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The development of size-selective and non-destructive detection techniques for nanosized biomarkers has many
reasons, including the study of living cells and diagnostic applications. We present an approach for Raman signal
enhancement on biocompatible sensing chips based on surface enhancement Raman spectroscopy (SERS). A
sensing chip was fabricated by forming a ZnO-based nanorod structure so that the Raman enhancement occurred
at a gap of several tens to several hundred nanometers. The effect of coffee-ring formation was eliminated by in-
troducing the porous ZnO nanorods for the bio-liquid sample. A peculiarity of this approach is that the gold
sputtered on the ZnO nanorods initially grows at their heads forming clusters, as confirmed by secondary elec-
tron microscopy. This clustering was verified by finite element analysis to be the main factor for enhancement
of local surface plasmon resonance (LSPR). This clustering property and the ability to adjust the size of the nano-
rods enabled the signal acquisition points to be refined using confocal based Raman spectroscopy, which could be
applied directly to the sensor chip based on the optimization process in this experiment. It was demonstrated by
using common cancer cell lines that cell growth was high on these gold-clad ZnO nanorod-based surface-
enhanced Raman substrates. The porosity of the sensing chip, the improved structure for signal enhancement,
and the cell assay make these gold-coated ZnO nanorods substrates promising biosensing chips with excellent
potential for detecting nanometric biomarkers secreted by cells.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Nanometer- and sub-micrometer-scale biological particles such as
proteins, lipids, nucleic acids, exosomes, and metabolic contents have
attracted much attention as biomarkers for the diagnosis of disease
from biologically generated fluids such as blood, urine, and lymph.
These biomarkers are now understood to be fundamental for healthy in-
tercellular communication and are also generated in diseased cells.
Label-free detection of these biomarkers can identify chemically distinct
subpopulations arising from sorting choices during specific biogenesis
and can also track post-translational modifications of biomarkers after
their synthesis or release. Surface-enhanced Raman spectroscopy
(SERS) is an approach to cellular analysis and identification that applies
broad chemical spectroscopy to nanometer-sized biomarkers.
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SERS is an attractive analytical and quantitative technique for label-
free detection and identification of chemical and biological species [1,
2]. Following incident laser illumination at a single wavelength,
Raman spectroscopy is able to identify biomarkers with a fingerprint
of spectral peak positions, since the molecular vibrations of the sample
are represented as a spectrum by inelastic scattering. Electromagnetic
enhancement can be attained with this mechanism by using gold or sil-
ver nanoparticles, which cause the amplification of light by the local
surface plasmon resonance (LSPR) effect [3, 4], in which a “hot spot” is
formed on the surface of the SERS particles and the Raman signal is dra-
matically increased, enabling measurements on very small-sized sam-
ples. Recently, research even on the monomolecular scale has been
made possible with the SERS technique [5-9]. According to finite
element modeling analysis, a hot spot that gives a surface enhancement
effect of about 108° is formed between gold colloids when the colloids
have a diameter of 30 nm and are separated by a 2-nm gap [4]. In bio-
medical applications, biomarkers suitable for these nanogaps are ex-
tremely rare, and because of the size and shape of biological
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molecules, research on SERS structure is required to optimize the LSPR
effect.

Most attempts to improve SERS properties have focused on optimiz-
ing the surface of the substrate with the use of nanomaterials and nano-
structures synthesized by sophisticated techniques, such as lithography
patterning or high-temperature processes [7, 10-13]. Other research
groups have deposited metal nanoparticles on paper [14-16] or applied
a platform based on a silicon nanowire structure [17] to make a porous
SERS substrate suitable for biological or liquid samples. Because of their
amorphous nature, such papers, silicon nanowires, and epitaxially
grown nanostructures are too dependent on the substrate and are diffi-
cult to combine with common cell culture substrates such as glass and
Petri dishes. On the other hand, if a ZnO nanostructure-based platform
is introduced, the substrate can be fabricated at a temperature of 100
°C or lower, and the SERS effect can be seen on amorphous substrates,
such as glass and plastic, that are common in bioscience applications
[18, 19]. In addition, it is possible to fabricate a nanostructure array
without a lithographic process, and the manufacturing costs are signifi-
cantly lower than those for other substrates, such as sapphire and Si
wafers.

In the present study, SERS substrates based on a ZnO platform were
fabricated, and gold nanoparticle ripening, which could not be per-
formed on the ZnO-based SERS substrate [20], was performed by gold
preferential growth and clustering on the ZnO nanorods to enhance
the SERS effect. The length and density of the ZnO nanorods and the
thickness of the deposited gold were modified to control the porosity
and morphology of the gold nanostructure, and the mechanism of
SERS enhancement was explained based on finite element analysis. Bio-
compatibility was evaluated to determine the presence or absence of
toxicity for biological applications.

2. Material and Methods
2.1. Growth of ZnO Nanorods by the Hydrothermal Method

To prepare the ZnO-based SERS substrates, silicon wafers were
scribed and broken into 2 x 2 cm pieces to grow the ZnO nanorods by

the hydrothermal method [21]. The resulting chips were cleaned in ac-
etone, methanol, and deionized water for 10 min each. A ZnO seed layer

was deposited on the surface of the as-prepared samples using a
sputtering system (SPS series, ULTECH). The sputtering process was car-
ried out at a fixed working pressure of 6 mTorr with 100 W RF power
under argon. Hydrothermal synthesis was utilized to grow vertically
aligned ZnO nanorods. The ZnO growth solution was prepared by dis-
solving 0.015 M zinc nitrate hexahydrate (Zn(NOs),-6H,0) (Sigma Al-
drich) and hexamethylenetetramine (HMT) (Sigma Aldrich) in
200 mL of deionized water. A homogeneous aqueous solution was ob-
tained by gentle stirring with a magnetic bar for 2 h at room tempera-
ture. The as-prepared samples were then immersed in the aqueous
solution in an oven at 90 °C for 70 min. The experimental procedure, in-
cluding measurement analysis, is shown schematically in Fig. 1.

2.2. Gold Deposition on ZnO Nanorods

After growth of the ZnO nanorods, the substrates were cleaned with
deionized water and dried with nitrogen gas. Finally, the ZnO nanorods
were coated with gold using an e-beam evaporator (EL-5, ULVAC). The
thickness of the deposited gold was determined by measuring the thick-
ness of a cross section of the target sample on a flat silicon wafer. The
current, voltage and duration for deposition thicknesses of 100 and
200 nm were standardized. The morphology of the plane and cross-
sectional nanorods was observed by field emission scanning electron
microscopy (FESEM) (S-4700, Hitachi).

2.3. Cell Cultures

One breast cancer cell line, MDA-MB-231, was purchased from the
Korean Cell Line Bank (Seoul, Korea). The cells were cultured in
Dulbecco's modified Eagle's Minimal Essential Medium (DMEM) (Life
Technologies, Grand Island, NY, USA) supplemented with 10% fetal bo-
vine serum (FBS) (Hyclone Laboratories, Logan, UT, USA) and a 1%
penicillin-streptomycin solution (Life Technologies) in a humidified
5% CO, incubator at 37 °C.

2.4. Cell Viability Assay

Cell viability analyses were based on MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) (Sigma Aldrich) assays. Cells

Si wafer ZnO seed deposited

ZnO nanorods growth Au coated on nanorods

Sample dropping

Raman measurement

Porosity and head size
modification

Fig. 1. Schematic of the experiment involving ZnO nanorods-based surface-enhanced Raman spectroscopy (SERS) substrate fabrication.
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were plated at a density of 3 x 10° cells/well and incubated for 24 h.
After deposition of ZnO, the cells were treated with 5 mg/mL MTT for
30 min and then dissolved using dimethyl sulfoxide (DMSO). The absor-
bance was measured at 540 nm with an ELISA microplate reader
(Multiskan EX, Thermo Scientific, USA).

2.5. Raman Spectroscopy

Raman measurements (LabRam Aramis, Horiba) were carried out
using a 785-nm diode laser in a confocal geometry with a 0.5 NA, x50
objective lens and beam spot diameter ~1.9 pm. The spectrum of each
point was measured in the range of 400 to 2500 cm ™! with a spectral
resolution of 5 cm~! and an integration time of 30 s at room tempera-
ture. After the Raman measurements, the spectrum was postprocessed
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by Savitzky-Golay smoothing, and a third-order polynomial fit to the
auto-fluorescence background was subtracted. Rhodamine B (RhB)
>95% purchased from Sigma Aldrich was used as a standard for Raman
measurements.

2.6. Computational Analysis by FEM

The finite element method (FEM) was used with COMSOL
Multiphysics software (COMSOL, USA) to simulate the SERS activities
of the electromagnetic fields. Two-dimensional models for metallic-
coated nanorod substrates with various metal sphere diameters were
established. For a given boundary condition, the near-field distribution
of the electromagnetic field was calculated to solve the time-harmonic
Maxwell's equations at 785 nm excitation wavelength.

Fig. 2. Secondary electron images of the substrate with nanorod length and deposited gold thickness modified for (a) ZnO: 400 nm in length with 100 nm deposited gold, (b) ZnO: 600 nm
in length with 100 nm gold, (c) ZnO: 400 nm in length with 200 nm deposited gold, and (d) ZnO: 600 nm in length with 200 nm deposited gold. The inset shows the initial difference in
covering due to gold coating. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results
3.1. Growth and Characterization of Gold-Coated ZnO Nanorods

In order to obtain a suitable porosity for the sample solution, the ZnO
seed layer was modified and deposited such that the preferential
growth direction of the ZnO nanorods was within about 10° from the
vertical. An amount of gold with a height of 100 or 200 nm per unit
area was deposited on nanorods with a length distribution of 300 to
450 or 500 to 650 nm, respectively. These four specimens were
displayed with a secondary electron image of the plane and 45° tilt-
view, as shown in Fig. 2. The top and bottom of the inset in Fig. 2
(a) show the substrates with gold deposited (top) and not deposited
(bottom), and the ZnO is fully covered even when only 100 nm of
gold is deposited. When gold deposition is increased to 200 nm, the
thickness of the rods is about 10 to 30 nm greater than when gold depo-
sition is not carried out. In addition, because the distribution of nanorod
lengths has a standard deviation of 50 nm and the deposited gold is
clustered at the ends of the rods, the distribution of the heights of the
gold clusters undergoes a similar increase. Therefore, when the confocal
Raman spectroscopic measurement is focused on the substrate surface,
the Raman enhancement effect can be confirmed according to the head
size.

3.2. Raman Enhancement and Reduction of Coffee-Ring Effects

To confirm the Raman enhancement effect of the SERS substrate
based on ZnO nanorods, 10 uL of 1 mM RhB was dropped, and the sig-
nals were measured after natural drying. Fig. 3 (a) shows the en-
hancement of the Raman signal from 1000 to 1500 cm ™! according
to each specimen. The greatest enhancement was observed for the
600-nm ZnO nanorods with 200 nm of deposited gold, which is a cor-
rection for the droplet area. When randomly measured on the sam-
ple surface, the 400-nm-long specimen, with the same average
gold thickness, gave larger enhancements. Because the effective con-
centration and the LSPR enhancement characteristics differs be-
tween the two samples, a correction for the effective concentration
is required as follows. The enhancement factor (EF) is calculated by
the equation

ISERS) (Cbare)
EF =
(I bare CSERS

where Csggs is the concentration of RhB on the gold-coated ZnO
nanorod SERS substrate, Isggs is the measured Raman intensity
from the coated substrate, and Cpare and Ip,re are the corresponding
parameters for the bare substrate. The effective concentration of
RhB at the beam spot in the dried samples varies across the sample,
as the diffusion of the droplet depends upon the porosity of the spec-
imen. In addition, even though samples with same volume are
dropped in all experiments, the Cp,re/Csgrs Value is dependent on
the correction for the area, since the droplet area is different for
each sample after diffusing into the nanorods. Therefore, Isgrs en-
hancement due to substrate characteristics is largest in the 200-nm
gold-coated nanorods 600 nm in length. This enhancement is the
same for each specific peak, as shown in Fig. 3 (b). This measurement
further demonstrates that the enhancement effect is compared with-
out denaturation due to the strong electric field of the sample, as the
relative ratio between peaks is not changed significantly.

The SERS substrates based on ZnO nanorods show no coffee-ring ef-
fect, as shown in Fig. 3 (¢). Because of the rise in concentration at the
edge of the region of deposition, the ring edges of RhB on bare sub-
strates and of RhB on thin gold films show stronger Raman signals. On
the other hand, nanorod substrates have larger values in the interior
of the deposition ring.
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Fig. 3. (a) Raman signal enhancement of rhodamine B on each substrate. (b) Differences in
the enhancement intensity of each specific peak according to the substrate. (c) Differences
in the coffee-ring effect of the Raman signal depending on the nanorods.

3.3. Computational Analysis of ZnO-Based SERS Substrates

To understand the effect of gold cluster size on SERS enhancement,
computational analysis using FEM was performed. Based on the data
from secondary electron microscopy images, structures were modeled
with 80-nm and 125-nm heads on nanorods 50 nm in width (including
the gold coating) and 600 nm in length. Since Raman signal is enhanced
by LSPR on a metal surface, the near-field distribution of the electric
fields was calculated for a 785-nm incident light and parallel-plate
boundary conditions with symmetry of the electric field. As shown in
Fig. 4, there is almost no change in the full scale, regardless of the change
in head width, and the electric field is distributed in the vertical direc-
tion of the rod. Comparing the sizes of these regions, the difference in
area is about twice as much as the SERS intensity is twice as large. The
width of the cross section of incident light is 2 pm, and the density of
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Fig. 4. Finite element analysis showing the difference in local surface plasmon resonance (LSPR) on ZnO nanorod-based SERS substrates with gold head diameters of 80 and 125 nm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the nanorods within the region is constant, which suggests that the
difference in SERS enhancement is caused by the increase in scatter
contributing to inelastic scattering.

3.4. Toxicity of the SERS Substrate

Confirmation of biostability of the SERS substrate is required for
Raman measurements of nanometer-sized biomarkers secreted by liv-
ing cells. The toxic endogenous properties of gold nanoparticles have
been reported previously [22], and ZnO nanorods are reported to be
toxic to NIH 3T3 fibroblasts [23]. Therefore, assessment of toxicity
needs to precede application to living cells. Fig. 5 shows the MTT assay
results for the death of the breast cancer cell line MDA-MB-231 on the
SERS substrate. The MDA-MB-231 line is frequently used in biotechnol-
ogy applications, such as detecting cancer cell malignancy. Based on the
results, the gold-clustered substrate of ZnO is suitable for experiments
on the living breast cancer cell line.

4. Conclusions

We fabricated ZnO-nanostructured SERS substrates coated with gold
nanoparticles and compared the differences in Raman effect surface en-
hancement by controlling the length of the nanorods and the volume of
deposited gold. In secondary electron images, the nanorod heads were
observed to increase in diameter much faster than diameter of the
nanorods, when the amount of deposited gold was increased. As the
volume of deposited gold increased, the signal also increased in

proportion to the Raman signal enhancement according to the growth
conditions of the substrate. Two-dimensional finite element analysis
confirmed that the electric fields of nanorods with gold nanoclusters
of 80 and 125 nm were distributed parallel to the substrate. When the
size of the electric field was compared with a meaningful area, the cor-
responding area of the gold cluster was doubled as the amount of gold
deposited increased from 100 nm to 200 nm per unit area, which be-
came the basis for the increase in LSPR. In addition, the survival rate of
the breast cancer cell line MDA-MB-231 on this substrate matched the

1.4
1. Zn0400nm_Au200nm
3. Zn0400nm_Au100nm

2. Zn0600nm_Au200nm
4. ZnO600nm_Au100nm

12}
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Control ZnO 1
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Fig. 5. Cell viability of MDA-MB-231 on each substrate by MTT assay.
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survival rate on a control substrate. Therefore, the low-cost, gold-coated
ZnO nanorods substrate may be used as a biosensing chip with excellent
potential for detecting nanometric biomarkers secreted by the cells. The
Raman-based sensing chip presented in this study was suitable for
monitoring of living cells and utilized the phenomenon of gold cluster-
ing on the head of the nanorod in the signal optimization process for the
measurement of biological samples. By acquiring a refined signal at the
gold clusters in the confocal Raman setup, the ability to control porosity
by controlling the length of the nanorods is also demonstrated. Further-
more, by fabricating SERS chips based on ZnO nanorods, it is possible to
fabricate sensing chips at low temperatures on substrate materials used
in biological research, such as glass and plastic.
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