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1. Introduction

The mid-infrared (MIR) spectroscopy is a well-known tech-
nique, which is non-destructive and operates in the spectral
window of 4000-400 cm™" (5-25 pm). The specificity of such
so-called ‘fingerprint spectra’ renders MIR spectroscopy ideally
suited for the selective and sensitive identification and quanti-
fication of molecular species."”> MIR spectroscopic systems in
general comprise a light source, a transducer, and a detector
along with a data pre-processing unit. In conventional Fourier-
transform infrared (FT-IR) devices, broad-band black body
radiation is commonly used emitting across the entire MIR
band. The radiation is modulated via an interferometer, and
the time domain signal is transformed into the frequency
domain via a Fourier transformation.” If a higher energy
density per wavelength is needed, laser spectroscopy is a viable
alternative. In that respect, interband and quantum cascade
lasers (ICLs, QCLs) have revolutionized MIR spectroscopy in
the past 25 years providing laser emission between 3 pum and
25 pm. When coupled to external cavities, tuning ranges
across several hundreds of wavenumbers are achieved while
combining the molecular selectivity inherent to the MIR
regime with exceptional energy densities within the provided
spectral window.>” As the active sensing interface/transducer,
a variety of sampling accessories can be selected,® whereby the
reproducible interaction of photons and with the analyte of
interest has to be ensured.’ For liquids, semi-solids (e.g., gels,
pastes, etc.), and solids, attenuated total reflection (ATR) spec-
troscopy provides the ideal sensing configuration. With the
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graphene enabling surface-enhanced infrared absorption spectroscopy. Enhancing the signal provides
access to an even more pronounced vibrational signature suitable for analytical scenarios where only a
small sample volume and/or low analyte concentration levels are prevalent. To demonstrate the utility of
this concept, taurine was investigated as a model analyte.

photon-sample interaction inherently limited by the pene-
tration depth of the evanescent field (i.e., few micrometers),
ATR spectroscopy may even be used for highly IR-opaque
matrices, e.g., water.'"® A wide range of IR-transparent wave-
guide materials may be used as the internal reflection element
(IRE) or with diamond providing exceptional chemical inert-
ness, biocompatibility, and transparency.'’ In general, suitable
waveguide materials need to provide a refractive index higher
than the sample such that the radiation may propagate inside
the waveguide via total internal reflection at or below the criti-
cal angle. At the interaction interface with the optically less
dense medium (i.e., sample) vs. the reflection element, an eva-
nescent field is prevalent, which penetrates exponentially
decaying into the low refractive index sample medium. The
penetration depth is a function of the wavelength, the angle of
incidence, and the refractive index contrast between the wave-
guide and the adjacent medium.">™* The number of internal
reflections is dependent on the length and geometric pro-
perties of the IRE with macroscopic waveguides providing dis-
crete evanescent field hotspots where the sample may absorb
IR radiation at resonant wavelengths. Thereby, the radiation at
this wavelength is attenuated leading to an evanescent field
absorption spectrum, which follows a quantitative pseudo-
Lambert-Beer relationship. By reducing the geometrical
dimensions of the waveguide, the intensity of the evanescent
field and therefore the achievable signal-to-noise-ratio (SNR)
can be increased achieving single-mode waveguiding behavior
once the waveguide thickness approaches the order of magni-
tude of the propagating wavelength. Thereby, a continuous
evanescent field is generated in contrast to discrete hotspots at
macroscopic IREs.">2°

While MIR spectra may exhibit low sensitivity due to weak
molecular absorption cross-sections or because of dilute solu-
tions, metallic nanostructures may serve as signal amplifiers via
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pronounced electromagnetic near-field confinement and associ-
ated enhancement effects. This approach is termed SEIRA
(surface-enhanced infrared absorption) spectroscopy,>'* which
was first described by Hartstein et al.>* The effect of enhancing
IR spectra is based on field/antenna effects as well as the coup-
ling on molecular vibrations with plasmonic resonances as
apparent in, e.g, gold (Au) and silver (Ag) nanoparticles
(NPs).?>?** Surface plasmons are charge oscillations at the
metal-dielectric medium interface, which give rise to pro-
nounced localized fields, which may couple with vibrations of
molecules/analyte adsorbed or in close (i.e., few molecular
radii) distance to the metal surface. Such local fields and tra-
veling surface waves (surface i.e., polaritons)*® may lead to IR
signal enhancements by several orders of magnitude.”*?’
Frequently Au and Ag NP islands at a waveguide surface are
used as amplifying sample interfaces.”®*® However, such struc-
tures have a limited utility, as they do not allow a uniform
enhancement across a broad spectral window given the weak
field confinement and the limited tuneability (i.e., resonant
frequencies can be adjusted by the geometrical size of the
nanostructures/antennas).>*>’

To circumvent this disadvantage, graphene has been intro-
duced as a surface-enhancing material owing to its unique pro-
perties, which have led to the introduction of so-called GEIRA
(graphene-enhanced infrared absorption) spectroscopy.”**°

Graphene is a 2-dimensional (2D) semi-metallic material
with sp®>bonded carbons arranged in a honeycomb pattern. It
is chemically inert and mechanically flexible and binds non-
covalently to (bio) molecules. Graphene also provides spatially
tight plasmon confinement and an extended plasmon propa-
gation distance.>® Graphene plasmons are therefore character-
ized by a pronounced light-matter interaction, plasmon reso-
nances in the MIR range, a long plasmon lifetime, and a high
degree of confinement. Graphene (nano)antennas have unpre-
cedented field confinement and produce localized fields in
the MIR range with modes beyond the excitation
wavelength.>*?>?73% gingle-layer graphene has relatively weak
plasmonic resonances due to impurities and defects induced
during its growth, has a reduced plasmon lifetime and no
effective light-plasmon interaction occurs. Graphene multi-
layers instead have a strong plasmonic response and light-
matter interactions.*!

Coupling infrared attenuated total reflection (IR-ATR) spec-
troscopy with GEIRA provides access to highly confined gra-
phene plasmons enhancing molecular IR absorptions in
aqueous solutions. Graphene also suppresses the spectral
signal from bulk water, as it reduces the evanescent field pene-
tration depth leading to a decrease in water interference.”*?”>?
The ATR waveguide surface serves as a supporting substrate
for the deposition of such signal-enhancing nanomaterials,*
which allows for the nondestructive and label-free sensing of
exceedingly low analyte concentrations.?” Indeed, to date only
a few IR sensors taking advantage of GEIRA have been
reported.”?

Proteins are important for human well-being. For example,
the aggregation of specific proteins — and potentially involved
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secondary structure or conformation changes - can be associ-
ated with neurodegenerative disorders such as Alzheimer’s
and Parkinson’s disease.”® Understanding the disease mecha-
nism - and underlying molecular changes - is pivotal to the
disease diagnosis and potential therapeutic strategies. Taurine
is an exemplary molecule that has beneficial effects on neuro-
logical diseases as a protein stabilizer due to its antioxidant
effects. Taurine is among the most abundant amino acids in
mammals and considered an essential nutrient for humans
found at high concentrations in the heart and muscles,** and
does not participate in peptide bonding.*® Taurine is con-
sumed in the daily diet (e.g., meat, seafood, milk),*® but also
serves as a commonly used supplement (e.g., in energy
drinks).

Herein, we report an infrared laser-spectroscopic concept
for the first time combining GEIRA with the benefits of thin-
film diamond waveguides providing sufficient signal amplifi-
cation for detecting the model analyte taurine at relevant con-
centration levels for supplements with an up to 20-fold
enhancement of its characteristic IR signature.

2. Experimental
2.1 Optical setup

The optical setup shown in Fig. 1 comprises a thin-film
diamond waveguide chip (TFWG; 5 x 10 mm?®, w x [; waveguide
layer thickness: 20 pm C) serving as an ATR waveguide
mounted into a MIRaGuide (MG Optical Solutions GmbH,
Germany) assembly aligned via an x-y-z stage (Newport, MKS
instrument INC., USA). As a light source, a water-cooled exter-
nal cavity QCL tunable in the region 1754-1493 cm ™" (MIRcat,
DRS, Daylight Solutions, USA) has been used. The spectra were
recorded in the range of 1680-1580 cm ' with a spectral
resolution of 2 cm™". The laser radiation was focused via ZnSe
lenses (Thorlabs Inc., USA) onto the TFWG and then onto the
detector, which was a 4-stage TE-cooled MCT device
(PVI-ATE-10.6/MIP-10-1M-F-M4, Vigo System S.A., Poland).

2.2 Data treatment (laser spectra)

The laser spectra were collected via a custom LabView-based
GUI (National Instrument Corp., Austin, USA), and digitized
via an AD/DA card (NI-DAQmx, National Instruments Corp.,
USA). Each taurine sample (30 puL of aqueous solution) was
analyzed nine times. For each measurement, an aliquot had
been applied onto the sensing element leading to nine individ-
ual spectra that were then averaged. The data were imported
into Origin (Origin Lab 2019b, USA) and a 3-point FFT filter
was applied followed by averaging the data. The background
measurement was pure water.

2.3 Data treatment (FT-IR spectra)

To verify the laser spectra of taurine comparison studies via
conventional FT-IR spectroscopy using a single-bounce
diamond ATR assembly (Alpha FT-IR with Platinum ATR; both
Bruker, Germany) was used. 30 pL of each sample were ana-
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Fig. 1 Schematic of the QCL-based sensing system. The MIR laser beam is focused onto the front facet of the diamond thin-film waveguide; at the

distal end, two lenses focus the emanating radiation onto the detector.

lyzed three times at a spectral resolution of 2 ecm™ collecting
128 scans and averaged using a 7- and 13-point FFT filter via
Origin (OriginLab 2019b, USA). RedBull (RedBull, Austria) and
RedBull 0 sugar (RedBull, Austria) cans were opened freshly
for taurine measurement on both, the laser-based device and
the FT-IR system.

2.4 Sample preparation for GEIRA studies

For GEIRA studies, a solution of 1 mg mL™" graphene in DMF
was purchased from Sigma Aldrich (Germany). According to
the manufacturer, the graphene flakes have a thickness (80%
of probability) of 1-3 layers of graphene corresponding (with
approx. 0.5 nm thickness per layer)’” and an oxygen content of
7.5% (C/O ratio: 12.3). The graphene preparation was per-
formed via electrochemical exfoliation. 1 mg mL™" graphene
in DMF was diluted to a 0.05 w/w% with ethanol based on lit-
erature,”® and ultra-sonicated. In ref. 29, preliminary tests with
graphene were conducted suggesting that dried graphene at
the waveguide surface reveals higher enhancement factors
compared to graphene flakes remaining immersed in liquid.
Therefore, 1.5 pL of the graphene dispersion was drop-coated
onto the waveguide and dried. 0.4 w/w% taurine solutions
were freshly prepared with MilliQ water (18.0 MO cm, Elga
Labwater; VWS, Deutschland, Germany), and 30 pL aliquots
were applied onto the graphene-modified diamond surface.
After the analysis, the solution was removed with an
Eppendorf pipette, the waveguide surface was cleaned several
times with water (no tissue was used) and another layer of gra-
phene was drop-coated, dried, and again taurine solution was
applied.

2.5 AFM and SEM studies

AFM measurements were performed using a 5500 AFM/SPM
microscope (Keysight Technologies, AZ, USA). The AFM images
were recorded in air in contact mode using a silicon probe
(RTESPA-300, Bruker AFM probes, CA, USA; nominal frequency
of 300 kHz) at a scan speed of 0.60 In s'. Surface analyses
were evaluated using MoutainSPIP v.9 (Digital Surf, France).
The SEM images were acquired using a Helios Nanolab 600
FIB/SEM system (ThermoFisher, the Netherlands) at 3.00 kv
and a beam current of 86 pA.
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3. Results and discussion
3.1 Graphene flakes analyzed via AFM and SEM

AFM and SEM studies were performed investigating the gra-
phene flakes dispersed at a silicon wafer surface, which were
prepared using the same procedure for deposition at the
diamond TFWG. The benefit of using a silicon surface for SEM
experiments is the higher achievable contrast given the nature
of the diamond, which may affect the imaging quality due to
charge effects.

In Fig. 2A and B AFM images are shown, while Fig. 2C and
D provide SEM images of graphene drop-coated onto the
silicon wafer. The SEM images indicate graphene islands or
graphene flakes dispersed along the surface. High-resolution
AFM images allow studying more detailed topographical fea-
tures of the graphene islands. Evidently, the graphene coating
is responsible for an increased roughness vs. the graphene
islands and 0.062 + 2 nm (n = 4) for the uncoated surface with
a root-mean-square roughness (S) derived from the AFM

nm
500

Fig. 2 AFM (A and B) and SEM (C and D) images of graphene drop-
coated onto a silicon wafer surface.

This journal is © The Royal Society of Chemistry 2023
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images as 0.86 + 0.02 nm (n = 4) for wafer bare surface (rough-
ness has been calculated from 5 x 5 um?> AFM images).
According to the literature, the thickness of a graphene layer is
approx. 0.5 nm and the interlayer distance between adjacent
graphene layers is equal to approx. 0.33 nm.*”*® With these
parameters, it was possible to estimate the number of gra-
phene layers after drop-coating via AFM imaging at approx. 13
+ 2 nm (n = 4), which corresponds to approx. 14-19 layers of
graphene translating into multilayer graphene islands.

3.2 Taurine studies via conventional IR-ATR and QCL-TFWG

Using conventional IR-ATR spectroscopy, characteristic spectra
of taurine were recorded (Fig. 3) for reference. 0.4 w/w% of
taurine was selected, as this is the concentration of taurine
reported for energy drinks, herein, RedBull (Redbull, Austria).
Therefore, 0.4 w/w% of taurine aqueous solution, as well as
RedBull and RedBull 0 sugar have been analyzed via conven-
tional IR-ATR and QCL-TFWG spectroscopy, as compared in
Fig. 3B (IR-ATR) and Fig. 3C (QCL). The ingredients of RedBull
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were collected as supplied on the label (water, sucrose,
glucose, acidifier (citric acid), carbonic acid, taurine (0.4%),
acidity regulators (sodium carbonates, magnesium carbon-
ates), caffeine (0.3%), vitamins (niacin, pantothenic acid, B6,
B12), flavors, colorants (caramel, riboflavins)). Comparing the
main ingredients of the RedBull with its characteristic IR sig-
nature in the applied spectral region (1660-1580 cm™") reveals
that sucrose, glucose, citric acid, sodium, and magnesium car-
bonate have no significant vibrational signatures in this
regime.*’

Other constituents, ie., niacin, pantothenic acid, B6, B12,
caramel, and riboflavins indeed show vibrational character-
istics in this range. However, since they are present at exceed-
ingly low concentrations (<0.3 w/w%), their influence on deter-
mining the main component taurine in that spectral window
was considered negligible and no comprehensive interpret-
ation of their spectral contributions was performed. While a
more detailed analysis of all minor ingredients was not the
aim of the present investigation, detailed investigation for the
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Fig. 3 (A) IR-ATR spectrum shows the range between 1800 cm™ and 600 cm™ with its characteristic vibrations (inset: IR-ATR spectrum without
baseline correction). (B) IR-ATR and (C) laser-based spectra in the Amide | range.

This journal is © The Royal Society of Chemistry 2023

Analyst, 2023, 148, 5144-5151 | 5147


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3an00824j

Open Access Article. Published on 13 September 2023. Downloaded on 1/20/2026 9:41:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

compounds, as in previous study has focused on additional
components such as caffein using QCL-based IR-ATR spec-
troscopy.’® Sucrose and glucose are apparently not interfering
in the wavelength regime of interest between 1660 cm ™" and
1580 cm™, as evident from the RedBull 0 spectra (Fig. 3A)
where the sample contains no sugars at all. The same samples
(RedBull, RedBull 0 sugar, 0.4 w/w% aqueous taurine solution)
were then analyzed with the QCL-TFWG system. For compari-
son, Fig. 3A shows the IR spectrum (with baseline correction at
1976 cm™', 1590 cm™', 1295 cm™', and 656 cm™ ') recorded
with an FT-IR and conventional ATR assembly across the rele-
vant spectral range, i.e., between 1800 cm™" and 600 cm™'. A
characteristic vibrational band of taurine is the SO-vibration at
around 1205 cm™, 1033 ecm™, and 1020 cm™* (see grey box;
with overlapping glucose/sucrose signatures).*'

The yellow box in Fig. 3A indicates the wavelength range
selected for evaluating the vibrational signature of taurine.
Fig. 3B shows the IR spectrum recorded with conventional
FT-IR in the relevant spectral range and Fig. 3C the corres-
ponding QCL-based spectrum (compare with yellow box in
Fig. 3A). A baseline correction has been individually applied
for the FT-IR spectrum (1664 cm™" and 1587 cm™ ') and for the
laser-based spectrum (1660 cm™, 1624 cm™* and 1580 cm ™).
It is worth mentioning that the peak at around 1600 cm™’,
which corresponds to the NH, vibration (see Table 1) when
analyzed via IR-ATR is a rather weak signature (see inset
without baseline correction). Evidently, this peak may shift
within the spectrum. Both experiments confirm the utility of
IR-spectroscopy for analyzing taurine in an energy drink
matrix. When comparing the FT-IR-based spectrum (Fig. 3B)
with the laser-based spectrum (Fig. 3C), much more pro-
nounced vibrational features are evident when using the QCL
providing significantly more pronounced IR spectra. An assign-
ment of the vibrational features of taurine in the amide region
(1660-1580 cm™') is given in Table 1 based on literature
values. Apparently, most signatures in the literature are
assigned using conventional IR-ATR spectra with some fea-
tures only evident using the present combination of tunable
QCL and diamond TFWG.

3.3 GEIRA and laser-based IR spectroscopy of taurine

After the suitability of analyzing taurine using a pristine
diamond TFWG was confirmed, graphene flakes were used to
enhance the signal of laser-based IR spectra based on the
GEIRA principle. Although it is for sure also interesting to
investigate the enhancement behavior of conventional IR-ATR
techniques, similar studies were already shown before. For
example, Hu et al.?>® demonstrated that dried graphene flakes
at an IRE surface provide a more pronounced GEIRA effect vs.
graphene dispersed in a sample solution. Furthermore,
different model analytes including auramine, crystal violet,
fuchsine, methylene blue, neutral red, and rhodamine B were
readily analyzed with and without graphene.>® Since these ana-
lytes revealed a significant enhancement effect for the amide I
band, taurine was anticipated to exhibit a similar enhance-
ment factor when analyzed via QCL-based IR-ATR spectroscopy

5148 | Analyst, 2023, 148, 5144-5151
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Table 1 Assignment of vibrational features of taurine in the amide |
range and correlated functional groups

bending or deformeaiion
in-plens
RYOILN %) NP ﬁ%\./m-m/cﬂ‘

e H\’\m\” BN N 7 N B N0
——" "W golssoring rooking m m
2witterionic asym.

NH amide NH;

S} S

NHs | NH, | NHs | NHs | NH, | NHs | Ref

b s b a, b a, b
Powder? 1616 1585 | (41)
SEIRAA 1614 1583 | (41)
Fr-Rt | 2654 | | 1625 (42)
solid (X) 1651 | 1585 | (43)
calc. (X) 1620 (43)

1618

solid (Y) | 1641 | (43)
Calc. (Y) | 1621 | (43)
FT-IRA 1650 — 1550 (44)
FT-IR | 1600 | (36)
FT-IR 1638 (45)
FT-IR 1651 | 1635 1619 | 1595
Diamond | 1650 | 1634 1616 | 1602 | 1588 | =
GEIRA 1x | 1650 | 1634 1616 1584 | >
GEIRA 2x | 1650 | 1634 1612 | 1594 =
GEIRA 3x | 1650 | 1634 | 1620 | 1612 | 1594

Abbreviations: Calc. = calculated, X: pH = 4.8, Y: pH = 10.3, a =
asymmetric deformation, b = bending, s = scissoring; A = ATR
measurement.

augmented by drop-coated graphene flakes at the surface of
diamond TFWGs.

Fig. 4 shows the corresponding IR spectra recorded first at
the pristine diamond TFWG, and then after modification with
graphene. For the spectra shown in Fig. 4, no baseline correc-
tion was applied. It was also tested whether adding additional
layers of graphene (up to 3 times) results in an additional
enhancement effect. After depositing a layer of graphene
flakes, a distinct enhancement effect is evident, which
increases with the deposition of a second graphene layer. As
shown in Fig. 2, the drop-casting/drying procedure yields an
inhomogeneous graphene layer with increased coverage after
further deposition cycles. After depositing the third layer of
graphene flakes, the already quite pronounced enhancement
effect only minutely increases, which is associated with full
coverage of the waveguide surface. Considering the enhance-
ment factor (EF) as the ratio between the intensity of the
analyte in GEIRA-based spectra vs. the intensity of character-
istic spectral signatures recorded at the pristine diamond
surface, an EF of approx. 20 was observed in selected spectral
regions,”® of which are in accordance with previous studies.*®

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Graphene surface-enhanced infrared absorption (GEIRA) spec-
troscopy via diamond TFWGs and QCL laser spectroscopy. Increasingly
enhanced taurine spectra (0.4 w% in water) were recorded at the pristine
diamond TFWG surface and after the deposition of 1-3 layers of gra-
phene flakes.

To investigate the influence of graphene on the taurine spec-
trum, the first pristine diamond TFWG spectrum was recorded
followed by taurine at 1-3 deposited layers of graphene,
respectively. It was confirmed that using graphene significantly
enhances the vibrational features characteristic of taurine
without causing any spectral shifts.*>

4. Conclusion

Herein, we combine diamond thin-film waveguides with laser-
based mid-infrared spectroscopy and graphene for surface-
enhanced spectroscopy for the first time. As an exemplary
analyte, taurine was investigated at a concentration relevant to
the determination of energy drinks. Comparing the obtained
IR spectra with conventional IR-ATR spectroscopy confirms
that the proposed sensing concept using GEIRA provides an
up to 20-fold signal enhancement rendering the system useful
for future applications in beverage quality analysis and
control. In particular, diamond thin-film waveguides are
exceedingly robust sensing interfaces readily renewable via
drop-casted graphene layers probing only minute sample
quantities. Finally, the latter aspect along with the obtained
signal enhancement renders this sensing platform ideally
suited for biomedical assays that usually require addressing
low concentrations in small volumes.
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