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Chapter

Surface-Enhanced Raman
Spectroscopy (SERS) Based on
ZnO Nanorods for Biological
Applications

Sanghwa Lee and Jun Ki Kim

Abstract

Detection of nanometer-sized biomarkers is a research topic that attracts much
attention as an application for early diagnosis of diseases. Biopsy monitoring by
analyzing cell secretion in a non-destructive way has many advantages in the field
of biomedicine. We introduce the Raman signal enhancement method on a bio-
sensing chip based on surface-enhanced Raman diagnosis. This approach has the
advantage because the ZnO nanorods are grown to form nanoscale porosity and are
coated with gold to enable size selective biomarker detection. After sputtering gold
on the grown ZnO nanostructures, the unique feature of clustering the nanorod’s
heads first appeared. The grain formation on the head was the main factor for the
localized surface plasmon resonance (LSPR) enhancement, and this fact could be
verified by finite element analysis. It has been demonstrated in breast cancer cell
line that the cell viability is also high in such gold-clad ZnO nanostructure-based
surface-enhanced substrates. For bioapplication, interstitial cystitis/bladder pain
syndrome (IC/BPS) animal model was prepared by injecting HCl into the blad-
der of arat, and urine was collected a week later to conduct Raman spectroscopy
experiments.

Keywords: surface-enhanced Raman spectroscopy (SERS), ZnO nanorods,
gold clustering, finite element method (FEM), cell viability, interstitial
cystitis/bladder pain syndrome (IC/BPS)

1. Introduction

Biological particles on the nanometer and submicrometer scale, such as proteins,
lipids, nucleic acids, exosomes, and metabolic content, have attracted much atten-
tion as biomarkers for diagnosing diseases from biologically generated fluids such
as blood, urine, and lymph. These biomarkers are now understood to be funda-
mental to healthy intercellular communication and can be produced in diseased
cells. Label free Raman spectroscopy is useful for verification of biological samples
ranging from nanoscale to millimeter size, such as tissue [1, 2], cells [3-5], bacteria
[6, 7], exosomes [8, 9], and proteins [10, 11]. After incident laser emission with a
single wavelength, Raman spectroscopy can identify biomarkers with the spectral
peak position as a fingerprint because the molecular vibrations of the sample are
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represented by spectra due to inelastic scattering. Electromagnetic enhancement
can be achieved on rough surface of metal such as a gold or silver nanoparticle that
causes amplification of the light by local surface plasmon resonance (LSPR) effects
[12, 13].

A “hot spot” is formed on the surface of the SERS particles, and the Raman signal

is dramatically increased at the nano-sized gap. Surface-enhanced Raman spectros-
copy (SERS) is an approach for cell analysis and identification that applies a wide
range of chemical spectroscopy to nanometer-sized biomarkers. Recent studies on
monomolecular scales have been made possible through surface-enhanced Raman
techniques [14-18]. According to finite element method (FEM) analysis, when the
colloid is separated by 2 nm between a diameter of 30 nm colloids, a “hot spot” is
formed which gives a surface-enhanced effect of about 108 degrees [13]. In biomedi-
cal applications, biomarkers suitable for these nanogaps are very rare, and due to
the size and shape of biomolecules, research on nanogap and signal enhancement of
the SERS structure is needed to optimize the LSPR effect.

In this chapter, we fabricated SERS substrate based on ZnO nanorods and
improved the SERS effect by forming selective growth clustering of gold nanopar-
ticles, which could be formed in specific condition of ZnO nanorod-based SERS
substrate. To control the porosity and gold nanostructure, the length and density
of the ZnO nanostructures and the thickness of the deposited gold were modified
morphologically. The SERS enhancement mechanism was described based on finite
element analysis. Cell viability was also evaluated to determine the presence or
absence of toxicity for cancer cell applications. In other bio-applications, we demon-
strate early diagnostic possibilities with Raman signals and statistical analyses from
nano-sized biomarkers of intractable inflammatory diseases that cause patient pain.

2. Nanorod manufacturing method

Most of the research to fabricate SERS-based chips focuses on optimizing the
surface of substrates through nanomaterials and nanostructures synthesized using
sophisticated techniques such as lithographic patterning or high-temperature
processes [16, 19-22]. Other research groups deposit Au/Ag nanoparticles on
papers [23-25] or coat metal on a Si nanowire structure [26] to make a porous
SERS substrate suitable for biological or liquid samples. Such Si nanowires are too
dependent on the substrate and are difficult to combine with common cell culture
substrates such as glass and petri dishes, due to their amorphous and manufactur-
ing nature. In the case of paper-based SERS substrate, porosity and nanogaps could
not be adjusted. On the other hand, if a ZnO nanorod-based platform is introduced,
the substrate can be manufactured at a temperature below 100°C. Furthermore,
homogeneous nanostructures can be formed without any lithography process on
amorphous substrates such as glass and plastic, which are common in bioscience
applications [27, 28].

To make the SERS substrates, the Si wafer were scribed with a size of 1 x 1 cm?
for substrate of ZnO nanorods initially. It was cleaned in ethanol and deionized (DI)
water for 5 min, respectively. The 30 nm ZnO seed layer was deposited on the surface
of as-prepared samples by using RF magnetron sputtering for 5 min under 100 W
power to grow the vertically aligned ZnO nanorods utilizing by the hydrothermal
synthesis. The ZnO growth solution was prepared by dissolving 10 mM zinc nitrate
hexahydrate (Sigma-Aldrich Co.) and 0.9 mL of ammonium hydroxide (Sigma-
Aldrich Co.) in 30 mL DI water. A homogeneous aqueous solution was achieved
using mildly stirred vortexer for 5 min at room temperature. Then, the as-prepared
samples were immersed into the aqueous solution in an oven at 90°C for 50 min.



Surface-Enhanced Raman Spectroscopy (SERS) Based on ZnO Nanorods for Biological...
DOI: http://dx.doi.org/10.5772/intechopen.84265

3. SERS metal growth and enhancement test

After ZnO growth, the substrates were cleaned with DI water and dried with
nitrogen gas. Finally, the ZnO nanorods (NRs) were coated with Au using a ther-
mal evaporator (Alpha Plus Co., Ltd., Korea). The thickness monitor for 100 and
200 nm deposition was standardized. The morphological and structural properties
of the Raman measured samples were observed by using a field-emission scan-
ning electron microscope (FE-SEM) (S-4700, HITACHI, Japan) with 15 kV beam
voltage. The procedure of the experiment including the measurement analysis is
schematically shown as a diagram in Figure 1.

To obtain adequate porosity for the solution sample, the ZnO seed layer was
modified and deposited such that the preferential growth direction of the zinc oxide
nanorods was within about 10° from vertical. A volume of gold having a height of
100 and 200 nm per unit area was deposited on nanorods having length distribution
of 300-450 nm or 500-650 nm, respectively. These four specimens were displayed
with FE-SEM images of the 45° tilt view as shown in Figure 2. The top and bottom
of the Figure 2e show the substrates with gold deposited (top) and not deposited
(bottom) for Figure 2a, and ZnO is fully covered even when only 100 nm of gold
is deposited. When the gold deposition is increased to 200 nm, the rod thickness
is distributed about 10-30 nm thicker than when the gold deposition is not per-
formed. Also, since the nanorod length distribution has a standard deviation of
50 nm and the deposited gold is clustered at the head of the nanorods, the height
distribution of the gold clusters undergoes a similar variation. Therefore, when
confocal Raman spectroscopy measurements are focused on the gold clusters, the
head size can be a key factor in the Raman enhancement effect.

The Raman enhancement effect of SERS substrate based on ZnO nanorods was
confirmed using 1 mM Rhodamine B drop, and the signals were measured after nat-
ural drying. Rhodamine B (RhB, >95%) purchased from Sigma-Aldrich was used
as a standard for Raman measurements due to its refined condition. Raman mea-
surements (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 400-2500 cm™
with a spectral resolution of 5 cm™" and an integration time of 30 s at room

Wil e

Si wafer ZnO seed deposited ZnO nanorods growth Au coated on nanorods

1

Porosity and head size
modification

Sample dropping Raman measurement

Figure 1.
Schematic of the experiment involving zinc oxide nanostructure-based SERS substrate fabrication.
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Figure 2.

Secondary electron images of the substrate with nanorod length and deposited gold thickness modified for
(a) ZnO of length 400 nm with 100 nm deposited Au, (b) 600 nm length ZnO with 100 nm Au, (c) 400 nm
length ZnO with 200 nm Au, and (d) 400 nm ZnO with 200 nm Au. (e) Shows the initial difference in
covering due to gold coating. All of scales ave the same.

temperature. The spectra were postprocessed by Savitzky-Golay smoothing, and a
third-order polynomial fit to the autofluorescence background was subtracted.
Figure 3a shows the enhancement of the Raman signal ranging from 1000 to
1500 cm ™" according to each specimen. The greatest enhancement was observed
in 600 nm ZnO nanorods deposited with 200 nm gold, which is a correction to the
area of the circle by drying droplet. However, without area correction, a random
point of 400 nm in length with the same average gold thickness appeared to give a
greater improvement. This difference is explained by the correlation between signal
enhancement and sample concentration. The enhancement factor EF follows the
equation:

Isers) ( Chare

where Cggrs is the concentration of RhB on the ZnO nanorod-coated Au SERS
substrate, Igggs is the measured Raman intensity from the nanorod-coated sub-
strate, and Cppe and Iy, are the same quantities on the bare substrate, respectively.
The effective concentration of RhB on the dried specimen varies across the sample
as the diffusion of the droplet depends upon the porosity of the SERS substrate. In
addition, even though samples of the same volume are dropped for all experiments,
the value of Cp,e/Csgrs is dependent upon a correction for area since the initial
droplet varies in size. Therefore, EF due to the substrate correction can be seen to
be largest in the 200 nm gold-coated nanorods of 600 nm length. This enhance-
ment is independent for each specific peak, as shown in Figure 3b. This measure-
ment shows that the enhancement effect is compared without denaturation of the
sample, since the relative ratio between the peaks does not change significantly.

In addition, the SERS substrates based on zinc oxide nanorods show no cof-
fee ring effect, as shown in Figure 3c. Due to the rise in concentration at the ring
region, the edges of RhB on bare substrates and of RhB on gold thin films show
stronger Raman signals. On the other hand, nanorod substrates have larger values in
the interior of the deposition ring as shown in Figure 3d.

4. Localized surface plasmon resonance (LSPR) analysis

Calculation analysis using FEM was performed to understand the effect of Au
cluster size on SERS enhancement. The finite element method (FEM) was used
in COMSOL Multiphysics software (COMSOL Inc., USA) to simulate the SERS
activities of the electromagnetic fields. A two-dimensional model for metal-coated
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Figure 3.

(a) Raman signal enhancement of RhB on each substrate. (b) Differences in the enhancement intensity of each
specific peak according to the substrate. (c¢) Differences in the coffee ving effect of the Raman signal depending
on the nanostructure. (d) Optical microscope image including Raman acquired point.

nanostructured substrates with various metal spherical diameters has been estab-
lished. The near-field distribution of the electromagnetic field was calculated for
given boundary condition to solve the equation of time harmonic Maxwell at the
excitation wavelength of 785 nm.

From secondary electron microscopy images, structures were modeled with 80
and 125 nm heads on nanorods of width 50 nm including gold coating and length
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Figure 4.
Finite element analysis showing (a) the different factor in LSPR on ZnO nanovod-based SERS substrates with
gold head diameters of (b) 80 nm and (c) 125 nm, respectively.
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600 nm. The near-field distribution of the electric fields was calculated for 785 nm
incident light and parallel plate boundary conditions with symmetry of the electric
field. Even if the head width is increased, there is almost no change in the full
scale, and the electric field is distributed in the vertical direction of the incident
light as shown in Figure 4. The cross-sectional width of incident light is 2 pm, and
the density of the nanorods in the region is constant. This suggests that the differ-
ence in SERS enhancement by Au thickness is due to concentration of sample at
LSPR area.

5. Cell viability test

Raman measurements of nanometer-sized biomarkers secreted from living
cells require confirmation of the suitability of cells for SERS substrates. The toxic
endogenous properties of gold nanoparticles have previously been reported [29],
and ZnO nanorods are reported to be toxic to NIH 3 T3 fibroblasts [30]. Therefore,
it is necessary to confirm whether the sensing chip is suitable for cell application
through the evaluation of cytotoxicity, and cell culture and cell viability tests were
carried out as follows.

Breast cancer cell line of MDA-MB-231 was purchased from the Korean Cell
Line Bank (Seoul, Korea). The breast cancer cells MDA-MB-231 were cultured in
Dulbecco’s modified Eagle’s minimal essential medium (DMEM,; Life Technologies,
Inc., Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS;
Hyclone Laboratories, Logan, UT, USA) and a 1% penicillin-streptomycin solution
(Life Technologies, Inc.) in a humidified 5% CO2 incubator at 37°C. Cell viability
analyses were based on MTT (Sigma, USA) assays. Cells were plated at a density of
3 x 105 cells/well and incubated for 24 hours. After preparing the Au-ZnO sub-
strate, the cell was treated with 5 mg/ml MTT for 30 min and then dissolved using
DMSO. The absorbance was measured at 540 nm with an ELISA microplate reader
(Multiskan EX, Thermo Scientific, USA). Figure 5 shows the results of MTT assay
of the death of the breast cancer cell line MDA-MB-231 according to SERS substrate
condition. The MDA-MB-231 is commonly used in biotechnology applications such
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Figure 5.
Cell viability of MDA-MB-231 on each substrate by MTT assay.
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as analyzing cancer cell malignancy. From the results, the substrate at this ZnO
nanorod and gold deposition conditions is suitable for experiments in live breast
cancer cell lines.

6. Bio-application

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a refractory disease that
afflicts the vague pelvic pain when the urine enters the bladder and makes frequent
urination [31]. There are various treatments based on oral agents [32-34], but they
are still unsatisfactory with frequent recurrence of symptoms and Hunner’s lesions
[35]. Parallel with the development of therapeutic technology, early diagnosis of
IC/BPS related to quality of life and detection of disease before development to
chronic type can minimize patient’s pain and increase treatment effect. Therefore,
it is necessary to confirm the possibility of early detection of nanometer biomarkers
from urine obtained from interstitial cystitis animal model using SERS substrate.
IC/BPS animal models and comparative groups for these experiments were derived
using 10-week-old female Sprague Dawley rats. The rats were instilled with 0.2 M
HCI for 10 min using a 26-gauge angiocatheter in the bladders of four rats, followed
by neutralization and saline wash. Other rats in the comparison group were used
as vehicle instead of HCl injection. The voiding pattern was analyzed to confirm
the reproducibility of animal modeling as in the previous paper [36]. Rat urine was
collected in a 50 mL tube using a metabolic cage. The voiding pattern measured
at a week after HCl injection was examined, and the collected urine was used as a
sample for Raman measurement. Twenty-four hours of natural voiding patterns in
the metabolic cage were recorded and analyzed using AcqKnowledge 3.8.1 soft-
ware and an MP150 data acquisition system (Biopac Systems, Goleta, CA, USA)
at a sampling rate of 50 Hz. The volume change of the obtained raw data of urine
was estimated by 1 mL unit as shown in Figure 6a. Irregular frequency of urinary
dysfunction caused by bladder inflammation is observed in HCl-treated rats and
is consistent with previous animal model studies [35, 36]. Steps and terraces in the
graph are the excretion urine and the duration between voiding, respectively. The
total amount of control and IC/BPS animal models for approximately 10 hours is 11
and 13 mL, respectively. However, compared with the amount, the frequency is 3
and 6 times. When the unit of step is 0.5 mL, the frequency is 4 and 11 times, and
the difference in the voiding frequency is clearly revealed.

From the identified sample, a drop of 5 pL was applied to the SERS speci-
men, and the sample was allowed to spread for 60 min. After confirming that
the droplets were dry and diffused, they were loaded onto a Raman spectroscope
system attached to a microscope (IX-73, Olympus, Japan) and measured. As shown
in Figure 6b, the diffused region of the sample can be confirmed by an optical
microscope, and the region where the sample is diffused as in (c) can be confirmed
to have a nanometer-scale porosity. In this area, Raman spectra were collected using
a customized spectrometer (FEX-INV, NOST, Korea) with a 785 nm diode laser
as the excitation source. The 1 mW of excitation light was focused on the sample
through a 40 x/0.6 NA objective with spot size ~2.4 pm. The spectrum of each point
was measured 8 times in the range of 550 to 1500 cm™" with a spectral resolution of
1cm™ and an integration time of 40 s at room temperature. The Raman spectrum
was calibrated by measuring a silicon sample before the Raman measurements. To
evaluate the spectral differences between control and IC/BPS of rat urine, principal
component analysis (PCA) was introduced. A statistical analysis method of PCA
reduces the number of variables in multivariate systems, and all of spectral range
was used as variables. All analyses were conducted using XLSTAT 2018 software.
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(a) Measurement of voiding function in control group (blue line) and IC/BPS animal group (orange line) at
7 days after HCI treatment. (b) Optical microscope images of a Raman measurement vegion diffused from a
sample droplet into a nanoporous area and (c) magnified SEM image.

As shown in Figure 7a, brown bars are indicated on the peak, which is the main
factor above the graph drawn as the average of total data. The main peaks for the
control and IP/BPS samples were observed at 641, 683, 723, 873, 1002, 1030, and
1355 cm™', which corresponded to C-C twisting mode of tyrosine [37, 38], ring
breathing of nucleic acids for G [38, 39] and A [39, 40], C-C stretch of hydroxy-
proline [37, 41], symmetric ring breathing mode [37-41] and C-H in-plane bending
mode of phenylalanine [37, 41], and CH;CH, wagging mode of collagen [37, 41],
respectively.

The peak at 1002 cm™" has a considerably large value compared to the rest of the
data, which is notable in literature referring to other peaks, as they relate to other
biologies. To analyze Raman peaks, PCA is utilized as shown in Figure 7b. Clear
discrimination and reliable separation between control and IC/BPS groups were
observed. By plotting PC2 and PC3, the groups show clear distinctions between IC/
BPS urine and the control samples (dotted line). Raman spectrum measurements
and PCA analysis showed that it is possible to distinguish between normal and
diseased groups using gold-coated ZnO nanorod substrates that can be applied to
early disease diagnostic sensing chips.
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(a) Averaged Raman spectra for IC/BPS (blue line) and control (green line) of vat’s urine. Standard deviations
are painted around the spectra. (b) Principal component analysis results for urine of IC/BPS and control
sample.
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7. Conclusion

In summary, we compared the differences in surface-enhanced Raman effect
using RhB by adjusting the length and diameter of ZnO nanorods and the volume
of deposited gold in ZnO-based SERS substrates. Electron microscopy images
showed clustering on top of nanorods during gold deposition and showed nano-
meter level porosity. As the volume of deposited gold increases, the Raman signal
also improves, but as the growth conditions of the nanorods change, the signal
intensity also changes. This is because the Raman enhancement factor is determined
by the enhancement by the SERS properties of metal and the concentration of the
sample. Through the finite element analysis in the two-dimensional plane, signal
enhancement was similar for 80 and 125 nm of Au-grain head. It was found that
the enhancement of the Raman signal was determined by the wider surface area of
gold. It was confirmed that this signal enhancement is made in the vertical direction
of the rod, so that only nanometer targets trapped in the porous space can obtain
enhanced signals. In addition, the SERS chips based on ZnO nanorods were found
to have no coffee ring effect in measuring liquid samples and were also suitable
for cell application experiments. An IC/BPS animal model was constructed for the
bio-application, the voiding pattern was observed for urinary disease status, and
urine was collected from the IC/BPS. The obtained urine was diffused into a ZnO-
based SERS chip having nanopores, and Raman was measured in the corresponding
region. Statistical analysis of Raman signals obtained from nanometric level area
showed that IC/BPS and normal animals were distinguished. Therefore, we can
confirm that ZnO nanorod-based SERS has sufficient potential for early disease
diagnosis by efficiently detecting nano-sized biomarkers.
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