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Portable Infrared Laser Spectroscopy 
for On-site Mycotoxin Analysis
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Mycotoxins are toxic secondary metabolites of fungi that spoil food, and severely impact human 
health (e.g., causing cancer). Therefore, the rapid determination of mycotoxin contamination 
including deoxynivalenol and aflatoxin B1 in food and feed samples is of prime interest for commodity 
importers and processors. While chromatography-based techniques are well established in laboratory 
environments, only very few (i.e., mostly immunochemical) techniques exist enabling direct on-site 
analysis for traders and manufacturers. In this study, we present MYCOSPEC - an innovative approach 
for spectroscopic mycotoxin contamination analysis at EU regulatory limits for the first time utilizing 
mid-infrared tunable quantum cascade laser (QCL) spectroscopy. This analysis technique facilitates 
on-site mycotoxin analysis by combining QCL technology with GaAs/AlGaAs thin-film waveguides. 
Multivariate data mining strategies (i.e., principal component analysis) enabled the classification of 
deoxynivalenol-contaminated maize and wheat samples, and of aflatoxin B1 affected peanuts at EU 
regulatory limits of 1250 μg kg−1 and 8 μg kg−1, respectively.

Mycotoxins are toxic secondary metabolites of fungal species that infest agricultural commodities such as maize, 
wheat, and peanuts. Aflatoxins (AF) in peanuts and deoxynivalenol (DON) in cereals are among the most rele-
vant toxic fungal metabolites, due to their global occurrence, danger to human and animal health, and resulting 
financial damage1–4. Aflatoxin B1 is known as a human carcinogen, while DON - as well as aflatoxin B1 - may exert 
immunosuppressive effects5,6. Therefore, rapid testing and classification routines during import, storage, and pro-
cessing of food and feed relevant commodities are increasingly demanded. Nowadays, chromatographic methods, 
e.g., liquid chromatography combined with mass spectrometry (LC-MS) are mainly used due to their high sensi-
tivity, selectivity, and comprehensive validation7–9. While highly suited for regulatory testing, advanced laboratory 
facilities along with highly qualified personnel are required, thus rendering these methods of limited practicality 
and costly for rapid on-site analysis by importers, traders, and food and feed companies. Consequently, despite 
the availability of several commercial enzyme-linked immune-sorbent assays (ELISA) there is still a lack of rapid 
screening methods, which require minimal sample preparation and can be used on site10,11.

Analytical methods utilizing mid-infrared (MIR; 4000–400 cm−1, 2.5–20 μ m) spectroscopy are nowadays 
routinely used for the detection and identification of molecular constituents due to the inherent discrimina-
tory information provided by the resulting vibrational, vibro-rotational, and rotational signatures12. In particular, 
infrared attenuated total reflection (IR-ATR) spectroscopy has emerged as a viable strategy for rapid analysis for 
mycotoxin-contaminated commodities, as reported for maize, wheat, raisins, and peanuts13. While infrared spec-
tra provide inherent molecular information, the evaluation of individual absorption bands is of limited utility, 
as IR spectroscopic techniques usually rely on the detection of matrix changes due to physical alterations caused 
by fungal contaminations (i.e., content of fatty acids, proteins) rather than detection of individual metabolites14. 
Furthermore, changes in the spectrum of commodities are minute, and are partially superimposed by features of 
healthy matrix components15–18. Therefore, multivariate data evaluation and classification strategies (i.e., chemo-
metrics) are usually required taking advantage of selected spectral windows associated with changes related to 
fungal contamination for establishing appropriate classification and quantification schemes. MIR spectral infor-
mation obtained during routine food and feed quality assessment is most commonly evaluated via principle 
component analysis (PCA)19–21.
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Recently emerging analytical measurement strategies have demonstrated the utility of quantum cascade lasers 
(QCLs) in combination with thin-film waveguides as a promising alternative to commonly used Fourier trans-
form infrared (FTIR) spectroscopy techniques22–24. Due to their exceedingly compact dimensions, high output 
power, operational stability, and broad tunability (> 400 cm−1 per device), QCLs are unambiguously accepted as 
the most advanced light source facilitating compact and portable MIR spectroscopy and sensing schemes13,25. 
Thin-film waveguides with a thickness on the order of or below the propagating wavelength ideally comple-
ment these light sources ensuring single mode light propagation behavior. Hence, an evanescent field extend-
ing from the surface of appropriate high-refractive index waveguide materials into the adjacent sample appears 
continuous and intense along the entire waveguide structure, as an increased fraction of the propagating mode 
is forced towards the waveguide-sample interface as compared to conventional macroscopic infrared attenu-
ated total reflection (IR-ATR) waveguides and crystals26,27. Quantitative evanescent field absorption (A) utilizing 
thin-film waveguides may accordingly be described via a pseudo-Lambert-Beer relationship A =  (ε cl)r, where ε  
is the molar absorptivity, c is the concentration of the analyte, l is the equivalent optical path length, and r is the 
fraction of radiation power residing outside the waveguide core (i.e., within the evanescent field). Consequently, 
any intensity enhancement of the evanescent field above the waveguide surface directly increases the obtainable 
signal-to-noise ratio (SNR), and thus, the overall sensitivity of absorption measurements using such thin-film 
waveguides24,28. Consequently, the high spectral density provided by QCLs in combination with the sensitive 
thin-film waveguides appear ideal for the spectroscopic investigation of minor components and minute spectral 
changes in complex matrices29.

In this study, we demonstrate an innovative approach for direct spectroscopic mycotoxin contamination 
analysis at EU regulatory limits for the first time utilizing QCL-based spectroscopy in combination with GaAs/
AlGaAs thin-film waveguides. An extraction and measurement procedure for maize, wheat, and peanuts was 
developed providing pronounced spectral features within the tuning range of a single QCL laser light source 
yielding information on alterations of the sample matrix caused by fungal infection, which in turn enables infer-
ring actual mycotoxin contamination. This strategy enabled the classification of contaminated and uncontami-
nated samples for different commodities at EU regulatory limits.

Results
MYCOSPEC prototype. A mid-infrared sensor system based on GaAs/AlGaAs thin-film waveguides in 
combination with a broadly tunable quantum cascade laser (tQCL) was designed for direct mycotoxin analysis 
in foodstuff. The experimental scheme illustrated in Fig. 1 comprises a tQCL operated in pulsed mode providing 
MIR radiation with a tuning range of ~315 cm−1 at a repetition rate at 100 kHz and a laser line width < 1 cm−1. 
MIR radiation is coupled into a GaAs thin-film waveguide serving as the optical transducer for evanescent field 
absorption measurements aligned within a stainless steel waveguide assembly. The waveguide structure was 
optimized for the spectral range of interest (i.e., 1820–1560 cm−1) via finite element method (FEM) simulations 
ensuring single mode behavior in z-direction30. Excellent optical throughput and maximized evanescent field 
intensity were obtained via a 6 μ m thin GaAs waveguide structures deposited onto a 6 μ m Al0.2Ga0.8As optical 
buffer layer residing at the surface of a GaAs wafer substrate. A thermoelectrically cooled mercury-cadmium-tel-
luride (MCT) detector and a gated integrated amplifier (GIA) complemented the optical setup.

Infrared spectroscopy of foodstuff extracts for mycotoxin analysis. Herein, the capability of 
MYCOSPEC for the detection of mycotoxins in foodstuff was demonstrated by investigating maize, wheat, and 
peanut extracts. Alterations of the sample matrix caused by fungal infection were quantified via differences in 
their IR spectra. A decrease of the amide I band at around 1655 cm−1, and changes in the C= O stretching bands 
at 1710 cm−1 and 1740 cm−1 were observed, which may be attributed to fatty acids and esters31,32, respectively, as 
shown in Fig. 2a for maize extracts. While these changes are visually evident at high mycotoxin concentrations, 
only minor changes are recognizable for low contamination levels requiring multivariate data mining strategies. 
In contrast to previously described MIR methods where ground samples were analyzed16,17, extracts were used 

Figure 1. Schematic of the MYCOSPEC sensor system comprising a tunable quantum cascade laser, ZnSe 
lenses, a GaAs/AlGaAs thin-film waveguide slab, and a TE-cooled MCT detector. 



www.nature.com/scientificreports/

3Scientific REPORTS | 7:44028 | DOI: 10.1038/srep44028

herein providing more intense and pronounced spectral features correlated to fungal damage and mycotoxin con-
tamination levels. Furthermore, by selecting appropriate solvents the intensity of the most characteristic absorp-
tion features may be optimized, while the contribution of unspecific bands may accordingly be reduced while 
simultaneously enhancing the discrimination during multivariate classification. Solvents were selected featuring 
high vapor pressure for rapid analysis, and the absence of absorption bands within the spectral range of interest 
avoiding any interference of sample and solvent absorptions. For cereals, methanol was identified as the most 
suitable solvent due to the ability to extract fatty acids and esters, as well as proteins. As proteins in peanuts are 
insoluble in most organic solvents (e.g., acetonitrile, methanol, ethanol, etc.), ethanol was used to maximize the 
amount of extracted fatty acids and esters33.

Analysis of DON-contaminated maize samples. A dataset of 24 samples comprising eight maize sam-
ples with DON concentrations below the EU regulatory limit for unprocessed maize (< 1250 μ g kg−1), eight sam-
ples just above the limit (1250–3150 μ g kg−1), and eight highly contaminated samples (17500–36400 μ g kg−1) was 
recorded. All samples were previously analyzed via validated LC-MS/MS methods8. For the analysis, 10 μ L of the 
solvent extract were applied onto the waveguide surface and allowed to evaporate prior to spectral recording. 
Importantly, a spectrum obtained from a single scan (i.e., tuning sweep across the wavelength band provided by 
the tQCL) was sufficient for obtaining useful sample spectra calculating the absorbance following A =  − log(I/I0).  
The noise observed within the spectra is mainly attributed to minute changes in moisture and small laser fluctua-
tions. To examine differences between the three contamination levels, a PCA-based data evaluation strategy was 
implemented providing statistically significant separation of the data clusters associated with the three contam-
ination levels along principal components (PC) 1 and 2, without any data pre-treatment (Fig. 2b). Along PC1, 
the separation was mainly attributed to changes in the shoulders of the C= O stretching band at 1710 cm−1, while 
PC2 predominantly captured differences of the main C= O absorption and differences in the amide vibrations 
around 1655 cm−1. PC3 apparently separated the spectra due to changes in the ester band at 1740 cm−1. Along 
the PC3 axis, samples at EU limits clustered with samples below the limit, however, remain separated from highly 
contaminated samples, as shown in Fig. 2c. This behavior can be explained due to the wide concentration range 
of DON contaminations, as the damage particularly evident via the C= O band at 1740 cm−1 caused from the 
fungal infestation increased strongly at elevated DON contaminations. Consequently, the combination of the 
information provided by PC2 and PC3 led to a first decision whether a sample was highly contaminated or below 

Figure 2. (a) QCL spectra (single wavelength sweeps) of 24 maize extracts with different DON contamination 
levels. PCA score plots of QCL spectra (1770–1580 cm−1) of maize with various DON contamination ranges 
(< 1250 μ g kg−1, red; 1250–3150 μ g kg−1, blue; 17500–36400 μ g kg−1, green). (b) PC1 vs PC2, and (c) PC1 vs 
PC3 of the entire dataset. (d) PCA of a reduced dataset, where samples with contaminations well above the EU 
regulatory limits were excluded. Validation samples are indicated as black dots.
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and slightly above the EU regulatory limit, respectively. Thus, if the PCA indicates a low contamination, a second 
PCA was be performed considering only contaminations around the regulatory limits. In Fig. 2d, the separation 
of samples below and just above the EU limits is depicted. A statistically significant separation between both con-
tamination levels was clearly evident along PC1 and PC2. While the information content of PC1 was similar to 
the PCA performed for all three contaminations, PC2 now also included changes in the ester band at 1740 cm−1. 
After establishing the calibration model, a validation was performed with two samples of each contamination 
level (black dots in Fig. 2b–d). As illustrated in Fig. 2, all six validation samples were correctly assigned to the 
appropriate contamination level, i.e., data clusters.

Analysis of DON-contaminated wheat samples. Although the chemical composition of wheat is sim-
ilar to maize, the fraction of fatty acids and esters is lower34, which usually results in a reduced separation of the 
spectral data sets during PCA analysis. Due to the enhancement of specific spectral bands during the extraction 
process and the exquisite sensitivity of thin-film waveguides, a separation at EU limits was achieved for the first 
time using MIR spectroscopic sensing techniques (Fig. 3). Along PC1, variances are mainly attributed to changes 
in the amide region ~1650 cm−1 and the C= O band (i.e., esters) at 1740 cm−1, while PC3 considers changes in the 
C= O stretching band at 1710 cm−1. Variances in PC2 are mainly attributed to rather unspecific changes and do 
not provide for appropriate clustering of the data.

Analysis of AFB1 in Peanuts samples. As the proteins in peanuts are insoluble in methanol, the extraction 
process was adapted and ethanol was used to maximize the amount fatty acids in the extraction solution. The spectral 
window used during PCA analysis was limited to 1760–1670 cm−1 for reducing the effects of unspecific bands, i.e., the 
C= C stretching vibration at 1650 cm−1, as shown in Fig. 4a. A score plot is shown in Fig. 4b for nine uncontaminated 
and eight contaminated samples (2–8 μ g kg−1 Aflatoxin B1), respectively. Along PC1, variances are mainly attributed 
to changes in the ester band at 1744 cm−1, while variances in PC3 are associated with the C= O stretching band at 

Figure 3. PCA score plot of wheat samples separated in two DON contamination ranges (>1250 μg kg−1, 
red; 1250–2700 μg kg−1, blue). 

Figure 4. (a) QCL spectra of 17 peanut extracts with different aflatoxin B1 concentrations. (b) PCA score plots 
of QCL spectra (1770–1680 cm−1) of peanuts separated in two aflatoxin B1 contamination ranges (< LOD, red; 
2–8 μ g kg−1, blue).
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1710 cm−1. Although the separation is less pronounced than for cereals, a separation of aflatoxin B1 contaminated 
peanuts at EU regulatory limits has been achieved for the first time using infrared spectroscopic sensing techniques.

Discussion
A mid-infrared spectroscopic sensing method using tunable quantum cascade lasers and GaAs thin-film wave-
guides was developed providing the required sensitivity and spectral resolution for enabling rapid on-site deter-
mination of mycotoxin contaminations in various agricultural commodities at EU regulatory concentration 
levels. An extraction procedure with minimal sample preparation and solvent consumption facilitates sufficiently 
pronounced spectral differences of the dominant characteristic components related to fungal contamination and 
apparently affected during mycotoxin production. Classification of the contamination levels at EU regulatory 
limits were demonstrated for deoxynivalenol-contaminated wheat and maize, and for aflatoxin B1 contaminated 
peanuts. The laser-based spectroscopic sensing system provides rapid data acquisition, automated data analysis 
and classification, and an inherent potential for further miniaturization rendering this analytical concept highly 
suitable for in-field use, e.g., for at-point testing during commodity import, storage, and processing. Hence, 
MYCOSPEC may indeed serve as an on-site decision-making tool for commodity importers and manufacturers 
prior to conventional laboratory-based analyses finally demanded by a food safety authority. Given the global 
increase in mycotoxin contaminations due to climate change and extreme weather conditions, it is apparent that 
rapid, reliable, and portable mycotoxin detection methods at moderate cost are in demand for ensuring food and 
feed safety.

Methods
Sample preparation. Maize and wheat samples were cultivated at the University of Life Sciences and 
Natural Resources (BOKU), and either naturally or artificially infected. For maize, DON concentrations just 
above the EU regulatory limits were achieved via toothpick inoculation with Fusarium verticillioides; higher con-
centrations were obtained via injection of F. graminearum into the silk channel. Wheat samples were naturally 
infected and inoculated with F. graminearum. Peanut samples were collected from public markets in different 
regions of Tanzania. All samples were milled to a particle size < 1 mm, and stored at + 4 °C.

Extraction procedure. Samples were extracted from ground cereals and peanuts by shaking with methanol 
for wheat and maize, and with ethanol for peanuts, respectively. 200 μ g of ground sample was mixed with 800 μ L  
of solvent. After centrifugation, the solvent was transferred into a new vial and stored in the refrigerator until 
further analysis.

MYCOSPEC sensor system. Thin-film GaAs/AlGaAs waveguide structures were designed and optimized 
for the spectral regime of interest, i.e., 1820–1560 cm−1 via finite element simulations (COMSOL Multiphysics 
4.4, COMSOL, Burlington, MA, USA). A 6 μ m GaAs waveguide on top of a 6 μ m Al0.2Ga0.8As optical buffer layer 
(at a GaAs wafer substrate) with final chip dimensions of 10 ×  5 mm was mounted in a stainless steel waveguide 
alignment assembly developed at the Institute of Analytical and Bioanalytical Chemistry, Ulm University. As 
MIR light source, a MIRcat QCL spectrometer (Daylight Solutions Inc., San Diego, CA, USA.) comprising a 
single tunable QCL module was used covering the spectral range of 1820–1560 cm−1. The QCL was operated 
in pulsed mode with a repetition rate of 100 kHz, and a pulse width of 100 ns. For signal detection, a three-stage 
thermoelectrically cooled photoconductive mercury cadmium telluride detector (PCI-3TE-MCT, Vigo, Ożarów 
Mazowiecki, Poland) was used. Spectra acquisition was performed via a gated-integrating amplifier (GIA) con-
verting the energy of each laser pulses into a continuous signal, which was then recorded via a LabView script 
(LabView 2014, SP1, V 14.0.1f3, National Instruments GmbH, Munich, Germany). The laser was operated in 
internal sweep mode with a scan speed of 2 cm−1/s, while data points were recorded every 200 ms resulting in a 
theoretical spectral resolution of 0.4 cm−1.

Spectral data processing. Absorption spectra were calculated in a spreadsheet program (OriginPro 9 G, 
OriginLab Corporation, Northampton, U.S.A.) following A =  − log(I/I0) using single background and sample 
scans, respectively. An adjacent-averaging smoothing with a 10 points window was applied to the calculated 
absorption spectra for reducing influences of rotational bands of water vapor during principle component anal-
ysis. The PLS Toolbox 7.95 (Eigenvector Research, Inc., Manson, Washington, U.S.A.) for MATLAB (Version 
2012b) was used for PCA analysis.

References
1. Wu, F. Measuring the economic impacts of Fusarium toxins in animal feeds. Anim. Feed Sci. Technol. 137, 363–374 (2007).
2. Swamy, H. V. L. N., Smith, T. K., Karrow, N. A. & Boermans, H. J. Effects of feeding blends of grains naturally contaminated with 

Fusarium mycotoxins on growth and immunological parameters of broiler chickens. Poult. Sci. 83, 533–543 (2004).
3. Mitchell, N. J., Bowers, E., Hurburgh, C. & Wu, F. Potential economic losses to the US corn industry from aflatoxin contamination. 

Food Addit. Contam. Part A 33, 540–550 (2016).
4. Richard, J. L. Some major mycotoxins and their mycotoxicoses—An overview. Int. J. Food Microbiol. 119, 3–10 (2007).
5. Rahmani, A., Jinap, S. & Soleimany, F. Qualitative and Quantitative Analysis of Mycotoxins. Compr. Rev. Food Sci. Food Saf. 8, 

202–251 (2009).
6. Gallo, A., Giuberti, G., Frisvad, J., Bertuzzi, T. & Nielsen, K. Review on Mycotoxin Issues in Ruminants: Occurrence in Forages, 

Effects of Mycotoxin Ingestion on Health Status and Animal Performance and Practical Strategies to Counteract Their Negative 
Effects. Toxins (Basel). 7, 3057–3111 (2015).

7. Sulyok, M., Berthiller, F., Krska, R. & Schuhmacher, R. Development and validation of a liquid chromatography/tandem mass 
spectrometric method for the determination of 39 mycotoxins in wheat and maize. Rapid Commun. Mass Spectrom. 20, 2649–2659 
(2006).



www.nature.com/scientificreports/

6Scientific REPORTS | 7:44028 | DOI: 10.1038/srep44028

8. Malachová, A., Sulyok, M., Beltrán, E., Berthiller, F. & Krska, R. Optimization and validation of a quantitative liquid 
chromatography–tandem mass spectrometric method covering 295 bacterial and fungal metabolites including all regulated 
mycotoxins in four model food matrices. J. Chromatogr. A 1362, 145–156 (2014).

9. Rodrigues, I., Handl, J. & Binder, E. M. Mycotoxin occurrence in commodities, feeds and feed ingredients sourced in the Middle 
East and Africa. Food Addit. Contam. Part B 4, 168–179 (2011).

10. Turner, N. W., Subrahmanyam, S. & Piletsky, S. a. Analytical methods for determination of mycotoxins: A review. Anal. Chim. Acta 
632, 168–180 (2009).

11. Chauhan, R., Singh, J., Sachdev, T., Basu, T. & Malhotra, B. D. Recent advances in mycotoxins detection. Biosens. Bioelectron. 81, 
532–545 (2016).

12. Mizaikoff, B. Waveguide-enhanced mid-infrared chem/bio sensors. Chem. Soc. Rev. 42, 8683–99 (2013).
13. Haas, J. & Mizaikoff, B. Advances in Mid-Infrared Spectroscopy for Chemical Analysis. Annu. Rev. Anal. Chem. 1–24, doi: 10.1146/

annurev-anchem-071015-041507 (2016).
14. Bhattacharya, K. & Raha, S. Deteriorative changes of maize, groundnut and soybean seeds by fungi in storage. Mycopathologia 155, 

135–141 (2002).
15. Galvis-Sanchez, A. C., Barros, A. & Delgadillo, I. FTIR-ATR infrared spectroscopy for the detection of ochratoxin A in dried vine 

fruit. Food Addit. Contam. 24, 1299–1305 (2007).
16. Abramovi, B., Jaji, I., Abramovi, B. & Juri, V. Detection of Deoxynivalenol in Wheat by Fourier Transform Infrared Spectroscopy †. 

Acta Chim. Slov. 54, 859–867 (2007).
17. Kos, G., Lohninger, H. & Krska, R. Development of a method for the determination of Fusarium fungi on corn using mid-infrared 

spectroscopy with attenuated total reflection and chemometrics. Anal. Chem. 75, 1211–1217 (2003).
18. McMullin, D., Mizaikoff, B. & Krska, R. Advancements in IR spectroscopic approaches for the determination of fungal derived 

contaminations in food crops. Anal. Bioanal. Chem. 407, 653–660 (2015).
19. Karoui, R., Downey, G. & Blecker, C. Mid-Infrared Spectroscopy Coupled with Chemometrics: A Tool for the Analysis of Intact Food 

Systems and the Exploration of Their Molecular Structure− Quality Relationships −  A Review. Chem. Rev. 110, 6144–6168 (2010).
20. Iñón, F. A., Garrigues, S. & de la Guardia, M. Nutritional parameters of commercially available milk samples by FTIR and 

chemometric techniques. Anal. Chim. Acta 513, 401–412 (2004).
21. Fernández Pierna, J. A., Volery, P., Besson, R., Baeten, V. & Dardenne, P. Classification of Modified Starches by Fourier Transform 

Infrared Spectroscopy Using Support Vector Machines. J. Agric. Food Chem. 53, 6581–6585 (2005).
22. Janotta, M. et al. Direct analysis of oxidizing agents in aqueous solution with attenuated total reflectance mid-infrared spectroscopy 

and diamond-like carbon protected waveguides. Anal. Chem. 76, 384–91 (2004).
23. Chang, Y.-C. et al. Cocaine detection by a mid-infrared waveguide integrated with a microfluidic chip. Lab Chip 12, 3020–3023 (2012).
24. Sieger, M. et al. Mid-Infrared Spectroscopy Platform Based on GaAs/AlGaAs Thin-Film Waveguides and Quantum Cascade Lasers. 

Anal. Chem. 88, 2558–2562 (2016).
25. Faist, J. et al. Quantum Cascade Laser. Science 264, 553–556 (1994).
26. Bradshaw, J. T., Mendes, S. B. & Saavedra, S. S. Planar Integrated Optical Waveguide Spectroscopy. Anal. Chem. 77, 28A–36A (2005).
27. Wang, X. et al. Ultra-sensitive mid-infrared evanescent field sensors combining thin-film strip waveguides with quantum cascade 

lasers. Analyst 137, 2322 (2012).
28. Wang, X. et al. Diamonds Are a Spectroscopist’s Best Friend: Thin-Film Diamond Mid-Infrared Waveguides for Advanced Chemical 

Sensors/Biosensors. Anal. Chem. 86, 8136–41 (2014).
29. Brandstetter, M. et al. Reagent-free monitoring of multiple clinically relevant parameters in human blood plasma using a mid-

infrared quantum cascade laser based sensor system. Analyst 138, 4022–4028 (2013).
30. Sieger, M. & Mizaikoff, B. Optimizing the design of GaAs/AlGaAs thin-film waveguides for integrated mid-infrared sensors. 

Photonics Res. 4, 106–110 (2016).
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