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Background: Nerve regeneration is important for the treatment of degenerative diseases and

neurons injured by accidents. Nerve growth factor (NGF) has been previously conjugated to

materials for promotion of neurogenesis.

Materials and methods: Photoreactive gelatin was prepared by chemical coupling of

gelatin with azidobenzoic acid (P-gel), and then NGF was immobilized on substrates in

the presence or absence of micropatterned photomasks. UV irradiation induced crosslinking

reactions of P-gel with itself, NGF, and the plate for immobilization.

Results: By adjustment of the P-gel concentration, the nanometer-order height of micro-

patterns was controlled. NGF was quantitatively immobilized with increasing amounts of

P-gel. Immobilized NGF induced neurite outgrowth of PC12 cells, a cell line derived from a

pheochromocytoma of the rat adrenal medulla, at the same level as soluble NGF. The

immobilized NGF showed higher thermal stability than the soluble NGF and was repeatedly

used without loss of biological activity. The 3D structure (height of the formed micropattern)

regulated the behavior of neurite guidance. As a result, the orientation of neurites was

regulated by the stripe pattern width.

Conclusion: The micropattern-immobilized NGF nanolayer biochemically and topologi-

cally regulated neurite formation.

Keywords: nerve growth factor, photoreactive gelatin, micropatterned immobilization,

PC12 cell, neurite outgrowth

Introduction
Neural regeneration is a crucial issue for the treatment of neurodegenerative dis-

eases and injured neurons.1 Neural tissue engineering is rapidly becoming a grow-

ing field for the discovery of new methods to regenerate the nervous system.2–6 To

regenerate neural systems, immobilization of nerve growth factor (NGF) has been

considered to be useful for material development, because it is one of the neuro-

trophic factors that plays an important role in neuron survival and neurite

outgrowth.

Immobilization of NGF has been performed using various kinds of materials such as

gelatin,7 poly(2-hydroxyethylmethacrylate) gel,8 photoreactive chitosan,9 and allyla-

mine-grafted glass.10 Because the growth cone is guided according to the concentration

gradient of NGF,11 gradient immobilization has been performed.12,13 By immobilization

of NGF and semaphorin A, regulated guidance of axonal growth has been achieved.14–16

To enhance the activity of immobilized NGF, co-immobilization with the extra-

cellular matrix protein laminin has been employed.17 Because electrical signals are also

one of the factors that enhance such activity,18 NGF has been immobilized on
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electrically conductive polymer polypyrrole with some sur-

face modifications.19–21 The material stiffness is also consid-

ered to be important.22 In addition to these physical

parameters, topographical factors have been recently taken

into consideration.23–28

In this study, we prepared a nanolayer of NGF-immo-

bilized substrate that induced neurite outgrowth resulting

in nerve regeneration to investigate biochemical and topo-

graphical effects. The photo-immobilization method using

photoreactive gelatin (P-gel), which contains azido phenyl

groups, was used for the immobilization as reported

previously.29–31 Micropatterns were prepared using photo-

masks, and topographical (thickness) regulation was

achieved by the amount of cast P-gel. A rat adrenal pheo-

chromocytoma cell line (PC12) was used as an in vitro

model. Some cell lines are used as neuronal cell models.32

The PC12 cell is one of them, and it has been widely used

as a model for neural differentiation.32,33 Although it is not

originally a neuronal cell type, its neurite formation has

been extensively investigated.10,12,13,17,19–21,34–37 Because

neurite outgrowth can be simultaneously correlated with

diverse cues in developing neurons, we investigated cel-

lular behaviors on the immobilized surface at various

concentrations and used a micropatterned substrate that

modulates neurite formation and outgrowth.

Materials and methods
Materials
PC12 cells were purchased from the Japanese Collection of

Research Bioresources Cell Bank (Tokyo, Japan). Plastic

plates (15 mm in diameter) were purchased from Thermo

Fisher Scientific (Waltham, MA, USA). Rhβ-NGF was

purchased from R&D Systems (Minneapolis, MN, USA).

Gelatin from porcine skin (Type A) and a Rat β-NGF
ELISA Kit were purchased from Sigma-Aldrich (St.

Louis, MO, USA). A primary antibody (rabbit polyclonal

against NGF) and secondary antibody (Alexa Fluor 488

goat anti-rabbit IgG) were purchased from Abcam

(Cambridge, UK) and Thermo Fisher Scientific,

respectively.

Preparation of photoreactive gelatin
P-gel was synthesized according to a previously reported

method.31 Briefly, gelatin powder (200 mg) was completely

dissolved in Milli-Q water (100 mL). N-(4-Azidobenzoyloxy)

succinimide prepared from 4-azidobenzoic acid (Tokyo Kasei

Industry, Tokyo, Japan) dissolved in 1,4-dioxane (4 mL) was

added to the gelatin solution. The mixture was stirred at room

temperature for 2 days. The resulting solution was dialyzed

against Milli-Q water twice. P-gel was recovered as a powder

by a freeze-dry process. The content of azidophenyl groups in

the gelatin was determined based on the absorbance of azido-

phenyl groups (λ: 270 nm) using a V-550 spectrophotometer

(JASCO, Tokyo, Japan).

Surface immobilization of NGF
NGF was immobilized on the plastic plate as shown in

Figure 1. The aqueous solution of P-gel was poured (20 μL
per plate) onto the plate. After drying in air at room

temperature, the plate was irradiated by a UV spot light

lamp (Hamamatsu Photonics, Hamamatsu, Japan) at 10 cm

from the light source (12 mW/cm2) for 10 s, and then

Figure 1 Schematic illustration of photo-immobilization. Steps in immobilization of NGF by photoreactive gelatin (P-gel) with photomask patterning. P-gel was immobilized

on the plastic plate without the photomask in the first step of immobilization. In the second step, P-gel and NGF were immobilized on the P-gel-immobilized layer with the

photomask.
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washed with Milli-Q water. Subsequently, P-gel solutions

containing NGF at various concentrations (0.35–3.5 pmol/

per well plate) was poured onto the P-gel-immobilized

plate. After drying in air while protected from light at

room temperature, the plate was exposed to UV light

under the same condition described above with or without

a photomask (Toppan Printing, Tokyo, Japan). The plate

was then washed with Milli-Q water repeatedly.

Determination of the amount of

immobilized NGF
After the NGF-immobilized sample was repeatedly washed

with Milli-Q water until no NGF was confirmed, the wash

solutions were collected. The amount of NGF in the col-

lected solutions was determined by the Rat β-NGF ELISA

Kit, in accordance with the manufacturer’s protocol. The

amount of immobilized NGF was calculated by subtraction

of the washed out NGF from the initial amount of NGF.

Staining of the NGF-immobilized surface
The NGF-immobilized substrate was blocked with 0.5%

goat serum and incubated with the primary antibody for

1 h at room temperature. After three washes with Milli-Q

water, the surface was incubated with the secondary anti-

body in the dark for 1 h at room temperature. The fluores-

cent signal was observed using a fluorescence microscope

(IX71, Olympus, Tokyo, Japan).

Morphological characterization of materials
A reflective confocal laser microscope (RLCM, OLS4100,

Olympus, Tokyo, Japan) was used to observe the morphol-

ogy of gelatin-immobilized micropatterned surfaces. After

the sample was placed on the stage of the RCLM, the multi-

ple mirrors of the RCLM scanned the laser across the sample.

The image was obtained across a fixed pinhole and detector,

and the thickness of the formed layer was measured. All

procedures of RCLM measurements were conducted in a

clean room to avoid any contamination of the surface.

Cell culture
PC12 cells were cultured in Roswell Park Memorial Institute

medium-1640 (RPMI-1640) (Sigma-Aldrich) supplemented

with 10% fetal bovine serum (FBS, MP Biomedicals,

Quebec, Canada) and 5% horse serum (HS, Life technolo-

gies, Carlsbad, CA). The cells were cultured in an incubator

at 37 °C with 5%CO2. At 70–80% confluence, the cells were

harvested or sub-cultured with 0.25% trypsin and 1 mM

ethylenediaminetetraacetic acid (EDTA). To investigate

NGF effects, the culture medium was replaced with differ-

entiation medium containing 1.0% FBS and 0.5% HS. After

the cells were cultured for 2 days, they were then analyzed.

Scanning electron microscopy (SEM)

analysis
After cell culture on the substrate, the samples were rinsed

with PBS and fixed with 2.5% glutaraldehyde in 0.1 M

sodium cacodylate (pH 7.4) overnight. The samples were

then rinsed with 0.1 M sodium cacodylate and dehydrated

sequentially via an aqueous replacement process by soaking

in a series of 60%, 80%, and 100% ethanol solutions. Finally,

the samples were transferred to 100% hexamethyldisilazane

for 10 min and then dried overnight. The prepared samples

were observed under a scanning electron microscope

(Thermo Fisher Quattro SEM, Thermo Fisher Scientific).

Estimation of neurite formation
Neurite formation of the PC12 cell body was analyzed using

ImageJ and Neuron J programs as reported previously.38–40

The calculation images are shown in Figures S1 and S2. To

determine neurite lengths, the neurites were segmented from

the cell body and traced by automated tracing of the software.

Then, the length was calculated by the “Analyze skeleton”

plugin.40 For each substrate, the neurite length was calculated

using at least 30 neurites in five independent fields of each

image from three different images.

To determine the frequency of neurite-forming cells,

the cells were categorized into neurite-forming and non-

forming neurites.39,40 If at least one neurite length in a cell

was longer than the cell size, which was calculated by the

longest width of the cell, the cell was defined as a neurite-

forming cell (Cell B). Otherwise, cells were defined as

non-neurite-forming cells (Cell A). The frequency of neur-

ite extension was estimated according to the above defini-

tion and the following equation.39 The value was

calculated using 30 cells (Cell A + Cell B) in five inde-

pendent fields of each image from three different images

for each substrate.

Frequency of neurite-

extended cells %ð Þ ¼ Cell B

Cell Aþ Cell B
� 100

To analyze neurites crossing the pattern step, formed neur-

ites were randomly chosen for each substrate, and the ratio

of crossing the step was calculated as shown in Figure S2.

The value was calculated using 30 neurites in five
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independent fields of each image from three different

images for each substrate.

To analyze neurite-guided cells, the neurite angle

between a neurite and patterned direction was determined

based on previous reports.41,42 Neurite-formed cells were

randomly chosen and the longest neurite of the cells was

analyzed. When the angle of the longest neurite with the

cell body was lower than 15°, as shown in Figure S3, the

neurite-formed cell was categorized as a neurite-aligned

cell (Cell B). Otherwise, cells were defined as non-neurite-

aligned cells (Cell A). The value was calculated using 30

cells (Cell A + Cell B) in five independent fields of each

image from three different images for each substrate.

Ratio of neurite-guided cells %ð Þ ¼ Cell B
Cell Aþ Cell B

� 100

Statistical analysis
Data were presented as the mean ± standard deviation

(S.D.). Statistical comparisons were performed by the

Student’s t-test and one-way ANOVA followed by the

Tukey post-hoc test. P<0.05 was considered as statistically

significant.

Results and discussion
Immobilization of NGF
P-gel has specific UVabsorbance at 270 nm ascribed to the

azidophenyl group (Figure S4). Upon UV irradiation, the

azidophenyl groups in P-gel decompose to form nitrene as

a reactive radical to crosslink the NGF, P-gel, and sub-

strate. After these crosslinking reactions, NGF was cova-

lently immobilized to P-gel, covalently immobilized to the

substrate surface through P-gel, or entrapped in the cross-

linked P-gel. This immobilization was confirmed by pat-

tern staining of immobilized NGF (Figure 2). The images

show green fluorescence from the Alexa 488-conjugated

antibody only on the NGF-immobilized area.

Figure S6A–D show that the efficiency of NGF immo-

bilization in the P-gel layer increased with increasing the

amount of P-gel and NGF. As summarized in Figure 3,

100% immobilization of various amounts of NGF (1, 5,

20, and 50 ng) was achieved by 0.1% and 0.5% P-gel.

Based on these conditions for NGF immobilization, the

samples were prepared with the minimal required amount

of P-gel (0.1%) to reduce the effect of P-gel in further in

vitro experiments.

Preparation of the micropatterned surface
The difference between immobilized and non-immobilized

regions, where two layers were achieved by the photomask,

was observed by phase contrast microscopy (Figure S5).

The micropattern treatment using a small amount of gelatin

such as 0.01% was insufficient to be observed by phase

contrast microscopy because the layer was too thin.

However, the micropatterns using 0.1% and 1.0% gelatin

were sufficient for observation.

The RCLM technique was employed to quantitatively

evaluate the immobilized surface (Figure 4). The thickness

of the layers prepared using different amounts of P-gel was

determined. The theoretical thickness was calculated from

the amount of cast gelatin on the substrate. Using the

density of gelatin (1.27 g/cm3),43 the volume was calcu-

lated. Finally, the volume was divided by the surface area

(15 mm diameter of the plastic disc) to calculate the

Figure 2 Visualization of the NGF-micropatterned surface. Phase contrast images of the photomask (left) and micropatterned surface formed by photoreactive gelatin with

the photomask (middle). Immunofluorescence images of the immobilized NGF (right). The wide (A)- and narrow (B)-patterned substrates were prepared by photomasks

with different linear patterns.
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height. The thickness on the immobilized layers was very

close to the theoretical thickness. This result indicates that

the surface thickness can be easily controlled by changing

the concentration of P-gel. Therefore, we could employ in

vitro cell cultures to understand neuronal behaviors on the

different topographical surfaces.

Cellular behavior on surfaces with

micropattern-immobilized NGF
To investigate the effect of NGF immobilization on cellular

behavior, PC12 cells were cultured on the micropattern-

immobilized NGF as shown in Figure 5. The micropattern-

ing enabled us to observe the effect of immobilized NGF at

a glance. Although the cells were randomly distributed on

both non-immobilized and NGF-immobilized regions when

they were seeded, the cell density was higher on the NGF-

immobilized regions during culture. The increase in cell

number on the NGF-immobilized regions was considered

to be due to the migration of cells and their gradual trapping

by immobilized NGF. On the immobilized regions, signifi-

cant neurite outgrowth was also observed. The micropat-

tern-immobilized NGF substrate simultaneously showed

both trapping of cells and neurite outgrowth.

Quantitative comparison of soluble and

immobilized NGF
Neurite extension and formation were characterized under

the different states of NGF (soluble and immobilized) as

shown in Figure 6. By increasing the amount of NGF,

both soluble and immobilized NGF increased the neurite

length and the frequency of extended neurites. This effect

was saturated at >1 pmol/well plate. The immobilized

NGF had almost the same effect on neurite formation

of PC12 cells as soluble NGF. Yu et al9 described almost

the same effect on neuron survival (70%) after 3 days of

culture using 30 ng/cm2 chitosan-immobilized NGF and

50 ng/mL soluble NGF. Lee et al20 demonstrated that

almost the same effect on PC12 neurite formation

(30%, 14 μm length) was achieved by both immobilized

NGF and 50 ng/mL soluble NGF. The immobilized NGF

at 30 ng/cm2 reported by Yu et al9 corresponds to

1.5 pmol/well plate in the present study, and the soluble

NGF at 50 ng/mL reported by Lee et al20 corresponds to

1.7 pmol/well plate in the present study. Therefore, the

present results indicate that the same effect was achieved

by the same amounts of NGF as reported previously.

Figure 3 Measurement of immobilized NGF on the substrate by ELISA.

Percentages of immobilized NGF (1, 5, 20, and 50 ng) in the gelatin solution using

various concentrations of P-gel (0.01%, 0.05%, 0.1%, and 0.5%). Data are presented

as the mean ± SD, n=3.

Figure 4 Characteristics of the immobilized surface by P-gel. (A) 3D measurement

using a reflective confocal laser microscope (RCLM) to observe the morphological

structure of the immobilized surface at different concentrations of P-gel. (B)
Comparison of the thickness on immobilized substrates. Data are presented as

the mean ± SD, n=3.
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Immobilized growth factors, such as insulin, epidermal

growth factor (EGF), and fibroblast growth factor, enhance

cell growth more than soluble growth factors by inhibiting the

downregulation of signal transduction caused by cellular inter-

nalization of growth factors.44–46 It has also been reported that

immobilized EGF promotes neurite formation of PC12 cells,

although soluble EGF enhances the growth of PC12 cells.47

In the case of NGF immobilization, neither promotion of

neurite formation nor switching of gene expression occurred.

The signal transduction mechanism of growth is different

Figure 5 Cellular behavior on the micropattern-immobilized NGF substrate. Based on a linear pattern photomask, the non-immobilized region (shaded area of the

photomask) and NGF-immobilized region (open area of the photomask; Red line) were 200 and 400 μm, respectively.

Figure 6 Characterization of neuronal behavior under soluble and immobilized NGF conditions. (A) Representative images of cellular morphology at various concentrations

of soluble and immobilized NGF. No NGF; Negative control (A), soluble NGF; 0.35, 1.0, and 3.5 pmol/well plate (a–d), immobilized NGF; 0.35, 0.75, 1.5, and 3.5 pmol/well

plate (e–h). Scale bar: 100 μm. (B) Frequency of neurite-extended cells and neurite length with soluble and immobilized NGF. Data are presented as the mean ± SD, n=3.
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from that of differentiation in PC12 cells.48 It is also well

known that the differentiation depends on sustained

signaling.49 However, the nerve growth cone exhibits adap-

tation through desensitization and resensitization to wide

ranges of concentrations of guidance factors50 and the down-

regulation depends on the endocytosis of receptors.51

Considering these studies, cone guidance is up/downregu-

lated but neurite formation requires sustained and monoto-

nous signaling. Therefore, it was considered that no

downregulation process that generally occurred in the growth

process occurred in the differentiation process. As a result, a

specific difference between soluble and immobilized NGF

was found in neurite formation.

Thermal stability and reusability of

immobilized NGF
To investigate the thermal stability of immobilized NGF,

samples were incubated at 37, 42, and 60 °C for various

durations (Figure 7). Although significant loss of soluble

NGF activity was observed, the immobilized NGF showed

a lesser decrease of activity at any temperature. Therefore,

the immobilizationmaintained the biological activity of NGF

through reduction of the conformational flexibility of NGF

by fixation as observed in enzymes.52,53

To confirm the stability of immobilized NGF, it was

repeatedly used after cell culture as shown in Figure 8. The

results showed no significant decrease in the biological activity

Figure 7 Frequency of neurite-extended cells cultured with soluble NGF and immobilized NGF pretreated at 37, 42, and 60 °C for 6, 12, and 24 h. Cells cultured with

soluble and immobilized NGF without pretreatment were used as controls, and cells at 0 h were considered as 100%. Cells were cultured with either (A) pretreated soluble

NGF in growth medium or (B) pretreated immobilized NGF. Data are presented as the mean ± SD, n=3.
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of the reused plates with immobilized NGF in comparison

with that of the fresh plates. Figure 8 shows at least two reuses

without losing the biological activity that induced neurite

outgrowth. Taken into consideration with other previous

reports,31,53 we concluded that the reusability of biomolecules,

such as growth factors, enzymes, and antibodies, may be

facilitated by immobilization.

Neurite guidance on the micropatterned

surface
The contact guidance of formed neurites was investigated

on the different thicknesses of micropatterned layers in

the presence of 100 ng/mL soluble NGF as shown in

Figure 9. In the case of a low height (26 nm) of the step,

the neurites had sporadically formed and outgrew regard-

less of the patterned surface. However, in the case of a

high height (>130 nm), the neurites had extended and

aligned on the borderline of the two layers. Considering

the largest diameter of a neurite was 30–40 nm, a 100 nm

layer thickness was sufficient for contact guidance of

neurites.

Previously Chua et al41 and Béduer et al42 reported the

neurite guidance by microfabricated polydimethylsiloxane

(PDMS). According to Chua et al, the height ranged from

350 to 4,000 nm, and the neurite alignment of

Figure 8 Frequency of neurite-extended cells cultured on immobilized NGF that

was reused twice. Cells cultured on a freshly prepared surface with immobilized

NGF were used as controls and considered as 100%. Data are presented as the

mean ± SD, n=3. N.S., no significant difference.

Figure 9 Control of neurite direction by the immobilized height. (A) Observation of the cellular response to different heights by SEM analysis. The micropatterned surface

was prepared by a narrow linear pattern using a photomask (10 μm: 15 μm). Scale bar: 10 μm. NGF at 3.5 pmol was added in each well. (B) Comparison of neurite guidance

by height. Neurite guidance was estimated on gelatin-immobilized substrates with different heights and soluble NGF. The height between the first and second gelatin layers

was adjusted by different concentrations of gelatin. NGF at 3.5 pmol was added in each well. (C) Schematic illustration for neurite formation by the relationship between the

neurite diameter and immobilized height. Data are presented as the mean ± SD, n=3. N.S., no significant difference, **P<0.01; significant difference.
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hippocampal murine neural progenitor cells monotonously

increased with the increase in height. Considering that the

present material was based on gelatin, the greater adhe-

siveness than PDMS for neurites may reduce the threshold

height that a cell can recognize.

Because contact guidance of neurites was achieved by

a 100 nm height of the step wall, neurite alignment from

the cell was investigated on different widths of micropat-

terns as shown in Figure 10. The neurites of PC12 cells

cultured on the most narrow micropatterned surfaces

(10 μm: 15 μm) showed that many cells formed aligned

neurites according to the patterned steps. Most cells on the

patterns extended two or more neurites bidirectionally.

When the micropattern width was enlarged, the neurite

Figure 10 Guidance of the neurite direction by different micropatterned surfaces. (A) Photomasks with different linear patterns (a) and SEM images (b) of outgrowing neurites of

PC12 cells on micropatterned substrates. Prior to cell culture, all substrates were immobilized by gelatin through a photomask with various linear ratios between UV-transparent

(NGF-immobilized area) and non-transparent (non-immobilized area) regions. In the case of soluble NGF, the NGF was added to the growthmedium to assist in neurite outgrowth

upon cell cultivation. Scale bar: 50 μm. (B) Estimation of neurite guidance. To compare neural interpreting of different micropatterned substrates, the ratio of neurite-guided cells

was estimated. Data are presented as the mean ± SD, n=3. N.S., no significant difference, *P<0.05; significant difference, **P<0.01; significant difference.
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orientations became more random. This result indicates

that the neurite alignment of cells can be finely modulated

when the number of gelatin-based steps increases.

Ferrari et al54 performed nanotopographic control of

PC12 cells on nanoprinted cyclic olefin copolymer films

and found that a 500 nm width was the most effective for

the formation of a bipolar shape, and that on a width larger

than 1,500 nm, cells had the tendency to form a multipolar

shape. However, Béduer et al42 reported that a 60 μm
groove width contributed more to alignment than an unpat-

tern surface. The present study showed that neurites can be

modulated by a sufficient height for neurite guidance and a

sufficient narrow groove.

Figure 10 also indicates that NGF immobilization

increased the alignment of neurites. Considering that

chick dorsal-root axons turn toward high concentrations

of NGF11 as well as NGF concentration-dependent neurite

formation,12,13 the enhanced alignment was due to the

direct interaction between neurites and immobilized NGF.

Conclusion
NGF-immobilized nanolayers were prepared by photocros-

slinking for neurite formation. The immobilized NGF

induced neurite outgrowth similarly to soluble NGF,

although the soluble NGF showed higher activity at a low

concentration compared with immobilized NGF. The

micropatterned layers showed guided neurite formation on

certain micropatterned surfaces. Furthermore, the micropat-

tern immobilization of NGF simultaneously showed bio-

chemical and topographical effects on neurite formation.
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