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ABSTRACT: Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are
promising materials for detection of biomolecules due to their large surface-to-volume ratio.
However, their poor response to the cellular environment hinders the realization of high-
performance 2D TMDC sensors. Here, we present a hierarchical Raman scattering sensor
consisting of the WS2 directly grown on an array of three-dimensional (3D) WO3
nanohelixes (NHs) by sulfurization. Both the adsorption of biomolecules and the
proliferation of cells are significantly promoted for the 3D WS2/WO3 NH sensor compared
to the control sensor with sulfurized WS2 on 2D WO3 film, leading to much enhanced
sensitivity to dopamine. In addition, according to the in vitro test using PC12 cells, the 3D
WS2/WO3 NH sensor shows a significant increase in hydrophobicity and Raman frequency
shift, indicating that both the attachment of cells and the detection of biomolecules are
improved.
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1. INTRODUCTION

Dopamine (DA) is an important catecholamine neuro-
transmitter that plays a role in the functioning of the central
nervous, hormonal, and cardiovascular systems. Abnormal DA
levels could indicate diseases such as schizophrenia,
Parkinson’s disease, and HIV infection. Therefore, the
detection of DA is important, but it is complicated due to
low basal concentrations (0.01−1 μM) and the presence of
interfering compounds in the extracellular fluid of the central
nervous system.1

Recently, various analytical methods including electro-
chemical,2 electrochemiluminescence,3 fluorescence sensing,4

and colormetry5 were used for detecting DA. For example, a
simple DA detection method based on fluorescence analysis
was reported by Wei et al. (limit of detection (LOD) 0.3
μM).4 Biosensing methods based on Raman scattering
including surface-enhanced Raman scattering (SERS) and
surface-enhanced resonance Raman scattering (SERRS) are
widely used spectroscopic tools for detecting biomolecules
because they are appropriate to obtain structural information
about the systems of interest while performing sensitive
biological or chemical detection.6,7 Recently, Lu et al. have
reported the silver nanocube-based ultrasensitive SERS
detection of DA, which has a detection limit of 40 fM.8 The
spectra are sensitive to the doping state, enabling precise
differentiation of the doping state by detecting small changes in
the separation of first-order Raman modes.9 However,
traditional SERS using noble metal particles requires high

cost and delicate procedures in fabrication for high perform-
ance.10−12 Moreover, random distribution of plasmonic spots
of SERS substrates significantly limits the reproducibility of
SERS enhancement, impeding the practical application of
SERS.13−17

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) have attracted tremendous attention as emerging
nanomaterials due to their earth-abundance, unique physical
and chemical characteristics, and a wide variety of potential
applications.9,18,19 For example, TMDCs are very promising
materials for biological systems due to their controllable
photoelectrical properties, high stability, large surface area, and
low levels of toxicity.20 It was also reported that the adsorption
of doping molecules on the surface of TMDCs can change the
number of electrons extracted from the surface of TMDCs,
inducing a Raman frequency shift that can be used for
biomolecule sensor applications.21 Based on such promising
properties of TMDCs, lots of research has been actively carried
out for enhancing the response and selectivity of biomolecular
sensors. Besides, three-dimensional (3D) forms of 2D TMDCs
have also been investigated due to their high specific surface
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ratio and excellent biocompatibility and stability, thus, for
biological, electronic, and catalytic applications.22−26 Extension
of the Raman biosensing platform into 3D nanostructures
made of 2D TMDCs can enable promoted adsorption capacity,
and thus sensing of biomolecules, while maintaining the
advantages offered by TMDCs.27

In this study, we developed a hierarchical Raman scattering
sensor consisting of 2D WS2 directly grown on an array of 3D
WO3 nanohelixes (NHs) by a simple sulfurization process. The
3D WS2/WO3 NHs offers a large surface area and improved
hydrophobicity, enabling a much enhanced affinity for
protein−surface adsorption as well as a hydrophobic
condensation effect.28−31 This leads to not only improved
adsorption of biomolecules but also promoted proliferation of
cells, resulting in a large Raman frequency shift and, thus, high
biomolecule-sensing performance.

2. EXPERIMENTAL SECTION
2.1. Materials. Dopamine hydrochloride (purity >98%, CAS 62-

31-7), BSA (purity >98%, CAS 9048-46-8) and potassium chloride
were purchased from Sigma-Aldrich (St. Louis, MO). PDMS
(polydimethylsiloxane) and its curing agent was purchased from
Dow Corning (Midland, MI). Biopsy punch was purchased from
Miltex Inc., (Tethpage, NY). RPMI 1640, fetal bovine serum (FBS,
CAS 9014-81-7), and horse serum were purchased from Invitrogen
Co. (Calrsbad, CA). PC12 cells were obtained from Korean Cell Line

Bank (Seoul, Korea). Dopamine ELISA kit was obtained from Abnova
(Taipei, Taiwan).

2.2. Fabrication of Nanostructured WO3. Tungsten (W) foils
(1.5 cm × 2 cm in area, 0.05 mm in thickness, 99.95%, Nilaco, Japan)
were used as a substrate for fabricating nanostructured WO3. The
array of WO3 nanohelix (NH) was fabricated using an oblique angle
deposition (OAD) method previously reported in the literature.25,32

WO3 powder (purity: 99.99%, Taewon Scientific Co., CAS 1314-35-
8) contained in a graphite crucible was used as source. The oblique
angle of the substrate was 80°, and the deposition was conducted at
room temperature using an electron-beam evaporator. The thickness
of the deposited WO3 NH is ∼1 μm. Thin film (TF) WO3 was
deposited using the electron-beam evaporator with deposition rate of
2.0 Å/s. The thickness of deposited TF is ∼1 μm. Subsequently, the
deposited WO3 sample was annealed on muffle furnace (Daeheung
Science, model DF-3.5) at 500 °C for 2 h as reported in our previous
study.25,32

2.3. Sulfurization of the WO3 NH. For direct growth of WS2
from WO3, annealed WO3 was sulfurized in a 1-in.-diameter quartz
tube furnace equipped in a chemical vapor deposition (CVD) system.
The sulfur powder (purity > 99.5%, Sigma-Aldrich, CAS 7704-34-9)
was used as precursor for the sulfurization. The sulfurization was
conducted at 550 °C for 15 min with preannealed WO3 samples
loaded on the center of quartz tube and sulfur powder placed at the
upstream side.25,32

2.4. Surface Characterization. Raman spectroscopy (Witech,
Germany) employing a laser excitation of 532 nm was used initially to
characterize the structure of the TF and nanohelix WS2 sample.

Figure 1. Schematic illustration of PC12 cell cultured WS2/WO3 NH Raman scattering biosensor with PDMS chamber for dopamine monitoring.
The enlarged part shows the schematic structure of an array of WS2/WO3 NHs and DA secretion. DA induced peak-shift of Raman spectra is also
schematically shown.
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Morphologies and microstructures were investigated by field-emission
scanning electron microscopy (FE-SEM, Philips Electron Optics B.V.,
the Netherlands) and high resolution-transmission electron micros-
copy (HRTEM Jeol, Japan). The crystal structure of the samples was
analyzed by X-ray diffraction (XRD) using an X-ray diffractometer
(Rigaku Corporation, Japan) configured with a Cu Kα radiation
source. High-performance X-ray photoelectron spectrometer (XPS
Thermo Fisher Scientific, U.K) was used to obtain the bonding
information and oxidation state of the samples.
Wettability was measured using contact angle measurement

(Smartdrop, Femtofab). A 5 μL of DI water was dropped onto
each specimen with an autopipette (Finnipette Novus, Thermo
Scientific) at RT. The average contact angle was measured by the
sessile drop method in three specimens for every groups.
2.5. PDMS Chamber Preparation. The chamber for protein

adsorption and cell culture was prepared using a PDMS mold. PDMS
solution and curing agent at a ratio of 1:10 (curing agent:base
solution) were used for preparing PDMS mold with a method
previously reported in the literature.33 After the sterilization, the
PDMS chamber was placed and fixed on the center of the WS2/WO3
surface.
2.6. BSA and Dopamine Adsorption Test. The protein and

dopamine adsorption of each WS2 was assessed using BSA and
dopamine. Before the test, dopamine was conjugated with fluorescein
isothiocyanate (FITC, Sigma-Aldrich, CAS 3326-32-7) using
previously reported way for tracking the concentration. In brief,
FITC-DA was synthesized through conjugation of the isothiocyanate
reactive group (NCS) of FITC to the primary amine group of
DA. Conjugated dopamine at a concentration of 100 μg/mL was
loaded on 2D TF or 3D NH WS2/WO3 for 1 h and the supernatant
was harvested for loading content analysis. BSA at a concentration of
1 mg/mL was also loaded on each surface for 1 h and the protein
concentration in the supernatant was analyzed by UV−vis spectros-
copy.
2.7. Cell Proliferation Test and Confocal Imaging. PC12 cells

were cultured on top of WS2 devices to monitor the real-time
secretion of dopamine from living cells. PC12 cells were cultured on
the WS2 devices for 24 h in the cell culture media (a mixture of RPMI,
10% horse serum, 1% antibiotic) and maintained at 37 °C in a humid
atmosphere with 5% CO2 air. Before the cell culture, each substrate
was sterilized by immersing in 70% ethanol for 1 min after drying
under UV lamp in the clean bench with continuous air flow for 30

min, the cells at a density of 6 × 103 mL−1 were cultured on each
sample for further monitoring. The cultured cells were analyzed with
cell counting kit-8 (CCK-8, Dojindo molecular technologies) solution
for 1, 4, and 7 days after seeding.34 Four samples were taken from
each group to derive average value. The control group was the
nontreated W foil.

To investigate the cellular morphology by confocal fluorescence
microscopy, cells were fixed with 4% formaldehyde and PBS (Gibco)
solution using the method previously reported in the literature.34

Fluorescence images were observed using confocal microscopy (Leica
TCS-SP5-MP-SMD, Leica Microsystems Wetzlar). The area of cell
adhesion was measured using the ImageJ software (Sun Microsystems
Inc.). To evaluate the average area per one cell, ten cells from each
sample were investigated.

2.8. Raman Spectroscopy for Dopamine Detection. Raman
spectra of DA bound substrate with concentrations ranging from 10 to
500 nM was recorded by confocal Raman spectroscopy (Ar-ion 633
nm excitation laser). The Raman spectrometer has been installed and
leveled on a vibration-free desk in a darkroom. And also, the peak
positions of Raman spectra were checked before and after the
experiment with bare W foil sample. The spectra were recorded at 0.5
cm−1 intervals and the peak position extracted either by fit to a b-
spline function after a calibration. Stimulation and sensing experi-
ments were carried out after 1 h of replacing cell culture media with
fresh ones. High potassium solution (the mixture of 40 mM NaCl,
105 mM KCl, 6 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES) was
prepared and introduced into the PDMS chamber. The two-
dimensional Raman mapping (25 μm × 25 μm) on the surface was
monitored during the high potassium stimulation.

2.9. Statistical Analysis. Statistical analysis was performed via t
test using the software of SigmaPlot10.0 (Systat Software Inc. San
Joce, CA). The value for *p < 0.05 and **p < 0.01 were considered
statistically significant. Data are expressed as means ± standard
deviation (SD) from several separate experiments. All experiments
were done at least three times (n ≥ 3).

3. RESULTS AND DISCUSSION

The overall scheme of a Raman scattering biosensor for DA
detection is shown in Figure 1. For microsampling, an array of
WO3 NH was fabricated on W foil by using the OAD, followed
by the growth of WS2 by sulfurizing WO3 NHs to form the

Figure 2. Microstructural characterization of the 2D thin film and 3D NH WS2/WO3 structures. (a, b) SEM images and (c, d) XRD profiles of the
WS2/WO3 TF and NH on W foil, respectively.
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hierarchical WS2/WO3 NHs array as the detecting substrate
(see experimental section for details). For protein adsorption
and cell culture, PDMS mold with 5 mm hole (PDMS
chamber) was placed and fixed on the center of W foil with the
WS2/WO3 side of the substrate, so that the array of WS2/WO3

NH is exposed through the hole of PDMS mold. Subsequently,
in PDMS chamber, the exposed WS2/WO3 NH was used for
growing PC12 cells and detection of DA by attaching DA
molecules, where the Raman frequency shift of WS2 depending
on the DA concentration was monitored.

To compare its characteristics with typical 2D TF structure,
WS2 was also directly grown on WO3 TF on W foil by same
sulfurization process. The microstructural properties of the 3D
WS2/WO3 NH and the 2D TF structure were characterized as
shown in Figure 2 (further denoted as 3D NH and 2D TF,
respectively). Figure 2a and b are SEM images, showing clear
difference in morphology between 3D NH and 2D TF.
Especially, Figure 2b shows a well-defined array of NHs
formed on the W foil with a thickness of 1 μm. The growth of
WS2 on the WO3 NHs was also confirmed by XRD profiles
shown in Figure 2c and d, with XRD peaks of WS2 (JCPDS no.

Figure 3. (a) TEM image of the WS2/WO3 NH showing WO3 helical core and conformally formed WS2 shell by sulfurization. (b) Raman spectra
obtained from the WS2 NH. (c) Raman maximum position mapping images of the WS2 NH without (DI water) and with DA treatment (1 μM).
Scale bar: 5 μm.

Figure 4. Characterizations of the WS2/WO3 NH compared to the WS2/WO3 TF. (a) Optical image of contact angle analysis, (b) quantification of
contact angle analysis, (c) biomolecule adsorption test including BSA (left y-axis) and dopamine (right y-axis), and (d) PC12 cell proliferation test
for 7 days on each substrate.
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08-0237) near 14° and those of WO3 (JCPDS no. 43-1035) in
both samples.
The microstructure of the WS2/WO3 NH was further

analyzed by using TEM. As shown in Figure 3a, layered 2D
WS2 is formed on the surface of 3D WO3 like a core−shell
structure. The Raman spectrum obtained from the WS2/WO3

NH is shown in Figure 3b. E1
2g and A

1
g represent characteristic

peaks that arise from the in-plane and out-of-plane WS
vibration mode, which appears at 354 and 420 cm−1,
respectively. Figure 3c is the Raman mapping showing the
maximum peak position of each peak near E1

2g and A1
g,

respectively, with the DA concentration (0 for DI and 1 μM).
Note that the Raman signal is distributed uniformly on the
overall substrate indicating the uniform Raman sensing agility
of our method (Figure 3c).

In addition, it was found that the surface of the 3D NH
shows more hydrophobic character compared to that of the 2D
TF. Hydrophobic surfaces can concentrate dissolved solution
in aqueous droplets efficiently, known as the hydrophobic
condensation effect and,30,31 thus, can be used for active and
effective Raman scattering substrates. To estimate the degree
of hydrophobicity of the WS2 depending on its nanostructure,
contact angle measurement was performed without a specific
surface treatment (Figure 4a).35 The surface of the 3D NH
showed higher contact angle than that of the 2D TF, as shown
in Figure 4b (**p < 0.01, see the Experimental Section for
details about statistical analysis). Since protein adsorption and
cell activity are influenced by wettability, those properties were
further analyzed, as shown in Figure 4c. A model protein,
bovine serum albumin (BSA) at a concentration of 1 mg/mL

Figure 5. Fluorescence images of F-actin (pseudogreen) and nucleus (blue) stained cells after 3 days of PC12 cell culture on the 2D TF showing
(a) aggregation of nucleus and round shape without stretched matrix and on the (b) 3D NH showing star-like shapes with apparent stretched
matrix. (c) Measured average cell adhesion area on each substrate form the region of F-actin.

Figure 6. Raman spectra of WS2 of (a) 2D TF and (b) 3D NH after the dopamine treatment with different concentrations. E1
2g and A1

g peaks
position shifts of (c) 2D TF and (d) 3D NH upon doping with different concentrations.
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was loaded on each sample and the protein concentration in
the supernatant was analyzed. After 1 h of the protein loading,
19.96% ± 1.56% of the protein could be loaded on the 3D NH
which is higher than that of the 2D TF (15.36 ± 0.78%, *p <
0.05). Also, adsorption test of DA shows 63.7% and 73.1% for
the 2D and the 3D structure, respectively (*p < 0.05). Higher
adsorption rate of BSA and DA in the 3D NH is derived from
more hydrophobic surface. Furthermore, cellular activities
depending on the structure was assessed. Figure 4d shows the
cell proliferation test of PC12 cells on the surface of each
sample investigated after cell seeding for 4 and 7 days. The
results show the proliferation ratio of the cells on the 3D NH
was higher than that on the control and the 2D TF samples.
The 3D NH can also affect the morphology of cell
differentiation so that cells spread uniformly with a star-
shape, which will be shown later. Taken together, the
adsorption of protein can be enhanced through the increased
hydrophobicity by the unique 3D nanostructure, and as a
result, the cell proliferation was promoted.
As aforementioned, behavior of cells on each sample was

also monitored. Confocal fluorescence microscope imaging of
F-actin (phalloidin rhodamine; pseudo green) and nucleus
(DAPI; blue) stained PC12 cells on each sample were shown
in Figure 5a (2D TF) and b (3D NH). Cells on the 2D TF
tends to aggregate to each other, whereas those on the 3D NH
spread uniformly over the substrate with a star-shaped border
morphology. The morphological difference is similar to
previous reports showing positive effect to cells using
nanotopography.36 For example, the protein adsorption
properties and cell activity can be enhanced by strong
hydrophobic interaction occurring at the surface as shown in
Figure 4. As a result, the hydrophobic nature of 3D
nanostructured WS2 allows cell to spread out widely during
the cell proliferation.37 In addition, the 3D NH shows the

higher average cell adhesion area per one cell than the 2D TF
(**p < 0.01) as shown in Figure 5c, indicating that the 3D NH
structure enables a promoted cell growth over broad area.
These results can be elucidated by the increased affinity of cell
attachment caused by the surface roughness as well as
enhanced protein adsorption ratio from its nanostructure as
shown in Figure 4c.
After the cell proliferation test depending on the micro-

structure, we investigated its Raman sensing capability. Figure
6a and b show Raman spectra for the 2D and the 3D WS2 with
various DA doping concentrations. Blue shift of the Raman
peaks was observed after doping to both samples, indicating
the molecules cause the stiffening of vibrational modes. Figure
6c and d show quantitative peak position of both peaks. As the
concentration of DA increased, the samples exhibited more
Raman-frequency-shift, and which are more distinct in 3D NH
than 2D TF sample. For the 3D NH sample, definite peak shift
was shown in the range of 10−500 nM with a limit of
detection (LOD) as low as 10 nM.
From Figure 6c and d, it is shown that the E1

2g peak is blue-
shifted as the concentration of DA was increased while the A1

g
peak is rarely unchanged. According to the previous reports,
A1

g mode frequency is sensitive to carrier doping, while the
frequency of E1

2g mode is more sensitive to strain.38,39 In
addition, it was shown that compressive strain can induce
stiffening of E1

2g mode. In this regards, it can be inferred that
the adsorption of DA induces the compressive strain on the
WS2.

40,41 The difference in Raman frequency-shift between 2D
TF and 3D NH can be explained by the different DA
adsorption behavior due to differences in surface area and
hydrophobicity of the 2D and 3D samples, as described above.
In addition to the detection ability, selective detection of DA

is challenging due to potential interference with other
substances in biological systems. In order to check selective

Figure 7. Raman shift of (a) the 2D TF and (b) the 3D NH biosensor to the secretion of DA from PC12 cells stimulated by high K+ solution.
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detection ability of the Raman biosensor, Raman sensing of
DA was investigated in the environment where DA coexist
with ascorbic acid (AA) or uric acid that usually coexists with
DA in central nervous system. To evaluate the applicability and
selectivity of our method, UA and AA were tested under the
same conditions with the DA concentration of 10 nM and AA
or UA concentration of 50 nM (Figure S1). The Raman
frequency shift does not show an obvious change with these
interfering substance even at the high concentration of 50 nM,
indicating that, the Raman biosensor has an excellent
selectivity for the detection of DA. The previously reported
performance of DA sensor was listed in Table S1. Although our
Raman biosensor shows comparably lower performance than
other reports, the 3D WS2 NH biosensor still has advantage in
fast and facile detecting process. In addition, we believe that
the detection capability as well as selectivity can be further
improved by selection of materials, controlling the phase of the
materials, and optimization of 3D nanostructure. From these
results, the 3D nanostructured WS2 shows the possibility of
being used for DA sensing using the Raman frequency-shift
with negligible interference with AA and UA.
In addition, we combined the 3D NH with the live

neuroendocrine PC12 cells and detected the induction of
dopamine secretion. PC12 cells were cultured directly on 3D
NH without any treatment. When a K+ solution was
introduced into the recording PDMS chamber that depolarizes
the cell membrane and induces Ca2+ influx through the
voltage-gated calcium channels of the cell membrane, Raman
frequency shift was monitored (Figure 7a and b). The Raman
frequency shifts for the 3D NH is apparently larger than that of
the 2D TF, which indicates that the 3D nanohelical structured
WS2/WO3 biosensor can effectively detect very small amounts
of biomolecule released by the cellular activity than 2D TF
WS2/WO3. Taken together, the 3D WS2 NH structure has very
promising and beneficial properties for Raman scattering
biomolecule sensor due to its much higher sensitivity,
reproducibility, and cytocompatibility than the 2D structured
WS2. Furthermore, we believe that NH-based hierarchical
structures can be a novel platform for not only a large variety of
large-area biomedical and other industrial applications, but also
chemical sensing and electrochemical energy harvesting
applications.

4. CONCLUSIONS

We demonstrated a high performance nanostructured Raman
scattering sensor based on hierarchical 2D WS2 grown on an
array of 3D WO3 NHs. We observed that Raman frequency
shift on the 3D nanohelical structured WS2/WO3 is much
greater than that of the 2D thin film WS2/WO3 on the same
concentration of DA doping, resulting the detection range of
10−500 nM with a LOD as low as 10 nM. Moreover, the cell
proliferation test revealed that the promoted growth of
uniform and star-shaped cell on 3D nanohelical structured
WS2/WO3, which is attributed to an enhanced adsorption of
biomolecules. As a result, it was shown that the 3D WS2/WO3
NH-based structure is very promising biosensing platform with
high sensitivity, reproducibility. The enhanced cell prolifer-
ation and cytocompatibility of 3D WS2/WO3 further support
the potential as biosensing platform through in vitro test.
Furthermore, this research, we believe, provides the first
comprehensive relationship between the adsorption behavior
of biomolecules and the nanostructure of WS2, as well as, key

factors for solving limitation of previous 2D TMDCs sensor
mostly based on film structure.
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