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Abstract: This research work is proposing the fingerprints of some SERS (Surface-Enhanced
Raman) spectra of metabolites, published by Sherman et al. in 2020. The fingerprints are those of
Bis(3-Aminopropyl)Amine, Caffeine, Cys-Gly, Cysteamine, Cytochrome C, Dihydrofolate,
Histamine, Homocysteine, Homocystine, Kynurenine, L-Arginine, L-Cysteine, L-Cystine, L-
Lysine, L-Tryptophan, N-Acetyl-L-Cysteine, Nicotinamide, Octopamine, Selenocystamine,
Tetrahydrofolate, and Thiamine. Comparison with other data from literature are proposed for
Cysteamine and L-Cysteine. Very interesting are the SERS fingerprints of Homocysteine,
Homocystine, L-cysteine and L-cystine, because we can easily identify the common SERS
bands.

In a previous work [1], we have considered three of the Surface-Enhanced Raman spectra of
metabolites proposed in [2] by Sherman et al.,2020, to investigate the line shapes of the measured
peaks. The metabolites were L-Cysteine, Cysteamine and Homocysteine, and the SERS peaks
were fitted by means of the Tsallis g-Gaussian functions. These functions are considered by the
author (AC Sparavigna) as fundamental for any deconvolution of Raman spectra, as shown by
several cases (see for instance, [3]-[8]). Here we consider again some of the SERS spectra of
metabolites given in [2], to show the importance of gaining information from their fingerprints.

The first use of the term “fingerprint” in relation with the Raman spectroscopy, to the best of my
knowledge, is in an article published in 1947, about the Raman spectra of hydrocarbons [9]. Fenske
et al., 1947, wrote that the bands of the Raman spectrum, “which are called Raman lines, are
characteristic of the substance illuminated and are therefore a “fingerprint” of that substance”.
From that time on, the points of identification, such as positions of peaks, shoulders and valleys
are creating the characteristic spectral pattern which is defined as the “Raman fingerprint” of a
given material. This pattern allows the material classification, “without any preliminary
information about composition and structural origin of the individual features”, as mentioned by
D'Ippolito, et al., 2015 [10].

In [11], we proposed a method based on the first derivative behavior, that is on the “first derivative
spectrum” [12], to determine the position of the peaks. Details of the method are provided in [11].
As previously told, here we apply it to determine some of the SERS fingerprints of the metabolites,
the spectra of which have been kindly provided by Sherman et al., 2020. The authors of this
fundamental research have also provided a document with chemical formulae, spectra, and also
useful references. Thanks to this precious support, we can propose the related fingerprints.

The Table S1 by Sherman et al. is showing the SERS Metabolites organized in alphabetical order,
with their classification, and the page where formulae and spectra are provided. Here we use the



same alphabetic order, providing some fingerprints in the form of spectra and tables. We
investigate a part of the spectra, because the main aim of the work is that of pointing out the
importance of the proposed database and of the fingerprint method for identifying the relevant
spectral bands.

The metabolites here investigated are the following:

METABOLITE CLASSIFICATION
Bis(3-Aminopropyl)Amine Polyamine

Caffeine Stimulant

Cys-Gly Peptide

Cysteamine Antioxidant
Cytochrome C Protein
Dihydrofolate Vitamin

Histamine Neurotransmitter

Homocysteine

Amino Acid Analog

Homocystine

Amino Acid Analog

Kynurenine Carboxylic Acid
L-Arginine Amino Acid
L-Cysteine Amino Acid
L-Cystine Antioxidant
L-Lysine Amino Acid
L-Tryptophan Amino Acid
N-Acetyl-L-Cysteine Antioxidant
Nicotinamide Vitamin
Octopamine Neurotransmitter
Selenocystamine Polyamine
Tetrahydrofolate Coenzyme
Thiamine Vitamin

In the plots we will propose, the blue line is representing the intensity threshold, above which the
peak is considered relevant for the fingerprint. Of course, the value of the threshold can be changed
when specific comparisons among fingerprints are necessary. Below the plots, tables with the
positions of the peaks and the relative intensity are provided. Note that the peaks given by Sherman
et al., have intensity scaled to 1. In the method to evaluate the peak positions, some data smoothing
IS necessary, so the intensity of the main peak can be slightly lower than the unit value. For what
is regarding the uncertainty of the peak position, we must note that spacing of the data provided
by Sherman et al. is of about 2 cm™, and therefore the uncertainty is estimated to be plus/minus 2
cm™L. In the figure captions, the references given by Sherman et al. are also maintained, and further
literature added. In some of the spectra, we have also provided the chemical formula as illustrated
by Sherman et al., 2020.
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Main peak at 1035 cm™.

Figure 1. SERS spectrum and fingerprint of bis(3-aminopropyl)amine. Let us suggest the article
by Dongil et al., 2014, about the insertion of bis (3-aminopropyl) amine into graphite oxide [13].
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Figure 2. SERS spectrum and fingerprint of caffeine. SERS spectra have previously been
reported (Sherman et al.) in the literature [14],[15],[16]. Let us add [17],[18],[19],[20],[21].
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Figure 3. SERS spectrum and fingerprint of L-cysteine-L-glycine (Cys-Gly). Literature
(Sherman et al.) for this molecule [22]. Let us here add literature about L-methionine (Met), L-
cysteine (Cys), L-glycine (Gly), L-leucine (Leu), L-phenylalanine (Phe), L-proline (Pro) and
their homodipeptides Met-Met, Cys-Cys, Gly-Gly, LeuLeu, Phe-Phe, and Pro-Pro [23].
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Figure 4a. SERS spectrum and fingerprint of cysteamine. Literature (Sherman et al.) for this
molecule [24],[25],[26],[27],[28]. Let us add [29].



In the following Table I, we show the peaks as determined by means of the g-Gaussian
deconvolution, proposed in [1], where the data by Sherman et al. have been used too. We can
observe some slight differences in peak positions, generated by the deconvolution approach.
However, differences are within the uncertainty of plus/minus 2 cm™. The other data considered
are those from literature mentioned by Sherman et al. and from Ref. [29]. The position of the peaks

is given incm™.,
From Fig. 4a

Sherman et al., 2020.
Jiang et al., 2013, Cys/silver 387

Jiang et al., 2013, Cys powder 510
Kudelski and Hill, 1999, Cys solid
Kudelski and Hill, 1999, Cys sol 510

Kudelski and Hill, 1999, Cys mono 509
Kudelski and Hill, 1999, Cys mono

Table I.

634 721 804.5

613 633 719 803.5 823.5 865.5 908 936.5

640 831
661 793
758
666 753 817
640 726
640 725

866.5 910

1015.5

1014 1064 1094 1126.5 1150
978 1047

984 1045

1012

1013

1014

1013

938
936
946
940

Here in the following plot, it is given the Figure 9 in [1]. Other plots and discussion in [1].
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Fig. 4b. Fitting (green) onto data (red) of Cysteamine (data Sherman et al., 2020). Frequency
ranges from 781.5 to 973.5 cm™2. For the deconvolution, five g-Gaussians are used (values of the
g-parameters are given in the figure). On the right, the plot is given in the semi log scale. The g-
Gaussian center positions are 803.5, 823.5, 865.5, 908 and 936.5 cm ™2, from left to right.
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Figure 5. SERS spectrum and fingerprint of cytochrome C. Literature reported for this molecule
by Sherman et al. are [30],[31]. Let us add [32],[33].
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Figure 6. SERS spectrum and fingerprint of dihydrofolate. No references given by Sherman et

al.
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Figure 7. SERS spectrum and fingerprint of histamine. SERS spectra reported by Sherman et al.
are [35],[36],[37]. Let us add [38],[39],[40],[41].
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Figure 8. SERS spectrum and fingerprint of homocysteine. No reference is given by Sherma et
al., so let us mention Zheng et al., 2023 [42].
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Figure 9. SERS spectrum and fingerprint of homocystine. No reference is given by Sherman et al.
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It is interesting to observe the two SERS spectra of homocysteine and homocystine together as in
the following plot.
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According to the fingerprints given in Figs. 8 and 9:

Homocysteine 643 7085 764.5 893 976.5 1011
Homocystine 5245 6385 7085 7625 8115 871 891 998 1020

Homocysteine ~ 1052.5 1269.5 1328 1347 1421 1476.5 1493 15455 1632 17115
Homocystine 1052.5 1267.5 1330 13445 1419 1460

To improve the comparison, let us reduce the threshold in the case of homocystine, as in the
following plot.
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According to the new fingerprint of homocystine (within the uncertainty of plus/minus 2 cm™.):

Homocysteine 643 7085 7645 893 976.5 1011
Homocystine 5245 638.5 7085 7625 8115 871 891 998 1020
Homocysteine 1052.5 1269.5 1328 1347 1421 1476.5 1493 15455 1632 1711.5
Homocystine 1052.5 1129.5 1149 1267.5 1330 1344.5 1419 1460 1620 1634 1715.5
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Figure 10. SERS spectrum and fingerprint of kynurenine. As told by Sherman et al., SERS
spectra have previously been reported for this molecule [43].
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Let us add here a discussion from the recent work by Das et al., 2021 [44]. The abstract of their
review is proposing the Surface-Snhanced Raman spectroscopy (SERS) as “a powerful tool for
biosensing applications owing to its fingerprint recognition, high sensitivity, multiplex detection,
and biocompatibility” [44]. According to the authors, their review is offering “an overview of the
most significant aspects of SERS for biomedical and biosensing applications” [44].

In the review, kynurenine is mentioned as follow. “Intrinsic SERS signals can be used to detect
specific biomarkers or physiologically relevant biomolecular species inside or near individual
cells, such as important metabolites in normal and tumor cells, or other cellular components such
as exosomes. The application of SERS to identify the presence of extracellular metabolites,
secreted by cancer cells and relevant to tumor biology, including tryptophan, kynurenine, and
purine derivatives, has been demonstrated by Plou et al. *“ ([44] is mentioning [45]).

In Figure 7 of Ref. [44], the Panel (e) allows a “comparison of Raman and SERS spectra for
kynurenine (Kyn) and tryptophan (Trp)”. The panel is reproducing from Wiley publication [45].
The nanoparticles are of gold.

From the plot by Plou et al., [44],[45], we can obtain the peaks above a certain threshold at
positions that we can compare with those given by Sherman et al. (in cm™):

Plou et a. 562.5 664.0 938.0 999.5 1039.5 1227.0 1350.5 1378.0

Sherman et al. 533.5 579.5 643.0 661.0 767.0 889.0 1041.5 1170.0 1257.0 1324.0 1365

In Plou et al., the main peak is at 562.5 cm™.
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Figure 11. SERS spectrum and fingerprint of L-arginine. As told by Sherman et al., SERS spectra
have previously been reported in the literature for this molecule [46],[47]. Let us add [48],[49].
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Figure 12a. SERS spectrum of L-cysteine. SERS spectra have previously been reported for this

molecule [50],[51]. Let us add [52],[53],[54].
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In the following Table Il, we show the peaks as determined by means of the g-Gaussian
deconvolution, proposed in [1]. We can observe some slight differences in the positions of the
peak centers (differences are within the uncertainty of plus/minus 2 cm™). The other data
considered are those form [50],[51],[53],[54].

From Fig.12a 522 670.5 727 801 894 953.5 1055. 5 1296 1344 13955
Sherman et al., 2020. 631 H668.5 728.5 800 821 894 953 1054 1121 1295 ' 1342 ' 1397.5
Diaz Fleming et al., 2009. 667 778 815 903 947 1002 1058 1200 1292 | 1347 1402
Jing and Fang, 2007. 663 | 725 908 1033 1291 | 1341 1395
Graff and Bukowska, 2005. 670 725 890 1395
Yao and Huang, 2018. 673 789 832 900 949 1050 1125 1232 1292 | 1339 | 1391

Table I1: SERS bands (positions in cm™) of L-Cysteine from literature here mentioned.

Here in the following figure, an example of g-Gaussian fitting of L-cysteine.
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Fig.12b. The best fit (green) onto data (red) of L-Cysteine (Sherman et al., 2020) for the frequency
range from 1000.5 to 1174.8 cm ™. Three g-Gaussians have been used (values of the g-parameters
are given in the figure). On the right, the same fit is shown with the log scale for y-axis (semi log
scale).
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Figure 13. SERS spectrum and fingerprint of L-cystine. Sherman et al. tell that SERS spectra have
previously been reported for this molecule [55]. Let us add [56],[57].
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As we did for homocysteine and homocysteine, let us compare the spectra.
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Comparing the fingerprints (within the uncertainty of plus/minus 2 cm™.):

L-cysteine 522 670.5 727 801 894 953.5 1055.5
L-cystine 668 748.5 806.5 8575 8945 997
L-cysteine 1296 1344 1395.5 1623.5

L-cystine 12945 13425 1386 1460 1619.5 1708.5
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Figure 14. SERS spectrum of L-lysine. According to Sherman et al., SERS spectra have
previously been reported for this molecule [58],[59]. Let us add [60],[61],[62].
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Figure 15. SERS spectrum of L-tryptophan. Sherman et al. are mentioning the SERS spectra
reported in [63],[64]. Let us add [60],[65],[66],[67].
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Figure 16. SERS spectrum and fingerprint of N-acetyl-L-cysteine. No reference provided by
Sherman et al.
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Figure 17. SERS spectrum and fingerprint of nicotinamide (Sherman et al. are reporting

[68],[69],[70]). Let us add [71],[72].
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Figure 18. SERS spectrum and fingerprint of octopamine. SERS spectra previously reported,
mentioned by Sherman et al., are available in [73].
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Figure 19. SERS spectrum and fingerprint of selenocystamine. No reference provided by Sherman
et al.
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Figure 20. SERS spectrum of tetrahydrofolate. No reference mentioned by Sherman et al.
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In the following plot, the SERS spectra of dihydrofolate and tetrahydrofolate are shown together.
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Figure 21. SERS spectrum and fingerprint of thiamine. SERS spectra have been previously
reported for this molecule [74], according to Sherman et al.
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Discussion

In this research we have proposed the fingerprints of some SERS (Surface-Enhanced Raman)
spectra of metabolites, provided by Sherman et al. in 2020. For Cysteamine and L-Cysteine, we
have proposed comparison with other data from literature. Very interesting are the SERS
fingerprints from Sherman et al. data of Homocysteine, Homocystine, L-cysteine and L-cystine.
Due to the remarkable quality of spectra, we can easily identify the common SERS bands. Let us
repeat here the comparison (fingerprints are given in cm™.)

Comparisons (within the uncertainty of plus/minus 2 cm™.):

a) Fingerprints of Homocysteine and Homocystine:

1632 1711.5

1620 1634 1715.5

Homocysteine 643 708.5 764.5 893 976.5 1011
Homocystine 5245 638.5 7085 7625 8115 871 891 998 1020
Homocysteine 1052.5 1269.5 1328 1347 1421 1476.5 1493 1545.5
Homocystine 1052.5 1129.5 1149 1267.5 1330 1344.5 1419 1460

b) Fingerprints of L-cysteine and L-cystine:
L-cysteine 522 670.5 727 801 894 9535 1055.5
L-cystine 668 7485 806.5 8575 8945 997
L-cysteine 1296 1344 1395.5 1623.5

L-cystine 12945 13425 1386 1460
c) Fingerprints of Homocystine and L-cystine:

Homocystine 5245 6385 7085 7625 8115

Homocystine 1267.5 1330 1344.5 1419 1460
L-cystine 1294.5 1342.5 1386 1460

d) Fingerprints of Homocysteine and L-cysteine:

Homocysteine 643 7085 7645 893 976.5
L-cysteine 522 670.5 727 801 894 953.5
Homocysteine 1269.5 1328 1347 1421 1476.5 1493 1545.5
L-cysteine 1296 1344 1395.5

Therefore, a proper strategy for identifying the SERS bands is that of using comparisons of

871 891
L-cystine 668 7485 806.5 857.5 894.5 997

16195 1708.5

1620
1619.5

1634 1715.5
1708.5

1011 1052.5
1055.5

1632 1711.5

1623.5

998 1020 1052.5 1129.5 1149

several of them. For instance, the four metabolites here considered have common bands at 891-

894.5 cm ! and 1342.5-1347 cm ™.
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