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ABSTRACT: In this report, we demonstrate gold-decorated
titania nanotube arrays (Au-TNA substrate) as a dual-
functional platform for surface-enhanced Raman spectroscopy
(SERS) and surface-assisted laser desorption/ionization mass
spectrometry (SALDI-MS). The Au nanoparticles are grown
on the substrate using vapor deposition of Au. The resulting
substrates perform better than Au colloids in terms of the
reproducibility of the SERS measurements, long-term stability
of the fabricated structures, and clean surface of the Au. The
nanostructure of the Au-TNA substrate was designed to
optimize the SALDI-MS and SERS performance. Excellent
reproducibility of the SERS measurements using the Au-TNA
substrate was obtained, with a standard error less than 6 %.
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Gold -Decorated Titania Nanotube Arrays as
Dual -Functional Platform for SERS and SALDI-MS

SALDI activity was also demonstrated for the same Au-TNA substrates. Finally, the Au-TNA substrate was used for combined
SERS and SALDI-MS analysis (i) to discriminate the structural isomers of pyridine compounds (para-, meta-, and ortho-
pyridinecarboxylic acid) and (ii) to detect polycarbamate, a dithiocarbamate fungicide. These results are difficult to obtain using

either approach alone.
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B INTRODUCTION

Plasmonic gold and silver nanoparticles have unique size-
dependent physiochemical properties, along with unique
physical properties depending on the morphology (ie. the
shape and dimensions), composition (i.e., whether the
nanoparticles are alloys or metals), and agglomeration of
nanoparticles.' > These properties of metal nanoparticles have
led to the development of surface-assisted analytical methods
using metal nanoparticles for biological, environmental and
food safety analysis, such as surface-enhanced Raman spectros-
copy (SERS),*"® localized surface plasmon resonance (LSPR)
sensing,” "' and surface-assisted laser desorption/ionization
mass spectrometry (SALDI-MS)."*~" These analytical meth-
ods have found widespread use for direct and label-free analysis
in biomedicine, multiplex high-throughput screening, pollutant
monitoring, and molecular and materials characterization.*™*?
Furthermore, combinations of surface-assisted analytical
methods with other analytical methods have shown good
synergies,” such as LSPR/LDI-MS**~** and secondary ion mass
spectrometry (SIMS)/SERS.>

SALDI-MS is a surface-assisted analytical method based on
mass spectrometry in which metal (Au, Ag) nanoparticles act as
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the LDI-assisting matrix.'*""* SALDI-MS is useful for the
identification of analytes based on their molecular masses and
allows different species to be distinguished from one another.
However, it is difficult to identify structural isomers with the
same mass using SALDI-MS. In some cases, SALDI-MS has
problems with suppression of the analyte ion signals due to the
coexistence of compounds with high ionization efficiency. SERS
is another surface-assisted analytical technique based on
vibrational spectroscopy in which the Raman scattering by
molecules adsorbed on the surfaces of metal (Au, Ag)
nanoparticles is enhanced by nanoscale surface effects.*”®
SERS is rapid and nondestructive and offers information about
the chemical functional groups, orientation, and interactions of
the adsorbed molecules.*”® On the other hand, SERS analysis
sometimes involves problems with the interpretation of Raman
spectra, since clear assignment of the measured Raman bands
to specific vibrations is not always possible. Thus, the
combination of SERS with SALDI-MS would have great
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potential for a variety of applications. In particular, enhanced
Raman and SALDI-MS signals obtained using Au or Ag
nanoparticles could yield complementary information when the
two methods are applied to the same sample region. This could
provide results that are difficult to ascertain using either
approach alone. There are a number of reports on Au or Ag
nanoparticles with high SERS activity*~® or high SALDI activity
individually."””~"* However, the literature concerning nano-
structured metal substrates with dual-functional SERS/SALDI
ac§i4vity is limited, for example, to work on Ag colloids by Nie et
al.

The purpose of this paper is to fabricate such nanostructured
metal substrates with dual-functional SERS/SALDI activity. For
this purpose, the substrates must support a SERS-enhancement
medium while simultaneously enhancing the laser-induced
desorption and ionization for SALDI. Herein, we report that
Au-decorated titania nanotube arrays (Au-TNA substrate) act
as such dual-functional SERS/SALDI-active substrates. In place
of an Au colloidal solution (prepared by adding Au colloids
onto the TNA), we used an Au-TNA substrate prepared by
vapor deposition of Au to achieve better reproducibility, long-
term stability, and a cleaner surface of the Au. The SERS signal
was optimized by varying the amount of Au deposited on the
TNA, and ultimately high SERS activity and excellent
reproducibility of results were obtained, with a standard error
less of than 6%. The same Au-TNA substrates also showed
SALDI activity. The specific ways in which the amount of Au
affects the SERS and SALDI activity by changing the
morphology of the materials was also examined. Finally, the
Au-TNA substrate was used for a combined SERS with SALDI-
MS analysis (i) to discriminate the structural isomers of
pyridine compounds (para-, meta-, and ortho-pyridinecarboxylic
acid) and (ii) to detect polycarbamate, a dithiocarbamate
fungicide.

B EXPERIMENTAL METHODS

Reagents. Methanol, 46% hydrofluoric acid (HF), hydrogen
tetrachloroaurate(III) tetrahydrate (HAuCl,-4H,0), ammonium
sulfate ((NH,),SO,), rhodamine 6G (R6G), 4-aminothiophenol(4-
ATP), para-pyridinecarboxylic acid (p-Py), meta-pyridinecarboxylic
acid (m-Py), ortho-pyridine carboxylic acid (o-Py), angiotensin II (Ang.
II), and trifluoroacetic acid (TFA) were purchased from Wako Pure
Chemicals (Osaka, Japan). Au foil (99.9 %) with a thickness of 0.1 mm
was purchased from Sigma-Aldrich. Polycarbamate was purchased
from Hayashi Chemical (Osaka, Japan). Titanium foils (0.1 mm thick,
99.5% pure) were purchased from Nilaco Co. (Tokyo, Japan).

Preparation of the Titania Nanotube Array (TNA). Titanium
foil (0.1 mm thick, 99.5% pure) was cut into 1.5 cm X 1.5 cm squares,
which were cleaned with methanol in an ultrasonic bath, rinsed with
deionized water, and finally dried in air. Then, 100 mL of a 1 M
aqueous (NH,),SO, solution containing 0.46 wt % HF was used as an
electrolyte for potentiostatic anodization (7651, Yokogawa Co, Japan)
using a Pt cathode to prepare a TNA with a tube diameter of about
100 nm and a tube length of about 500 nm.**7>* The distance
between electrodes was 20 mm. The electrochemical treatment
consisted of a potential ramp from the open circuit potential (OCP) to
20 V at a sweep rate of 0.025 V/sec and subsequent holding at 20 V
for 120 min. After the electrochemical treatment, the TNA substrates
were rinsed with deionized water and dried in nitrogen gas. To obtain
an anatase-type TNA, thermal annealing was conducted at 500 °C for
3 h in ambient air using a KDF-S 70 thermal annealer (Denken Co,
Japan). In this process, the annealing temperature was increased up to
500 °C at a heating rate of 30 °C/min.

Gold Deposition on the TNA. Au was deposited on the TNA
substrate to obtain the Au-TNA substrate using a commercially
available magnetron sputter vapor deposition (MSVD) device (MSP-
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1S, Vacuum Device Inc., Ibaragi, Japan) at a discharge current of 45
mA. Au-TNA substrates with differing amounts of deposited Au were
prepared by changing the sputtering time. The average amount of the
Au deposited per cm® was estimated from the mass gains of the
samples after the metal deposition process divided by the surface area
of the TNA. Herein, we assumed the surface area of TNA is 8 cm® per
1 cm X 1 cm square substrate, based on previously reported values.*!

Scanning Electron Microscopy (SEM). SEM (JEOL JSM-6700
FE-SEM) was used to observe the surface structures at an accelerating
voltage of 5.0 kV.

Atomic Force Microscopy (AFM). AFM images of the substrates
were acquired at room temperature using a NanoScope Illa (Veeco) in
tapping mode. The AFM images were obtained at a scan rate of 0.5 Hz
using silicon tips with a nominal spring constant of 42 N m™" in air.

X-ray Diffraction (XRD). The phase of the Au deposited on the
TNA was identified by X-ray diffraction (XRD; Bruker D2 Phaser
Table-top Diffractometer) using Cu Ka radiation at 30 kV and 10 mA
with a step size of 0.02° (0) and step time of 4 s between 15 and 100°
(6). Data were collected at room temperature.

SERS. The Au-TNA substrates were immersed in an analyte
solution for 30 min, washed with deionized water, and dried by flowing
N, before the SERS measurement. We used R6G and 4-ATP as the
model analytes for SERS measurements. SERS spectra were recorded
using a Raman spectrometer (EZ Raman-H, Enwave Optronics, Inc.)
at room temperature. All measurements were made with a back-
scattering geometry using the Raman spectrometer with an excitation
wavelength of 785 nm, a resolution of 6.5 cm™, a beam diameter of 35
pum, laser beam exposure time of 5 s. The peak laser power was 100
mW.

SALDI-MS. The Au-TNA substrates were fixed to a stainless-steel
sample plate using double-sided conductive carbon tape. A 0.5 uL
sample solution of Ang. II containing a cationization agent (0.1%
TFA) was spotted on this substrate and dried under reduced pressure.
The SALDI mass spectra were obtained in the linear mode using an
AXIMA CFR TOF mass spectrometer (Shimadzu, Kyoto, Japan) with
a pulsed nitrogen laser (337 nm). One hundred laser shots were used
to acquire the mass spectra. The analyte ions were accelerated at 20 kV
under delayed extraction conditions.

Combined SERS and SALDI-MS Analysis Using the Same Au-
TNA Substrate. For the combined analysis, the SERS measurements
were conducted first, and then the SALDI activity was evaluated by
performing SALDI-MS using the same substrate.

I. Pyridine Carboxylic Acids. The Au-TNA substrate was immersed
in an aqueous solution of 1 mM pyridine carboxylic acid (p-Py, m-Py,
or 0-Py) for 30 min, washed with deionized water, and dried by
flowing N, before the SERS measurement. The SERS spectra were
recorded using a Raman spectrometer at room temperature. After the
SERS measurement, the same Au-TNA substrate was fixed to a
stainless-steel sample plate using double-sided conductive carbon tape,
and SALDI-MS was performed.

ii. Polycarbamate. First, solid polycarbamate (5 mg) was
introduced into 10 mL of water and then sonicated for 3 min. A
white suspension was obtained, which was then kept at 25 °C for 1
day. A saturated aqueous polycarbamate solution was obtained from
the resulting supernatant of the mixture. The Au-TNA substrate was
immersed in the saturated polycarbamate solution for 30 min, then
washed with deionized water three times, and finally dried by flowing
N, before the SERS measurement. The SERS spectra were recorded
using Raman spectrometer at room temperature. After the SERS
measurement, SALDI-MS was carried out with the same Au-TNA
substrate.

B RESULTS AND DISCUSSION

Characterization of the Au—TNA Substrate. Titania
nanotubes (TNA) have large free space in their interior and
outer space that can be modified with metal such as gold and
silver.”* 73> The highly orientated growth and uniform open-top
characteristics of TNA provide potential to fabricate hot spots
through nucleation and growth of metal nanoparticles to yield
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Figure 1. SEM images of the Au-TNA substrates (a) without Au and (b—f) covered with (b) 0.004, (c) 0.01, (d) 0.02, (e) 0.03, and (f) 0.04 mg/cm*

Au.

high SERS performance. For example, a large SERS enhance-
ment can be obtained using Ag nanoparticles deposited on
TNA substrate.® In this study, we employed the Au-TNA
substrate for a combined SERS and SALDI-MS analysis, since
Au nanoparticles have higher SALDI activity than Ag
nanoparticles.’® The particle-like Au was deposited on TNA
by MSVD. The Au-TNA substrate has local areas with high
SERS enhancement, so-called hotspots,‘%’35 induced by the
aggregation of Au nanoparticles. Figure 1 shows SEM images of
the Au-TNA substrates with various amounts of deposited Au
(from 0.004 to 0.04 mg/cm?®). The Au morphology on the
TNA depended on the amount of Au deposited. For less than
0.01 mg/cm® Au (Figure 1b, c), the Au nanoparticles with
about 5—30 nm are located on the nanotube walls. The
magnified SEM image of Au-TNA substrate with 0.01 mg/ cm?
Au is shown in Figure 2a. For the surface covered with more

Figure 2. SEM images of the Au-TNA substrates: (a) 0.01 mg/cm”® of
Au (type I); (b) 0.04 mg/cm’of Au (type IT). The Au-TNA substrates
with 0.04 mg/cm’of Au show highly SERS activity, while that with
0.01 mg/cm’of Au exhibit highly SALDI activity.

than 0.02 mg/cm’ Au, the nanoparticle surface coverage
increases (Figure 1d—f), resulting in agglomeration of the Au
nanoparticles and the formation of granular Au film on the
TNA. The tubular morphology is distorted because of the
visible reduction of the internal diameter of the nanotubes in
the TNA. The magnified SEM image of Au-TNA substrate with
0.04 mg/ cm? Au is shown in Figure 2b. The size range of Au
nanoparticles in granular Au film is 10—90 nm for 0.04 mg/cm*
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Au, as shown in a histogram of size distribution in Figure S1 in
the Supporting Information.

The diffraction peaks of the Au crystals in the accompanying
XRD spectra support the result (see Figure S2 in the
Supporting Information), in that the peak intensities increased
with increasing amounts of Au deposited on the TNA. The
XRD spectra were further analyzed using Scherrer equation in
order to determine average crystallite size of Au. The crystallite
size of Au increased 37 nm for Au-TNA substrate with 0.004
mg/cm? to 164 nm for that with 0.04 mg/cm? (see Figure S3 in
the Supporting Information). It should be noted that the
crystallite size of Au from XRD spectra is much larger than the
size of Au nanoparticles (see Figure S1 in the Supporting
Information) from SEM images in the case of Au-TNA
substrate with more than 0.02 mg/ cm? Au. Therefore, it seems
that Au particles on TNA are not on the form of isolated
nanoparticles but granular film on the TNA for Au-TNA
substrate with more than 0.02 mg/ cm? Au.

On the basis of the above SEM observation and the XRD
spectra, we tentatively define the two types of Au-TNA
substrates with different Au morphologies depending on the
amount of deposited Au: (I) substrates with less than 0.01 mg/
cm?® Au, in which the Au nanoparticles are located on the
nanotube walls and the tubular morphology of TNA is clearly
intact, and (II) substrates with more than 0.02 mg/cm” Ay, in
which Au particles on TNA are in the form of granular film
with particle diameters of 50—100 nm. The morphology of the
Au-TNA substrate had a significant influence on whether the
substrate exhibited SERS activity or SALDI activity: type II
substrates showed high SERS activity, whereas type I substrates
exhibited high SALDI activity. The details of this behavior are
described below.

SERS-Active Substrates. The SERS activity of the Au-
TNA substrates was investigated using a model analyte, R6G,
for different amounts of deposited Au. It was found that
substrates with more than 0.02 mg/cm?® Au (type II) had high
SERS activities. As typical examples, the SERS spectra of R6G
obtained using the Au-TNA substrates with 0.004, 0.01, 0.02,
0.03, and 0.04 mg/ cm? Au are shown in Figure 3a. The

dx.doi.org/10.1021/am501291d | ACS Appl. Mater. Interfaces 2014, 6, 8387—8395



ACS Applied Materials & Interfaces

Research Article

Intensity / a.u.

400 600 800 1000 1200 1400 1600

Raman shift / cm-*

5x10°
(b)
4>405 e0®00, Onp0 5 004 o . .
2 340° °
2 . RSD =58 %
2 240
§ X
=
1x10°
0
0 5 10 15 20 25 30

Numbers of measure points

Figure 3. (a) SERS spectra of R6G on the Au-TNA substrates with 0.004, 0.01, 0.02, 0.03, and 0.04 mg/cm” Au from the bottom to the top. Before
the SERS measurements, the Au-TNA substrates were immersed in 1 M R6G aqueous solution. (b) SERS peak intensities of 4-ATP at 1070 cm™
on the Au-TNA substrates with 0.04 mg/ cm? of Au. The standard error obtained from 30 different locations is 5.8 % in the Raman signals. Before
the SERS measurements, the Au-TNA substrates were immersed in 1 yM 4-ATP ethanol solution.

characteristic R6G bands at 444, 622, 1102, 1175, 1311, 1369,
1423, and 1548 cm™' appear in the SERS spectra.’®’
Assignment of the vibrational bands seen in the SERS spectra
of R6G is shown in the Supporting Information, Table S1. In
particular, large signals are achieved on the Au-TNA substrates
with more than 0.04 mg/cm” Au, as shown in Figure S4 in the
Supporting Information. The detection sensitivity for 4-ATP on
the Au-TNA substrates with 0.04 mg/ cm? was 10 nM in the
SERS measurement (see Figure S5 in the Supporting
Information). The AFM image of the Au-TNA substrate with
0.04 mg/cm® Au shows aggregated Au nanoparticles on the
TNA (see Figure S6 in the Supporting Information), where the
size of each nanoparticle on the granular film is about 50—100
nm. The large enhancement in the Raman signal obtained for
these Au-TNA substrates presumably originates from the
aggregated Au nanoparticles on the granular film, which may
act as hot spots with extremely localized surface electro-
magnetic fields.*"®***% In addition, nanoparticles with sizes of
50—100 nm are well studied and have been shown to
contribute to the high SERS activity. In particular, the highest
SERS activity was observed for Au nanoparticles in the size
range of 50—100 nm.>®*® It is worthy of note that this SERS
active-morphology of Au granular film can be obtained only for
using the TNA substrate as the template. Instead, we also
conducted the Au deposition on “un-etched titanium foil”
under the similar MSVD condition as the case of the Au-TNA
substrate. The Au-deposited titanium foil showed no formation
of the Au granular film (Figure 4b), resulting in the very low
SERS activity of 4-ATP (Figure 4a). This indicates that the
combination of the TNA substrate with the MSVD deposition
of Au nanoparticles can produce the SERS active-Au granular
film on the TNA.

The reproducibility of the SERS measurements is also
important for realizing commercial applications of SERS
substrates. In order to evaluate the reproducibility of SERS
measurements using Au-TNA substrates, the Raman signals of
4-ATP were again considered. It has been reported that 4-ATP
molecule can be used for the characterization of the
reproducibility of the SERS because of the formation of self-
assembled monolayer of 4-ATP on gold surface via thiol-gold
interaction.*®*! For an excitation wavelength of 4 = 785 nm,
the resulting prominent spectral peaks were 1556, 1420, 1373,
and 1135 cm™', which were assigned to the non-totally
symmetric modes of the 4-ATP molecule.*”* Additional
peaks were seen at 1170 and 1070 cm™" and were assigned to
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Figure 4. (a) SERS spectrum of R6G on Au deposited titanium foil
with 0.06 mg/cm?® Au (red line). (b) SEM image of the Au deposited
titanium foil with 0.06 mg/cm” Au. For comparison, SERS spectrum of
R6G (blue line) and (c) SEM image on Au TNA substrate with 0.06
mg/cm?* Au are shown in panel a and image c, respectively. Before the
SERS measurements, these substrates were immersed in 1 uM
aqueous solution of R6G.

the totally symmetric modes. Herein, the strong Raman signal
of 4-ATP at 1070 cm™' was measured as the probe peak. The
standard error (relative standard deviation; RSD) obtained
from the Raman spectra of 4-ATP measured at 30 different
locations was ~6 % (Figure 3b). Thus, the Au-TNA substrates
prepared in our study have excellent spatial reproducibility and
will be useful for commercial SERS applications. It should be
noted that the area within 1 mm of the edge of the substrate
was excluded in the SERS measurements, since the nanotube
structures were deformed in the edge regions by the cutting
from the original TNA substrate, resulting in poor spatial
reproducibility.

SALDI-Active Substrates. The Au-TNA substrate can be
also used as a SALDI substrate. We used angiotensin II (Ang.
II) as the model analyte to evaluate the SALDI activity. Ang. II
is a peptide that has often been used for the first screening of
the SALDI activity, because it is known that ionization/
desorption of the peptide cannot occur without LDI-assisting
materials.>® The Au-TNA substrate yielded protonated ions of
Ang. 11, [M + H], as shown in Figure Sa. The peak intensities
of Ang. II in the SALDI mass spectra as a function of the
amount of Au deposited on the TNA substrates are shown in
Figure Sb. The peak intensities of Ang. II are highest for the
Au-TNA substrate with 0.01 mg/cm® Au (type I). On this
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Figure 5. (a) SALDI mass spectra of Ang. I (5 pmol) obtained using the Au-TNA substrates covered with 0.004, 0.01, 0.02, 0.03, and 0.04 mg/cm*
Au from the bottom to the top. The peak intensities (mV) are shown in the figure. (b) Effect of the amount of Au in the Au-TNA substrates on the
SALDI peak intensity of Ang. II (red line). For comparison, the SERS intensity for R6G is also shown as a dotted line. Before the SERS
measurements, the Au-TNA substrates were immersed in 1 yM R6G aqueous solution.
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Figure 6. (a) SERS spectra of p-Py (black line), m-Py (blue line), and o-Py (red line) on the Au-TNA substrate with 0.04 mg/cm” Au. Before the
SERS measurements, the Au-TNA substrates were immersed in 1 mM p-Py, m-Py, or 0-Py aqueous solution. SALDI mass spectra of (b) o-Py, (c) m-
Py, and (d) p-Py obtained using the Au-TNA substrate with 0.04 mg/cm® Au.

substrate, the Au nanoparticles are located on the nanotube
walls, and the tubular morphology is clearly seen. However, the
Au-TNA substrate with 0.01 mg/cm* Au showed very low
SERS activity.

Although the SALDI mechanism has not been well clarified,
it is most likely dominated by thermal processes due to laser-
induced temperature increases during the short-pulse laser
irradiation of the UV-absorbing nanoparticles in the SALDI-MS
procedure.">"? The energy transfer from the metal nano-
particles to the analytes is likely thermally driven, which leads
to more rapid temperature rises during laser light illumination
than would be obtained without the metal nanoparticles. Our
previous paper suggested that the heat diffusion length during
the SALDI laser pulse is estimated to be about 100 nm.>* To
achieve the same temperature rise for the entire Au
nanoparticle volume, the Au nanoparticles should be smaller
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than 100 nm in diameter. Thus, the Au nanoparticles larger
than 100 nm and/or the large-scale agglomeration may lead to
smaller temperature rises during the laser illumination, resulting
on less SALDI activity for the type II substrates. In addition, the
deformation of the tubular morphology of the TNA can reduce
the SALDI activity for type II substrates, because the tubular
morphology enhances the SALDI activity.**

Combined SERS and SALDI-MS Analysis with the
Same Au-TNA Substrate. The above results indicate that
optimal amounts of Au in the Au-TNA substrates for SERS and
SALDI are different. The type II Au-TNA substrate with more
than 0.02 mg/ cm? Au showed better SERS activity, whereas the
type I substrate with 0.01 mg/ cm” Au showed high SALDI
activity. Therefore, in this study, we selected an Au-TNA
substrate with 0.04 mg/cm” Au for the combined SERS/SALDI
analyses, although this substrate showed higher SERS activity

dx.doi.org/10.1021/am501291d | ACS Appl. Mater. Interfaces 2014, 6, 8387—8395
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Figure 7. (a) SERS spectra of polycarbamate on the Au-TNA substrate with 0.04 mg/cm® Au (red line) and normal Raman spectrum of
polycarbamate powder (blue line). (b) Schematic of the adsorption of polycarbamate on the gold surface.

than SALDI activity. Nevertheless, significant peak intensities in
the SALDI-MS spectra were still observed for this Au-TNA
substrate: the detection sensitivity for 4-ATP was 100 nM in
the SALDI-MS measurement (see Figure S7 in the Supporting
Information). The RSD value obtained from the peak of 4-ATP
in the SALDI mass spectra at 50 different locations was ~18 %
(see Figure S8 in the Supporting Information).

I. Pyridine Carboxylic Acid Isomers. The combined SERS
and SALDI-MS analysis based on the Au-TNA substrates was
carried out first for structural isomers of pyridine compounds.
The SALDI mass spectra of p-Py, m-Py, and o-Py obtained
using the Au-TNA substrates are shown Figure 6b—d,
respectively. The protonated ions, [M + H]*, were detected
at m/z 124, but the mass spectra of all isomers were the same.
Thus, SALDI-MS is capable of detecting the existence of
pyridine carboxylic acid, but it is insufficient for isomer
identification. On the other hand, the SERS analysis was
successful in discriminating these three isomers. The SERS
spectra of p-Py, m-Py, and o-Py are shown in Figure 6a.
Assignment of the vibrational bands seen in the SERS spectra
of p-Py, m-Py, and o-Py is shown in the Supporting
Information, Table S2. In this experiment, we maintained a
neutral to basic pH (7—9) for the sample solutions, since the
carboxylate form adsorbs onto Au nanoparticles. In the case of
p-Py, the characteristic carboxylate COO" scissoring band is
observed at 1342 cm™, and the COO™ symmetric stretching
band is observed at 844 cm™'. The characteristic band of
carboxylate was also observed for o-Py and m-Py. The skeletal
ring vibration bands of pyridine appear with a strong intensity
around 1000 cm™, but the exact location depends on the
isomer: the peak was at 1011, 1023, and 995 cm™" for p- m-,
and o-Py, respectively. It was found that the ratio (R) of the
peak intensity of the COO™ band (840—850 cm™) to that of
the CC stretching band (1550—1570 cm™") also depended on
the isomer: R = 1.1, 0.6, and 1.5 for p-, m-, and o-Py,
respectively. Thus, it is concluded that (i) the skeletal ring
vibration and (ii) the relative peak intensities can be used to
discriminate the isomers of pyridine carboxylic acid in the SERS
analysis. The chemical component of the overall SERS
enhancement is associated with chemical interactions between
the metal and the adsorbate, which can also affect the
vibrational frequencies and intensities of the adsorbed
molecules.*® The isomers of pyridine carboxylic acids have
the carboxylate and pyridine nitrogen at different relative
positions, which may affect their orientations on the gold
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surface.*® These different orientations should be detected as
changes in the frequencies and intensities in the SERS spectra.

ii. Polycarbamate. Recently, the use of SERS techniques for
ultrasensitive detection in environmental analysis has been the
subject of intense research.*® Here, we performed the first
combined SERS and SALDI-MS analysis to detect poly-
carbamate, which is a dithiocarbamate fungicide (DTC) used in
agriculture, in water. Although DTCs are broad-spectrum
fungicides, they have been suspected of exhibiting teratogenic,
carcinogenic, immunotoxic, and mutagenic effects.*” Mono-
meric DTCs such as thiram and ziram can be detected
sensitively by liquid chromatography (LC) with mass
spectrometry (MS) and gas chromatography-mass spectrome-
try (GC-MS).*73° However, polymeric DTCs including
polycarbamate are difficult to detect directly, because they are
insoluble in general solvents. Thus, methods for detecting
polycarbamate involve complex pre-treatments such as alkali
decomposition and derivatization for analysis.**~** In contrast,
the combined SERS and SALDI-MS analysis for the direct
detection of polycarbamate in water requires no pre-treatment.
Polycarbamate is hardly soluble in water, but the infinitesimal
quantities adsorbed from the insoluble solid sample onto the
gold surface may be sufficient for the detection with the highly
sensitive SERS and SALDI techniques.

After the Au-TNA substrates were immersed into the
supernatant of the polycarbamate suspension, the SERS
spectrum of the Au-TNA substrate was obtained, as shown in
Figure 7a (red line). For comparison, the normal Raman
spectrum (i.e, not SERS) of polycarbamate powder is shown in
Figure 7a (blue line). Although the SERS spectra of DTCs
species obtained under a variety of analytical conditions have
been reported before,”' ~>*the peak assignments are still matter
of debate for some vibrational modes. Here, tentative
assignments for the bands highlighted have been made based
on the peak locations previously reported in the literna-
ture.>’ > The main Raman bands in the SERS spectrum are at
447 cm™ for the Scgne + Y(C=S) mode; 936 cm™ for
v(CH;,N) + v(C=S); 1135 cm™! for p(CH;) + (C—N); 1216
and 1271 ecm™ for the v(CSS), v(C—N), and S(N—H)
vibrations; 1362 cm™* for §,(CH;) + v(C—N); 1430 cm™! for
,, (CH;); and 1481 cm™ for v(C—N) + p(CH,). The SERS
spectrum greatly differs from the normal Raman spectrum ( i.e.
no SERS ) of polycarbamate powder. It is important to note
that the intensities of the SERS peaks corresponding to the
C=S modes are smaller than those in the normal Raman
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Figure 8. (a) SALDI mass spectra of polycarbamate on the Au-TNA substrate with 0.04 mg/cm* Au. (b) Possible assignments for SALDI mass
spectra of polycarbamate on the Au-TNA substrate shown in Figure 6

spectrum from polycarbamate powder. It has been reported
that the position of the #(C—N) band at around 1500 cm™" of
DTCs could be used to estimate the strength of the interaction
between this ligand and the metal.>® The intensity of this band
is lower in the SERS spectrum than in the normal Raman
spectrum, and it is shifted to 1547 cm™, indicating an increase
in the double bond character and, consequently, a strengthen-
ing of the interaction with the metal.>® These changes in the
spectrum suggest that polycarbamate may undergo a break-
down of the S—Zn—S bond, and the resultant resonant radical
species interact with the gold surface to form dimethyldithio-
carbamate and ethylenebisdithiocarbamate, as shown in Figure
7b.

We can also detect MS peaks from polycarbamate in the
SALDI mass spectra. After the SERS measurement, the SALDI
mass spectra were acquired using the same Au-TNA substrate,
as shown in Figure 8. We cannot detect an intact, non-
fragmented molecular ion of polycarbamate because of its
limited stability. Alternatively, three fragment ions, m/z 89, 121,
and 438 were observed, which were assigned to the protonated
ions from the fragmentation of dimethyldithiocarbamate, as
shown in Figure 8b. A minor peak at m/z 178 was also
observed, presumably corresponding to the mass of ethyl-
enebisdithiocarbamate (210) minus 32 (mass of S). Thus, this
may be assigned to the ion from the fragmentation of
ethylenebisdithiocarbamate. Because the peak intensities
corresponding to ethylenebisdithiocarbamate are very small, it
is possible that the desorption/ionization efficiency of ethyl-
enebisdithiocarbamate in the SALDI-MS is lower than that of
dimethyldithiocarbamate. It should be also noted that two
unknown peaks were observed at m/z 556 and 492. The mass
difference between these peaks is 64, which is consistent with
the mass of “two sulfur” (see Figure S9 in the Supporting
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Information), implying that these unknown peaks might be
dimer from polycarbamate.

The above results demonstrate that the adsorption of a
sulfur-containing pesticide on the Au surface makes it possible
to identify and detect this species using SERS/SALDI
techniques with the Au-TNA substrates.

B CONCLUSION

It was demonstrated that gold-decorated titania nanotube
arrays (Au-TNA substrates) acted as dual-functional platforms
for surface-enhanced Raman spectroscopy (SERS) and surface-
assisted laser desorption/ionization mass spectrometry
(SALDI-MS). The optimal amount of Au in the Au-TNA
substrate to maximize the SALDI-MS and SERS was explored.
In particular, the Au morphologies of Au-TNA substrates with
different amounts of Au were found to significantly affect
whether they exhibited SERS activity or SALDI activity: Au-
TNA substrates with more than 0.02 mg/cm” Au (type II)
showed high SERS activity, whereas those with 0.01 mg/cm*
Au (type I) exhibited high SALDI activity. Excellent
reproducibility of SERS was found for the optimized Au-
TNA substrate, with a standard error of less than 6 %. With the
same Au-TNA substrate, the SALDI activity was also
demonstrated.

Combined SERS and SALDI-MS analysis using the Au-TNA
substrate was demonstrated by (i) discriminating the structural
isomers of pyridine compounds (para-, meta-, and ortho-
pyridinecarboxylic acid) and (ii) detecting polycarbamate. The
combined SERS and SALDI-MS analysis using Au-TNA
substrates successfully discriminated the pyridine compound
isomers: the compound can be identified from the mass in the
SALDI-MS spectrum, and further isomer discrimination can be
achieved by SERS analysis, because there are differences in the
adsorbate—gold bonds among the isomer compounds.
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Furthermore, the combined SERS and SALDI-MS technique
was useful for the direct analysis of polycarbamate in water
without pre-treatment. Polycarbamate is hardly soluble in
water, but the infinitesimal quantities of polycarbamate
adsorbed from the insoluble solid sample onto the gold surface
were sufficient for the detection using the highly sensitive SERS
and SALDI techniques. The synergy between these techniques
makes analysis of analytes from the same location on the same
sample possible.
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