APPLICATION OF ALUMINIUM NANOSTRUCTURES FOR
355 nm SURFACE-ENHANCED RAMAN SPECTROSCOPY
OF COCONUT MILK

Petar Asenov Atanasov!®, Nikolay Nedyalkov Nedyalkov?,

Anna Ognemirova Dikovska!, Daniela Karashanova?,

Naoki Fukata3, Wipakorn Jevasuwan3

Abstract

Less than two decades ago aluminium plasmonics emerged and attracted
great interest. Aluminium nanoparticles were produced on fused silica sub-
strates by the direct picosecond laser deposition technique. The as prepared
active substrates were used for the first time to 355 nm surface-enhanced Ra-
man spectroscopy to detect coconut milk as a probe analyte. The p-Raman
spectrum was also applied for comparison and the transmission spectrum of the
aluminium nanoparticles array was checked.
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Introduction. Raman spectroscopy has been widely applied to detect and
analyze different chemicals. It is expressed by an enormous enhancement of the
Raman signal, when the material is in close vicinity of the metal nanostructure.
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However, the application of Raman spectroscopy has some drawbacks when study-
ing some samples, for instance which have fluorescence. This can be overcome
when excitation wavelength is in the ultraviolet (UV) or better in the deep ul-
traviolet (DUV) region [1, 2]. Other advantages when using UV excitation are
stronger and more defined Raman peaks, since the Raman signal is proportional
to the fourth power of the light frequency [3].

Less than two decades ago aluminium (Al) plasmonics emerged and attracted
great interest [2, 4], instead of Raman studies based on gold and silver nanoparti-
cles, in which plasmon resonance is situated in the visible region of the electromag-
netic spectrum. On the contrary, the plasmon resonance of Al is situated in the
ultraviolet part of spectrum and thus it can be used for studying organic, biological
systems and those, which have strong fluorescence, absorptions and photocataly-
sis in this region. Aluminium is a relatively cheap metal, stable and easy to work
with. However, it is self-limiting oxidizing and consequently, the preparing and
storing of the nanostructures must be done in vacuum environment.

Raman spectroscopy is one of the rapid, sensitive, non-destructive, and rel-
atively inexpensive techniques that can detect contaminants [5—7]. Compared to
other spectroscopy-based methods such as fluorescence and infrared spectroscopy,
Raman spectroscopy allows multiplex detection of different analytes due to their
higher spectral resolution and narrower bandwidths. Furthermore, quantitative
analysis of analytes can be achieved based on the proportional relationship be-
tween Raman signal intensity and analyte concentration [8].

The possibilities of 355 nm Raman spectroscopy to detect molecules using
Al NSs is a subject of the present study. Coconut milk was chosen as a probing
analyte due to its importance in nutrition and medicine. It is a milky-white liquid
extracted from the grated pulp of mature coconuts. The opacity and rich taste
of coconut milk are due to its high oil content, most of which is saturated fat.
Coconut milk is a fully natural plant protein opaque liquid, which presents an
emulsion of natural oil in water. It is extracted from shredded coconut endosperm
(Cocos nucifera L.) with or without the addition of water. Nowadays, there are va-
rieties of commercial coconut milks, which are prepared at different temperatures
of pasteurization, sterilization or spray drying method [9]. It is one of the richest
natural plant sources of nutritional and medicinal components with broad applica-
tions in treating tumours, inflammation and attacks of microbes and insects [10].
During these processes, the physico-chemical, sensory, and aromatic properties as
well as the consumer acceptance properties have been changed. The importance
of studying this product can be understood since the global market of coconut
products reached $1.1 billion in 2019 and is anticipated to reach $2.9 billion by
2027.

Among the coconut products, the coconut milk is one of the least studied.
In the advanced study [11], new method for measuring fat content in the coconut
milk was developed. Additionally, the reflection spectrum was also measured.



Two peaks of fat in coconut milk were measured in the infrared region, i.e. at
1060 and 1250 nm, respectively. The reflection in the ultraviolet region drops
dramatically below 400 nm reaching minimum at about 270 nm and being 62%
at 355 nm. Generally, coconut oil and coconut water are the most intensively
investigated [12].

The non-destructive spectroscopic techniques such as nuclear magnetic res-
onance and dielectric spectroscopy that employ radio frequency, UV-VIS spec-
troscopy, IR spectroscopy, Raman spectroscopy, Fourier transform infrared (FTIR)
spectroscopy and spectroscopic imaging such as hyperspectral imaging (HSI), have
been employed for studying various food products [13, 14].

The purpose of the present study is to produce aluminium nanoparticles (Al
NPs) arrays using picosecond (ps) laser on fused silica substrate. The Al nanopar-
ticles were investigated by transmission electron microscopy (TEM). The as pro-
duced active substrate was applied for advanced UV (355 nm) SERS of the coconut
milk as probing analyte for the first-time. Additionally, p-Raman spectrum of co-
conut milk was also applied for the first time for comparison. The possibilities of
the proposed technique for analyses are discussed.

Materials and methods. Samples of aluminium nanostructures (NSs) were
fabricated by direct pulsed laser deposition on fused silica substrates using 1 KHz
repetition rate picosecond (ps) Nd:YAG laser (Model: CNI Laser, PS-A1-1064).
It generates 20 ps pulses at 1064 nm. The aluminium target, which was situated
at about = 3 cm from the substrate, was ablated by laser pulses with a fluence
of 2 J-cm™ in an ambient pressure of 9.5 X 107 Torr at room temperature. The
deposition time was 5 min. Prior to processing the substrates were cleaned with
alcohol, washed with deionized water and dried.

Canned coconut milk (Chaokoh, Thailand) with concentration of 99.98% and
0.02% antioxidant (sodium metabisulphite) was purchased from the store. It was
diluted in distilled water in order to produce liquid solutions with concentrations
of 0.1 M. It is important to note that the purpose in this study is not to detect the
lowest possible quantity or to evaluate the lowest detection limit of the analytes,
but to prove the ability of SERS study, when excitation at 355 nm is applied using
Al nanostructured array.

The optical property of the nanostructured array was obtained via a spec-
trometer (Ocean Optics HR 4000-200 <+ 1000 nm). The Raman spectra were

achieved using p-Raman spectrometer (Photon Design, Tokyo, Japan) supplied
with optically pumped semiconductor laser (Genesis CX) generating at A =
355 nm. The beam was focused using a confocal microscope with 90 X objec-
tive lens and various laser excitation powers of 0.5, 1.0 and 2.0 mW have been
applied. In order to avoid irregularities, each Raman spectrum was obtained on
the basis of averaging of at least two scans taken from different points of the
samples and an acquisition time of 10 min.
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Fig. 1. y-Raman spectrum of liquid coconut milk as purchased
deposited on glass plate. The Raman excitation power was
2.0 mW

The transmission electron microscopy (TEM) study was accomplished by
JEOL JEM 2100 at an accelerating voltage of 200 kV and Al NPs were visualized
in order to evaluate their shape and size distribution.

A drop of the as purchased analyte of about 10 uL was deposited on a glass
plate in order to check its py-Raman spectrum for reference (Fig. 1). The most
prominent seven peaks are situated at 925, 1032, 1307, 1435, 1593, 1655, and
1740 cm™, respectively. Moreover, the vibrations at 870, 1123, 1213, 1376, 1684,
and 1790 cm™ can also be distinguished.

Results and discussion. The transmission spectrum of the aluminium
nanoparticles array in Fig. 2 was achieved directly by ps pulsed laser deposited
of Al on quartz substrates. As is seen, the optical resonance of the sample is
situated at 287 nm. However, at 355 nm (the Raman excitation wavelength) the
transmission is still noticeable compared to the optical plasmon resonance value.
It is about 12% less, but is still enough to ensure enhancement of the Raman
signals. It is worth noting that the position of the plasmon resonance strongly
depends on the size of the Al nanoparticles [15], which is a very promising way to
improve the properties of the samples to coincide with this excitation wavelength
of the Raman spectrometer.

The samples for TEM analysis were deposited at the same conditions as
mentioned above on TEM copper grid for 2 min in order to avoid accumulation
of material that would hamper evaluation of the nanoparticles’ characteristics
(Fig. 3(a)). As is seen it is composed of spherical nanoparticles. The size distri-
bution of the Al NPs is also presented in Fig. 3(b). Here, data from five TEM
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Fig. 2. Optical transmission spectrum of aluminium nanostruc-
ture array. The point of the ultraviolet Raman excitation at
355 nm is indicated
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Fig. 3. (a) Transmission electron microscope image of the deposited material at picosecond laser
deposition of aluminium in vacuum. The laser fluence is 2 J/cm? and the deposition time is
2 min. (b) Size distribution of the deposited nanoparticles. Five images (in total 9o particles)
are used to construct the dependence

images were used in order to present better statistics. The most probable particles
diameter is 7.5 nm, as single particles with size of several hundreds of nanometers
are also present.

The SERS spectrum of 0.1 M coconut milk, deposited on Al NPs arrays
produced on quartz substrate is shown in Fig. 4. As it is seen, the peaks having
most prominent intensity are situated at 1307, 1434, 1593, 1213, and 1684 cm™".
They were also obtained from the undiluted with distilled water liquid coconut
milk (Fig. 1, Table 1). They coincide with the vibrations of the coconut milk
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Fig. 4. Surface-enhanced Raman spectroscopy spectrum of

0.1 M coconut milk, deposited on aluminium nanoparticles ar-

rays produced on quartz substrate. Sample 3-C2. The Raman
excitation power was 2.0 mW

(Table 1). The peaks at 1300 and 1440 cm™ belong to the coconut oil and are
close to the first two most intensive SERS peaks [16].

It is worth mentioning that the intensity of the peaks in the SERS spectrum
are more than six times higher than those of the coconut milk deposited on glass
(Fig. 1, Fig. 4), regardless of an order of magnitude lower concentration. In this
respect, it is very important to evaluate the highest enhancement factor (EF) and
lowest detection limit (LOD) of the Al active substrates, which is out of the scope
of this study. Additionally, the normal coconut milk is very rich in coconut oil.

This was confirmed by the near infrared spectroscopy measurements [17], when
100 samples have been investigated and evaluated that the mean value of the fat
in the coconut milk is about = 32-34%. Thus, several vibrations, which were
observed to coincide or are very near [18, 19] can be assigned to the coconut oil
(see Table 1). Furthermore, the peak at 872 cm™, which exactly matches with our
observations, comes from the functional group of =CH; of the bending (wagging)
vibrational modes or from —(CH2)n— of the stretching (C—C) vibration [15]. The
SERS peak with middle intensity at 1123 cm™' can be assigned to —(CHa2)n—

stretching (C—C) vibration and this at 1440 cm™" — to —(CHz)n— of stretching
(C—-C) or (C=0), absorption of aldehyde, respectively [19]. Finally, the peak at
1740 cm™ can be connected, to the —-C=0 functional group of the (carbonyl ester)
stretching mode, or to the (C=0) stretching mode of absorption of aldehyde [19].
In summary, half of the peaks in the SERS spectra at 1593 and 1684 cm™
with very strong intensity and these at 925, 1032, 1213, 1655, and 1790 cm™



Table 1

The vibrational modes (in cm™) of coconut milk. Peak strengths — vs: very strong;
s: strong; m: medium; w: weak. The vibrational modes (in cm™) and functional
groups of coconut oil are given for reference

Coconut milk Coconut oil, Virgip coconut Coconut oil,
[16] oil, [18] [19]
p-Raman SERS SERS
Glass, as Quartz (3-C1) Quartz (3-C2) Raman FTIR FTIR
purchased as purchased 01 M
870, m 871, w 872, w 868; —(CH2)n—; 872; =CH;
stretching (C-C) bending
(wagging)
925, m 924, m 925, m
1032, m 1031, m 1032, m
1123, W 1121, m 1123, m 1125; —(CH2)n—;
stretching (C-C)
1213, m 1212, m 1213, m
1307, Vs 1308, vs 1307, s 1300; —CHp;
bending (C-H)
1376, w 1372, m 1371, w 1377; 1375;
—-C-H (-CH3s) (CH3)
symmetrical methyl
bending bending
1435, S 1440, s 1434, m 1440; —CH3;
bending (C-H)
1593, s 1594, vs 1593, vs
1655, S 1655, W 1655, W
1684, s 1684, s 1684, m
1740, m 1739, m 1740, m 1743; -C=0 1740, (C=0)
(carbonyl ester) stretching,
stretching absorption
of aldehyde
1790, m 1790, s 1790, W

having middle intensity, came from some species into the coconut milk and were
observed and described for the first time here.

Conclusion. In summary, the ability for y-Raman and SERS studies of co-
conut milk at 355 nm excitation was demonstrated for the first time. Moreover, the
active aluminium nanostructures used for the SERS investigations were prepared
on quartz substrates directly using picosecond laser pulses. The experimental re-
sults obtained are very promising. With a view to increase the sensitivity of the
samples and to improve the method some more work is needed in order to shift the
position of the plasmon resonance to match with 355 nm excitation wavelength
of the Raman equipment used by tailoring the size of the Al nanoparticles.



(1]

REFERENCES

Asher S. A., C. R. Johnson (1984) Raman spectroscopy of a coal liquid shows
that fluorescence interference is minimized with ultraviolet excitation, Science, 225,
311-313.

Gerard D., S. K. Gray (2015) Aluminium plasmonics, J. of Phys. D: Appl.
Phys., 48, 184001.

Griffiths P. R. (2001) Introduction to Vibrational Spectroscopy. In: Handbook
of Vibrational Spectroscopy (Eds J. M. Chalmers, P. R. Griffiths), Wiley, USA, 1st
edition, 33—43.

SMmith E., G. Dent (2005) Modern Raman Spectroscopy — A Practical Approach,
Wiley, England, 1st edition, 4.

Jones R. R., D. C. Hooper, L. Zhang, D. Wolverson, V. K. Valev (2019)
Raman techniques: Fundamentals and frontiers, Nanoscale Res. Lett., 14, 2312019.
YanG T., P. WangG, H. Guo, L. He (2017) Surface-Enhanced Raman Spec-
troscopy: A Tool for All Classes of Food Contaminants. In: Reference Module in
Food Science, Elsevier, Amsterdam, The Netherlands.

PeTersen M., Z. Yu, X. Lu (2021) Raman imaging for food quality and safety
evaluation: Fundamentals and applications, Biosensors, 11, 187.

Bodelon G., V. MonTes-GarclA, J. Pérez-JusTe, 1. PasToriza-SanTos
(2018) Surface-enhanced Raman scattering spectroscopy for label-free analysis of
P. aeruginosa quorum sensing, Front. Cell. Infect. Microbiol., 8, https://doi.
org/10.3389/fcimb.2018.00143.

WatTtAnarAhu S, T. Suwonsichon, W. Wannee JiraPAKKul,
S. KaserMsuMran (2012) Categorization of coconut milk products by their
sensory characteristics, Kasetsart J. (Nat. Sci.), 46, 944-954.

Roopran S. M. (2016) An overview of phytoconstituents, biotechnological applica-
tions, and nutritive aspects of coconut (Cocos nucifera), Appl. Biochem. Biotech-
nol., 179, 1309-1324,

Zhu X., Z. Zhao, L. WangG, L. ZhanG (2014) A new method to measure fat
content in coconut milk based on Y-type optic fiber system, Optik, 125, 6172-6178.
Pandiselvam R., R. Kaavya, S. I. M. MonTeaGgudo, V. Divya, S. Jain et
al. (2022) Contemporary developments and emerging trends in the application of
spectroscopy techniques: a particular reference to coconut (Cocos nucifera L.),
Molecules, 27, 3250.

ScotTer C. N. (1997) Non-destructive spectroscopic techniques for the measure-
ment of food quality, Trends Food Sci. Technol., 8(9), 285-292.

El-ABAssy R. M., B. von der KaMMer, A. MaTerny (2015) UV Raman
spectroscopy for the characterization of strongly fluorescing beverages, LWT — Food
Science and Technology, 64(1), 56—60.

TaGuchi A., Y. Saito, K. WaTAnaBe, S. YijiAn, S. KawaTA (2012) Tailoring
plasmon resonances in the deep-ultraviolet by size-tunable fabrication of aluminum
nanostructures, Appl. Phys. Lett., 101, 081110.

Neves M., R. J. PoppPI (2018) Monitoring of adulteration and purity in coconut oil
using Raman spectroscopy and multivariate curve resolution, Food Anal. Methods,
11(7), 1897-1905.



[17] Nakawajana N., ]J. PaeouiL, P. Charoenprasertkul, W. WonGwaAnIchsILP
(2017) Investigation of prediction of fat in coconut milk by using near infrared
spectroscopy, Thai Soc. of Agricultural Engin. J., 23(1), 60—65.

[18] RohMAn A, B. Yaakos, C. Man, A. IsmAIL, P. Hashim (2010) Application of
FTIR spectroscopy for the determination of virgin coconut oil in binary mixtures
with olive oil and palm oil, J. Am. Oil Chem. Soc., 87, 601-606.

[19] Yunus W. M. M,, Y. W. Fen, L. M. Yee (2009) Refractive index and Fourier
transform infrared spectra of virgin coconut oil and virgin olive oil, Am. J. of Appl.
Sci., 6(2), 328-331.

Institute of Electronics, Bulgarian Academy of Sciences,
72 Tsarigradsko Shosse Blvd, 1784 Sofia, Bulgaria
e-mails: paatanas@hotmail.com, nnn_1900@yahoo.com, annadikovska8@gmail.com

2Institute of Optical Materials and Technologies, Bulgarian Academy of Sciences,
Akad. G. Bonchev St, Bl. 109, 1113 Sofia, Bulgaria
e-mail: dkarashanova@yahoo.com

3Research Center for Materials Nanoarchitectonics (MANA),

National Institute for Materials Science (NIMS),

1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

e-mails: FUKATA.Naoki@nims.go.jp, JEVASUWAN.wipakorn@nims.go.jp



