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Introduction

Conventional IR spectroscopy suffers from relative low IR absorption response by vibrational
modes of organic molecules that restrict its detection limit and, thus, its sensor application.

One way to overcome these limitations and to increase sensitivity is to use nanoantenna-
assisted plasmonic enhanced- spectroscopy techniques such as surface-enhanced IR
absorption (SEIRA) spectroscopy [1]

The principle of the method is based on resonantly excited in the infrared specially designed
metal nanoparticles known as resonant plasmonic nanoantennas to provide locally high
electromagnetic field intensities [2]

Linear nanoantennas are commonly used in optical sensors due to relative simplicity of their
production process. These nanoantennas show the effect of the localized surface plasmon
resonance (LSPR), which is observed at the coincidence of eigenfrequency of electron
oscillations in nanoantenna with frequency of the excitation radiation

[1] Nanoantenna: Plasmon-Enhanced Spectroscopies for Biotechnological Applications, ed. Chapelle, M. L. de la and Pucci,

A. CRC Press.Taylor & Francis Group: Boca Raton, 2013. 405 p.
[2] F. Neubrech, A. Pucci, T. W. Cornelius, S. Karim, A. Garcia-Etxarri, and J. Aizpurua, Resonant plasmonic and vibrational

coupling in a tailored nanoantenna for infrared detection, Phys. Rev. Lett, vol. 101(15), pp. 157403 (2008).



SEIRA is a new tool for detection of biological substances

Localized surface plasmon resonance leads to a sharp increase of the magnitude of local
electromagnetic field at the nanoantenna surface, increasing the absorption cross section and
consequently is responsible for strengthening the response of a substance located in the near field
of nanoantennas.

This approach based on the enhancement of the phonon response of various thin films and
adsorbents at the coincidence of energies of LSPR in nanoantenna and vibrational states of a
substance is a basis of surface enhanced IR spectroscopy
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Au nanoantennas The main part of the signal enhancement originates from the excitation of

C. Huck et al., AcsNano, vol. 8, N 5, pp surface plasmon resonances (collective electron oscillations) at metal surfaces,
4914, 2014 resulting in considerable electromagnetic field enhancement in the vicinity of
metal surfaces, pushing the detection limit towards zeptomolar sensitivity

We demonstrate the application of SEIRA for detection and analysis of
vibration modes of steroid hormone cortisol.
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Substances under study
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Steroids have rather
complex molecular
structure, show significant
reactivity with similar
physical-chemical
properties and are often
located in low quantities in
multicomponent matrices

They include well-known
progesterone,
mineralocorticoids,
glucocorticoids, the sex
hormones estradiol and
testosterone


http://en.wikipedia.org/wiki/Steroid

(suoqued 1Z) suabesaboid

(suoqed gT) suaboipuy

Cortisol o, ZIOH

Mineralocorticoids
(21 carbons) HO, { OH

s~ Progesterone 5~ (?:r(t)icx{)‘sterone 2 . —
Moika mee S = i _
ool BFee e . .
Ho” | ~Pregnenolone | @ . = . = |
| ‘ % 17a-hy11roxylase g : l |
wmé 5 2| runuay e | “You/ | Cortisol is the major
g_}gﬁ-/ _—»leg Pee " | corticosteroid hormone
[ 17,30 iyase };: ¢ A secreted by the adrenal
o | Sim . O e & o gland. This compound is
Dehydroepi E 7 Andcste-AF A’ | Ti f_'i; = . . .
wo - andusteae |G omHSDnm - N g - glucocorticoid with
§ g Jﬁ S g..og/@*"”' catabolic effects
,(;\)Amm, mm @ = facilitating the conversion

Celular focation of protein into glucose

| Sa-reductase |
of enzymes

. Q o9 and glycogen
Dihydratestosterone

Smooth endoplasmic
reticulum

07’\




() <

metebbbsinmfof :

mmaml naalt The corticosteroid Hypertension
al =r hormones carry out the
balanoee carty
most important
regulatory functions _
and influence on many Obesity

o physiological processes
nng int&en n
pregnaacyy

Cardiovascular

immunosepppssisandnd disease
amtti-infféamatatyry

Cortisol influence on many physiological processes in humans is well known. The
determination of the levels of cortisol is an important issue for the inspection of
endocrinological disorders related to adrenal function.



Infrared spectrum of cortisol
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IR spectrum of cortisol in KBr [1]. The maximum intensities correspond to
the vibration modes at 1645, 1622, 1713 and 1462 cm-1

http: // www.aist.go.jp / RIODB / SDBSNe1001 / hydrocortisone



IR absorption spectrum of cortisol is calculated by the
guantum-chemical method B3LYP/6-31G(d,p) [1]
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The method has been widely used for calculations of IR and Raman spectra of a number of
steroid hormones [2-4]; interpretations of all vibrational modes were done and have been
found in a reasonable agreement with available experimental spectra in the range 500-3400
cmL,

[1] V.A. Minaeva et al., Vestnik Cherkasski University, Series "Chemical Sciences™, v. 195 (2), pp. 49-59, 2011.
[2] B.F. Minaev ,V.A.Minaeva, Biopolymers and Cell, 22 (5), pp. 363-374 , 2006.

[3] V.A. Minaeva et al., Ukr. Biokhim. Zh., 80 (4), pp. 82-95, 2008.

[4] V.A. Minaeva et al., Biopolimers and Cell, 26 (1), pp. 62-71, 2010.



The assignments of the most intensive vibrational modes in IR
spectrum of cortisol
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Absorption bands asso_mated_ with _vglence vibrations \we designed our nanoantenna with
of C=0 groups have higher intensities [1]: specific lengths L in order to obtain
1) 1686 cm-1 - stretching vibrations C3=02 bond the energy of the fundamental
: S 020 plasmonic resonance close to that of

2) 1725 cm-1 - stretching vibrations C“°=04° bond the absorption bands and therefore
3) 1598 cm-1 - stretching vibrations C4=C5 bond exploit the maximum near field

enhancement.
4) 1457 cm-1 — planar deformation vibrations C°H3 group

[1] V.A. Minaeva et al., Vestnik Cherkasski University, Series "Chemical Sciences”, v. 195 (2), pp. 49-59, 2011.



3D electrodynamic simulations

Calculation of nanoantenna structural parameters for a given localized surface plasmon resonance (LSPR)
frequency is performed using the 3D electrodynamlc simulation of periodic arrays of gold nanoantenna
taking into account a thin layer of SiQ kness from 0 to 100 nm) formed on a silicon substrate.

the maximal electromagnetic field
(gain up to 3*103) is concentrated
near the nanoantenna ends at a

dlstance below 20 nm and decays
"™ 1000
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The characteristic distribution of the electromagnetic field near two ends of nanoantennas.
The incident wave is polarized along the axis of the antenna. The electromagnetic field was normalised on
the amplitude of the filed at the surface of the structure without antennas.

Thus, the calculation allows determining the structural parameters of the nanoantenna
array with the required LSPR frequency.



Nanoantenna Preparation
Arrays of Au nanoantennas were fabricated using the direct electron beam lithography.

d(SlOz) =20~97nm w =100 nm
H =40 nm L = 1000 nm

Representative scanning electron microscope images of Au linear nanoantenna
arrays with the nanoantenna length of 1000 nm: a) image of a nanoantenna; b) the
lateral distance between neighboring antennas; ¢) nanoantenna arrays (3x3 mm?).

A.G. Milekhin et al. Beilstein J. Nanotechnol. 2015, 6, 749—754.



Experimental Setup

Spectral range: 600 - 4500 cm-1 IR spectrometer Bruker Vertex 80v
The spectral resolution: 2 cm-1
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The ratio between IR spectra polarized along and perpendicular to nanoantennas was analyzed



Sample preparation

1. Cortisol was dissolved In ethanol with concentration 10 ng/ul
(27,6 uM) and dropped onto the substrate surface from solutions.
The drop volume was 2 pl

2. Cortisol was extracted from human blood plasma [1]:

- 0.5 ml of blood plasma was extracted with 9 ml of chloroform,;

- organic layer was evaporated to dryness;

- extract was dissolved in 24ul of a mixture of acetonitrile-water
(55:45 v/v) and dropped onto the substrate surface from solutions;
- The drop volume was 2 ul

[1] O. P. Cherkasova, Biochemistry (Moscow), Vol. 1, No. 2, pp. 172-175, 2007.



Results
IR spectrum of solid gold nanoantenna (1) and cortisol deposited from ethanol solution (2).

Inset shows enlarged fragmentary IR spectrum after subtraction of the envelope line.
1- nanoantenna; 2- cortisol
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IR spectrum of as-prepared nanoantenna
arrays demonstrates a broad absorption
band near 1600 cm-* corresponding to the
LSPR absorption.

After dropping cortisol a blue shift of
LSPR energy which is due to the change of
the dielectric function of the media
surrounding the nanoantennas is observed.

A feature located at 1230 cmt corresponds
to the surface optical phonon mode observed
earlier in IR spectra of thin SiO, films [1].

Three additional features at 1470 cm-! (deformation vibrations of C-H bonds), 1660 cm-!
(stretching vibrations C3=03 bond), and 1715 cm-! (stretching vibrations C?°=02° bond)
which are characteristic vibrational modes of cortisol are also seen in IR spectrum.

[1] F. Neubrech et al., J. Phys. Chem. C., vol. 114, pp. 7299-7301, 2010.



The dependence of relative transmittance from cortisol quantity on
the same nanoantenna arrays
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Determination of cortisol in human plasma
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IR spectrum of clean nanoantenna arrays (red) and different volumes (2-8 uL) of human blood
plasma extract dropped onto the nanoantenna surface. Cortisol concentration in blood plasma is
240 ng/ml (662 nmol/L). Reference ranges for cortisol blood plasma level are 140-700 nmol/L.



Conclusions

A We designed our nanoantenna with specific lengths L=1000 nm in order to
obtain the energy of the fundamental plasmonic resonance close to that of the
absorption bands of cortisol (1500-1800 cm-1) and therefore exploit the
maximum near field enhancement.

A Au nanoantenna arrays with the controllable structural and optical parameters
on the Si02 surfaces were formed by means of nanolithography.

A Three additional features at 1470 (deformation vibrations of C-H bonds), 1660
(stretching vibrations C3=03), and 1735 (stretching vibrations C?°=0%°) cm-!
which are characteristic vibrational modes of cortisol can be also seen in IR
spectrum for 20 ng cortisol deposited onto the nanoantenna arrays from alcohol
solutions.

A The possibility of application of nanoantenna arrays for determining cortisol
concentration in human blood plasma was shown. Analysis of biological
samples by surface-enhanced IR absorption spectroscopy is complicated task
and requires further investigation
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