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Abstract
Microelectrode arrays increasingly serve to extracellularly record in parallel electrical activity
from many excitable cells without inflicting damage to the cells by insertion of
microelectrodes. Nevertheless, apart from rare cases they suffer from a low signal to noise
ratio. The limiting factor for effective electrical coupling is the low seal resistance formed
between the plasma membrane and the electronic device. Using transmission electron
microscope analysis we recently reported that cultured Aplysia neurons engulf protruding
micron size gold spines forming tight apposition which significantly improves the electrical
coupling in comparison with flat electrodes (Hai et al 2009 Spine-shaped gold protrusions
improve the adherence and electrical coupling of neurons with the surface of micro-electronic
devices J. R. Soc. Interface 6 1153–65). However, the use of a transmission electron
microscope to measure the extracellular cleft formed between the plasma membrane and the
gold-spine surface may be inaccurate as chemical fixation may generate structural artifacts.
Using live confocal microscope imaging we report here that cultured Aplysia neurons engulf
protruding spine-shaped gold structures functionalized by an RGD-based peptide and to a
significantly lesser extent by poly-L-lysine. The cytoskeletal elements actin and associated
protein cortactin are shown to organize around the stalks of the engulfed gold spines in the
form of rings. Neurons grown on the gold-spine matrix display varying growth patterns but
maintain normal electrophysiological properties and form functioning synapses. It is
concluded that the matrices of functionalized gold spines provide an improved substrate for
the assembly of neuro-electronic hybrids.
M This article has associated online multimedia data files

used for both in vitro and in vivo recordings share advantages
of recording extracellularly without inflicting damage to the
cell plasma membrane by insertion of intracellular electrodes.
Nevertheless, they all suffer from a number of common
problems including a low signal to noise ratio. Experimental
and theoretical considerations revealed that the limiting factors

1. Introduction
The use of microelectrode arrays increasingly serve to record
in parallel electrical activity from many neurons or cultured
myocytes for days or weeks [2–5]. The different devices
3
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Figure 1. Aplysia neurons on gold-micro-spine matrices. (A) SEM image of a gold spine fabricated on glass. (B) SEM image of an Aplysia
neuron cultured on the gold-micro-spine matrix with inter-spine interval of 8 μm. (C) Close-up of the spatial interaction between cell
neurites and a gold spine. (D) and (E) Transmission electron microscope images of tangential sections of a cultured Aplysia neuron
engulfing a gold spine. Asterix mark: possible accumulation of actin filaments around the stalk of the gold spine. Scale bars: 100 μm (B),
1 μm (C) and (D), 500 nm (E).

be ∼2 M on the flat surface and ∼70 M on the goldspine matrix.) Consistent with the tight structural contact
formed by the engulfment of the gold micro-spine, it was
experimentally demonstrated that field potentials generated by
action potentials of cultured Aplysia neurons grown on goldspine electrodes are significantly larger in comparison with the
field potentials recorded by flat electrodes [1].
However, measurements of the width of the extracellular
cleft formed between the plasma membrane and the goldspine surface by TEM is complicated by two factors. Firstly
the procedures of chemical fixation, dehydration, embedding
and sectioning unavoidably generate transient alterations in
the intracellular osmotic pressures and mechanical forces
that might result in structural artifacts [18] that affect the
dimensions of the cleft. Secondly, the method allows
visualization of the relations between the cells and the spine
substrate at a single point in time.
To further characterize the nature of the junction formed
between neurons and the gold-micro-spine matrix and to
evaluate the potential use of the gold-spine matrices for
the assembly of improved bioelectronic hybrid systems, we
expand here our initial observations in several directions.
We first examine whether gold-spine matrices of different
inter-spine interval (pitch) affect the growth pattern of the
cultured neurons, and if so, whether the morphological
alterations are associated with changes in the excitable
membrane properties and synaptic transmission of the neurons.
In addition, using live confocal microscope imaging, we
compared the interface formed between neurons and gold
spines functionalized by conventional poly-L-lysine [19] and

for effective electrical coupling between neurons and the
sensing pad of the electrical device are the width and surface
area of the cleft formed between the cell plasma membrane
and the sensing pads, the so called seal resistance (Rseal )
[6–8]. For that reason a large number of studies are devoted
to improving Rseal . Since Rseal is defined by the width of the
extracellular cleft formed between the cell and the substrate
(dj ), the resistivity of the material within the cleft (ρ j ) and its
planar dimensions (aj ), efforts are devoted to reducing dj and
increasing the contact area. The main approaches to reducing
dj and increasing aj are based on chemical functionalization
of the substrate on which the neurons grow with molecules
that promote stronger adhesion [9–11], to alter the surface
topography on which the neurons grow (for review, see [12]
and [13]), or to locally increase the surface area by for
example the coating of metal electrodes with carbon nanotubes
[14–16].
In an attempt to improve the interface between cells
and electrical sensing pads we recently reported [1, 17] that
cells cultured on the gold-spine matrix (figures 1(A)–(C))
functionalized by a peptide with multiple RGD repeats (R =
arginine, G = glycine, D = aspartic acid) tightly engulf the
functionalized gold spines (figures 1(D), (E)). Analysis of
thin sections prepared for transmission electron microscopy
(TEM) and measurements of the extracellular field potentials
generated by action potentials revealed that the width of the
cleft (dj ) formed between the engulfing cell plasma membrane
and the gold-spine surface is greatly reduced, accounting
for the improved Rseal . (The Rseal value was calculated to
2
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the RGD-based engulfment promoting peptide (EPP). To
shed light on the subcellular processes that participate in the
engulfment of the spines by the neurons, we imaged neurons
expressing GFP-actin [20], and/or cherry-cortactin [21] and
found that these elements form tight rings around the stalk
of the gold spines. Finally, using these molecular tools we
examined the week-long behavior of the interface formed
between neurons and the spines.

2.3. Cell culture
Left upper quadrant (LUQ) neurons from the abdominal
ganglia and bifurcated neurons from the buccal ganglia of
Aplysia californica were isolated and maintained in culture as
previously described [19, 22]. To study synaptic transmission,
sensory neurons from the pleural ganglia of adult animals
(60–80 g) were cocultured with L7 motor neuron from the
abdominal ganglia of juvenile Aplysia, as described previously
[23, 24].

2. Methods
2.4. Axotomy

2.1. Fabrication of patterned gold-spine matrices

Axonal transection was performed by applying pressure on the
axon with the thin shaft of a micropipette under visual control
as previously described [25, 26].

Gold-spine matrices were fabricated on 200 μm thick glass
slides (SCHOTT, Germany) as previously described [1].
Briefly, the glass surface was coated with a Ti (10–15 nm)/Au
(45–65 nm) layer by way of evaporation, spin-coated with
photoresist S-1813 (4000 RPM) and baked for 30 min
(90 ◦ C) after which photolithography was done exposing
1 μm diameter holes at intervals of 4, 8, 12 and 16 μm
(Karl Susse MJB UV400 mask aligner, W = 44 mW cm−2 ,
exposure time: 4.4–4.6 s). Gold spines were grown by way
of electrodeposition at a current density of 0.15 A dm−2
for 15 min. The photoresist layer was then stripped using
acetone and samples underwent etching with diluted Au etcher
(I2/KI/H2O) and diluted HF (1:40) to expose the area in
between the gold spines to allow for confocal imaging with
an inverted microscope. The slides were attached to culture
dishes using SylGard (Dow Corning) and were then dried
(48 h, 60 ◦ C).

2.5. mRNA preparation and injection
mRNAs were transcribed in vitro using the recombinant
transcription system, as described by our laboratory [27].
EGFP-actin construct (provided by Dr DesGrosiller, Montreal
University) and cherry-cortactin were cloned in a pCS2+
expression vector and the transcribed mRNAs were pressureinjected into the cytoplasm of the cultured neurons 4–24 h
after plating.
2.6. Confocal microscope imaging and analysis
Two confocal imaging systems were used: the Radiance
2000/AGR-3 imaging system (Bio-Rad Laboratories) was
mounted on an IX70 microscope (Olympus) with a plan-Apo
60 × 1.4 NA oil objective (Olympus), and the D-Eclipse C1
imaging system (Nikon) was mounted on an Eclipse TE-2000
microscope (Nikon) with a plan-Apo 60 × 1.4 NA oil objective
(Nikon). EGFP-actin was excited at 488 nm (argon laser)
and the emitted fluorescence was collected at 515–530 nm.
Cherry-cortactin was excited at 545 nm (green HeNe laser)
and the emitted fluorescence was collected at 555–625 nm.
All the confocal imaging and electrophysiological experiments
were conducted after replacing the culturing medium with
artificial sea water (ASW) composed of NaCl 460 mM, KCL
10 mM, CaCl2 11 mM, MgCl2 55 mM and HEPES (N(2-hydroxyethyl)piperazine-N -2-ethanesulfonic acid, Sigma)
10 mM, adjusted to pH 7.6.
Images were collected and processed using EZ-C1
software (Nikon). Quantitative analysis was done using the
open-source image analysis program ImageJ.

2.2. Surface functionalization
Functionalization of the gold-spine matrices by poly-L-lysine
(PLL) was done by application of 0.1% PLL (Sigma Aldrich,
Cat# P1524, MW>300 000) in 0.1 M sodium borate on the
surface (1 h) as detailed earlier [19].
Functionalization by the cysteine (C) terminated
engulfment promoting peptide (EPP [1,
17])—
CKKKKKKKKKK-PRGDMPRGDMPRGDMPRGDM
(MW 3630 g mol−1 , with a number of RGD repeats R =
arginine, G = glycine, D = aspartic acid and a decalysine
(K)10 spacer)—was done as follows: surface modification
of the gold spines was done by direct application of the
synthesized peptide onto the surface (1 mM in phosphate
buffer saline, room temperature). The glass surface in
between gold spines underwent surface modifications using
3-aminopropyltriethoxysilane (APTMS, Aldrich, 1% in
MeOH, 10 min, at room temperature) to introduce terminal
amine groups to the glass surface. The samples were
then washed with MeOH to remove uncoupled APTMS.
The protein immobilization linker 4-maleimidobutyric acid
sulfo-N-succinimidyl ester (sGMBS, Sigma, 0.5% in PBS)
was then applied to the surface and washed with PBS after
40 min at room temperature. EPP was then applied to the
surface and left for 24 h in which the cysteinic thiol residue
reacts with the maleimido part of the anchored linker. The
samples were then washed with PBS.

3. Results
3.1. The effects of the multigold-spine substrate on the
growth pattern of cultured neurons
It is well established that the physical and chemical
substrate topography affects the morphology and physiological
properties of cultured cells [12, 28–33]. We thus began the
study by examining to what extent the growth pattern of the
cultured neurons is affected by the inter-spine interval and to
3
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Figure 2. Effects of the gold-spine matrix topography on neurite growth pattern. GFP-actin expressing neurons cultured on EPP-coated
substrate reveal different growth pattern on flat glass substrate and a 4 μm pitch gold-spine matrix. (A) Neurites extending from a single
neuron project onto a flat glass surface (left-hand side) and cross over into a 4 μm gold-spine matrix (right-hand side). Whereas the neurites
growth pattern is random on the glass surface, the growth pattern transforms into straight lines when entering the gold-spine matrix area
(scale bar: 25 μm). (B) A neuron cultured on a 4 μm matrix displays neurite outgrowth at straight lines (scale bar: 100 μm).
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Figure 3. Comparison of neurite growth patterns on PLL- and EPP-coated gold-spine matrices. Shown are the confocal images of
GFP-actin expressing neurons on EPP-coated 4, 8, 12 and 16 μm gold-spine matrices (A, C, E and G, respectively, scale bars: 25 μm) and
quantitative comparison of angles of neurite growth patterns relative to the matrix grid at inter-spine intervals of 4 μm (B), 8 μm (D), 12 μm
(F) and 16 μm (H) on EPP-coated matrices (black) and PLL-coated matrices (gray). Whereas the neurites grown on the 4 μm and 8 μm
matrices display growth patterns revolving around 0◦ , 45◦ and 90 relative to the grid, the growth trajectories of neurites extending on the
12 μm and 16 μm matrices are not affected by the gold-spine matrix.

what extent the type of surface functionalization affects the
growth patterns (figures 2 and 3). To that end neurons were
cultured on conventional flat glass substrate (control) or on
gold-spine matrices with inter-spine intervals of 4, 8, 12 and
16 μm, functionalized either by PLL or EPP. Figure 2(A)
depicts the dramatic change in the growth pattern as extending
neurites cross from a flat glass surface (left-hand side) to a
4 μm inter-spine interval matrix (right-hand side). Whereas on

the flat glass surface random growth patterns are seen, neurites
project in straight lines on the gold-spine matrix. Figure 2(B)
depicts a whole-cell view of a neuron grown on the 4 μm
matrix with neurites projecting in straight lines. We found that
the growth pattern of neurons cultured on matrices of 4 μm
(figures 3(A), (B), n = 20) and 8 μm (figures 3(C), (D), n = 20)
inter-spine intervals were greatly affected while those grown
on the 12 μm (figures 3(E), (F), n = 20) or 16 μm (figures 3(G),
4
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3.3. Live imaging of cultured neurons engulfing gold spines

Table 1. Electrophyiological properties of neurons grown on EPPand PLL-coated gold-spine matrices.

PLL
4 μm
8 μm
12 μm
16 μm
EPP
4 μm
8 μm
12 μm
16 μm

Rin (M)

Vrest (mV)

3.3 ± 1.6
3.5 ± 0.8
3.0 ± 0.9
4.1 ± 1.3

−55.0 ± 9.6
−60.5 ± 2.9
−58.3 ± 5.0
−63.3 ± 3.1

59.0 ± 6.1
59.0 ± 3.6
58.0 ± 10.6
61.8 ± 6.2

2.7 ± 0.6
3.0 ± 0.7
1.7 ± 0.7
2.6 ± 0.3

−57.7 ± 7.3
−62.5 ± 2.7
−61.1 ± 8.2
−53.4 ± 7.2

50.5 ± 4.0
64.8 ± 5.6
70.1 ± 4.5
66.0 ± 6.8

In an earlier study from our laboratory, transmitted electron
micrograph images of cultured neurons on gold-spine matrices
(spaced at inter-spine intervals of 8 μm) revealed that
when functionalized by EPP, the heads and stalks of the
gold spines were tightly engulfed by the neurons [1, 17].
Since the preparation of thin sections for TEM involves
chemical fixation, dehydration and embedding, the images
may have suffered from artifacts which in particular affected
the dimensions of the space formed between the neuron plasma
membrane and the gold-spine surface.
To circumvent the problems associated with chemical
fixation and compare the contribution of EPP and PLL to
the gold-spine engulfment by the neurons, we next analyzed
the neuron–gold spine spatial relationships using live confocal
microscope imaging. To that end neurons cultured on goldspine matrices functionalized either by PLL or EPP were
fluorescently labeled by expression of GFP fusion proteins.
Initially we expressed GFP alone, thereafter because of the
important role of actin in focal adhesion formation [36] and
in the generation of the mechanical forces associated with
phagocytosis [37], we expressed GFP-actin by microinjection
of mRNA encoding for GFP-actin. Expression of GFP-actin
in cultured Aplysia neurons generates a diffuse signal in the
cytosol in association with the homogeneous distribution of
globular actin, GFP-actin hotspots in association with focal
adhesion and high intensity fluorescent GFP-actin stripes
in association with F-actin [27, 38]. For the experiments
described below the neurons were cultured for 24 h on the
gold-spine matrices of different pitch and then microinjected
with mRNA encoding for GFP-actin [20, 27, 38–41]. 0.2 μm
steps, Z-axis confocal microscope scans, taken approximately
24 h after injection, were collected and three dimensional (3D)
computer-aided reconstructions were prepared (figures 5(A)–
(C)). This procedure revealed that in both EPP- and PLLfunctionalized matrices the cell body and the main axon
engulfed many spines but to variable degrees.
Clear
differences in gold-spine engulfment were noted with respect
to the surface chemistries used: (a) full and tight spine
engulfment of the head and stalk is significantly more frequent
on EPP- than PLL-coated substrates (figures 5(D)–(F), n = 4,
4, 6 and 4 for EPP-coated 4 μm, 8 μm, 12 μm and 16 μm goldspine matrices, and n = 4, 10, 4 and 5 for PLL-coated 4 μm,
8 μm, 12 μm and 16 μm gold-spine matrices, respectively).
(b) An intense GFP-actin fluorescent signal in the form of
a complete or partial ‘actin-ring’ was frequently detected
surrounding the stem of the EPP-functionalized spines
(figure 6(A)), as compared with PLL-coated substrate where
hotspots of actin were dispersed in a non-organized fashion
throughout the plane of cell–substrate interface in between
spines (figure 6(B)). (c) The difference in actin-ring formation
between EPP- and PLL-coated matrices was most apparent
on 8, 12 and 16 μm matrices, while at inter-spine interval of
4 μm the occurrence of actin rings is the same regardless of
the chemical coating (figure 6(D), n = 21 for EPP- and n =
21 for PLL-coated matrices). (d) The engulfment frequency
on EPP revealed independence of actin-ring formation on the
inter-spines interval (figure 6(D)).

AP (mV)

(H), n = 20) matrices were not, and revealed similar growth
patterns to those observed on flat glass. On the 4 μm and
8 μm matrices, neurites projected mainly at angles of 45◦ and
90◦ relative to the matrix grid (figures 3(B), (D)). Comparison
of the effects of PLL and the EPP on the growth patterns
did not reveal any meaningful differences (figures 3(B),
(D), (F), (H), PLL—gray, EPP—black).
In conclusion, whereas the growth pattern is greatly
dictated by inter-spine interval <8 μm, it is not influenced
by the surface chemistry used, PLL or EPP.
3.2. Is the altered growth pattern associated with modified
biophysical properties of the neurons?
In view of the robust effects of the gold-spine matrix on the
neurites outgrowth patterns we next examined the passive and
excitable membrane properties of neurons cultured on the
gold-spine matrices and examined whether the altered growth
patterns lead to alterations in the formation and function of
chemical synapses. For the experiments LUQ neurons were
cultured for 2–5 days on gold-spine matrices of different interspine intervals, functionalized either by PLL or EPP. Neurons
were then impaled by a sharp glass microelectrode for both
current injections and voltage recordings. All neurons tested
revealed normal excitable properties on all matrices, with
normal resting membrane potential averaged at −59.3 mV ±
5.2 mV on PLL (n = 21) and −58.7 ± 6.4 mV on EPP (n =
19). The averaged input resistances of neurons grown on
PLL and EPP were also similar (3.5 M ± 1.2, n = 21 and
2.5 M ± 0.6, n = 19, respectively). Upon depolarization
the neurons fired action potentials with amplitudes ranging
between 50 and 70 mV (figures 4(A), (B) and table 1,
n = 40).
The classical sensory-L7 motoneuron synapses [34, 35]
were formed on the 4 μm matrix (either functionalized by
PLL or EPP) with success rates similar to synapses formed
on the PLL glass substrate (figures 4(C), (D)). The formed
synapses revealed the typical properties of homosynaptic
depression when stimulated at low frequencies and underwent
dishabituation following application of 10 μM 5HT
(figures 4(E), (F), n = 5). We thus conclude that whereas
the 4 and 8 μm spaced gold-spine substrate confer significant
alterations in the growth pattern of the neurons, their
electrophysiological properties are not altered.
5
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Figure 4. (A) and (B): Action potentials generated by depolarizations of neurons grown either on PLL- (A) or EPP (B)-coated substrates. A
depolarizing rectangle current pulse of 10–15 nA was applied through a sharp intracellular glass electrode, evoking action potentials with
amplitudes of 50–70 mV on all matrices. (C) Phase contrast image of two sensory neurons (sn) from the pleural ganglia forming synapses
with L7 neuron (L7) on the 4 μm gold-spine matrix (scale bar: 200 μm). (D) Zoom-in of (C) with sensory neuron injected with alexa and
L7 injected with Fluo-4 (scale bar: 100 μm). (E) and (F) L7-sensory synapses on 4 μm gold-spine matrices retain the ability to undergo
habituation and dishabituation in response to the application of 5HT. (E) EPSP amplitude recorded from the post-synaptic L7 neuron as a
function of the number of extracellular stimuli applied to the sensory neuron. Application of 5HT after 40 stimuli resulted in recovery of the
depressed synapse. (F) excitatory post-synaptic potentials (EPSPs) recorded from the L7 after one (left-hand side) and 39 stimuli (middle)
and after application of 5HT (right-hand side).

A concern that overexpression of a gene might generate
non-physiological phenomena or structures should always be
evaluated. Although we found in a series of earlier studies from
our laboratory that GFP-actin expression does not alter the
morphology, growth patterns, regeneration, synapse formation
and function of cultured Aplysia neurons [20, 27, 38, 39, 41],
we examined the assembly of specialized protein structures
around the stalk of the spines using an additional molecular
probe, namely cherry-cortactin. Cortactin regulates actin
assembly at multiple binding sites and serves mainly as a
stimulator of actin nucleation and branching by activation of
Arp2/3 [42–45]. Cells cultured on EPP-coated matrices and

injected with cherry-cortactin displayed ring-shaped cortactin
fluorescence surrounding the gold-spine stalks (figure 7).
When co-expressed, actin and cortactin fluorescence were
generally co-localized (figure 7(C)).
3.4. Formation and turnover dynamics of actin rings
The observation that gold-spine engulfment is associated with
the assembly of a GFP-actin-ring structure around the stalk
raised a number of questions. How fast does an actin ring
assemble after the plasma membrane contacts the gold spine?
Given that the cytoskeletal elements are dynamic structures
6
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Figure 5. GFP-actin expressing neurons engulfing gold spines. (A) An overview of a neuron cultured on the 8 μm spaced gold-spine
matrix. The image is constructed by super-positioning of transmitted light and confocal GFP-actin images (green). (B) A confocal image
taken 0.4 μm above the substrate surface. The equally spaced black ‘dots’ depict single gold spines. Inset: a computer-generated
three-dimensional reconstruction of the gold spines from a series of optical sections. (C) Zoom-in of a single PLL-coated gold spine
engulfed by the neuron. Scale bars: 100 μm in (A), 10 μm for (B), 5 μm (B, inset) and 2 μm (C). The dashed lines denote plane of scan in
both B and C. (D) and (E) Comparison of the engulfment of EPP- and PLL-functionalized gold spines by neurons. Z-axis scans of the cell
bodies of neurons cultured on a 4 μm (D), and 8 μm (E) inter-gold-spine intervals. (F) Quantitative analysis of the engulfment of
EPP-coated (black) and PLL-coated gold-spine matrices (gray) as viewed from z-scans of GFP-actin expressing neurons. Scale bars: 8 μm.

in general and that actin skeleton associated with adhesion
plaques is highly dynamic [46] how stable are the formed
actin rings?
To study the dynamics of actin-ring assembly we took
advantage of earlier observations from our laboratory showing
that axonal transection of cultured Aplysia neurons results in
the formation of a growth cone in the form of an extending
flat lamellipodium at the tip of the cut axon [20, 22, 25–
27, 38, 39, 41, 47, 48]. The extension of a lamellipodium
within 10–20 min after axotomy provides an opportunity to
image the kinetics of GFP-actin-ring formation during the first
interaction of the plasma membrane with a functionalized
gold spine. We found that within 2–12 min of contact
between the flat lamellipodium and a spine, distinct actin
rings are assembled (figure 8 and movie 1 available at
stacks.iop.org/JNE/6/066009/mmedia).
The dynamic nature of the actin rings surrounding
EPP-functionalized gold spines was analyzed by on-line
imaging of the rings at frequencies ranging from 1 frame/s
to 1 frame/2 min (figure 9 and movie 2 available at

stacks.iop.org/JNE/6/066009/mmedia). Using a criterion of
ring integrity (>75% of the spine stalk is surrounded with
high fluorescent GFP-actin) we found that 48 h after plating,
the actin rings are dynamic (figure 9(A), upper panels and
8C). Namely a single actin ring appears and disappears at an
averaged frequency of 4 × 10−3 Hz ± 0.2 × 10−3 (n = 79;
figure 9(B)). Imaging the actin-ring dynamics once a day over
a period of 10 days revealed that (a) the number of gold spines
enwrapped by actin rings remains unchanged. (b) The actinring temporal dynamics are significantly reduced (figure 9(A),
bottom panels and figure 9(D)).

4. Discussion
Using live confocal microscope imaging of cultured Aplysia
neurons we demonstrated that neurons cultured on the matrix
of gold micro-spines protruding from a smooth glass surface,
engulf the spines, generating tight interface.
Coating
of the gold spines with a multiple RGD repeat peptide
(EPP) enhanced the frequency of gold-spine engulfment in
7
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Figure 6. Occurrence of ‘GFP-actin-rings’ surrounding the stems of EPP- and PLL-coated gold spines. (A) and (B) depict the cell somata
of neurons cultured on EPP- and PLL-coated 8 μm spaced gold-spines matrices, respectively. Relative intensity scale of the GFP-actin is
shown at the top of both (A) and (B). Images were taken at the plane of the spine’s stem. Insets: corresponding transmitted light images of
the cell bodies. Scale bars: 25 μm. (C) a ring of GFP-actin signal surrounding the stem of a gold spine. Left-hand side: ZX-axis scan,
Right-hand side: XY-axis scan taken at the plane of the gold-spine stem (scale bar: 1 μm for both scans). (D) Comparison of the occurrence
of actin rings surrounding the stems of gold spines on 4, 8, 12 and 16 μm matrices, coated with either EPP (black) or PLL (gray).

(A)

(B)

(C)

Figure 7. A neuron cultured on EPP-coated matrices and injected with both GFP-actin (A) and cherry-cortactin (B). Cells displayed
ring-shaped fluorescent signals of both GFP-actin and cherry-cortactin around the gold-spine stalks. (C) Actin and cortactin are co-localized
(scale bars: 8 μm).

comparison with the classical poly-L-lysine (PLL) coating.
Our study strongly indicates that the use of gold-spine
topography together with functionalization by a multi RGD
repeat peptide greatly improves the physical interface formed

by active engulfment of the gold spines. This improved
interface is expected to increase the seal resistance and thus
may be useful in fabricating improved neuroelectronic hybrid
systems.
8
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Figure 8. Growth cone extension of transected axon on the EPP-coated 8 μm spaced gold-spine matrix. (A) The cell body–substrate
interface (upper part) and its axon prior to axotomy. Axotomy was applied along the double-headed green arrow leading to the formation of
a growth cone in the form of an extending flat lamellipodium (lower part of the images in B–D). (B) 10 min after axotomy. (C) 22 min and
(D) 32 min post-axotomy. (D) Green arrows indicate accumulation of GFP-actin in the form of rings around the stem of a gold spine. Gray
arrows indicate advancing lamellae in the process of forming actin rings (scale bars: 10 μm).
M An AVI movie of this figure is available from stacks.iop.org/JNE/6/066009/mmedia
(A)

(C)

(B)

(D)

Figure 9. Spatio-temporal dynamics of actin rings surrounding the stems of gold spines. (A) Shown are frames taken at 60 s intervals of a
neuron cultured on the EPP-coated 8 μm matrix, 2 and 10 days after plating (upper and bottom panels, respectively). The unstable
fluorescent intensity and the presence of actin rings around the gold-spine stems is not stable 2 days after culture and becomes stable 10 days
after plating (scale bar: 2 μm). (B) The relative frequency of the actin-ring fluorescent intensity 2 and 10 days in culture. (C) and (D)
demonstrate the actin fluorescence intensity surrounding ten engulfed gold spines throughout a period of 10 min, 2 days (C) and 10 days (D)
after plating.
M An AVI movie of this figure is available from stacks.iop.org/JNE/6/066009/mmedia
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without affecting the electrophysiological properties of the
neurons, or their ability to form functioning synapses.

While considering the use of the gold-spine matrix as
a substrate for the assembly of neuro-electronic devices, we
examined the impact of the inter-spine interval of the matrices
on the growth pattern and physiology of the neurons. We found
that even neurons exhibiting the most severe morphological
alterations when grown on matrices with spine pitch of 4
and 8 μm retain their electrophysiological properties, form
functional synapses and preserve their ability to regenerate
after trauma. Thus, the gold-micro-spine-based substrate
appears to provide suitable conditions to generate functioning
neuronal networks.

5. Conclusion
The present study demonstrates the engulfment of protruding
spine-shaped gold structures by Aplysia neurons. Coating
of the substrate with RGD-based peptide EPP promotes the
engulfment of the structures as is shown by the organization
of actin surrounding the stalks of the spines. The ability of
the neurons to grow, regenerate, form functional synapses
and maintain normal electrophysiological traits renders this
substrate adequate for the assembly of a novel neuro-electronic
hybrid in which the excitable cells tightly adhere to the matrix
surface and may also be implemented in vivo for the use
of neuronal activity analysis and brain–machine interface
provided adequate assessment of this substrate is examined
in brain tissue.

4.1. Assembly of actin rings
We have shown here that the gold-spines functionalized by EPP
promote spines’ engulfment and actin polymerization around
the stalk (figures 5 and 6 and also figure 1). Whereas the
cellular and molecular mechanism of ring assembly around
the stalk of the engulfed gold spines were not investigated
here, it is interesting to differentiate between the contribution
of the surface chemistry and the geometry of the gold spines to
the formation of the actin rings. Two observations are worth
noting: (a) the frequency of gold-spine engulfment and its
tightness are higher in devices functionalized by EPP than
PLL (figure 5). (b) In EPP actin rings are dominantly formed
around the spine’s stalk whereas the actin density along the
substrate and the head of the spine is small (figure 6). This
suggests that in addition to the chemical signaling generated
by the EPP, the mechanical tension generated by the geometry
of the spine also provide meaningful information for actin
assembly. Consistent with the view that both the geometry
and the surface functionalization generate the engulfment
are the observations that axotomy of the neurons on the
matrices of gold spines display different behaviors dependent
on the surface chemistry. Whereas the axotomy-induced
growth cones on EPP form actin rings around the stalks of
gold spines within minutes of contact (figure 8 and movie 1
available at stacks.iop.org/JNE/6/066009/mmedia), no major
accumulation of actin is apparent on PLL-coated gold-spine
matrices.
Based on these observations it is conceivable to assume
that PLL does not generate tight engulfment of the spines by
the neurons, and thus the geometry of the gold spine is not
sufficient by itself to trigger specific interactions between the
cell and substrate [49].
These considerations raise the question of whether the
actin ring provides the necessary power to maintain the
engulfment or whether the adhesion of the cell membrane to
the EPP is sufficient. This subject is being investigated now.
Our observations show that the dynamic actin rings dissipate
and reform at an average rate of once every ∼180 s during the
first few days after culturing, thereafter, the structure becomes
more stable (figure 9).
In contrast to the impact of the surface chemistry on the
engulfment of the spines, the growth pattern of the neurites is
affected by the inter-spine interval but not by the chemistry.
Thus, spine substrates fabricated in any designed pattern may
serve as guidance cues for the formation of in vitro synapses
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