifications.

Figure 1a,c, relatively large-scale images are shown, with a

scale bar of 50 µm, for both, (LD) (a) and HD (c). It can be seen

that both foams have a granular structure composed of small

spherical-like units. This is further observed in the higher-

magnified images of Figure 1b,d, with a scale bar of 10 µm.

The low-density foams consist of nearly monodisperse small

spheres with diameters between 2 and 3 µm. These micropearls

have a narrow size distribution. The sample morphology is quite

uniform over large areas. Occasionally, the micropearls are

grown together forming larger units. However, in most cases,

the micropearls are individually separated from each other. This

is different for the high-density foams, displayed in Figure 1c,d.

Here, the individual carbon spheres are larger in size and show

a strong tendency for coalescence. In particular, Figure 1d

shows that the spheres are connected with necks formed be-

tween them. Obviously the two materials, with low or high

densities, are significantly different in form and size as seen by

comparison of the images in Figure 1b,d.

Raman spectroscopy
The Raman spectra for low-density and high-density nanofoams

are shown in Figure 2a,b, respectively. The two prominent car-

bon peaks are displayed. For the low-density foams we find the

G-peak at 1890 cm−1 and the D-peak at 1378 cm−1. Both peaks

are slightly shifted to lower wavenumbers of 1587.04 cm−1 and

1376.63 cm−1 in the high-density foam, respectively

(Figure 2b). This shift may be explained by the additional strain

of the sp2 network due to the formation of the neck area be-

tween spheres. In addition, the ratio of these peaks is different

for the two types of foams. In the high-density foam, the D- to

G-peak ratio is 0.54, slightly smaller than the value of 0.59 as

determined for the low-density foam. Even though the differ-

ence in the ratio is small, it suggests that the high-density foam

is of an increased graphitization stage, having a higher content

of sp2-type carbons with extended ordered graphitic regions. In-

creased process temperatures, resulting in higher-density foams,

obviously assists the formation of ordered graphitic wall struc-

tures. On the other hand, it also leads to extended growth of the

micropearls to larger sizes and to the coalescence of the

spheres.

In disordered carbon, the G- and D-peaks are usually grown

together forming one broad peak. In this respect it is interesting

to note that the G- and D-distributions for the nanofoams in this
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Figure 3: XPS spectra of low-density (a,b) and high-density (c,d) carbon nanofoams showing the C1s (a,c) and O1s (b,d) spectral distributions for
low- and high-density foams, respectively.

Figure 2: Raman spectra in the 900–2000 cm−1 range, for low- and
high-density carbon nanofoams.

study are formed by distinct peaks. This indicates that the

micropearls consist of a relatively well-organized internal

graphitic carbon structure.

We note that there is a gradual increase in the Raman intensity

from 900 to 1376 cm−1. This may be due to unidentified

vibrations of various types of nanocarbons and possibly

of hydrocarbons adsorbed in the foams. We note that at

1180 cm−1, a peak was determined for nanocrystalline

diamond films [53]. Also, two Raman features at 1180 and

1490 cm−1 in addition to the G and D peaks were observed

for carbon films prepared by magnetron sputtering [53]. A

correlation between the 1180 cm−1 peak and the sp3 content in

these films was found [53]. At approximately this wavenumber,

we see a small feature in the spectrum of Figure 2b. This indi-

cates that a small diamond-like contribution is present in these

foams.

XPS
In Figure 3, the XPS spectra of low- and high-density carbon

nanofoams are shown. The deconvolution of the C1s peaks

leads to the C1 and C2 peaks which are assigned to sp2- and

sp3-type carbons, corresponding to electron binding energies of

284.4 and 285.4 eV, respectively [54]. An additional peak, C3,

is detected at 288.6 and 288.5 eV, for the low- and high-density

foams, respectively.
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Comparing the C1s distributions of Figure 3a,c for the two car-

bon foams we find that the shape of the C1s peak significantly

changes from low to high density. In the low-density foam (a)

the C1s distribution is close to that of the distribution for sp2-

type carbon with a small asymmetry toward higher binding

energies. The distribution is quite narrow with a FWHM of

about 2 eV. When deconvoluted, we find the areas of 64% and

30% for sp2 and sp3 components, respectively. The distribution

in Figure 3c however shows a remarkably different sp2/sp3

ratio, with 40% and 51% for sp2 and sp3 components, respec-

tively. For the high-density sample, the sp3-content gives a

strong contribution, which suggests that diamond-like regions

are present.

There is an additional distribution found at about 288.5 eV

which is due to various types of carbon oxides [55-58]. This

peak increases from 5.9% to 8.2% for low- to high-density

foams and becomes broader. This suggests that more oxygen is

adsorbed in the high-density foam, and a wider variety of car-

bon oxide groups are present [55,59].

The O1s spectral distribution (Figure 3b,d) is also different for

the two types of foams. Two-curve deconvolution for the low-

density foam yields an O1 peak at 532.3 eV and an O2 peak at

533.8 eV, with corresponding relative areas of 62% and 38%.

We assign these peaks to C=O and C–O bonded carbon atoms,

respectively [60-62]. For the high-density foam, the O1 peak is

at 532.2 eV, with 55% relative area, a small downshift from the

low-density O1 peak. A significant difference between the two

foams is the relative area of the O2 peak, located at 533.8 eV,

which is 45% for the high-density foam. We conclude that from

low- to high-density foam, the number of C=O bonded carbon

atoms is reduced, and there are an increased number of C–O

bonded carbon atoms in the high-density foams.

Discussion
We have demonstrated that the simultaneous existence of high

pressure and high temperature in an autoclave with an aqueous

solution of sucrose/naphthalene precursor leads to the forma-

tion of high-quality carbon nanofoams. The foams have uniform

structure, predominantly composed of carbon microspheres. We

note that our production is performed at relatively low tempera-

tures of 150–185 °C and without a catalyst. The results show

that our method leads to different carbonaceous products if the

processing conditions are varied. Compared to other techniques,

the hydrothermal method provides us with a mild, green, and

fast technique which can easily be scaled up as a low-cost pro-

duction route for large-scale applications.

In addition, the hydrothermal technique leads directly to carbon

nanofoam with no further treatment necessary. This is impor-

tant since nanocarbon materials often need to be purified after

synthesis. For example, production methods such as arc dis-

charge [63] and laser ablation [64] may lead to carbon soot by-

products, and additional purification is required. The nanofoam

of our studies has a consistently homogeneous morphology and

no such post-treatment is necessary to obtain a good-quality

product.

From the HIM images we see that the carbon nanofoam consists

of a conglomeration of spherical bodies. The microspheres gen-

erally have a narrow size distribution. An attractive interaction

keeps the spheres together, forming the overall foam structure.

We find that if other variables are kept constant, the size of the

spheres is dependent on the process temperature. At higher tem-

peratures we still find spherical micropearls but with increased

diameters. This suggests that these species form by successive

addition of layers added to a spherical core. Growth may occur

in a concentric way leading to larger diameter spheres with in-

creasing process temperature. In addition, a higher process tem-

perature accelerates the growth process, facilitates the develop-

ment of higher structural order and leads to a more advanced

stage of carbonization. In the high-density foams, the micro-

pearls tend to be connected to each other, with different neck-

size diameters between adjacent pearls. Dangling bonds on the

surface of the micropearls may lead to high surface reactivity

and consequently to the aggregation of the spheres. In fact, such

effects have been observed in the growth of carbon structures

when the residence time in the autoclave was extended [65].

The advanced growth of the micropearls seems to be accompa-

nied with a thickening of the walls of the graphitic scaffold. We

assume that the wall structure starts with single- to few-layer

graphene at the beginning of the carbonization process. Then,

with further growth, additional layers of graphene are added to

the wall structure. Therefore, the foams are light weight when

formed in the initial stage of formation. In the experiment, this

is done by using low-temperature in the hydrothermal process.

At higher temperature, however, further progression of growth

occurs, leading to a thickening of the wall structure and an

increase in mass density. We found that the temperature used

for the production of the low-density foams is close to the lower

limit where foams start to form. This observation supports our

assumption that there is a successive wall thickening with in-

creasing temperature in the autoclave.

Our experiments suggest that the micropearls have an internal

structure made of thin graphitic walls, which change from

single-layer to multi-layer graphene with increasing progres-

sion of growth. A strictly two-dimensional graphene wall struc-

ture however does not explain the spherical shape of the micro-

pearls. Therefore, we assume that the nanofoam scaffold rather
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consists of curved graphene layers. In addition, these layers

need to have a certain degree of disorder providing the porous

structure of the pearls. The relatively broad Raman G and D

peaks indicate that in-plane and out-of-plane Raman excitations

are present.

While Raman spectroscopy probes the bulk of a sample, the

information provided by XPS measurements is strongly surface

related. The small (<10 nm) inelastic mean free path of the

ejected photoelectrons is the crucial factor determining the sur-

face sensitivity of XPS, which enables the quantitative estima-

tion of the elemental composition and the chemical environ-

ment in the direct vicinity of the sample surface [66].

The XPS spectra in Figure 3 show an increased sp3 contribu-

tion for higher-temperature-grown samples. We suggest that

this originates from the neck areas between the pearls. In the

neck section, the lattice structure is probably quite different

from the structure in the sphere. The spherical morphology can

be due to the presence of a 5/6 network with isolated pentagons

surrounded by hexagons, similar to the fullerene structure.

However, this structure cannot be used for the negative-curva-

ture surfaces in the neck area. Heptagons or sp3-related units

need to be incorporated for obtaining these areas connecting the

microspheres. This may lead to the observed increase of sp3-

character when the micropearls are connected.

Conclusion
In this study we have shown that the hydrothermal processing

of sucrose with the addition of a small amount of naphthalene

results in the formation of carbon nanofoam. The morphology

of the obtained foam depends on the process temperature in the

hydrothermal carbonization. High-quality foams with uniform

structures are produced using a green method with a nontoxic

precursor material. Foams with different mass densities can be

produced by variation of the process temperature. Mircopearls

are the basic units in the low-temperature foams, while

connected pearls form the high-density foams. The transition

from low- to high-density foams is accompanied by a change in

the graphitization degree as well as a change in the surface elec-

tronic configuration. With higher autoclave temperature, the

carbonization process becomes more effective, which leads to

an increase in sphere size and a thickening of the internal wall

structure.

The surface sensitivity of XPS exhibits a distinct difference in

the sp3 binding contribution of the two types of foams. While

higher-density foams show an increased degree of graphitiza-

tion (as observed with the Raman spectra), they also reveal a

significant increase of sp3 bonded atoms (as observed with the

XPS spectra). We relate this to the surface area network which

appears to be very different for the two types of foams. The for-

mation of neck areas between the partially fused micropearls

requires the inclusion of heptagons and sp3-type connections.

We conclude that the nanofoam materials exhibit physical prop-

erties originating from a mixture of carbon atoms with sp2 and

sp3 hybridization. The structure in the core of the micropearls is

based on a mostly sp2-type, three-dimensional network, whose

specific property stems from the curvature and interconnection

of graphitic basal planes. We assume that the low-density car-

bon nanofoam has the structure of such a three-dimensional

interconnected network of graphene. Depending on the growth

conditions, the sp2 carbon atoms can also form pentagonal and

heptagonal rings with sp3-type interconnections built into the

hexagonal network. The results show that the combination of

various types of n-fold rings and hybrid sp2–sp3 structures

makes carbon unique among the chemical elements, and it can

lead to the formation of a variety of geometrical carbon

nanofoam structures.
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Abstract: Unusual structure of low-density carbon nanofoam, different from the commonly observed
micropearl morphology, was obtained by hydrothermal carbonization (HTC) of a sucrose solution
where a specific small amount of naphthalene had been added. Helium-ion microscopy (HIM) was
used to obtain images of the foam yielding micron-sized, but non-spherical particles as structural
units with a smooth foam surface. Raman spectroscopy shows a predominant sp2 peak, which
results from the graphitic internal structure. A strong sp3 peak is seen in X-ray photoelectron
spectroscopy (XPS). Electrons in XPS are emitted from the near surface region which implies that the
graphitic microparticles have a diamond-like foam surface layer. The occurrence of separated sp2

and sp3 regions is uncommon for carbon nanofoams and reveals an interesting bulk-surface structure
of the compositional units.

Keywords: carbon; nanomaterials; nanofoam; nanostructured; porous; ultralight materials;
hydrothermal carbonization

1. Introduction

A large variety of nanomaterials can be formed from elemental carbon. Amorphous carbon
materials with a high fraction of sp2 bonds are named graphite-like carbons. When sp3 bonds are
dominating, the materials are named diamond-like carbons. Their properties depend on the relative
abundance of the sp2- and sp3- hybridized carbon atoms [1]. Carbon materials with both graphite- and
diamond-like bonds were realized by various synthetic methods, e.g., laser ablation, chemical vapor
deposition or hydrothermal carbonization [2]. For example, a material containing graphene sheets and
diamond-like structures has been observed after catalytic carbonization of wood charcoal [3]. In this
study, we focus on hydrothermal carbonization (HTC) for the synthesis of carbon nanofoam with
separated regions of sp2- and sp3-hybridized carbon atoms.

Hydrothermal carbonization is a promising method for the synthesis of carbon nanomaterials
from biomass [4] for a wide range of applications in fields such as energy storage environment
protection [5]. It has been used in industry for the production of fuels and other energetic materials [6].
The carbonization of sucrose biomass usually leads to foam-structured materials consisting of spherical
micron-sized particles [7]. It has been shown that a small amount of naphthalene added to a sucrose
solution acts as a nucleation seed during the HTC process leading to low density, high-quality carbon
foams consisting of micropearls with internal pores [8]. The surface of these materials has been
modified by chemical functionalization, and the bulk structure by introducing additional porosity [9].

C 2017, 3, 23; doi:10.3390/c3030023 www.mdpi.com/journal/carbon
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A different morphology has been obtained by adding graphene oxide to biomass, which results in
carbon materials with higher degree of carbonization and higher conductivity [10]. Porous carbon
structures have also been produced by HTC of crude plant material, which can be up-scaled to
large quantities with low cost, and these materials may have industrial applications for catalytic
support and for sorption purposes [11]. Other potential applications of carbon nanofoam include
hydrogen storage [12], cathodes for batteries [13,14] or composites for electrodes [15,16]. It follows
that the HTC method for the synthesis of functional carbon materials can be used for a broad range of
applications [2].

For this study, we produced carbon nanofoam by naphthalene-assisted hydrothermal
carbonization of sucrose. We find that the amount of added naphthalene critically determines the foam
morphology. At low naphthalene concentrations, the foam consists of an agglomeration of porous
micropearls [8]. At higher concentration, however, the carbon nanofoam consists of micron-sized
irregularly shaped particles with sponge-like surfaces as visualized by helium ion microscopy (HIM).
X-ray photoelectron spectroscopy (XPS) reveals a diamond-like carbon surface. The Raman spectrum
shows the D and G bands of carbon with a distinctly higher G peak. These results characterize the
foam as a material consisting of species with a graphite-like core and a diamond-like shell. The density
of the analyzed sample is 0.21 g·cm−3, far below the density of graphite, due to internal pores.

2. Results

2.1. Microscopy

Figure 1 displays two helium ion microscopy images of the carbon foam sample. Figure 1a
shows one side of a foam particle. The particle has a diameter of about 200 µm and a uniform rough
surface structure.

A higher-magnification image of the foam particle is presented in Figure 1b. It depicts the upper
right part of the particle shown in Figure 1a, and it can be seen that the surface has a sponge-like and
frayed character. The sponge-like surface implies a porous foamy structure, which is also indicated by
the low density of 0.21 g·cm−3 of the sample. The edge resolution of the image in Figure 1b is around
15 nm, which was determined by the distance between 25% and 75% of the maximum intensity of
a sharp edge [17].
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2.2. XPS

The chemical composition of the carbon nanofoam surface was determined by XPS. Figure 2a
shows the C1s and Figure 2b the O1s photoelectron signals of the foam sample. The de-convoluted
carbon curve in Figure 2a consists of five peaks, labeled as C1–C5. It has been shown that the
sp3-hybridized carbon peak is shifted around 1 eV from the sp2-hybridized carbon peak [18]. Therefore,
the two main peaks at 284.4 eV (C1) and 285.5 eV (C2) are assigned to aromatic and aliphatic carbons,
respectively. The C1 peak has an area of 28%, whereas the C2 peak has an area of 39%. Since XPS
is a surface-sensitive method, it follows that the foam surface has a diamond-like composition,
because the aliphatic carbons dominate in the spectrum. The remaining three peaks at 286.4 eV (19%),
287.3 eV (10%) and 289.1 eV (4%) are assigned to carbon–oxygen bonds; to hydroxyl, carbonyl and
carboxylic groups, respectively [19]. Further surface groups such as carboxylic anhydride, lactone
or lactol may also contribute to the carbon–oxygen peaks [20]. The feature at 289.1 eV, assigned to
O=C–OH, could in part be due to π–π* shape-up satellites associated with electron transitions between
the carbon HOMO–LUMO gap. Such satellite peaks have been reported in the literature at ~290 eV [21],
~290.5 eV [22], and ~291 eV [23].

The O1s curve shows the presence of the oxygenated groups as seen in the C1s spectrum and can
be divided into two components, C–O bonds at 533.4 eV and C=O bonds at 532.1 eV, with areas of 62%
and 38%, respectively. We note that no feature is observed at about 536.0 eV, where adsorbed water
would give a peak in the XPS O1s spectrum [22]. This shows that the water from the aqueous solution
has entirely been removed from the samples after extracting from the autoclave and their subsequent
thermal treatment. From these various results, we conclude that the surface structure of the nanofoam
can be described as a diamond-like open framework decorated with oxygenated functional groups.
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2.3. Raman Spectroscopy

The Raman spectrum shown in Figure 3 exhibits a pattern which is common for carbonized
materials [24]. We used a Gaussian two-curve fitting to decompose the main Raman signal into
two peaks. The deconvoluted G peak arises from graphite carbon bond-stretching motion and is
located at around 1582 cm−1. The second peak at around 1360 cm−1 is known as the defect-derived
D peak, and is assigned to ring breathing vibrations in benzene [19]. The peak locations are in good
agreement with literature values for disordered graphite, where the G peak is usually located at around
1580 cm−1 and the D peak at around 1350 cm−1 [25]. The observed G peak differs from the sharp
Raman peak at 1575 cm−1 for perfect graphite [26]. This reveals that the material has a mixed content
of aromatic and aliphatic carbons. The measured intensity of the D band relative to that of the G
band is 0.52 corresponding to the values for disordered graphite, which typically lie between 0.51 and
1.1 [27]. Since the G band is broader than 45 cm−1 (the value for graphite), the core of the foam appears
to be dominated by small aromatic clusters with sizes less than 10 Å [28].
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3. Discussion

We have confirmed that hydrothermal carbonization is an excellent method for the production of
high-quality carbon nanomaterials. It has generally been used in the past in industrial applications such
as, for example, the charcoal production from raw cellulosic materials [29], mesoporous carbons from
crude plant material [11], or ethanol from biomass [30]. If using natural precursor materials, excessive
purification however is usually required. No such purification is necessary if synthetic hydrocarbons
are used. Saccharides are among the precursor materials which are non-toxic and easily carbonized
without catalysts [7,19,31]. Among these, glucose [32,33] and sucrose [8] are convenient precursors.

Many carbonization studies were performed at high temperatures and high pressures (HTHP) [34].
Serp et al. [35], for example, produced carbon nanospheres (CNS) by decomposition of methane at
1100 ◦C, Wang et al. [36] by the decomposition of benzene at 1000 ◦C. With the support of catalysts,
pentane has been decomposed at 900–1000 ◦C [37], anthracene at 900–1000 ◦C [38] and camphor at
1000 ◦C [39], in all these cases resulting in the synthesis of carbon nanospheres.

With solid-state precursors, process temperatures above and below the critical point of water
have been used. For example, the hydrothermal carbonization was performed for cellulose in the
220–250 ◦C range [40], for glucose between 170 and 500 ◦C [19,41–44], for sucrose at 190 ◦C [45] and for
starch at 600 ◦C [46]. Process times were typically between 4 and 12 h. For some of the materials, the
graphitic nature has been improved by annealing the sample after synthesis. This typically requires
temperatures of up to about 2000 ◦C [47]. In this paper, we have shown for naphthalene-assisted
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sucrose carbonization that low process temperature of only 130 ◦C combined with a long process
time of 72 h can be used. Even at this low temperature, one obtains complete carbonization, with a
high-quality product of uniform morphology and a quite high degree of graphitization.

We also like to note that our use of sucrose as precursor material, without the addition of a catalyst,
is a sustainable, bio-based method for the “green” production of carbon materials. Together with the
low-temperature and low-pressure process conditions, no toxic byproducts and no necessary pre- or
post-purification, it provides an easy and clean way for the production of nanocarbons with promising
future applications.

The morphology of the carbon nanofoam obtained in this study is unique. Carbon nanofoams
usually consist of agglomerations of porous nano- or micron-sized spheres. Such so-called nano-
or micro-pearls have been produced by various methods such as laser ablation [48–50], chemical
vapor deposition (CVD) [39,51–60] or hydrothermal carbonization (HTC) [30–33,46,61–67]. In this
paper, we show that morphologies other than micropearls can be synthesized just by changing the
process parameters. In our previous study, carbon microspheres were formed by using hydrothermal
carbonization of a sucrose solution with a trace amount of naphthalene [8]. In the present work, we
have increased the naphthalene concentration and the process time which resulted in an entirely
different foam morphology. This shows that variations in the process conditions can have a major
effect on the outcome of the synthesis.

The diamond-like property of the foams in this study is unique since usually nanoporous carbon
materials are rather graphitic [68] or graphenic [69] in nature. This applies to various types of materials
such as nanoporous hard carbon microspheres [70], fiber-based nanoporous carbon [71], nanoporous
carbon tubes [72], nanoporous carbon films [73] or activated carbon [74]. The graphitic nature, given
by sp2 hybridization, provides the large surface area in the interior of the foam scaffold. Also, the
sp2-hybridization allows for a large variety of structures typically composed of planar aromatic sixfold
rings. In addition, inclusion of pentagons leads to ring structures with positive curvature, inclusion
of heptagons to areas with negative curvature. Furthermore, the aromatic graphene sheets can be
curved similar to those forming the carbon nanotubes. This can lead to a large variety of graphite-like
morphologies with many possible applications. For example, it is responsible for the uptake of
molecules such as methane [75], CO2 [76], proteins [77], or heavy metals [78]. Also, catalytic properties
of the foam [79], as well as gas- [80] and glucose-sensing properties [81] or photoluminescence [82]
are related to a graphitic or graphene-like interior of the foams. In particular, hydrogen storage,
long proposed for graphitic carbon materials [83], has recently been considered for nanoporous
carbons [84–86]. We note that a strong sp3 contribution, as observed for the nanofoam in this work,
will affect the general properties of these foams as well as their possible use in future technologies.
New applications may be possible for such diamond-like carbon foams.

Diamond-like features of a carbon nanomaterial in Raman spectra can arise mainly from two
different sources; either from sp3-related vibrations due to small regions of crystalline diamond (usually
nanodiamonds) [87], or from regions with amorphous sp3-related structures [88]. It has been well
documented that diamond films in Raman spectroscopy show a sharp feature at about 1332 cm−1 [88].
These phonon vibrations involve the sp3-hybridized carbon atoms in diamond. Very close to it, a band
centered at about 1350 cm−1 is generally associated with sp3 amorphous carbon sites and is called
D-band (D standing for “disorder”). The sharp peak of crystalline diamond may be superimposed on
the broader amorphous carbon band. However, for a material which contains both, amorphous and
nanodiamond regions, or a hybrid combination of both, the two bands usually cannot be distinguished
since the difference in location is only a few cm−1. In addition, upon shrinking of the crystal to the
nanoscale, major changes are observed in the Raman response of nanodiamonds: compared to bulk
diamond, the nanodiamond peak is shifted to lower frequencies and appears broadened, sometimes
with an asymmetry [89–91]. The phonon confinement effect is mainly considered as the physical
origin for these changes [92]. In addition, the position and line shape of the Raman bands may also
be affected by lattice defects in nanocrystalline areas resulting in phonon scattering as well as by
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strain in the sample. For example, Shin et al. [93] found that the G peak of the Raman spectrum shifts
to higher wave numbers with the increase of compressive stress. In our studies, only one band is
observed in the wavenumber region where either diamond structures and/or amorphous structures
would occur. This is not surprising, since both the close proximity of the sp3 bands for diamond and
of the amorphous carbon, as well as the confinement effect for small diamond clusters, leads to the
observation of just one band. We conclude that the D peak in the diamond-like foam of our studies,
being separated from the G peak and relatively narrow, may be due to an amorphous/nanodiamond
hybrid structure.

In our studies, the sp3-related D-band in the Raman spectrum is measured with relatively low
intensity but the C1s XPS spectrum shows a strong sp3-contribution. We relate these two results to the
different depth of probing the sample. While Raman spectroscopy yields results for the bulk of the
sample, XPS is strongly surface-sensitive. Therefore, we conclude that the bulk of the nanofoam of
this study is graphitic in nature while the surface is diamond-like. In addition, both the macroscopic
appearance and the HIM images reveal the foam structure of surface. In addition, we note that
the low value for the mass density indicates that the core of the foam has also porous structure.
The combination of the two different properties of core and surface regions may lead to exciting and
valuable new applications of this material.

In the XPS O1s spectrum, various functional groups can generally be assigned to the deconvolution
peaks [94–96]. In Figure 2, the peak at around 531.3 eV corresponds to C=O bonds, and the peak at
around 533.5 eV corresponds to C–OH and C–O bonds. The C=O peak dominates in the de-convoluted
O1s distribution. At binding energies below the C=O peak we observe a small peak which may be
assigned to quinone, which is expected to give a feature at 530.7 eV [97]. We note that diamond films
have been oxidized showing a strong O1s peak in the XPS [98]. The nature of the oxygen surface
groups was found to depend on the oxidation process [99]. Surface morphology was found to change
upon oxidation leading to lattice reconstruction at the oxygen-terminated diamond surface [100].

For diamond crystal surfaces, adsorbed oxygen exists in several functional surface groups [101].
The carbon–oxygen interaction of the diamond surface has been investigated and the oxidized diamond
surface has been found to be hydrophilic [102]. We note that in our sample the C=O peak is the strongest
peak in the O1s envelope. In fact, the C=O group has also been found as the dominant functional
group in oxidized diamond-like carbon films [103].

At about 535.8 eV, a peak would be observed for adsorbed water. However, no feature is seen at
this energy which shows that the water from the sucrose solution has successfully been removed after
synthesis. For foam structures with closed cavities the water would remain in the sample. However,
since no indication for water adsorption is seen in the O1s spectrum, we conclude that the foam
consists of an open scaffold able to release enclosed water by heating the sample after removing from
the autoclave. Also, this suggests that this material may effectively be used in adsorption applications,
since the pores are open to the environment.

We conclude that the carbon nanofoams, synthesized in these studies, have a new morphology
with a porous graphitic core and a diamond-like foam surface. These materials may have new and
unexpected applications in various fields of technology.

4. Instruments and Methods

4.1. Hydrothermal Synthesis

A 2M sucrose solution and 9 mg of naphthalene were filled into a 130 mL stainless steel autoclave
with a head space of 7 mm and heated at 130 ◦C. After 72 h, the formed foam was removed from the
autoclave, filtered with hot water and dried at room temperature. The resulting mass density of the
foam is 0.21 g·cm−3, calculated using a high-precision balance and a pre-defined volume container.
We note that control experiments, where no naphthalene was added, did not result in foam formation.
This suggests that naphthalene acts as a nucleation seed for starting the growth of carbon foam.
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The aromatic ring structure of naphthalene induces the formation of the graphitic carbon morphology.
Hydrothermal carbonization, however, is a very complex thermodynamic and chemical process with a
large variety of intermediate products. From our experimental results, we find that these intermediates
may also lead to diamond-like carbon formation.

Hydrothermal carbonization is a thermochemical process where hydrocarbon precursors are
transformed into all-carbon materials [2,9,61]. Variables such as precursor composition, as well
as autoclave temperature, pressure, and process time, critically determine the synthesized carbon
morphologies and their functionalities [104]. The reaction mechanisms are complex, and the
operational parameters are interconnected [105]. In addition, with higher temperature and pressure,
dramatic changes in the properties of water are known to occur. The dielectric constant of water for
example can be considerably lower compared to ambient conditions. The water density increases
with pressure and becomes an important variable in the hydrothermal reaction process [106].
At temperatures below 300 ◦C, the carbon materials are mainly produced by dehydration and
polymerization [2]. The mild temperature of 130 ◦C, applied in this work, is far below the critical
point of T = 373 ◦C, and therefore provides subcritical conditions. At this mild temperature, water
is considered as a reacting dehydrating agent. We note that the catalyst-free carbonization under
such subcritical water conditions is more environmentally friendly than most of the other production
methods for nanocarbon materials [107].

4.2. Helium Ion Microscopy

Helium ion microscopy (HIM) imaging [108] was performed with a Carl Zeiss Orion Plus [109,110].
The ion source of the HIM consists of an atomically sharp tip in helium gas, kept at high positive
voltage. Field ionization at the tip of the needle combined with an electrostatic ion optics leads to a
very bright He ion beam. The instrument was operated at an acceleration voltage of 34.9 keV, a beam
current of 0.3 pA and a working distance of 10 mm. The images were obtained by detecting secondary
electrons [111] with an Everhart–Thornley detector in the line averaging mode. Since we have used an
uncoated sample, an electron flood gun was applied during imaging to stabilize charging. Prior to
imaging, the foam was mounted on the sample holder with conductive carbon pads.

Compared to the scanning electron microscope (SEM), the helium ion microscope (HIM) can
be applied to a smaller probe size and has a larger secondary electron yield [108]. This leads to
images with stronger topographic contrast showing finer structures at the surface of the material [112].
HIM imaging is performed by a fine helium ion beam, and either the backscattered He ions or
secondary electrons are detected. The exceptional contrast in the secondary electron (SE) images
is due to the small surface interaction volume [113]. The escape depth for the emitted secondary
electrons is typically in the range of 5–15 nm for most materials [114]. The HIM provides a stronger
surface sensitivity compared to the electron microscope. The HIM also yields images with a better
signal-to-noise ratio [115]. Detailed modeling of the HIM image formation with secondary electron
analysis has been provided [116]. A focused spot size smaller than 0.25 nm [117] or 0.3 nm [118] has
been determined for imaging with the HIM in the SE mode.

4.3. Raman Spectroscopy

Raman spectra were obtained with a micro Raman spectrometer (Labram Aramis) operated
in the backscattering mode. Spectra at 473 nm were acquired with a 10× objective and a
thermoelectrically-cooled charge-coupled device detector. The foam was mounted on the sample
holder with conductive carbon pads.

Oscillating molecules and functional groups have vibrations which correspond to the molecular
structure and the microscopic environment. Such spectroscopic fingerprints, provided by Raman
spectroscopy, can be used to identify bonding configurations. Bulk crystalline, nanocrystalline, and
amorphous structures can usually well be distinguished. For carbon and carbonaceous materials [119],
Raman spectroscopy is a valuable method for the distinction between sp2- and sp3-related bonds as
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well as sp2/sp3 hybrid structures. It can even differentiate between different sp2 carbon nanostructures
such as carbon nanotubes and graphene [120].

4.4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed in a multi-chamber ultra-high vacuum
system (Omicron) using a monochromatic X-ray source (Al Kα) and a Sphera electron analyzer with
a spectral resolution of 0.9 eV. The spectra of the foam were measured at a chamber pressure below
10−9 mbar and an emission angle of 20◦. The foam was mounted on the sample holder with conductive
carbon pads. The spectra curves were fitted with a Shirley background for C1s, a linear background
for O1s and symmetrical Voigt functions for both spectra.

XPS has been successfully applied to many different carbon materials [121] such as activated
carbon [122], carbon spheres [123], amorphous carbon, nanodiamonds [124], diamond-like carbon
films [125], carbon nanotubes [126], or nanoporous carbons [127]. Also, it can be used to study processes
such as heat and chemical treatment [128], amorphization [129], electrochemical oxidation [130], or
structural deformation [131]. The use of XPS for chemical analysis [128] and bonding [127] is of
particular importance for solid-state research.

A characteristic feature of XPS measurements is that the instrument provides near-surface
information about a material. The mean escape depth (MED) of photoelectrons is a complex result
of various factors [132]. Both elastic [133,134] and inelastic [135] scattering of the photoelectrons
determine the surface sensitivity in XPS. The MEDs vary slightly for different materials and obtain
values such as 2.3 nm for polycrystalline silicon [136], 1.2 nm for germanium [137], 1–3 nm for various
carbon materials [138], or 1–2 nm for amorphous carbon [139]. In our studies, we detect O1s in addition
to C1s photoelectrons. It has been pointed out that the escape depth of O1s electrons in photoemission
is of the same order as that of C1s [140]. This suggests that the MED in our XPS experiment is 1–2 nm,
for photoelectrons from both the carbon and the oxygen core levels.
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