
On Chip Induced Phagocytosis for Improved Neuronal Cell Adhesion 

B. Van Meerbergen1,2,4, T. Raemaekers2, K. Winters1,2, D. Braeken1,3, C. Bartic1, Y. Engelborghs4,  
W. Annaert2 and G. Borghs1

 
1IMEC vzw, MCP/ART, Cell Based Sensors & Circuits, Kapeldreef 75, 3001 Heverlee, Belgium, 

bart.vanmeerbergen@imec.be
2KU Leuven, Departement of Human Genetics, O.& N., Herestraat 49-bus 602, 3000 Leuven, Belgium 

3KU Leuven, Departement of Physiology, O. & N. Herestraat 49- bus 802, 3000 Leuven, Belgium 
4KU Leuven, Departement of Biochemistry, Celestijnenlaan 200D, 3000 Leuven, Belgium 

 
ABSTRACT 

 
Efficient integration of neuronal cells and electronic 
devices could result in hybrid bi-directional communication 
systems that would enable us to interact at fundamental 
level with biological structures and gain insight in the 
mechanisms governing their functions [1, 5, 10].  
Such systems require a very tight coupling between the 
neuronal cell membrane and the surface of an electronic 
chip [10]. In this paper we report an approach where the 
combination of specialized surface chemistry and the 
manipulation of biological processes, like phagocytosis is 
used to improve this coupling. The phagocytosis 
experiments are performed in cell cultures using micro- and 
nano-sized beads as a model system. The results obtained 
with beads functionalized with two different laminin 
derived peptides are presented. 
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1 INTRODUCTION 
 
Integration of biology with microelectronics is a novel 

research topic of the last few years. A recent development 
in this field is the integration of neuronal cells with 
electronic devices. Neuro-electronic hybrid devices are 
considered to become a useful tool in the research of 
neurodegenerative diseases like Alzheimer’s disease or 
Parkinson’s disease. They offer the possibility to perform 
long term studies of the electrical activity of each individual 
neuron in an entire predefined network of neurons in a non 
invasive manner. This is a great advantage compared to 
standard electrophysiological tools like the patch clamp 
technique. However, in order to record neuronal signals 
efficiently, tight coupling between the sensor and the cell 
membrane is one of the major requirements. This very 
complex interfacing problem requires the merging of life 
sciences and microelectronics [1, 5, 10].  
In this paper a novel approach will be presented that might 
improve the coupling. A biological phenomenon, namely 
phagocytosis can be used to achieve tight coupling. 
Phagocytosis is a common cellular process that aims at the 

internalization of biological particles (E.g. virus, 
bacteria,…). Instead of internalizing particles, we aim to 
induce the neurons to internalize functionalized golden 
needles of micron size (µ nails). This way, the distance 
between the µ nails, which could be a sensor surface, and 
the neuronal cell membrane is as small as possible.  
In this paper the results for two laminin derived peptides, 
CRGD and PA22-2, will be presented. These peptides are 
known to promote the cell adhesion and stimulate the 
neurite outgrowth [3,6,7,8]. The phagocytosis of the 
functionalized beads has been investigated on neuronal cell 
cultures and the results are further described. 
  
 

2 MATERIAL & METHODS 
 
 

2.1 Peptide Synthesis 

The peptide sequences are: CRGD and 
CSRARKQAASIKVAVSADR for PA22-2. The peptides 
were synthesized on a commercial peptide synthesizer. 
 
 
2.2 Surface Chemistry 

The peptides are constructed in such way that they 
posses a unique N-terminal cysteine. This allows us to 
control the peptide orientation on the surface. The Self 
Assembled Monolayer (SAM) that was used, was a 100% 
16-mercaptohexadecanoic acid (16-MHA)[4]. The SAM 
was directly formed on a gold surface by 3hours incubation 
in a 10 mM 16-MHA solution. In a second step the 
resulting carboxyl surface was transformed into a 
maleimide surface. This modification was accomplished by 
treating the surface first with 0.1 M n-(3-
diethylaminopropyl)-n-ethyl-carbodiimide (EDC) and 0.4 
M n-hydroxysuccinimide (NHS). This activation of the 
carboxyl groups is necessary to couple the maleimide 
crosslinker. For the coupling of the 2-maleimidoethylamine 
(MEA) (Molecular Biosciences) a 50mM MEA solution in 
10 mM NaBorate buffer pH 8.5 was used. The active 
maleimide groups on the surface are used to couple the 
peptides covalently. This coupling was monitored using the 
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Surface Plasmon Resonance (SPR) technique in a Biacore 
2000 and using Fourier Transform IR spectroscopy (FTIR). 

 
2.3 Neuronal Cell Cultures 

Hippocampal neurons were isolated from E18 FVB 
strain mice. Therefore, timed-pregnant mouse were 
euthanized, and embryos removed. Hippocampi were 
dissected from both hemispheres in sterile Hepes buffered 
saline solution (HBSS from Invitrogen) and incubated in 
0,25% trypsin for 15 minutes in an incubator at 37°C and 
5% CO2 atmosphere. After trypsinization, cells were 
washed three times with HBSS and mechanically 
dissociated. The number of cells originating from half a 
hippocampus was seeded in a 6 cm dish. Cells were seeded 
in Neurobasal medium containing 2% B27 supplement 
(both from Invitrogen) and 0.125% glutamate. After 4 
hours, the substrates were placed into dishes with a 
confluent monolayer of glia cells, so that the neurons were 
facing the glia feeding layer. The substrates were suspended 
upside down above this feeding layer. After 4 days in co-
culture, the media was changed from Neurobasal medium 
containing glutamate to Neurobasal medium without 
glutamate. The glia cells were cultured one week before the 
hippocampal culture from newborn FVB pups in the same 
manner as described for the hippocampal culture, except 
that these were seeded in 6 cm dishes coated with poly-L-
lysine (Sigma) and containing MEM medium (Invitrogen) 
supplemented with 10% Horse serum. 

 
 

2.4 Bead experiments 

The beads that are used, are 1 µm and 500 nm yellow 
green fluorescent polystyrene beads with a carboxyl coating 
(Molecular Probes). The beads were coated using the 
surface chemistry described above. The quality of the 
coating was observed using FTIR. Subsequently they were 
added in a cell culture and incubated for 24 hours. The 
average bead density in a cell culture was 0.3 x 107 
beads/ml medium. 

 
 
  

 
 
 

 
 
 
 
 
 
 
 
 
 

2.5 Immunocytochemical Staining 

The cells were fixed using 4% paraformaldehyde and 
permeabilized using a 0.5% TX-100 solution for 5 min. 
They were washed 3 times during 5 min with PBS and 
incubated overnight at 4°C in the blocking solution. The 
next day the primary antibody, the anti-Telencephalin 
antibody was added and incubated for 1.5 hours at room 
temperature. After this incubation the cells were washed 3 
times for 5 min with PBS and the secondary antibody was 
added together with phalloidin, an actine dye (Molecular 
Probes) and incubated for 1 hour at room temperature. 
Subsequently the cells were washed 3 times for 5 min with 
PBS and rinsed 3 times with baxter water after which they 
were mounted using moviol. 
For quantative experiments a lipophilic dye (DilC12, 
Molecular Probes) was applied on the cells immediately 
after fixation. This dye was dissolved in DMSO and cells 
were incubated with this dye at a final concentration of 1 
µg/ml for 5 min and rinsed 3 times with PBS afterwards. 
 

 
2.6 Scanning Electron Microscopy 

For SEM the cells are fixed using 2.5% gluteraldehyde. 
The cells were kept in this solution for 10 days at 4°C. 
Hereafter they are subjected to critical point drying. This 
allows the cells to remain in their original shape.  
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Figure 1: FTIR spectrum of PA22-2 immobilisation on a gold surface. The shift of the carboxyl band from 1610 cm-1 to the 
maleimide band at 1750 cm-1 upon coupling the MEA can be observed in the elarged part of the graph. 
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3 RESULTS 
 
 

3.1 Coupling of PA22-2 

The best coupling of PA22-2 on gold is obtained using 
HBS buffer. Preconcentration experiments on SPR showed 
that the optimal pH value for coupling is to be 7 and that 
the coupling was significantly higher when using high salt 
concentrations. Therefore HBS buffer was used to couple 
the peptides. This buffer also offers the advantage to be 
biocompatible. The amount of peptide coupled on such 
surface is 180 ng/cm² as monitored using SPR. By using an 
antibody against PA22-2, we also proved that the peptide 
was still active after coupling on the surface. Figure 1 
shows the immobilization of PA22-2 as observed by FTIR. 
 
3.2 Coupling of RGD 

Since the mass of CRGD is very small (Mr: 500 Da), the 
coupling of the peptide can not be directly observed using 
SPR. Therefore FTIR spectroscopy is used to qualitatively 
study the immobilization on the surface. We concluded that 
the same surface chemistry could also be applied for the 
RGD peptide. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

3.3 Biocompatibility 

One of the most critical parameters is the 
biocompatibility of the developed surfaces. Figure 2 shows 
the results that were obtained when hippocampal neurons 
were cultured on a surface coated with PA22-2, RGD or 
PLL. The cells were stained with DilC12. 
From these experiments we deduced that our surface 
chemistry results in networks of neurons that are 
comparable to the ones obtained by surfaces coated with 
PLL. 
 
 
3.4 Phagocytosis Experiments 

At present the receptor that is believed to be involved in 
phagocytosis in neurons is Telencephalin (TLN) or ICAM-
5. This protein is a member of the IgG superfamily of 
proteins [2, 9].  
In order to induce phagocytosis-like events, we coated the 
micro- and nano-particles with the peptides as described 
above. To check the peptide immobilization on the beads a 
FTIR spectrum was recorded from the coated beads. For 
these measurements we used beads that were coated with 
PA22-2, CRGD and beads that were incubated with buffer 
containing no peptide as a reference. The results of these 
experiments are represented in Figure 3. 
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Figure 2: Primary culture of hippocampal neurons on gold surfaces coated with (a) PA22-2, (b) CRGD and 
(c) PLL.  

Figure 3: FTIR spectrum of beads coated with PA22-2, RGD and blocked beads. The amide band appearing around 
3500 cm-1 is typical for the presence of peptide on the beads. 
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The interaction between the cells and these coated particles 
is the most important. Figure 4 shows the results of a 
staining of hippocampal neurons after an incubation of 24 
hours with coated particles. 
 

 
 
 
 

 
 
 
 
 
 
 

Figure 4a, b: Immunocytochemical staining of PA22-2 
particles added to a primary culture of hippocampal 
neurons. Similar results are obtained for RGD coated 
particles 
 
The green signal from the beads is also overlapping with 
the red signal from the receptor indicating the binding of 
the beads on the surface of the cells. To observe the 
possible phagocytosis around these beads we investigated 
the neurons with SEM. Figure 4c and 4d show details about 
the phagocytosis phenomena appearing at the interface of 
the neurons and the RGD and PA22-2 coated particles. 
 

 
 
 

 
 
 
 

4 CONCLUSIONS 
 
In the creation of neuro-electronic hybrid devices the 

improvement of the cell adhesion on the chip is an essential 
aspect. At present the capacitive coupling between the 
neuron and the chip is suboptimal and therefore the signals 
become undiscriminable from the background noise.    In 
this paper we investigate the properties of two laminin 
derived pepetides, namely CRGD and PA22-2 to improve 
cell adhesion and induce phagocytosis.  
The first step is the immobilization of the peptides in a 
controlled way on a gold surface. This is realized by using 
an N-teminal cysteine that allows us to have directional 
control over the peptide orientation on the surface. The 
immobilization is controlled by using SPR and FTIR. Both 
peptides could be immobilized on the surface. 
The phagocytosis-like events are the most important. These 
events can be observed by using micro- and nano-sized 
beads. The surface chemistry that we optimized in the first 
step was transferred on these beads and the effect of the 
beads on a primary culture of hippocampal neurons is 
observed by means of immunocytochemical staining and 
SEM. Immunocytochemical stainings showed us that the 
beads align perfectly along the dendrites of the neurons. 
SEM showed us more in detail the membrane topography 
around the bead. These two techniques show that there is a 
specific interaction between the beads and certain receptors 
that are expressed on the cell membrane. SEM analysis also 
shows that the beads are engulfed by the cell membrane in a 
phagocytosis-like event.  
The next step would be to transfer this surface chemistry on 
a chip with µ nails, to grow neurons on these chips and to 
do morphological studies on the behavior of these neurons. 
In a later stage we also need to characterize the capacitive 
coupling between the neuron and the chip.  
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Figure 4c, d: SEM pictures of the cell membrane engulfing 
PA22-2 (c) and RGD (d) coated particles. The arrow in the 
first graph points at a partially engulfed particle. 
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