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The establishment of versatile biomaterial interfaces that can facilitate cellular adhesion is crucial for elucidating the cellular
processes that occur on biomaterial surfaces. Furthermore, biomaterial interfaces can provide physical or chemical cues that are
capable of stimulating cellular behaviors by regulating intracellular signaling cascades. Herein, a method of creating a biomimetic
functional biointerface was introduced to enhance human neural stem cell (hNSC) adhesion. The hNSC-compatible biointerface
was prepared by the oxidative polymerization of the neurotransmitter norepinephrine, which generates a nanoscale organic thin
layer, termed poly(norepinephrine) (pNE). Due to its adhesive property, pNE resulted in an adherent layer on various substrates,
and pNE-coated biointerfaces provided a highly favorable microenvironment for hNSCs, with no observed cytotoxicity. Only a
2-hour incubation of hNSCs was required to firmly attach the stem cells, regardless of the type of substrate. Importantly, the
adhesive properties of pNE interfaces led to micropatterns of cellular attachment, thereby demonstrating the ability of the interface
to organize the stem cells. This highly facile surface-modification method using a biomimetic pNE thin layer can be applied to a
number of suitable materials that were previously not compatible with hNSC technology.

1. Introduction

Creating biomaterial interfaces that are capable of inducing
intimate interactions with cells is a crucial step to elucidating
the sophisticated cellular processes occurring on biomaterial
surfaces in numerous biomedical applications. The surface
properties of cell-material interfaces can influence cellular
events related to cellular attachment, patterning, prolifera-
tion, and differentiation [1, 2]. Indeed, interfaces contacting
the cellular membrane not only influence cellular morphol-
ogy but also function as intermediates that can supplement
the molecular signals that direct various biological processes
[3, 4].However, the generation of appropriate interfacial envi-
ronments that can effectively regulate intracellular signaling

cascades and control cellular fates remains a challenge. One
solution is the use of a material that is capable of functioning
as an interface, with the crucial requirement that the material
be able to promote cellular attachment on its surface.

Numerous surface-modification methods have been
employed to enhance cellular adhesion.Themajority ofmod-
ification approaches have attempted to interact with target
cells through the chemical tethering or physical adsorption
of particular biological moieties, such as integrin ligands [5],
specialized peptides [6], growth factors [7], or functionalized
chemicals [8], onto the modified surfaces. Additionally,
modifications of surface properties, as achieved by produc-
ing self-assembled monolayers or by engaging organosilane
chemistry, have been employed to regulate interactions with
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cells [9]. The manipulation of surface properties, resulting
in variations in cellular attachment and cellular patterning,
has been attempted using various lithographic techniques,
including writing-based lithography [10–12] or surface graft
polymerization approaches [13]. Additionally, the topograph-
ical changes of three-dimensional cell-culture structures [14],
well-defined structural patterns [15], and surface rigidity [16]
directly influenced cell adhesion on substrates and survivals
as well. However, several issues, such as the requirement of
organic solvents, difficulty in the large-scale production of
modified surfaces, requirement of expensive instruments, or
time-consuming labor requirements, may limit the extensive
utilization of these techniques in various applications.

The adhesive properties of catecholamine compounds,
as characterized by the sticky characteristics of the foot
proteins of marine mussels, have been reported to be useful
sources for universally modifying numerous surfaces [9,
17, 18]. The adhesive properties of catecholamines, repre-
sentatively as poly(dopamine), have helped to realize the
efficient immobilization of biomolecules onto surfaces with
various chemistries [18]. A surface can also be functionalized
by dissolving biomolecules with catecholamine, particularly
poly(dopamine), during nanoscale organic thin layer for-
mation, ultimately leading to the surface immobilization
of biomolecules. Furthermore, secondary modifications can
be performed through surface-initiated polymerization and
biomineralization [19]. Importantly, the facile approach of
using a catecholamine group as a coating agent not only
allows flexibility in the selection of the substratematerials but
is also an inexpensive and ecofriendly process [20]. Lastly, the
spatial arrangement of the surface adhesiveness may result
in the patterned regulation of cellular behaviors, including
differentiation, proliferation, and migration [17, 21].

Recently, the neurotransmitter norepinephrine has been
shown to functionalize virtually any material surface when it
is oxidatively polymerized to produce poly(norepinephrine)
(pNE) [22, 23]. The pNE coating layer exhibits unique
properties, such as ring-opening polymerization and the stor-
age/release of nitric oxide [24]. Nonetheless, the capability
of facilitating stem cell adhesion onto a pNE layer has not
been investigated to date. In this study, we demonstrate
that a pNE layer can be formed on various substrates
(poly(dimethylsiloxane) (PDMS), poly(tetrafluoroethylene)
(PTFE), tissue culture polystyrene (TCP), and glass), result-
ing in the dramatic enhancement of the adhesion of hNSCs
isolated from human fetal brain. Additionally, the hNSC
viability was not compromised, and cellular and cytoskeletal
morphology were assessed. Considering the very low adhe-
sive properties of hNSCs, our study shows that the formation
of a pNE nanolayer can be a good platform for the stable
culture of hNSCs, which may support the ex vivo expansion
of therapeutic stem cells.

2. Experimental Section

2.1. Cell Culture. Human fetal neural stem cells (hNSC, 13
weeks of gestational age) were utilized to analyze cellular
adhesion, patterning, and proliferation on pNE interfaces

formed on various substrates and transduction efficiencies.
hNSCs were derived from the telencephalon (HFT13) as pre-
viously described [25] and cultured in Dulbecco’s modified
Eagle’s medium/F12 (Invitrogen, Carlsbad, CA, USA) con-
tainingN-2 supplement, 8mg/mLheparin (Sigma-Aldrich, St
Louis, MO, USA), 20 ng/mL fibroblast growth factor-2 (FGF-
2; R&D Systems, Minneapolis, MN, USA), and 10 ng/mL
leukemia inhibitory factor (LIF; Chemicon, Temecula, CA,
USA).

2.2. Substrate Preparation and pNE Coating. Four different
substrates, including glass (Marienfeld GmbH, Germany),
poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow Corning,
MI, U.S.A), poly(tetrafluoroethylene) (PTFE; Hanmi Rubber
& Plastics, Korea), and tissue culture polystyrene surfaces,
were sterilized in 70% ethanol and rinsedwith sterile-distilled
water prior to pNEmodification. PDMSwas prepared using a
SYLGARD 184 silicone elastomer kit (Dow Corning Corpo-
ration, Midland, MI, USA) according to the manufacturer’s
guidelines. Each substrate was immersed in 1mL of 10mM
Tris (pH 8.5) solution containing 2mg L-(-)-norepinephrine
in 1mL of 10mM Tris (pH 8.5) at room temperature for
24 hours. During this procedure, norepinephrine monomers
polymerize to form pNE interfaces on the surface of each
substrate. The coated substrates were additionally sterilized
with 70% ethanol, rinsed twice with sterile-distilled water,
and air-dried. The surface wettability and morphology of
each pNE-coated surface were determined by contact angle
measurements (CAM 101, KSV Instruments Ltd., Espoo,
Finland) and atomic force measurements (AFM) (XE-BIO
AFM, Parks Systems, Korea), respectively. Additionally, the
root mean square (RMS) roughness (Rq) of the modified
surfaces was measured by the AFM analysis.

2.3. Cellular Attachment on pNE-Coated Substrate. Each
substrate coated with the pNE interface was placed in the
wells of a 48-well tissue culture plate using silicone grease,
and hNSCs were seeded at a cell density of 104 cells/10 𝜇L.
The cells were incubated for an hour at 37∘C and 5% CO

2
,

and 200 𝜇L of medium was subsequently added to feed the
cells on each substrate. An hour later, the substrates with
cells were placed in new wells, and the cells were trypsinized
from the surface to quantify the number of cells that had
successfully attached to the surface during the short culture
period (∼1 hour). The number of cells was counted using a
hemocytometer.

2.4. Morphologies of Cells Attached on pNE-Coated Substrate.
The cytoskeletal morphology of the cells adhered to each
pNE-coated substrate was assessed by visualizing filamentous
actin, which was stained using rhodamine-labeled phalloidin
(1 : 50 dilution in PBS) (Invitrogen, Carlsbad, CA, USA); the
nuclei were counterstained using DAPI (Vector Laboratories,
Burlingame, CA). Briefly, the coating of each substrate with
the pNE interface and cellular attachment was performed
according to the aforementioned methodology, and the
remaining cells on each substrate were cultured for 2 days
prior to the histological analysis. The cells were subsequently
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Figure 1: Surface modification using pNE. (a) Chemical structure of norepinephrine. (b) Schematic illustration of the pNE-coated
biointerfaces onto which hNSCs are adhered.

fixed in 4% paraformaldehyde (PFA) for 20 minutes and
blocked with 5% goat serum supplemented with 0.1% Triton
X-100. The cells were incubated with rhodamine-labeled
phalloidin (Invitrogen, Carlsbad, CA, USA) for 30 minutes
in the dark, rinsed three times with PBS, and counterstained
with DAPI for 30 minutes. The fluorescence images of both
the cytoskeletal morphology and nucleus of the cells were
acquired using confocal microscopy (LSM 700, Carl Zeiss).

2.5. Cellular Cytotoxicity Assay on pNE-Coated Substrates.
To determine the cytotoxicity of the pNE interfaces, the
metabolic activities of hNSCs cultured on each pNE-coated
surfacewere analyzed using aWST-1 assay kit (RocheApplied
Science, Indianapolis, IN) according to the manufacturer’s
protocol. After 2, 4, and 6 days of culture on each pNE-coated
substrate, a 0.1 volume of WST-1 solution (as a proportion
of the culture medium) was directly added to each well and
incubated for an additional 2 hours at 37∘C.The supernatants
were collected, and the colorimetric changes at 440 nm
were measured using a spectrophotometer (NanoDrop 2000,
Thermo Scientific, West Palm Beach, FL, USA).

2.6. Macro- or Microscale Cellular Patterning on pNE-Coated
Substrates. To produce cellular patterns with macroscales
(∼mm), specific patterns of the pNE interfaces, such as a
“Y” shape, were generated by simply drawing the shape
with the pNE solution using a micropipette and incubating
at 37∘C overnight to form the patterned interface. Tissue
culture plateswere employed as a representative of the cellular
patterning due to the ease of analyzing the cellular patterns
with a microscope. After washing with PBS, the cells were
subsequently seeded at 6×106 cells/mL; after 2 hours, the cells
barely attached to the substrate were removed by gently wash-
ing with PBS. After being fixed with 4% PFA, the remaining
cells were stained with Hoechst dye (Sigma-Aldrich, St Louis,
MO, USA). The images of the cellular patterns were acquired
using a fluorescence microscope (Nikon TE2000E2, Nikon,
Japan). PDMS stamping technology was utilized to generate
cellular patterns on a microscale (∼100 𝜇m). Briefly, a PDMS
micropattern with line alignments was initially generated
with a specified dimension (ridge, 100𝜇m; groove, 200𝜇m;
and depth, 120𝜇m). The PDMS stamp was immersed into
a pNE solution (2mg/mL of norepinephrine in 10mM Tris
at pH 8.5), which was prepolymerized for 24 hours, placed
on the tissue culture plate, and pressed manually for 2

minutes. The unbound pNE interfaces on the tissue culture
plates were removed by rinsing twice with PBS, and cells
at 6 × 106 cells/mL were seeded for attachment to the pNE
interfaces on the glass. As with the macroscale patterning,
the cells barely attached to the pNE interface were removed
by washing with PBS after 2 hours, and the nuclei of the
remaining cells were stained with DAPI and imaged using
a fluorescence microscope (Nikon TE2000E2, Nikon, Japan)
to visualize the cellular alignment and the pNE patterns
generated by the PDMS stamp.

2.7. Statistics. All of the experimental data are illustrated
as the mean ± the standard deviation (SD), and statistical
significances were analyzed by a one-way analysis of variance
(ANOVA) with a post hoc Dunnett’s test using the SPSS 18.0
software package (IBM Corporation, Somers, NY, USA).

3. Results and Discussion

Figure 1 schematically shows the generation of biointerfaces
by pNE coating. The chemical structure shown in the figure
is catechol, which is responsible for robust adhesion onto
substrates and the rapid immobilization of biological com-
ponents for cell adhesion. As illustrated, the pNE layer is
rich in hydroxyl groups: two hydroxyl groups from catechol
and one from alkyl chain. It is known that a new inter-
mediate component, 3,4-dihydroxybenzaldehyde (DHBA),
is formed, which subsequently reacts with norepinephrine
(NE) to yield DHBA-NE during the oxidative polymerization
of norepinephrine. It has recently been shown that DHBA
functions as a key factor contributing a conformal, smooth
coating on a substrate in comparison to the well-known
surface functionalization of poly(dopamine) [24]. Similar
to the case of poly(dopamine), we hypothesized that pNE
thin layers can effectively promote neural stem cell adhesion.
Unlike typical mammalian cells, hNSCs do not adhere stably
to tissue culture polystyrene dishes. Thus, the development
of a culture platform promoting hNSC adhesion is a critical
issue in the ex vivo expansion of stem cells for cell therapy.
To test the functionality of pNE as a coating agent, a
wide range of materials, including poly(tetrafluoroethylene)
(PTFE), poly(dimethylsiloxane) (PDMS), glass, and tissue
culture polystyrene (TCP) surfaces, were modified using the
dip-coating method in an alkaline norepinephrine solution
[22], as described in Figure 1(b).These substrates were chosen
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Figure 2: Characterization of pNE surfaces. (a) Surfacewettability ismeasured by a goniometer.The symbol∗ indicates a significant difference
compared to each unmodified substrate (𝑃 < 0.005). (b) Representative digital images of pNE-coated PTFE, PDMS, glass, and TCP substrates.
The dark brown colors indicate pNE coating. (c) Topographical images of pNE interfaces using AFM analysis.
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Figure 3: The cytotoxicity of pNE-functionalized biointerfaces. The metabolic activity of hNSCs grown on pNE interfaces at 2, 4, and 6 days
was measured using WST-1 and compared to the unmodified substrates.

to demonstrate the versatility of norepinephrine, which can
form interfaces on various types of materials to facilitate
cellular adhesion.

The characterization of the pNE-coated surfaces revealed
that the polymerization of norepinephrine (NE) in a weak
alkaline solution (pH 8.5) on various materials resulted in
similar properties of the exterior surfaces, regardless of the
substrate type. As demonstrated in Figure 2, coating with
the pNE interface allowed various substrates to acquire a
similar wettability and surface morphology. Variations in the
wettability of each substrate coated with pNE were detected
by measuring the water-contact angles on each substrate
(Figure 2(a)). Regardless of the substrate properties, the pNE
coating dramatically reduced the contact angles of all the
substrates, with final values ranging from 22.76∘ to 39.86∘.

The results were originated from the hydrophilic properties of
the pNE coating, which had many hydrophilic moieties such
as hydroxyl groups and amine groups. Additionally, both
digital images and atomic force microscopy (AFM) analyses
revealed that the substrates coated with pNE had smooth
surface topographies, regardless of the substrate type (Figures
2(b) and 2(c)). Furthermore, the AFM analysis confirmed
no large aggregates when each surface was modified with
pNE (Figure 2(c)). Table 1 shows the root-mean-square
(RMS) roughness values of the pNE interfaces, confirming
significant differences from those of the unmodified sub-
strates (𝑃 < 0.001). All of these pNE surface character-
ization results indicate its remarkable capability to induce
material-independent surface modification with uniform
properties.
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Figure 4: Cellular adhesion on pNE interfaces. (a) The percentage of cells was attached to each substrate, indicating the ratio of the number
of cells remaining on each substrate to the initial number prior to seeding. To quantify the cell number, hNSCs were rinsed twice with
PBS after 2 hours of culture and trypsinized; the cell number was manually counted using a hemocytometer. The symbol ∗ indicates a
significant difference compared to each (𝑃 < 0.005). (b) Fluorescence images of hNSCs were adhered to each substrate. After 2 hours of
culture, hNSCs were rinsed twice with PBS, and the nuclei were stained with DAPI to visualize the cells on each substrate. The scale bar
indicates 10 micrometers.

Table 1: RMS roughness values of pNE-modified surfaces determined by AFM analysis.

PTFE (nm) PDMS (nm) Polystyrene (nm) Glass (nm)
Unmodified 1.239 ± 0.021 0.091 ± 0.006 0.138 ± 0.011 0.257 ± 0.012

pNE 3.391 ± 0.007
∗

0.687 ± 0.032
∗

0.709 ± 0.054
∗

1.119 ± 0.038
∗

The symbol ∗ indicates significant differences compared to each unmodified substrate (𝑃 < 0.001).
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Figure 5: The projected area of hNSCs grown on each substrate. (a) Fluorescence images of actin filaments were stained with rhodamine-
labeled phalloidin after 48 hours of culture.The nuclei of hNSCswere stained withDAPI.The scale bar indicates 10𝜇m. (b)The total projected
areas of the cells were attached to each substrate. Five random images showing actin filaments were acquired, and the total projected areas
were quantified using Image J software.The total projected areas were subsequently normalized to the number of cells observed in each image.
The symbol ∗ indicates a significant difference compared to the unmodified substrates (𝑃 < 0.005).

Subsequently, the metabolic activity of hNSCs adhered to
each pNE-coated substrate was analyzed to test the potential
of pNE to be employed as a biointerface. Interestingly, the
unmodified substrates resulted in no significant reduction
in cellular viability compared to that of TCP. Additionally,
cellular viability on the pNE-coated substrates at 2, 4, and
6 days of culture was comparable to that of cells grown

under normal culture conditions (i.e., cultured on TCP
plates) (Figure 3), suggesting the feasibility of the use of pNE
interfaces as a cell-culture substrate.

Importantly, the pNE interface on each substrate resulted
in the facilitation of cell adhesion (Figure 4). To evaluate
the capability of the pNE-coated surfaces to promote cellular
attachment, the cells seeded on each substrate were rinsed
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Figure 6: Cellular patterns created using pNE interfaces. (a) Macroscale cellular patterns were created using a micropipette. The “Y” shape
of the pNE interfaces was generated with a pipette, and hNSCs were seeded onto the entire TCP substrate. After 2 hours of culture, the loose
cells were removed by rinsing with PBS, and the adherent cells were stained with Hoechst dye and imaged using fluorescence microscopy. To
visualize the entire cellular pattern, individual images were collected and combined to obtain the entire image. The scale bar indicates 1mm.
(b) Microscale cellular patterns were created with a PDMS stamp. The PDMS stamp was immersed in pNE solution and placed on a TCP
plate.The substrate was rinsed with PBS; the cells were seeded onto the entire substrate, rinsed with PBS after 2 hours of culture, and imaged.
The nuclei were stained using Hoechst dye. The scale bar indicates 100 micrometers.

twice with PBS after only 2 hours of culture. To measure
the enhancement of cellular attachment precisely, the cells
remaining on each substrate were trypsinized again and
manually counted using a hemocytometer (Figure 4(a)),
and the nuclei of the cells remaining on each substrate
after rinsing with PBS were visualized (Figure 4(b)). The
surface modification with pNE resulted in at least a fourfold
enhancement in cellular adherence (20–25%) relative to the
unmodified naı̈ve material (less than 5%) (𝑃 < 0.005), even
after the short exposure of the cells to the sticky surface.
The ultrasmooth surface caused by the pNE coating might
distribute sticky moieties homogeneously throughout the
entire surface, thereby potentially causing further intimate
interactions with a variety of receptors or proteins residing
on the cellular membrane for robust cellular adhesion.

Although the pNE coating substantially increased the
surface wettability, the pNE interfaces exhibited enhanced
adherent properties. The preferred surface wettability for
effective cellular attachment has been reported to be static
contact angles ranging from 40∘ to 70∘ [26]. Also, the reasons
explaining the enhanced hNSC adhesion are that the pNE-
coated surface is abundant in amine groups, which was
demonstrated to facilitate stem cell adhesion, for exam-
ple, polyD-lysine. Another mechanism might be covalent
bond formation between cell-surface proteins and pNE.
The redox properties of catechol groups in pNE allow pro-
tein/peptide/oligonucleotide covalent conjugations [22, 27,
28].

The enhanced interactions of the cellular membrane with
the pNE-modified surfaces led to increases in the projected
area of adherent cells (Figure 5). The actin filaments were
stained with rhodamine-labeled phalloidin (Figure 5(a)),
and the total spreading areas of the cells were subsequently

normalized to the total cell number (Figure 5(b)). Regardless
of the substrate type, the hNSCs adhering to the pNE
interfaces exhibited an approximately 1.5- to 6-fold increase
in spreading areas per cell compared to the unmodified
substrates (Figure 5(b)). Interestingly, marked increases in
the projected area per cell adhering to the pNE-coated
substrate were observed for the hydrophobic surfaces (i.e.,
PTFE and PDMS) compared to the unmodified surfaces.
The well-stretched actin filaments of cells adhering to pNE
interfaces may result from increased surface hydrophilicity
[29]. Catecholamine compounds can interact with a variety
of proteins or moieties to induce cellular attachment and can
subsequently protect cell-surface proteins from the denat-
uration that can occur upon contact with substrates [29].
The improved stability of the proteins or ligands that have
a key role in surface interactions might promote cellular
adhesion onto pNE-coated surfaces. Additionally, previous
studies have demonstrated that the enhancement of cel-
lular adhesion can alter cytoskeletal development, thereby
resulting in increased cell spreading [29, 30]. This evidence
further supports the notion that modulating the cellular
microenvironment by manipulating the surface properties of
substrates can be critical for elucidating a variety of cellular
events, including adhesion, patterning, and proliferation.

The adhesive property of the pNE interfaces enabled the
creation of sticky surfaces onto which cells could adhere in
a well-defined pattern (Figure 6). Simply drawing the pNE
interface with a micropipette followed by cells incubation
for 2 hours generated well-defined cellular patterns corre-
sponding to the preformed pNE patterns on a macroscale
(Figure 6(a)). The resolution of these cellular patterns was
improved using PDMS stamps with straight-line ridges. As
shown in Figure 6(b), well-patterned edges between the
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pNE interfaces and nonmodified surfaces were observed,
and hNSCs specifically adhered to the pNE patterns. The
capability of the pNE interfaces to induce spatial cellular
patterns demonstrates their potential as a powerful substrate
that can be utilized in tissue engineering applications that
require directional cellular growth, such as spinal cord
regeneration.

4. Conclusions

A simple and facile interfacemodification strategy to enhance
hNSC adhesion and its viability was examined in this
study. The surface-modification method is inspired by the
neurotransmitter NE, which is oxidatively polymerized in
an alkaline solution to generate pNE. pNE becomes an
adherent nanolayer during polymerization, resulting in the
functionalization of various material surfaces. The pNE
interfaces exhibited superior performances in promoting the
cellular adhesion of hNSCs, which are recognized as relatively
nonadherent primary cells on typical tissue culture plates.
The adhered hNSCs exhibited good viability and spreading
on these surfaces. Importantly, the adhesive properties of
the pNE interfaces led to well-defined patterns of cellular
attachment, thereby demonstrating the ability of the cells to
organize intomicropatterns. Evaluation of the pNE interfaces
as a powerful platform to modulate stem cell fates (e.g., pro-
liferation or differentiation) is highly required to be further
studied. All of these data indicate that this pNE coating can
be a powerful tool to broaden the range of material choices
for the ex vivo expansion of hNSCs, an important goal for
cell therapy.
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