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Abstract
Primary brain cells cultured on flat surfaces, i.e., in a two-dimensional fashion, have a long history of use as an experimental
model system in neuroscience research. However, it is questionable to which extent these cultured brain cells resemble their
in vivo counterparts. Mainly, it has been claimed that the non-oxidative glucose metabolism reflected by lactate production is
unphysiologically high. Furthermore, it is known that culturing in 2D alters the phenotype of cells. Here we present
diphenylalanine peptide nanowires (PNWs) as a culturing substrate for primary neocortical neurons from mice. The topology
of the PNWs leads to neuronal cultures developing in 2.5D environment and hence improved culturing conditions. We inves-
tigate the effect of different concentrations of PNWs and different cell densities of neurons on the culturing conditions. The
neocortical neurons were examined through scanning electronmicroscopy in order to study the effect of PNW concentrations and
neuron densities on the structural appearance of the cells. Then employing the optimal combination of neuron density and PNW
concentration, the neurons were evaluated functionally and metabolically by comparison with neocortical neurons standard
culturing methods in 2D. Specifically, we tested neuronal viability, capacity for vesicular release of neurotransmitter GABA,
as well as oxidative and non-oxidative glucose metabolism. It was evident that neurons cultured on PNWs exhibited increased
viability combined with an increased capacity for neurotransmitter release and a lower fraction of non-oxidative metabolism than
neurons cultured in 2D. Hence, neocortical neurons cultured in 2.5D on PNWs appear to be healthier and less glycolytic than
neurons cultured in 2D.

Keywords Peptide nanowires . Cell culture . Cell viability . [U-13C] glucose . Neocortical neurons . Neurotransmitter release

1 Introduction

Primary neuronal cell cultures have long been one of the key
elements in neuroscience research. A wide range of neuronal
cells have been utilized in order to obtain knowledge of the

brain and its circuitry. Depending on the cell type, a variety of
culturing protocols have been developed. Traditionally, neu-
ronal cells are cultured in 2D on either polystyrene or glass.
Most often, the cells are cultured using either culturing flasks
or Petri dishes [1–3]. However, this is changing, and over the
last decades, there has been an increased focus on developing
systems that mimic the in vivo environment of cells. This is
being achieved both by introducing lab-on-a-chip systems for
culturing and by developing new culturing substrates. A com-
mon approach for creating more in vivo-like conditions is to
provide the cells with a 3D environment, as it is known that
culturing in 2D is more prone to alter the phenotype of cells. A
simple and widely used method is to culture cells in a gel
matrix [4–6]. However, having the cells in a matrix compli-
cates post processing and analysis. By culturing in 2.5D on
substrates with an alternative topology like for example mem-
branes [7–10], nanostructures [11, 12], or even pillars
[13–16], some of the benefits of 3D culturing can be obtained
while providing the possibility of conventional post-culture
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handling. Both ordered and random structures have been dem-
onstrated to affect cell growth. Unfortunately, these structures
have not affected cell growth in a predictable manner as the
various topologies influence the development of cells differ-
ently. This was observed not only in primary cultures of neu-
rons which are known to be relatively fragile but also in more
robust cell lines [13, 15, 17–19].

In the search for new culturing substrates, peptides are of-
ten encountered as a means to ensure temporally stable adhe-
sion (important for implants) or enhance physical stability
based on self-assembly properties. In relation to cell cultures,
peptides are mainly used as a component in hydrogels or as a
substrate modification [4–6, 20–25] but peptides also show
potential within, e.g., drug delivery, biosensors [26–29],
cleanroom fabrication [30], and for electrode functionalization
[31, 32].

The peptide diphenylalanine has been shown to self-
assemble into a wide range of structures, including but not
limited to fibers and nanowires [26, 33]. Previously, cells such
as chondrocytes and fibroblasts have been cultured on sub-
strates based on modified diphenylalanine [34–38].
Unmodified diphenylalanine peptide nanowires (PNWs) have
previously been shown to support and possibly improve neu-
ronal cell line cultures [31, 39]. The PNWs provide an ordered
surface at high concentrations (PNW grass) and a randomly
ordered surface at lower concentrations [31]. In this paper, we
visually examined the phenotype of primary cultures of neo-
cortical neurons grown on various concentrations of
diphenylalanine PNWs. Based on this, we select the most
favorable concentration of PNWs and evaluate the functional
and metabolic features of primary neocortical neurons cul-
tured on a surface of unmodified PNWs. In parallel, neurons
plated on poly-D-lysine-coated polystyrene in 2D served as
control. As various studies show that cells thrive better on
non-flat substrates [7, 19, 40–44], we hypothesize that neo-
cortical neurons cultured on PNWs are functionally and met-
abolically superior to neurons cultured the traditional way in
2D.

2 Materials and Methods

2.1 Ethics Statement

All animal procedures were conducted in accordance with EU
and Danish laws regulating animal experiments.

2.2 Materials

Chemicals for synthesis of peptide nanowires are
diphenylalanine (BACHEM, Bubendorf, Switzerland),
1,1,1,3,3,3-hexafluoro-2-propanol (HFP; Fluka, Buchs,
Switzerland), aniline (Sigma-Aldrich, St. Louis, MO, USA),

and silica beads with orange indicator (Merck Millipore,
Darmstadt, Germany). Pregnant mice of 15-day gestation
were obtained from Harlan (Venray, the Netherlands). Fetal
calf serum was purchased from Seralab Ltd. (Sussex, UK)
while culture medium (Dulbecco’s minimal essential medi-
um), poly-D-lysine (molecular weight > 300.000 g/mol), tryp-
sin, DNase, cytosine arabinoside, N,N-dimethylformamide
(DMF), and N-methyl-N-(tert-butyldimethylsilyl)
trifluoroacetamide (MTBSTFA) were from Sigma-Aldrich
(St. Louis, MO, USA). [U-13C] glucose was obtained from
Isotec, Sigma-Aldrich (St. Louis, MO, USA); γ-vinyl-
GABA (GVG, vigabatrin) was purchased from Tocris
(Bristol, UK) and [3H] GABA was from Amersham
Bioscience (Buckinghamshire, UK).

2.3 Synthesis of Self-Assembled Diphenylalanine
Peptide Nanowires

Diphenylalanine PNWs were synthesized on cover glass
employing a slight modification of the procedure previously
described [31, 39, 45–47]. The procedure is illustrated in
Fig. 1a. Briefly, solutions of 10, 25, 50, 75, 100, and
125 mg/ml diphenylalanine in HFP were prepared and added
to the glass slide in an amount barely sufficient to cover the
slide. Subsequently, the substrates were dried under anhy-
drous conditions in a vacuum desiccator for 15 min. The sub-
strates were then placed in a glass container without a lid (Fig.
1b) and a second glass container was partly filled with aniline.
The two containers were placed inside a third glass container
which was covered by a lid. The entire ensemble was placed in
a large glass Petri dish, and the space between the ensemble
and the dish was filled with silica gel to absorb excess aniline
vapor that might escape under the lid (Fig. 1b). Everything
was wrapped in aluminum foil and placed in an oven at
120 °C for at least 10 h. After this, the package was
unwrapped and the lid immediately removed from the large
container to prevent condensation of aniline. It should be not-
ed that the high concentration of PNWswill result in vertically
aligned wires (PNW grass) while low concentrations will re-
sult in wires that are scattered across the surface with a random
orientation and not necessarily covering the entire surface
[31].

2.4 Preparation of Primary Neocortical Neuron
Cultures

Neocortical neurons were isolated and cultured as previously
described [48, 49]. Briefly, pregnant mice of 15-day gestation
were sacrificed by cervical dislocation, and the embryos were
immediately dissected from the amnions under aseptic condi-
tions. Cerebral cortices were isolated from each embryo and
the tissue was diced using a razor blade. Following
trypsinization (0.2 mg/ml trypsin, 37 °C, 10 min), the cells
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were triturated in a solution containing DNase (75 IU/ml) and
trypsin inhibitor from soybean (0.53 mg/ml). The cells were
suspended in a slightlymodifiedDulbecco’s minimal essential
medium (DMEM) containing 24.5 mMKCl, 12 mM glucose,
and 10% fetal calf serum. Subsequently, the cells were seeded
in 35-mm Petri dishes with or without a cover glass insert
containing PNWs. Prior to culturing, all Petri dishes (with
and without PNWs) were coated with poly-D-lysine
(50 mg/L) overnight at room temperature. The neocortical
neuron cultures were kept at 37 °C in a humidified atmosphere
and used for experiments after 7–8 days in vitro. On the sec-
ond day of culturing, cytosine arabinoside was added (20 μM;
final concentration) to prevent astrocyte proliferation. Further,
on days 2 and 5 the culture medium was supplemented with
glucose to a minimum concentration of 12 mM.

For the initial screening, two different densities of cells
(1.75 × 106 cells per ml and 2.5 × 106 cells per ml) were cul-
tured on 8 different substrates, i.e., two reference substrates
without PNWs (polystyrene and glass) and 6 substrates (glass)
with 10, 25, 50, 75, 100, and 125 mg/ml PNWs, respectively.
The neuronal cells cultured on the different substrates were
evaluated visually by qualitatively assessing three factors, i.e.,
homogeneity of cell coverage, cell connectivity, and morpho-
logical appearance (Fig. 2).

2.5 Fixation of Cell Cultures

In order to visually inspect the phenotype of the cells, the cell
cultures were fixated using 2% glutaraldehyde. The culture
medium was removed from the Petri dish and the neurons
were washed twice with phosphate buffered saline (PBS).
The cells were subsequently fixated in 2% glutaraldehyde
dissolved in 0.1 M PBS for 1 h. The fixated neurons on cover
glass were bathed 2 times 5 min in PBS and then 10 min in
sterile water. The cells were dehydrated in a series of ethanol
baths (50-60-70-80-90-100%, 5 min each) and then air dried.

2.6 Scanning Electron Microscopy

The fixated cells were inspected visually using a FEI Quanta
200 ESEM FEG scanning electron microscope. The samples

were placed on aluminum pin stubs (Agar Scientific, Essex,
United Kingdom) using Leit Adhesive Carbon Tabs (Agar
Scientific, Essex, United Kingdom). The microscope was op-
erated under low vacuum conditions using a large field detec-
tor. Water vapor was used to visualize the low/non-conductive
samples. The samples were inspected from the top using an
angle perpendicular to the cell layer.

2.7 Viability Test

After 7 days in vitro, neuronal viability was tested by
assessing lactate dehydrogenase (LDH) activity in cell ex-
tracts and in the culture medium, i.e., intra- and extracellularly.
This method is based on the fact that the cytosolic enzyme
LDH is able to traverse the membrane only when the mem-
brane is disrupted, i.e., in dead cells [50]. Moreover, we tested
neuronal robustness by assessing neuronal viability following
a challenging event, namely following incubation for 24 h in a
fresh medium devoid of fetal calf serum. Again, LDH activity
was determined both intra- and extracellularly. LDH activity
in cell extracts and media was measured employing a colori-
metric LDH assay kit (Abcam, Cambridge, UK; product num-
ber: ab102526), and the assay was conducted according to the
manufacturer’s instructions. The viability was calculated as
the intracellular LDH activity relative to total LDH activity
(the sum of intra- and extracellular LDH activity).

2.8 Vesicular Release of Neurotransmitter GABA

Neocortical neurons cultured on PNWs or in 2D on polysty-
rene were pre-incubated in the presence of the GABA trans-
aminase inhibitor γ-vinyl-GABA (GVG; Vigabatrin) for
30 min prior to loading of [3H] GABA for another 30 min.
Pre-incubation with GVG was necessary to avoid metabolism
of the radiolabeled GABA [51] as this would confound the
subsequent data interpretation. After the loading period, the
cell cultures were transferred to a superfusion paradigm as
described by Drejer et al. 1987 [51] and superfused with
HEPES buffer containing in mM: HEPES, 10; NaCl, 135;
KCl, 5; CaCl2, 1; MgSO4, 0.6; and glucose, 2.5. The flow
was 2 ml/min. After 10 min of equilibration in this medium,

a) b)

Fig. 1 Preparation of peptide nanowires (PNWs). a Illustration of PNW
synthesis. b Setup for PNW synthesis. One container holds the glass
substrates with a monolayer of dry diphenylalanine and a second holds

aniline for creating aniline vapor. The containers are placed in a larger
container with a lid to create a closed system.
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depolarization was induced by switching the medium to a
HEPES buffer containing 55 mM K+ (with an equimolar re-
duction in Na+) for 30 s every 4 min for a total of 8

stimulations. The superfusion medium was continuously col-
lected in fractions of 30 s, i.e., 1 ml/fraction. At the end of an
experiment, the cells were extracted using 70% ethanol, and

a)

1.75M, 50 mg/ml 500 µm

b)

1.75M, glass: 0 mg/ml 500 µm

c)

1.75M, 50 mg/ml 100 µm

d)

2.5M, 10 mg/ml 100 µm

e)

1.75M, 100 mg/ml 20 µm

f)

2.5M, 10 mg/ml 20 µm

Fig. 2 Examples of scanning electron microscopy pictures. Scanning
electron microscopy pictures showing a homogeneously distributed
cells, b inhomogeneous distribution of (migrated) cells, c well connected

cells, d poorly connected cells, e cells with retained cell soma, and f cells
with smeared cell soma
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the cell extracts as well as all fractions were analyzed for
radioactivity by scintillation counting [52]. Vesicular release
of GABAwas calculated by dividing the radioactivity in each
fraction by the total amount of intracellular radioactivity at
that time, i.e., the sum radioactivity of subsequent fractions
plus the radioactivity in the cell extract at the end of the ex-
periment. The release curves obtained in each batch of neuro-
nal cultures [3, 4] were averaged, and the resulting curve was
used to determine the area under the curve (AUC) for each
peak. These values were subsequently normalized to the con-
trol peaks generated in the same batch of neuronal cultures.

2.9 Incubation Experiments to Investigate Glucose
Metabolism

Culture medium from cells grown on PNWs or polystyrene
was removed; the cells were washed once with 37 °C PBS and
incubated in a modified DMEM without serum containing
2.5 mM [U-13C] glucose for 30 min. Subsequently, the incu-
bation medium was collected, and the cell layer was washed
once with ice cold PBS. The cells were extracted employing
2 × 500 μl ice cold 70% ethanol and scraped off the substrate
using a rubber policeman. When PNWs were used as sub-
strate, these were scraped off simultaneously. Following cen-
trifugation at 20,000g for 10 min at 4 °C the supernatant was
transferred to an Eppendorf tube and lyophilized before HPLC
and GC-MS analyses while the pellet was used for protein
determination.

2.10 Protein Determination

The pellets consisting of cell remnants and in some cases
PNWs were left at room temperature overnight to dissolve in
1 M KOH. While the cell remnants were soluble in KOH, the
PNWs were not. Following a short spin at 600 rpm for 30 s at
room temperature, the supernatant was removed and kept at −
20 °C until analysis for protein determination. The protein
content was measured employing a Bicinchoninic acid
(BCA) assay (Thermo Scientific, Rockford, IL) using bovine
serum albumin (BSA) as standard and absorbance was deter-
mined at 550 nm.

2.11 HPLC Analysis

The lyophilized cell extracts were resuspended in water, and
an aliquot was used to determine the content of alanine, glu-
tamate, GABA, and aspartate intracellularly. The amino acids
were pre-column derivatized with the fluorogenic
orthophthalaldehyde (OPA) in 0.4 M borate buffer (Agilent
5061-3339; pH 10.2) and separated by reversed phase HPLC
using a C18 column (Zorbax Eclipse Plus 4.6150mm, particle
size 3.5 μm; 959963-902, Agilent Technologies, Santa Clara,
CA, USA). A mobile phase gradient was used employing

mobile phase A (10 mM NaH2PO4, 10 mM Na2B4O7,
0 . 5 mM NaN3 ; pH 8 . 2 ) a n d mob i l e p h a s e B
(acetonitrile:methanol:milli-Q water; 45:45:10 (v:v:v)). The
percentage of mobile phase B increased linearly from 2 to
57% in 30 min, and from 57 to 100% in 0.1 min. At time
33.6 min, the percent of mobile phase B returned to 2% and
was maintained at that level. The total run time was 35 min
and the flow of the mixed mobile phases was kept at 1.5 ml/
min. A standard curve containing the relevant amino acids in
concentrations from 5 to 300 μM was used to determine ami-
no acid content in the sample and this was related to the pro-
tein content.

2.12 GC-MS Analysis

Following lyophilization of cell extracts and reconstitution in
water, the incorporation of 13C from glucose into relevant
metabolites (lactate, alanine, glutamate, GABA, and aspartate)
was determined employing GC-MS as previously described
by Walls et al. 2014 [49]. Briefly, an aliquot of the
reconstituted cell extracts was acidified using HCl (pH 1-2)
and dried under a nitrogen flow. The metabolites were extract-
ed into an organic phase using successive steps of ethanol and
benzene addition. Following evaporation to complete dryness
under nitrogen, the metabolites were derivatized with
MTBSTFA containing 1% v/v tertbutyldimethylchlorosilane
in the presence of N,N-dimethylformamide (DMF,
Mawhinney et al. 1986) [53]. Analyses were performed on
an Agilent Technologies 7820A chromatograph, J&W GC
column HP-5MS, parts no. 19091S-433 coupled to a mass
spectrometer (Agilent Technologies 5977E). All data were
corrected for natural abundance determined from an unlabeled
standard containing relevant metabolites and which was ana-
lyzed in the same GC-MS sequence. The enrichment of 13C in
metabolites was calculated as described by Walls et al. 2014
and Biemann 1962 [49, 54].

2.13 Metabolism of [U-13C]Glucose

Each molecule of [U-13C] glucose can, via glycolysis, be me-
tabolized to two molecules of [U-13C] pyruvate. Due to the
high activity of the enzymes lactate dehydrogenase and ala-
nine aminotransferase, the pyruvate pool is in equilibrium
with the pools of lactate and alanine. As the pool of pyruvate
is small and below the detection limit of the GC-MS instru-
ment, the 13C labeling in lactate and alanine reflects the label-
ing in pyruvate. [U-13C] pyruvate may alternatively be con-
verted to [1,2-13C] acetyl co-enzyme A which is introduced
into the TCA cycle by condensation with oxaloacetate to form
double-labeled (M + 2) citrate. This is further converted to
double-labeled α-ketoglutarate which may give rise to
double-labeled (M + 2) glutamate. The 13C labeling in gluta-
mate reflects that in α-ketoglutarate due to the high activity of
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aminotransferases exceeding that of the TCA cycle by several
fold [55]. Glutamate is precursor for GABA synthesis and
hence double-labeled (M + 2) glutamate can give rise to
double-labeled (M + 2) GABA. Alternatively, double-labeled
(M + 2)α-ketoglutarate may be metabolized in the TCA cycle
to form double-labeled (M + 2) oxaloacetate which may be
transaminated to double-labeled (M + 2) aspartate by aspartate
aminotransferase.

2.14 Data Analysis

The culturing conditions for neurons on PNWs were qualita-
tively determined from the initial scanning electron micro-
scope inspections, which indicated that a density of 1.75 ×
106 cells per ml cultured on 50 mg/ml PNWs was optimal.
Statistically significant differences between data obtained
from neurons cultured on PNWs under these conditions and
those from controls cultured in 2D on polystyrene were deter-
mined employing an unpaired Student’s t test. Graph Pad
Prism 6 was used to identify significant differences and data
were taken to be statistically different when P < 0.05. Data
were excluded from the data set when identified as significant
outliers employing Rout’s outlier test. All results are presented
as averages ± standard error of the mean (SEM).

3 Results and Discussion

Neurons plated at densities of 1.75 × 106 cells per ml and
2.5 × 106 cells per ml were morphologically evaluated by
scanning electron microscopy. For each cell culture, 5 to 10
spots were visually inspected following fixation with glutar-
aldehyde. The density and appearance of cells varied across
the culture dish, and the results presented in Fig. 2 show the
general trend observed. At a density of 1.75 × 106 cells per ml,
the neurons appeared morphologically healthier, and the cell
distribution on the surfaces was more homogeneous compared
to cells plated at a density of 2.5 × 106 cells per ml. In addition,
plating with this higher density resulted in the cells being
washed off during the fixation procedure, and hence the lower
cell density was chosen for the subsequent characterization of
neurons cultured on PNWs and polystyrene, respectively.

From the visual inspection, we observed that in general,
neurons cultured on peptide-covered surfaces appeared
healthier than those cultured in 2D independent of the surface
material (glass or plastic). The neurons cultured on bare glass
cover slips were often migrated into clusters (Fig. 2b) whereas
the cells on both plastic and peptide-covered glass exhibited a
more homogeneous distribution (Fig. 2a). Neocortical neu-
rons cultured on low concentrations of PNWs (10 mg/ml;
Fig. 2d) resemble those cultured in 2D on polystyrene (Fig.
2b). However, once the layer of PNWs becomes confluent
(50 mg/ml and 100 mg/ml), the health status of the neurons

seems to improve as observed by increased homogeneity and
connectivity (Fig. 2a, c).

It was noted that many neurons did not retain their shape
throughout the fixation procedure, resulting in a smeared ap-
pearance (Fig. 2f as opposed to Fig. 2e, where the cell soma is
retained). This is a common undesired side effect of the
fixation-dehydration procedure and was observed, irrespec-
tive of cell density and peptide concentration. Compared to
previous work conducted by other research groups, our neu-
ron cultures appear healthy with a well-developed neurite net-
work [40–44]. However, as the dimensions of the PNWs are
of the same order of magnitude as the neurites, it is difficult to
distinguish the full extent of the network (Fig. 2c, e).

Altogether, conclusion based on visual inspection using
scanning electron microscopy is that primary neocortical neu-
rons seem to thrive better on a surface covered by PNWs
compared to that of a flat 2D glass or polystyrene surface. A
density of 1.75 × 106 cells per ml cultured on 50mg/ml PNWs
appeared (at least qualitatively) to provide the most favorable
culturing conditions, and hence this combination was used for
further characterization of neocortical neurons cultured on
PNWs.

The neocortical neurons grown using this selected proce-
dure was then further investigated for improved function, with
regard to viability, functionality, and metabolic activity. Sister
neurons cultured the traditional way in 2D on polystyrene
served as control.

Viability was assessed by measuring LDH activity intra-
and extracellularly and is reported as the percent of intracel-
lular LDH activity relative to total LDH activity (the sum of
intra- and extracellular LDH activity). It was observed that in
the control condition, approximately 95% of the neocortical
neurons cultured on PNWs were viable following 1 week
in vitro compared to approximately 86% of those cultured in
2D on polystyrene (Fig. 3; control).

This slightly higher viability for neurons cultured on PNWs
corresponding to an increase of only about 10%may not seem
noteworthy although statistically significant (P = 0.0138).
However, the mortality ratio calculated as the percent extra-
cellular to total LDH activity is reduced from ~ 14 to ~ 5%,
i.e., a remarkable reduction in mortality of about 60%, when
neurons are grown on PNWs. This greater viability when
PNWs are used as substrate for culturing is compatible with
the visual inspections from the scanning electron microscope
proposing that neurons cultured on PNWs thrive better than
those cultured in 2D. Although not significant, the same ten-
dency is observedwhen the cells were challenged by changing
the medium to a fresh medium devoid of fetal calf serum (Fig.
3; -FCS) for 24 h.

It should be noted that the control condition reflects cell
death during the 7-day culturing period whereas the -FCS
condition reflects cell death over a 24-h period following a
medium change. Accordingly, the percent viability calculated
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for the two conditions cannot be directly compared, and the
similar percentages observed in the control and the -FCS con-
ditions do not reflect equal intracellular LDH activity.
Actually, the intracellular LDH activity in the -FCS condition
is only about one-third of that observed following 7 days of
culturing (results not shown), confirming the harmful effects
of removing fetal calf serum.

Functionally, the neurons cultured on PNWs were tested
with regard to their capacity to release preloaded [3H] GABA
upon stimulation induced by an elevated K+ concentration.
The release curves for neurons cultured on PNWs and on
polystyrene, respectively, were calculated as the fractional ra-
dioactivity in each superfusion fraction relative to the intracel-
lular radioactivity at the given time (Fig. 4a). To visualize any
differences in AUC between neurons cultured on PNWs and
those on polystyrene, the baselines were in both cases adjusted
to the same average, in this case, 0.05. The release curves were

analyzed for AUC for each peak reflecting vesicular release of
neurotransmitter GABA, i.e., neuronal function, and normal-
ized letting the control represent 100%. The vesicular GABA
release from neurons cultured on PNWs was significantly
higher compared to that observed in controls (Fig. 4b).
Again, this supports the hypothesis that neurons appear to
thrive better on PNWs compared to when cultured in 2D.
Moreover, it is generally accepted that the cytosolic and may-
be more importantly, the nerve ending concentration of
GABA determines the efficacy of inhibition [56–58].
Although the total amount of GABA in the neurons cultured
on PNWs is similar to that of neurons cultured on polystyrene
(Fig. 5a), it is likely that GABA is differentially distributed
among the vesicular and the metabolic pool of GABA in the
two settings. It has previously been demonstrated that the
vesicular and the metabolic pools of GABA are associated
with different mitochondria [59], and it may be hypothesized
that a higher fraction of mitochondria is associated with the
vesicular pool in the neurons grown on PNWs.

Finally, the neurons cultured on PNWs were characterized
with regard to the main metabolic pathways used for metabo-
lism of glucose, i.e., glycolysis and TCA cycle metabolism.
The neuronal cultures were incubated in medium containing
6 mM [U-13C] glucose for 30 min. Following an experiment,
the ethanol cell extracts were analyzed for the content of ala-
nine, glutamate, aspartate, and GABA using HPLC and for the
percent 13C labeling in lactate, alanine, glutamate, aspartate,
and GABA employing GC-MS. While the GC-MS data re-
veals the 13C labeling incorporated into metabolites during the
30-min incubation period, the HPLC data reports metabolite
pool sizes generated over a longer time period.

Glycolytic activity was assessed by the percent uniformly
(M + 3) labeled lactate and alanine generated from metabo-
lism of [U-13C] glucose (Fig. 5b). The percent of uniformly
labeled (M + 3) lactate and alanine was markedly reduced by
about 90% and 75%, respectively, in neurons cultured on
PNWs compared to those grown on polystyrene (Fig. 5b).

Fig. 4 Release of neurotransmitter GABA. a A representative profile of
[3H] GABA release from neocortical neurons cultured on peptide
nanowires (PNWs; gray) or on polystyrene (CTRL; black) following
repetitive depolarization. Each release curve represents the average
from 3 to 4 culture dishes from the same batch of neuronal cultures.
Baselines are adjusted to 0.05 in order to be able to compare AUCs
visually. b From the release curves, the AUC was determined for each

peak from neurons cultured on polystyrene (CTRL; black) and PNWs
(white) and normalized letting the control situation represent 100%. Data
presented are average ± SEM, n = 15–16 peaks from two different batches
of neuronal cultures. Differences between neurons cultured on polysty-
rene and on PNWs were determined by a Student’s t test and an asterisk
(*) indicates statistical significance (P < 0.05).
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Fig. 3 Cell viability, Cell viability was tested in neurons cultured on
polystyrene (black) and on peptide nanowires (PNWs; white) by measur-
ing LDH activity intra- and extracellularly following 7 days in vitro
(control) or after 7 days in vitro and subsequently incubation for 24 h in
a fresh medium devoid of FCS (-FCS). Data presented are average ±
SEM, n = 4–6 from two different batches of neuronal cultures.
Differences between neurons cultured on polystyrene and on PNWs were
determined by a Student’s t test and an asterisk (*) indicates statistical
significance (P < 0.05).
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This clearly demonstrates that non-oxidative glucose metabo-
lism was reduced in neurons cultured on PNWs.

The extent of [U-13C] glucose being metabolized via gly-
colysis and followed by metabolism in the TCA cycle was
determined by the extent of double labeling (M + 2) in gluta-
mate, GABA, and aspartate. It was evident that the percentage
of these compounds being double labeled (M + 2) from
[U-13C] glucose was unaltered in neurons cultured on PNW
compared to those grown on polystyrene (Fig. 5C), suggesting
an unaltered oxidative metabolism via the TCA cycle. In com-
bination with the attenuated glycolytic activity, this implies
that overall glucose metabolism is lower in neurons cultured
on PNWs than in neurons grown on polystyrene.

Altogether, these data propose that oxidativemetabolism of
glucose via the TCA cycle accounts for a larger fraction of
total glucose metabolism in neurons cultured on PNWs than in
control cultures. This may reflect a higher efficiency of the
mitochondria in neurons cultured on PNWs, i.e., re-oxidation
of NADH and FADH2 in the electron transport chain results in
a greater ATP production. Overall, this improves cellular bio-
energetics by enhancing the amount of ATP generated per
molecule of glucose being oxidized. The ATP-synthetase
(Complex V) is driven by a proton gradient across the inner

mitochondrial membrane generated in the electron transfer-
ring entities complex I, III, and IV. It has been proposed that
these three complexes are able to reversibly associate into a
supercomplex that organizes electron flux to optimize the use
of available substrates [60]. Hence, it may be hypothesized
that the formation of supercomplexes is more frequent in neu-
rons cultured on PNWs leading to an improved mitochondrial
efficiency.

Alternatively, it may be speculated that a greater mitochon-
drial efficiency in the neurons cultured on PNWs arises as a
consequence of reduced mitochondrial uncoupling.
Mitochondrial uncoupling describes the situation when the
proton gradient across the inner mitochondrial membrane is
degraded circumventing complex Vand ATP production. The
consequence is an increase in glucose consumption in order to
maintain ATP production. Likely, mitochondrial uncoupling
also leads to an increase in non-oxidative glucose metabolism,
i.e., lactate production. The lactate dehydrogenase reaction
serves to re-oxidize NADH thereby ensuring continuance of
glycolytic flux and ATP production independent of mitochon-
drial function. Once again, our data point to the fact that neu-
rons cultured on PNWs thrive better than neurons cultured on
polystyrene in 2D owing to more efficient mitochondria. This

a)

c) d)

b)

Fig. 5 Glucose metabolism. Neocortical neurons cultured on polystyrene
(black) or peptide nanowires (PNWs; white) were incubated in medium
containing 2.5 mM [U-13C] glucose for 30 min. Subsequently, cell ex-
tracts were analyzed for a the amounts of amino acids, b the percentage
triple (M + 3)-labeled lactate and alanine, and c the percentage double
(M + 2) labeling in glutamate, GABA, and aspartate, and d) the metabolic
pathways glycolysis and TCA cycle metabolism and the labeling patters

in metabolites labeled from [U-13C] glucose. Data presented are average
± SEM, n = 7–9 from two different batches of neuronal cultures.
Differences between neurons cultured on PS and on PNW were deter-
mined by a Student’s T test and an asterisk (*) indicates statistical signif-
icance (P < 0.05). Ala, alanine; Lac, lactate; Glu, glutamate; Asp,
aspartate
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is compatible with the finding that mitochondrial dysfunction
comprises a key element in neurodegenerative diseases char-
acterized by progressive loss of neuronal function and struc-
ture [61–63].

In addition, the amount of alanine in neurons cultured on
PNWs was significantly higher compared to that in neurons
cultured on polystyrene. However, the increase in alanine con-
tent was not associated with a similar increase in the percent of
uniformly labeled alanine (M + 3), which was in fact substan-
tially reduced in neurons cultured on PNWs (Fig. 5b). This
suggests a slower turnover of the alanine pool in neurons
cultured on PNWs. Degradation of alanine can support con-
tinuance of TCA cycle activity by supplying pyruvate which
can enter the TCA cycle following conversion to acetyl co-
enzyme A. This may be of particular importance when a large
fraction of the pyruvate generated from glucose is utilized for
lactate production, i.e., during non-oxidative glucose metabo-
lism, as observed in neurons cultured on polystyrene. Again,
the data support the hypothesis that neurons cultured on
PNWs exhibit a higher bioenergetic efficiency than neurons
cultured on polystyrene in 2D.

4 Conclusions

We have demonstrated that neocortical neurons experience
better growth condition cultured on PNWs; we found an op-
timal density of 1.75 × 106 cells per ml cultured on 50 mg/ml
PNWs provided the most favorable culturing conditions for
neocortical neurons. The neocortical neurons cultured on
PNWs appear healthier and exhibit enhanced viability, a
higher neurotransmitter release, and a lower fraction of non-
oxidative glucose metabolism. The fact that the neocortical
neurons cultured on PNWs display a higher fraction of oxida-
tive metabolism is likely to reflect improvements in mitochon-
drial bioenergetics compared to neurons cultured in 2D on
polystyrene. In addition, an increased neurotransmitter re-
lease, which is a key indicator of neuronal function in combi-
nation with increased viability, implies that neurons cultured
in 2.5D on PNWs provide a neuronal model system that pro-
vides healthier, neurons than those cultured traditionally in 2D
on polystyrene.
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