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An SU‑8‑based microprobe with a 
nanostructured surface enhances neuronal cell 
attachment and growth
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Abstract 

Microprobes are used to repair neuronal injury by recording electrical signals from neuronal cells around the sur‑
face of the device. Following implantation into the brain, the immune response results in formation of scar tissue 
around the microprobe. However, neurons must be in close proximity to the microprobe to enable signal recording. 
A common reason for failure of microprobes is impaired signal recording due to scar tissue, which is not related to 
the microprobe itself. Therefore, the device–cell interface must be improved to increase the number of neurons in 
contact with the surface. In this study, we developed nanostructured SU-8 microprobes to support neuronal growth. 
Nanostructures of 200 nm diameter and depth were applied to the surface of microprobes, and the attachment and 
neurite outgrowth of PC12 cells on the microprobes were evaluated. Neuronal attachment and neurite outgrowth 
on the nanostructured microprobes were significantly greater than those on non-nanostructured microprobes. The 
enhanced neuronal attachment and neurite outgrowth on the nanostructured microprobes occurred in the absence 
of an adhesive coating, such as poly-l-lysine, and so may be useful for implantable devices for long-term use. There‑
fore, nanostructured microprobes can be implanted without adhesive coating, which can cause problems in vivo over 
the long term.
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Background
Microprobes are used to repair or bypass brain injury by 
acquiring electrical signals from neuronal cells in contact 
with their surface. For reliable neural recording, a stable 
and sustainable interface between neuronal cells and the 
microprobes is required. A critical issue for microprobes 
is the difficulty in maintaining their recording perfor-
mance for long periods [1], which is due to the biological 
response of the surrounding cells [2]. Therefore, means of 
improving the lifetime and biocompatibility of implanted 
microprobes have been investigated [3].

Neural recording can be improved by applying a bio-
active coating (such as of a protein or polymer) to the 

microprobe surface to enhance neuronal cell attach-
ment. For example, Bellamkonda and colleagues used a 
thin coating of polyethyleneimine (PEI)–laminin (LN) to 
control scar tissue formation around implanted Si-based 
neural probes [4]. The PEI–LN-coated silicon microelec-
trode arrays showed less gliosis at 4 weeks after implanta-
tion [4, 5]. However, attachment of neuronal cells to the 
microelectrode surface was not enhanced. A polyethyl-
ene glycol (PEG) coating containing L1 protein, which 
is a neural adhesion molecule, increased neurite growth 
and reduced glial adhesion eightfold compared to a 
laminin coating [6]. A brain-derived neurotrophic factor 
(BDNF)—loaded hydrogel coating on planar microelec-
trode arrays (MEAs) affected neuron process growth and 
spontaneous electrical activity compared with control 
MEAs [7]. However, the duration of release is depend-
ent on the amount of protein loaded and the bioactive 
molecules in the coating; that is, it is limited. Therefore, 
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further research is required to enhance our understand-
ing of the microprobe–neuron interaction to prolong 
recording of neuronal signals.

Rough surfaces, especially nanostructured surfaces, 
maintain neuron viability more effectively than smooth 
surfaces, presumably because the former mimic the 
extracellular matrix [8, 9]. Various nanostructured sur-
faces—such as nanowire arrays [10, 11], nanopatterned 
poly-ε-caprolactone (PCL) [12], and a nanoporous gold 
(np-Au) substrate [13]—increased neuronal growth 
compared with that on a flat surface. The morphology 
of np-Au selectively reduces astrocyte surface coverage 
while maintaining neuronal surface coverage, similar to 
unstructured planar gold surfaces [14]. Ceramic-based 
microelectrodes using nanostructured porous silicon 
were proposed for use as a neural probe [15]. Neurons 
preferred the nanostructured surface and extended a 
significantly greater number of neurites, while glial cells 
avoided the nanostructured surfaces. Subsequent in vivo 
studies showed that microelectrodes of nanostructured 
porous silicon could be used to record signals from sin-
gle neurons [16]; at 1 week, glial activation was reduced 
and a greater number of neurons were adjacent to the 
porous silicon surfaces than to the smooth silicon sur-
faces. Microprobes made of soft materials as an alter-
native to silicon (Si) and ceramic-based neural probes 
have been developed and can suppress the inflamma-
tory response after implantation. Although neuronal 
cells prefer a nanostructured surface, the majority of 
flexible microprobes have a flat surface. In our previous 
work, a nanostructured SU-8 substrate exhibited similar 
neuronal outgrowth to a flat SU-8 surface coated with 
poly-l-lysine (PLL), which facilitates adhesion by rat 
pheochromocytoma (PC12) cells [17, 18]. These findings 
motivated us to develop SU-8-based microprobes with 
nanostructures to support neuronal cells on their surface 
over a long period of time.

Here we present a method for the preparation of 
nanostructured SU-8 microprobes to improve neu-
ronal binding and growth. We used SU-8 because of 
its biocompatibility and suitability for neural interface 
implants [19, 20]. We can apply the proposed procedure 
to the preparation of planar microprobes, as discussed 
in our previous work [17]. Therefore, the microprobes 
were prepared by conventional photolithography and 
the nanostructures on their surface were then realized 
by nanospheric lithography (NSL) [21, 22]. In addition, 
a nanostructured surface can be patterned as desired 
simply by covering undesired areas with a thin layer of 
metal. Scanning Electron Microscopy (SEM) and Atomic 
Force Microscopy (AFM) were used to characterize the 
surface nanostructures. The adhesion and outgrowth of 
PC12 cells was improved on the nanostructured SU-8 

microprobes. Our results suggest that nanostructured 
SU-8 microprobes provide a flexible neural interface that 
enhances their long-term performance and stability.

Methods
Fabrication of nanostructures on the surface of SU‑8 
microprobes
To improve neuronal attachment and neurite outgrowth, 
we fabricated nanostructures on the surface of SU-8 
microprobes, as shown in Fig.  1. Conventional photo-
lithography and nanosphere lithography were used to 
fabricate the microprobe and nanostructures, respec-
tively. The overall fabrication process is shown in Fig. 2. 
SU-8 2002 (MicroChem Corporation, Newton, MA, 
USA) was first spin-coated onto a glass wafer (Borofloat 
33; Schott, Jena, Germany) for 30 s at 1500 rpm (Fig. 2a). 
The wafer was baked for 10  min at 120  °C; the result-
ing SU-8 film was ~  1.6  μm thick. Next, a 20-nm-thick 
titanium layer and 150-nm-thick gold layer were depos-
ited using an e-beam evaporator (SRN-200; Sorona Inc., 
South Korea). Ti functions as an adhesive layer between 
the SU-8 and Au layers. Next, AZ5214 photoresist (AZ 
5214, Microchemicals GmbH, Germany) was spin-coated 
at 1550 rpm to a target thickness of ~ 2.2 μm and baked 
for 45 s at 120 °C. As a mask for electrode patterning, a 
~  100  nm chromium (Cr) layer was deposited using an 
e-beam evaporator. AZ5214 was removed by sonica-
tion in acetone (JT  Baker, Phillipsburg, NJ, USA), and 
Ti/Au layers were patterned using a dry-etching system 
(FabStar; Top Technology Ltd., South Korea) for 90 s at 
2  m Torr with Cl2 and Ar flow rates of 15 and 5  sccm, 
respectively. The inductively coupled plasma (ICP) 
source power and bias power with radio frequency (RF) 
were 500 and 250 W, respectively. After removing the Cr 
mask layer using a CR-7 etchant (Cyantek, Fremont, CA, 
USA), the electrode patterns were fabricated as shown in 
Fig. 2b.

To fabricate nanostructures around the electrodes, a 
second SU-8 layer of identical thickness to the first was 

Fig. 1  Schematic of the nanostructured microprobes
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added using the same procedure (Fig. 2c). For the selec-
tive generation of nanostructures around the Au elec-
trodes, a Cr layer was deposited and patterned by a 
lift-off process using a positive photoresist (AZ 5214) 
(Fig. 2d). For nanosphere lithography, the substrate with 
SU-8 microprobes was cut into 18 × 18 mm pieces, and 
coated with a monolayer of 0.3-µm-diameter polystyrene 
nanoparticles (PS NP suspension, 5.0% coefficient of vari-
ation; Spherotech, Lake Forest, IL, USA) by transferring 
the PS monolayer to the substrate by the water–air inter-
face [22]. The size of the PS nanobeads was reduced by 
oxygen plasma reactive-ion etching (RIE) (FabStar; Top 
Technology Ltd., South Korea) for 1 min with an O2 flow 
rate of 30 sccm and power of 50  W. A second 30-nm-
thick layer of Cr was deposited in the spaces among the 
PS nanobeads using an evaporator (Fig. 2e). The PS nano-
beads were dissolved in toluene at 40 °C for 30 min with 
sonication, and nanostructures were generated by RIE 
with an O2 flow rate of 30 sccm and power of 40 W for 
4 min. The Cr layer on SU-8 functions as an etch mask 
for the fabrication of nanostructures. Finally, the residual 
Cr layer (Fig. 2d, e) was removed using CR-7 etchant for 
1 min and the substrate was cleaned in deionized water 

and disinfected in 100% ethanol (Merck, Darmstadt, Ger-
many) for 24  h in the dark. The substrate was washed 
three times in sterile distilled water and dried in a lami-
nar flow hood.

Characterization of the nanostructured surface
A field-emission scanning electron microscope (FE-SEM) 
(S-4800; Hitachi, Tokyo, Japan) was used to observe the 
surface morphology of the nanostructured microprobes. 
An AFM (NX10; Park System Corp., South Korea) in 
non-contact mode in air at room temperature was used 
to measure the surface roughness and topography of the 
nanostructured surface.

PC12 cell culture
PC12 cells (CRL-1721; ATCC, Manassas, VA, USA) are 
extensively used in neurobiological and neurochemical 
studies [23, 24]. In this study, PC12 cells were used to 
investigate the responses of neurons to the nanostruc-
tured and non-nanostructured microprobes in  vitro. 
PC12 cells were maintained in Roswell Park Memo-
rial Institute (RPMI) 1640 medium with l-glutamine 
(Gibco, Grand Island, NY, USA) supplemented with 

Fig. 2  Fabrication of nanostructures on the microprobe surface: a negative photoresist coating on a glass wafer; b Ti and Au deposition using a Cr 
mask and inductively coupled plasma reactive-ion etching (ICP-RIE) of an Au layer as an electrode; c coating with an SU-8 passivation layer; d depo‑
sition of a Cr layer on the SU-8 microprobe; e self-assembly of polystyrene beads (~ 300 nm diameter) and reduction of polystyrene bead diameter 
using RIE followed by deposition of a 30 nm Cr layer; and f removal of polystyrene beads by sonication in toluene for 1 h, nanoscale etching of the 
SU-8 surface, and removal of the Cr mask using a Cr etchant
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10% horse serum (Sigma-Aldrich, St. Louis, MO, USA), 
5% fetal bovine serum (FBS; Hyclone, Logan, UT, USA, 
and Thermo Fisher Scientific, Rockford, IL, USA) and 1% 
antibiotic–antimycotic solution (penicillin 10,000 units/
mL, streptomycin 10,000  μg/mL, Fungizone (ampho-
tericin B) 25  μg/mL; Gibco Life Technologies, Grand 
Island, NY, USA) at 37 °C in 5% CO2 and subcultured at 
least twice weekly. For differentiation, PC12 cells were 
seeded onto plates at 2.5 × 105 cells/mL and treated with 
50  ng/mL nerve growth factor (NGF; BD Biosciences, 
Bedford, MA, USA) for 7  days. NGF-supplemented 
medium was changed every 2 days.

Statistical analysis
Neurites longer than 25  μm (i.e., the average cell body 
diameter) were enumerated. Three areas were randomly 
selected on each substrate by scanning from top to bot-
tom under a microscope. Experiments were conducted in 
triplicate. Comparisons were carried out using Student’s 

t test. Results are presented as means ± standard errors, 
and a value of p < 0.001 was considered to indicate statis-
tical significance.

Results and discussion
Fabrication of SU‑8‑based microprobes
Nanostructured SU-8 microprobes were fabricated by 
conventional photolithography. Figure 3a shows the fab-
ricated microprobes having four electrode sites. The total 
length of the microprobes was 4  mm (Fig.  3b, c). The 
shank width of the microprobe was 300 μm, the pitch of 
the recording sites was 200  μm, and the width of each 
opened electrode surface was 80 μm. The electrode sites 
were opened with a cloverleaf (Fig. 3c) and a star (Fig. 3d) 
shapes to induce cell adhesion and growth on the elec-
trode. To prepare nanostructures in the desired area on 
the microprobe surface, the substrate was masked with 
Cr. Nanostructures were created around the electrode 
sites, as shown in Fig. 3d, e, which are not covered by the 

Fig. 3  Fabricated microprobe without or with a nanostructured surface. a Photograph of SU-8 microprobes on a 4-inch glass wafer. b Enlarged 
optical image of the microprobe in (a) and c a representative optical image of gold electrode on the microprobe surface in (b). d Asterisk shape 
electrode and e square shape electrode of the microprobe masked with chromium (Cr) for nanostructuring
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Cr layer. As shown in Additional file 1: Figure S1, the area 
around the electrode sites was designed to have a 20 μm 
wide guide path similar to the single cell size. The size of 
cultured neuronal cells has cell bodies with a diameter of 
15–20 μm [25, 26]. Cells can thus be attached to the sur-
face of the nanostructured SU-8 microprobe compared 
to the non-nanostructured SU-8 microprobe, according 
to our previous study [17, 18]. In addition, cells could 
be induced to lead to electrode sites by the pathway as 
they adhere to the microprobes. Therefore, there could 
be more neuronal cells on the electrode and increase the 
ability to record neuronal signals through electrodes.

Characterization of surface nanostructures
Figure  4 shows the results of surface morphologies on 
nanostructured SU-8 microprobes. An SEM image in 
Fig.  4a shows the surface of a gold electrode at the end 
of a microprobe. The microprobe surface was extensively 
covered with nanostructures, except around gold elec-
trodes (Fig.  4b). Due to masking for the electrode site, 
there was no nanostructured topography on the gold 
electrode area (Fig. 4c). Figure 4d shows an enlarged SEM 
image of the nanostructures, which have an appearance 
similar to nano-holes. AFM was used to assess the depth 
of the nanostructures on the surface of SU-8 micropro-
bes (Fig.  4e, f ). The nanostructures exhibited similar 
appearances in AFM and SEM images. The nanoholes 
had a diameter and a depth of ~ 200 nm (Fig. 4f ); this is 
because filopodia have a diameter of 100–300 nm; these 
structures play an important role in the outgrowth of 
neurites and serve as precursors to dendritic spines in 
neurons [27]. Therefore, we use this size to enhance neu-
rite outgrowth on the nanostructured SU-8 microprobe. 
We successfully applied the nanostructuring technique to 
the surface of the SU-8 microprobe and obtained nano-
structures that were consistent with our previous study 
[17].

In vitro culture of PC12 cells on nanostructured SU‑8 
microprobes
We assessed the neuronal development of PC12 cells on 
uncoated, nanostructured microprobes. Figure  5 shows 
neuronal outgrowth of PC12 cells on nanostructured 
and non-nanostructured microprobes. At 3  days after 
NGF treatment, PC12 cells were not attached to non-
nanostructured microprobes and remained undifferenti-
ated (Fig. 5a). In contrast, PC12 cells on nanostructured 
microprobes were not surface-bound on the 1-day 
in vitro culture (DIV1, 1 day after seeding), but differenti-
ated 3 days after NGF treatment (Fig. 5b, c).

To compare neuronal development between nano-
structured and non-nanostructured microprobes, the 

number of neurites extended per PC12 cell was deter-
mined in phase-contrast optical images. Figure 5d shows 
the number of neurites per differentiated PC12 cell on 
non–nanostructured and nanostructured micropro-
bes for 5  days after NGF treatment. Differentiation of 
PC12 cells was significantly greater on nanostructured 
than on non-nanostructured microprobes (p  <  0.001). 
In contrast, few PC12 cells were attached to non-nano-
structured microprobes, and those that did attach were 
in close proximity to each other (Fig. 5a). Because PC12 
cells differentiate as they attach to the surface, similar to 
our previous study, they showed low neurite outgrowth 
over time at 5 days after NGF treatment [18]. It is inter-
esting to note that the length of PC12 neurite extension 
on nanostructured microprobes is similar to that on rat 
tail collagen type I coated culture dishes [28]. As shown 
in Additional file 1: Figure S2, PC12 cells extended to the 
longest neurite length for about 150  μm 10  days after 
NGF treatment. Surface attachment and growth by PC12 
cells typically require an adhesive coating (e.g., PLL), but 
nanostructured microprobes enhance cell adhesion and 
differentiation without the requirement for a surface 
coating. Nanostructures are permanent; in contrast, the 
effect on cell adhesion of a coating of adhesion molecules 
is limited by the inevitable degradation over time [29]. 
Therefore, nanostructured microprobes support neu-
ronal growth for longer periods than those with conven-
tional surface coatings.

Further studies should determine whether nanostruc-
tured microprobes support neuronal growth over the 
long term in comparison with microprobes coated with 
cell-adhesion molecules. After microprobe implantation, 
the foreign-body reaction and inflammatory response 
should be evaluated to validate the utility of nanostruc-
tured microprobes in vivo. Nanostructured microprobes 
show promise for implantable brain-machine interfaces 
that can remain in situ for long periods.

Conclusion
In this study, nanostructured SU-8 microprobes were 
developed to enhance neuronal growth with the aim of 
facilitating long-term recording of neuronal signals. SU-8 
microprobes were produced by conventional photoli-
thography and nanostructures of ~ 200 nm diameter and 
depth were generated on their surfaces. Neuronal devel-
opment on nanostructured and non-nanostructured 
microprobes was characterized using PC12 neuron-like 
cells. PC12 cells on nanostructured microprobes showed 
significantly increased attachment and neurite outgrowth 
compared with those on non-nanostructured micropro-
bes. This improved neuronal development did not require 
an adhesive coating (e.g., PLL) and so the nanostructured 
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Fig. 4  Nanostructured area of a microprobe. a Schematic of a nanostructured area on the microprobe surface, and SEM image of the top of a 
microprobe showing a gold electrode. SEM images of the boxed areas in (a); b nanostructured area; c boundary between a nanostructured area 
and a gold electrode; d enlargement of the boxed area in (c); e AFM image (5 × 5 μm) of a nanostructured microprobe surface; and f line profile of 
the white arrow in (e). Nano-holes are ~ 200 nm in both diameter and depth
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microprobes show promise for use in implantable devices 
that support neurons, for example, implantable brain-
machine interfaces.

Additional file

Additional file 1. Design of SU-8 microprobe for nanostructured area 
around electrode site.

Additional file 2. Biocompatibility of PC12 cells on nanostructured SU-8 
microprobe.
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