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ABSTRACT: This work examines the development of primary
neurons and astrocytes on thoroughly controlled functional
groups. Negatively charged surfaces presenting carboxylate
(COO−) or sulfonate (SO3

−) groups prove beneficial to neuronal
behavior, in spite of their supposed repulsive electrostatic
interactions with cellular membranes. The adhesion and survival
of primary hippocampal neurons on negatively charged surfaces
are comparable to or slightly better than those on positively
charged (poly-D-lysine-coated) surfaces, and neuritogenesis and neurite outgrowth are accelerated on COO− and SO3

− surfaces.
Moreover, such favorable influences of the negatively charged surfaces are only seen in neurons but not for astrocytes. Our results
indicate that the in vitro developmental behavior of primary hippocampal neurons is sophisticatedly modulated by angstrom-sized
differences in chemical structure or the charge density of the surface. We believe that this work provides new implications for
understanding neuron−material interfaces as well as for establishing new ways to fabricate neuro-active surfaces.

■ INTRODUCTION

Macromolecules containing amino groups, such as polylysine
and polyornithine, have been frequently used as coating
materials for in vitro neuronal substrates, as electrostatic
attraction between the positive charges of the NR3

+ groups
on a culture substrate and the negatively charged neuronal
membranes has been suggested as an indispensable factor for
stable neuronal adhesion and proper development.1 This
argument has been supported by many previous reports
showing that positively charged (e.g., NR3

+) surfaces were
more permissive and compatible to the adhesion and
outgrowth of primary neurons compared with negatively
charged (e.g., COO−) and neutral (e.g., CH3 or zwitterionic)
surfaces.2−7 Neurons in vivo, however, face and respond to
more than positively charged chemical moieties; various
functional groups and local charges present in the extracellular
matrix (ECM) and diffusible chemotropic factors released from
other cells (e.g., neurotransmitters, netrin, semaphorin, etc.)
delicately modulate and guide neuronal behaviors (e.g.,
neuritogenesis and neurite outgrowth).8 In this sense, this
gap between the commonly used NR3

+ surfaces and in vivo
conditions demands detailed investigation of the effects of
chemical identities on neuronal behaviors in vitro in order to
construct in vivo-mimetic surfaces as well as understand
neuronal environments in vivo. Therefore, in this work, we
systematically varied surface-functional groups at the molecular
level, in a way that has not been pursued conventionally, and

observed that contrary to common belief, hippocampal neurons
cultured on well-controlled negatively charged carboxylate
(COO−) and sulfonate (SO3

−) surfaces exhibited developmen-
tal behaviors similar to those on ECM glycoproteins9,10

compared with those on positively charged (poly-D-lysine
(PDL)-coated and NH3

+) surfaces. In addition, COO− surfaces,
while promoting neurite outgrowth and neuritogenesis,
selectively limited the survival of astrocytes unlike PDL
surfaces.

■ EXPERIMENTAL SECTION
Materials. Glass coverslips with diameters of 12 mm were

purchased from Marienfeld (Germany). Reagents for piranha solution
(H2SO4 and H2O2) were purchased from Junsei Chemical Co.
(Japan). Organosilanes (3-aminopropyltrimethoxysilane (APTMS),
triethoxysilylpropylsuccinic anhydride (TESPSA), glycidoxypropyl-
trimethoxysilane (GPTMS), and n-butyltrimethoxysilane (n-BTMS))
were purchased from Gelest, Inc. (USA). 3-Mercaptopropyl-
triethoxysilane (MPTES), trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane, PDL hydrobromide, poly-L-lysine−fluorescein isothiocyanate
(PLL-FITC), peracetic acid solution (32 wt % in dilute acetic acid),
succinic anhydride (SA), 2-mercaptoethanol, paraformaldehyde, anti-
beta-tubulin III antibody produced in rabbit, anti-vinculin antibody
produced in rabbit, and anti-glial fibrillary acidic protein (GFAP)
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antibody produced in mouse were purchased from Sigma-Aldrich
(USA). Neurobasal medium, B-27, GlutaMAX supplement, live/dead
viability/cytotoxicity kit, goat anti-rabbit Alexa Fluor 594 antibody,
goat anti-mouse Alexa Fluor 488 antibody, and Alexa Fluor 488
phalloidin were purchased from Thermo Fisher Scientific (USA).
Hanks’ Balanced Salt Solution (HBSS), Dulbecco’s Modified Eagle’s
Medium (DMEM), phosphate-buffered saline (PBS), fetal bovine
serum (FBS), and penicillin−streptomycin solution were purchased
from WelGENE, Inc. (Korea). SU8 2010 photoresist and SU8
developer were purchased from Microchem (USA). Bovine serum
albumin (BSA), mounting solution with 4′,6-diamidino-2-phenyl-
indole (DAPI), and Cell Counting Kit-8 (CCK-8) were purchased
from Santa Cruz Biotechnology, Inc. (USA), Vector Laboratories, Inc.
(USA), and Dojindo Molecular Technologies, Inc. (USA), respec-
tively. All reagents were used as received without further purification.
Preparation of Molecularly Controlled Chemical Surfaces.

All glass coverslips were cleaned by immersing them into piranha
solution (7:3 mixture of H2SO4 with H2O2) for 10 min. After washing
with deionized (DI) water, the coverslips were sonicated in DI water
for 10 min to remove possible residues of the piranha solution. The
coverslips were then washed with DI water three times and dried
under a stream of argon. Dried coverslips were stored at 70 °C for 3−4
h. Right before self-assembled monolayer (SAM) formation, all
coverslips, including bare coverslips (negative control), were treated
with O2 plasma for 7 min. Coverslips coated with PDL, a conventional
substrate for neurons, were prepared by 1 h dipping in aqueous PDL
solution (0.1 mg/mL in DI water). To introduce the NH3

+-functional
groups on coverslips, the cleaned glass coverslips were immersed in 1%
APTMS in a mixed solution of methanol/1% acetic acid in DI water
(95:5 (v:v)) for 1 h. After washing with methanol, the coverslips were
dried under a stream of argon and annealed at 100 °C for 20 min. The
coverslips were then washed with methanol repeatedly and dried
likewise. For the COO−(NH2 + SA) surfaces, APTMS-functionalized
surfaces were further reacted with 0.2 M SA in anhydrous
tetrahydrofuran (THF) overnight, followed by rinsing with THF
and DI water. Other COO−-functional groups were introduced on
coverslips by dipping in 10% TESPSA in anhydrous toluene (v:v) for
17 h. The coverslips were rinsed with anhydrous toluene,
dimethylformamide (DMF), and DI water. To open the ring (SA)
in TESPSA, coverslips were immersed in DI water for 1 h and dried.
The SH-, OH-, or CH3-functionalized coverslips were prepared by
dipping in 3% MPTES, 20% GPTMS, or 5% n-BTMS in anhydrous
toluene for 17 h, respectively. All the coverslips were then washed with
anhydrous toluene, DMF, and DI water and dried. The GPTMS-
reacted surfaces were further reacted with 0.1 M 2-mercaptoethanol in
PBS at 45 °C (air temperature) for 17 h to make the OH-terminated
GPTMS. The coverslips were washed with PBS and DI water and then
dried likewise. To introduce the SO3

−-functional groups on coverslips,
the MPTES-functionalized coverslips were oxidized by peracetic acid
solution (32 wt % in dilute acetic acid) at 50 °C for 50 min. The
oxidized coverslips were rinsed with DI water and dried. All
functionalized coverslips were stored at room temperature until used.
Surface Characterizations. Contact angle measurements were

performed with a Phoenix 300 apparatus (Surface Electro Optics Co.,
Korea) equipped with a video camera. The static contact angles of
water droplets (7 μL) were measured for more than eight different
samples, and we presented the values of average ± standard deviation.
X-ray photoelectron spectroscopy (XPS) was performed with a Sigma
Probe (Thermo VG Scientific, UK) equipped with a microfocused X-
ray monochromator. During the measurements, the base pressure was
10−9 Torr. High-resolution spectra were obtained at a resolution of
0.05 eV from 10 to 30 scans. Zeta-potential measurements were
performed at pH 7.4 (pH of culture medium) with an ELSZ-1000
(Otsuka Electronics Co., Japan). To measure the surface charges, glass
slides (3 × 1 cm) were used for the chemical functionalizations.
Culture of Hippocampal Neurons and Astrocytes. Primary

hippocampal neurons were cultured in serum-free conditions.
Hippocampi from E-18 fetal pups of Sprague-Dawley rats were
triturated in 1 mL of HBSS using a fire-polished Pasteur pipet. The cell
suspension was centrifuged for 3 min at 1000 rpm, and the

supernatant was discarded. The cell pellet, which remained on the
bottom of the tube, was resuspended in Neurobasal medium
supplemented with B-27, GlutaMAX, 12.5 μM L-glutamic acid, and
penicillin−streptomycin. The suspended cells were then filtered using
a cell strainer with 40 μm pores to obtain uniformly distributed single
cells. After counting, cells were seeded at a density of 100 or 150 cells
mm−2 on the prepared surfaces. Cultures were maintained in an
incubator (5% CO2 and 37 °C), and a half of the medium was replaced
with fresh culture medium without L-glutamic acid every 3−4 days. In
the case of astrocytes, the culture process was the same as above, but
DMEM supplemented with 10% FBS and penicillin−streptomycin was
used instead of Neurobasal medium. The entire medium was replaced
with fresh culture medium every 3−4 days. This study was approved
by IACUC (Institutional Animal Care and Use Committee) of KAIST.

Live/Dead Assay of Hippocampal Neurons. At 1 and 14 DIV
(days in vitro), the neurons cultured on various chemical surfaces were
treated with the live/dead staining solution (2 μM calcein
acetoxymethyl ester (calcein AM) and 4 μM ethidium homodimer-1
(EthD-1) in PBS) and incubated for 20 min at room temperature.
Images of live (green fluorescent) and dead (red fluorescent) cells
were obtained with a Ti-inverted fluorescence microscope (Nikon Co.,
Japan) equipped with a CoolSNAP cf charge-coupled device (CCD)
camera (Photometrics, USA). The number of total counted cells (live
and dead cells; counted with ImageJ software (NIH, USA)) in a
defined area (ca. 12 mm2) was used as a metric for adhesion ability,
and the percentage of live cells in the total counted cells was used to
calculate viability. The values of adhesion and viability on each surface
were normalized relative to those on PDL surfaces.

Immunocytochemistry. Neurons and astrocytes cultured on each
surface were fixed by immersing into 4% paraformaldehyde in PBS at
room temperature for 15 min. The fixed cells were washed with PBS
three times and then treated with 0.1% Triton X-100 for 10 min to
permeabilize the cellular membranes. After washing with PBS three
times, the cells were incubated in 6% BSA in PBS for 30 min at room
temperature to prevent nonspecific binding of the antibodies and then
washed with 1.5% BSA in PBS. Next, the cells were incubated in the
prepared primary antibody solution for 1 h at 37 °C or overnight at 4
°C. Anti-beta-tubulin III, anti-vinculin, and anti-GFAP primary
antibody solutions were prepared in 1.5% BSA (in PBS) with volume
ratios of 1:500, 1:200, and 1:400, respectively. The cells were washed
with 1.5% BSA three times and then incubated in a corresponding
secondary antibody solution and phalloidin (if needed) for 1 h at room
temperature, followed by the PBS washing steps (×3). Goat anti-rabbit
Alexa Fluor 594 IgG, goat anti-mouse Alexa Fluor 488 IgG, and Alexa
Fluor 488 phalloidin solutions were prepared in 1.5% BSA with
volume ratios of 1:500, 1:400, and 1:150, respectively. The
immunostained samples were mounted on glass slides by using a
mounting solution containing DAPI to stain nuclei. Fluorescence
images were taken with a confocal laser-scanning microscope (LSM
700 META, Carl Zeiss, Germany). From the images, the lengths of the
longest neurites and area of GFAP expression in astrocytes were
measured with Neuron J plugin in ImageJ software. The number of
astrocytes was counted in a defined area (1.13 cm2), and means were
obtained from six different glasses.

Microcontact Printing of PLL-FITC on the COO− Surface. The
polydimethylsiloxane (PDMS) stamp was made by soft lithography. A
silicon wafer was spin-coated with SU8 2010 photoresist at 1000 rpm
for 30 s and then sequentially baked at 65 °C for 1 min and at 95 °C
for 4 min. After adding the film mask with the line pattern on the
silicon wafer, the wafer was exposed to UV light with a brightness of
20 mW/cm2 for 7.5 s. The wafer was hard baked at 65 °C for 1 min
and 95 °C for 4 min and developed for 4 min in the SU8-developer to
achieve a 20 μm thickness mold. The SU8-patterned mold was
sequentially washed with isopropyl alcohol (IPA) and DI water. Before
casting the PDMS stamp, trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane was deposited on the mold for 40 min by the vapor deposition
method. The PDMS prepolymer and curing agent were mixed and
poured on the mold and cured for 5 h at 60 °C. The cured PDMS was
peeled off from the mold and cut into 7 × 7 mm stamps for use. The
cleaned PDMS stamp was coated in darkness with PLL-FITC by
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dropping the PLL-FITC solution (0.1 mg/mL in DI water) on the
stamp. After 1 h, the stamp was rinsed with DI water and gently dried
under a stream of argon. To print micropatterns on coverslip, a PLL-
FITC-coated PDMS stamp was brought in contact with the COO−

coverslip for 10 min under constant pressure (20 g). After removing
the stamp, the patterned coverslip was used for hippocampal neuron
culture.

■ RESULTS AND DISCUSSION
Surface Characterizations. Surfaces functionalized with

NH3
+, COO−, and SO3

− were generated by forming siloxane
self-assembled monolayers (SAMs) on glass coverslips,11−14

while PDL-coated coverslips were used as a control. After
formation of SAMs, each substrate was characterized by water
contact angle and zeta-potential measurements, and X-ray
photoelectron spectroscopy (XPS) (Figure 1). Character-
izations of other molecularly controlled surfaces (bare, OH,
SH, and CH3 surfaces) and neuronal behaviors on them are
described in the Supporting Information (Figures S1−S3).
Figure 1a shows the static water contact angles (which reflected
the differences in their chemical compositions (C, N, O, S,
etc.)) of the four chemical surfaces measured with a fixed
amount of water droplet (7 μL). PDL and SO3

− surfaces were
very hydrophilic (below 5°), and NH3

+ and COO− surfaces

were moderately so (38.04 ± 2.14° and 32.79 ± 0.97°,
respectively) (Figure 1b). These values were in a good
agreement with the published values.12−14 To get the
information on local charge densities, we measured surface
charge of the samples at pH 7.4 by zeta-potential measurements
(Figure 1b). The zeta-potential of bare surfaces was measured
to be −7.14 mV. As expected, the PDL and NH3

+ surfaces were
positively charged, and the COO− and SO3

− ones were
negatively charged. Quantitatively, the NH3

+ surfaces (+11.82
mV) were more positively charged than the PDL surfaces
(+8.57 mV), presumably because of the higher coating
efficiency of NH3

+-terminated SAMs than the polymer
(PDL). The different number of functional groups (two
COO− groups vs one SO3

− group) might make the COO−

surfaces (−15.96 mV) more negatively charged than SO3
−

surfaces (−14.08 mV).
The XPS analyses further confirmed the successful

generation of diverse surface functionalities. In the case of
NH3

+ and PDL surfaces (Figure 1c), the XPS spectra showed
an intense peak at the binding energy of 399.0 eV (N 1s),
indicating the presence of amines in the films. The spectrum for
PDL (blue in Figure 1c) showed another peak at 401.0 eV,
attributed to nitrogen from the amide bond.12,15 As shown in

Figure 1. (a) Contact angle (water) images of functionalized surfaces. (b) Contact angles (mean ± standard deviation) and zeta-potentials (at pH
7.4). (c−e) XPS spectra: (c) N 1s region of NH3

+ and PDL surfaces, (d) C 1s region of COO− surfaces, and (e) S 2p region of SO3
− surfaces.

Figure 2. (a) Quantitative analysis of cell adhesion. The number of adhered cells was normalized to that of PDL surfaces for showing relative
adhesion. (b) Confocal laser-scanning microscopy (CLSM) micrographs of hippocampal neurons on PDL, NH3

+, COO−, and SO3
− surfaces at 1 and

2 DIV. Cells were stained with anti-beta-tubulin III (red), phalloidin (green), and DAPI (blue), targeting microtubules, actin filaments (lamellipodia/
filopodia), and nuclei, respectively.
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Figure 1d, the broad C 1s peak for COO− surfaces was further
deconvoluted into three peaks (C−C at 284.9 eV, CO at
287.0 eV, and OC−O group at 288.9 eV) according to the
molecular structure of the SAMs.16 We also confirmed the
successful formation of SO3

− SAMs from the XPS spectra of
the S 2p region (Figure 1e). The oxidation of SH to SO3

− led
to the peak shift from 163.4 to 167.5 eV (higher binding
energy; blue in Figure 1e).11

Adhesion and Growth of Hippocampal Neurons on
Differently Charged Surfaces. Stable adhesion of neurons
on the culture surface is one of the most important
prerequisites for their survival and growth. In this respect, we
first investigated the influences of the chemical surfaces on
neuronal adhesion. We observed that at 1 DIV the adhesion of
primary neurons on negatively charged COO− and SO3

−

surfaces was comparable to or slightly higher than that on
PDL surfaces (ca. 114% and 96% for COO− and SO3

− surfaces,
respectively) (Figure 2a). Viabilities were also comparable for
all four substrates (Figure S4). Surprisingly, the neurons
cultured on negatively charged surfaces showed accelerated
neurite outgrowth and faster axon−dendrite polarization
compared with those on PDL surfaces at 1 DIV (Figure 2b).
Most neurons on the NH3

+ surfaces, which were more
positively charged than the PDL surfaces, possessed veil-like
lamellipodia at 1 DIV, indicating that they were still at early
stages of development.
At 2 DIV, the neurons on negatively charged surfaces had

much longer neurites in comparison with those on PDL (or
NH3

+) surfaces, indicating accelerated neurite outgrowth and
polarization. It is worthy to note that accelerated neurite
outgrowth in vitro has so far been observed only for certain
nanostructures17−20 and substrates coated with biologically
active molecules, such as laminin.9,10

Accelerated Development and Stable Network For-
mation of Hippocampal Neurons on Negatively
Charged Surfaces. We quantified neurite outgrowth by
measuring the length of the longest neurite for each neuron
(Figure 3a and Table S1). At 1 DIV, the difference in the
average lengths was not profound (34.65 ± 1.18, 36.48 ± 1.19,
and 28.15 ± 0.81 μm for COO−, SO3

−, and PDL surfaces,
respectively). However, the accelerated neurite outgrowth
became clearly discernible at 2 DIV, especially for neurons on
SO3

− surfaces (103.82 ± 4.46 μm vs 67.47 ± 2.51 μm for the
PDL surfaces), implying that negatively charged SO3

− groups
had specific (bio)chemical effects on neuronal behavior beyond
simple electrostatic interactions. For instance, Hsieh-Wilson et
al. reported that chondroitin sulfate (CS) tetrasaccharide, a
minimal functional epitope for CS polysaccharides, stimulated
the growth and differentiation of hippocampal neurons only
when CS was sulfated (O−SO3

−).21 It could be inferred that
the in vitro manipulation of neuronal behaviors required
orchestrated chemical functionality, not simply electrostatic
interactions; the negatively charged SO3

− surface might
accelerate neurite outgrowth just as sulfated CS stimulated
the neuronal growth.
Neuronal development was further investigated by classifying

the neurons into three developmental stages (Figure 3b):17,19

formation of lamellipodia at the cell periphery (stage 1);
transformation of lamellipodia into distinct neurites (stage 2);
polarization of cell morphology by rapid extension of one
neurite (axon) compared with others (dendrites) (stage 3).22

While most neurons (ca. 85%) belonged to stages 2 and 3 at 1
DIV for negatively charged surfaces, more than 50% of the

neurons on NH3
+ surfaces were still at stage 1, and less than 5%

of the neurons reached stage 3, consistent with the results of
the neurite-length measurement. When we counted the number
of neurites for the neurons classified as stage 2 and 3, the four
surfaces did not show significant differences in the populations
of uni-, bi-, and multipolar neurons (Figure S5). We also
examined the long-term survival of neurons and their network
formation at 14 DIV (Figure 3c). The neurons grown on
COO− and SO3

− surfaces formed stable, interconnected
networks with thin layers of neurites and had well-spread and
separated somas similar to those on positively charged surfaces.
We supposed that the positively charged groups, electro-

statically strengthening the interaction between the neurons
and the surfaces, impeded neurite outgrowth, presumably
because of overly enhanced adhesion. Negatively charged
surfaces in our study, on the other hand, seemed to feature an
optimal range of attractive forces for neurite extension and
polarization, without compromising neuronal adhesion.23 A
similar balance had been observed previously: laminin,
fibronectin, and tenascin glycoproteins were reported to induce
accelerated polarization and axonal growth, while decreasing
adhesion strength, compared with polyornithine-coated surfa-
ces.10

Charge Preference of Hippocampal Neurons and Role
of the Terminal Surface Charges. We generated PLL-FITC
line patterns on COO− surfaces (50 μm in width and 50 or 100
μm gaps) by microcontact printing and seeded neurons on the
patterned substrates.24,25 We found that neurons preferred

Figure 3. (a) Average lengths of the longest neurites (± standard
error) at 1 and 2 DIV and (b) developmental stages of hippocampal
neurons on PDL, NH3

+, COO−, and SO3
− surfaces at 1 DIV. The

numbers above the bars indicate the numbers of data points. (c)
Fluorescence micrographs of neuronal networks at 14 DIV. Cells were
stained with calcein acetoxymethyl ester for live cells (green) and
ethidium homodimer for dead cells (red).
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negatively charged surfaces (the COO− regions) (Figure 4).
Neurites elongated within the COO− regions, with few crossing

the PLL patterns depending on the incoming angle. The
results, thus, indirectly showed how favorable the COO−

surface was for neuronal adhesion and neurite outgrowth,
relative to the conventionally used PLL-coated surface.
In order to determine whether the observed neuronal

behaviors were the result of the terminal surface charges or the
entire surface molecular structure, we varied the backbone
structure of the COO− surface molecules. The amino group on
the NH3

+ surface was reacted with succinic anhydride (SA),
leading to a surface-chemical structure composed of the amide
bond linkage and a terminal COO− group (COO−(NH2 +
SA)). The biochemical analyses showed that neurons on
COO−(NH2 + SA) surfaces developed similarly to those on
COO− surfaces (i.e., normal adhesion and high cell viability at 1

DIV, accelerated neurite outgrowth and polarization at 2 DIV,
and stable network formation at 14 DIV) (Figure 5). The
results, therefore, supported that the observed developmental
acceleration of hippocampal neurons was caused by the
terminal carboxylate group (or the local negative surface
charge).

Limited Adhesion of Astrocytes on Negatively
Charged Surfaces. Under the neuro-compatible culture
conditions that we used above, neurons were presumed to be
present exclusively, but a small number of astrocytes inevitably
survived and proliferated depending on factors such as cell
seeding density, culture periods, and culture condition. We
anticipated that negatively charged surfaces could manipulate
the behavior of astrocytes. To observe and quantify individual
astrocytes, we stained the GFAP (astrocyte marker) of
astrocytes (green) and the microtubules of neurons (red) at
8 DIV, before the active proliferation of astrocytes.
As shown in Figure 6a, contrary to neurons, astrocytes

cocultured with neurons were smaller in size and fewer in
number on COO− surfaces than on PDL surfaces; 15% of
astrocytes survived on COO− surfaces relative to those on PDL
surfaces, and the average area of GFAP expression was also
reduced on COO− surfaces, at 485.44 ± 52.74 μm2 compared
with 811.78 ± 39.85 μm2 on PDL surfaces (Figure 6b). The
lower population numbers and limited growth of astrocytes
continued on COO− surfaces at 14 DIV, even after
proliferation (Figure S6). Furthermore, the survival of
astrocytes was also suppressed on the SO3

− surface, another
negatively charged surface, in a good agreement with the
COO− surface (Figure S7).
When astrocytes were cultured under astroglia-compatible

conditions (where neurons could not survive), 30% of the
astrocytes survived on COO− surfaces relative to the number
on PDL surfaces (Figure S8), consistently reflecting the
inhibitory effects of the COO− surface for astroglial growth.
These results indicated that chemical surfaces could modulate
cellular behaviors differently among different neural cell types,
and the surfaces of negatively charged functional groups would
be rather beneficial for neural implants, where selective
promotion of neuronal adhesion and outgrowth is often
needed.

Figure 4. Hippocampal neurons on PLL-FITC line patterns with the
COO− background (50 μm in width and 50 or 100 μm gaps).
Negatively charged surfaces were more favorable to neurite outgrowth.

Figure 5. (a) Chemical structures of COO− and COO−(NH2 + SA) surfaces. COO−(NH2 + SA) surfaces were prepared by reacting succinic
anhydride (SA) to the NH3

+ surfaces. (b) Average lengths of the longest neurites (± standard error) on COO− and COO−(NH2 + SA) surfaces. (c−
e) Development, viability, and network formation of neurons on COO− and COO−(NH2 + SA) surfaces. (c) CLSM micrographs of hippocampal
neurons at 1 and 2 DIV (red: microtubules; green: actin filaments; blue: nuclei). Fluorescence micrographs of neurons at (d) 1 DIV and (e) 14 DIV
(green: live; red: dead).

Langmuir Article

DOI: 10.1021/acs.langmuir.7b03132
Langmuir 2018, 34, 1767−1774

1771

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03132/suppl_file/la7b03132_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03132/suppl_file/la7b03132_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03132/suppl_file/la7b03132_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b03132


Our resultsfavorable adhesion and development of
neurons on negatively charged surfacesdiffer from the
previous results showing that COO−-terminated alkanethiol-
based SAMs on gold were nonpermissive for neuronal growth.5

In order to further explore the discrepancy, we cultured
hippocampal neurons both on 10-carboxy-1-decanethiol-coated
(COO−) gold surfaces and triethoxysilylpropylsuccinic anhy-
dride-coated (COO−) glass coverslips under the same culture
conditions. Consistent with the previous report, we observed
that the gold surfaces were nonpermissive for neuronal
adhesion and growth (Figure S9). Considering that our system
in this work was based on silane-based SAMs, we hypothesized
that such disagreement might originate from differences in local
charge density; local charge density would be determined by
the effectiveness of molecular packing on surfaces. Even though
the ideal packing densities of organosilane SAMs on the native
oxides and alkanethiol SAMs on gold are estimated to be
roughly similar to each other (5 molecules nm−2 vs 4.67
molecules nm−2),26,27 the practical packing densities of
alkanethiols are likely higher than those of organosilanes,
resulting in the different local charge densities between them.
As a related work, previous studies showed that neural stem
cells on organosilane SAMs and alkanethiol SAMs differ-
entiated into different lineages despite the identical functional
groups.14,28

Astrocytes generally support neuronal growth and function
by both contact and noncontact interactions.29 However, in
some cases, balanced growth of neurons and astrocytes is
required. For example, there have been efforts to increase the
homogeneity of neurons in vitro tissue cultures and
simultaneously decrease populations of astrocytes because
astrocytes continuously proliferate and eventually outnumber
the neurons after long-term culture.30 The complex influence of
astrocytes over neurons would interfere with systematic study
of neuronal behaviors. To reduce populations of astrocytes,
mitotic inhibitors, such as Ara-C (1-β-D-arabinofuranosyl-
cytosine), have been added to culture media6,7 or serum-free
neurocompatible culture media has been used.31 Moreover,
when injured, activated astrocytes form a glial scar at the injury
site and inhibit neuronal regeneration by secreting axon-
repulsive proteoglycans.32 To prevent scarring and promote
neuronal regeneration, the exploration and development of
surfaces or materials33−35 that suppress growth, proliferation,
and activation of astrocytes, while being compatible with
neurons, have been of great interest. We found herein that
negatively charged COO− surfaces would be appropriate for
this need. Our method has some advantages over previous
reports in the following aspects: ease of fabrication, possibility

of application to other materials or structures, and selectivity for
neural cell types without the addition of inhibitors.

■ CONCLUSIONS
In summary, we fabricated molecularly controlled 2D surfaces
based on organosilane SAMs and analyzed neuronal develop-
ment with the exclusion of other influences (e.g., ECMs,
neurotrophic factors, etc.). The results showed that primary
hippocampal neurons adhered favorably to negatively charged
surfaces and developed faster than those on PDL-coated
surfaces. Negatively charged surfaces in particular had different
effects on the behaviors of neurons and astrocytes; neuronal
development was accelerated, whereas adhesion of astrocytes
was suppressed. While detailed biological mechanisms remain
to be established, we believe that our findings emphasize the
possibility of the existence of unexplored neuro-compatible or
-active functional surfaces that make more sophisticated
chemical interactions with hippocampal neurons, beyond
simple electrostatic interactions, along with biospecific
interactions.8

The main purposes of in vitro studies on hippocampal
neurons would be twofold at least: understanding the biological
behaviors of neurons in isolation under less crowded conditions
than a brain and providing knowledge and tissue handling
technology for applications, such as therapeutic hippocampal
transplants. Although this work rather focuses more on the
formerfundamental understanding of chemical-functionality
effects on in vitro neuronal behaviorsit also would provide
chemical inspiration for the fabrication of in vitro neuro-active
scaffolds, in combination with recent studies on the effects of
surface nanotopography on neuronal behaviors,36−40 for the
applications.
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