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Abstract: Here we consider the fingerprints of the SERS spectra of Glutathione, L-arginine, L-
histidine, L-tryptophan, Riboflavin metabolites, published by Sherman et al. in Talanta, 2020, in
an article entitled “A surface-enhanced Raman spectroscopy database of 63 metabolites”, for
comparison with the Raman spectral fingerprints of the same molecules, published by De Gelder
et al., 2007, in their “Reference database of Raman spectra of biological molecules”. The SERS
fingerprints are obtained by means of g-Gaussian deconvolutions and Fityk software.

Introduction

In Sparavigna 2023, we proposed the analysis of SERS spectra of L-cysteine, cysteamine,
homocysteine metabolites, spectra which have been kindly provided by Sherman et al., 2020. The
aim was to investigate the line shapes of SERS peaks by means of g-Gaussian functions; these
functions are fundamental for any deconvolution of Raman spectra, as shown by several analyses
(Sparavigna, 2023, 2024). In November 2023, we proposed the fingerprints of further metabolites
from Sherman et al., to show the relevance of gaining information from them. The fingerprints had
been derived from spectra according to a method based on the first derivative behavior, that is on
the “first derivative spectrum” (Mosier-Boss et al., 1995). Recently, we submitted for publication
the “Atlas” of fingerprints of the Sherman and coworkers’ 63 SERS spectra of metabolites, all
obtained by means of g-Gaussian deconvolutions. The used software is Fityk. Here, we compare
some of these fingerprints, those of Glutathione, L-arginine, L-histidine, L-tryptophan, Riboflavin,
with the Raman spectral fingerprints published by De Gelder et al., 2007, in their “Reference
database of Raman spectra of biological molecules™.

Let us remember that the first use of the term “fingerprint” in relation to the Raman spectroscopy,
to the best of my knowledge, is in an article published in 1947 about the Raman spectra of
hydrocarbons by Fenske and coworkers. 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 create the characteristic spectral pattern which is known
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” (D'lppolito et al., 2015).
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https://pmc.ncbi.nlm.nih.gov/articles/PMC6989628/
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Deconvolution of spectra

In a manuscript submitted for publication, entitled “Atlas of Metabolite SERS Fingerprints ...”,
using the data kindly provided by Sherman et al., pmc.ncbi.nlm.nih.gov, we propose the
fingerprints of metabolites by means of g-Gaussian deconvolutions. Deconvolutions are obtained
using Fityk software (Wojdyr, 2010). The g-Gaussians are defined by Sparavigna in a script for
this software. Baseline corrections are necessary to avoid negative values of intensity.

The g-Gaussian line shape is a function based on the Tsallis g-form of the exponential function
(Tsallis, 1988). This exponential form is characterized by a gq-parameter. When q is equal to 2, we
have the Lorentzian function. If q is close to 1, we have a Gaussian function. For values of g
between 1 and 2, we have a bell-shaped symmetric function with power-law wings ranging from
Gaussian to Lorentzian tails.

The g-Gaussian is given as f(x) = Ce,(—yx?), where e, (.) is the g-exponential function and C
a scale constant (Hanel et al., 2009). The g-exponential has expression: e,(u) =[1+

(1 — @u]-D_ For spectroscopy, we write the g-Gaussian function with the center of the band
at Xo:

q-Gaussian = Cexp,(—y(x — x,)%) = C [1 + (q — Dy (x — x,)?]/ -9,

We can apply g-Gaussian functions by means of Fityk software. In Fityk, a g-Gaussian function
can be defined in the following manner:

define Qgau(height, center, hwhm, q=1.5) = height*(1+(g-1)*((x-center)/hwhm)~2)*(1/(1-q))

where g=1.5 is the initial guessed value of the q-parameter. Parameter hwhm is the half width at
half maximum of the line, in the case of a Lorentzian function. In fact, when g=2, the g-Gaussian
turns into a Lorentzian function, that we can find defined in Fityk as:

Lorentzian(height, center, hwhm) = height/(1+((x-center)/hwhm)A2)

When q is close to 1, the g-Gaussian becomes a Gaussian function.

The use of g-Gaussian functions for Raman line shapes has been proposed for the first time in
2023 by A. C. Sparavigna. Subsequently, the g-Gaussians have been shown as suitable for fitting
Raman spectra on many occasions. For applying the g-Gaussians to asymmetric bands, we can
define also an asymmetric function, turning the Breit-Wigner-Fano (BWF) function into a g-Breit-
Wigner-Fano (g-BWF) function (Sparavigna, 2023).

In the abovementioned Atlas, we provide for each metabolite, a screenshot of Fityk software,
where the green dots are data from Sherman et al., 2020, red curves the g-Gaussian components,
yellow curve the sum of components. In the lower part of the screenshot, the misfit is given
(difference between data and yellow curve. Supplementary material is providing two folders
containing the Fityk files name_metabolite.fit and name_metabolite-fingerprint.peaks. The link
is https://zenodo.org/records/14283580 and also Mendeley Data, doi: 10.17632/jtcgfwgmnz.1

Many thanks to Sherman and coworkers for providing access to their precious data.
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Glutathione

Literature provided by Sherman et al.. Dong and Lam, 2011, and Podstawka et al., 2004.

# PeakType Center Parameters Height Center HWHM g (height> 0.05)

0.0547519 536.007 3.24141 1.00018
0.249743 553.927 17.8992 1.77739
0.0837745 564.306 2.06509 2.24099
1.04599  655.401 20.3839 1.49549
0.105765 677.241 16.0279 1.45826
0.230702 716.463 18.7528 0.999787
0.453925 793.173 16.3589 1.17664
0.117624 828.748 13.6246 1.52802
0.284483 879.585 13.0842 1.62667
0.4779 909.018 17.5125 2.02669
0.0918966 961.236 8.14201 2.95923
0.0708151 994.473 4.53895 2.3707

0.20019  1025.87 17.8638 0.99994
0.110315 1223.66 24.5172 2.50792
0.0699137 1257.96 12.6826 1.70807
0.117212 1283.86 18.2406 1.11297
0.0997824 1323.99 22.6173 0.999256
0.211364 1413.39 14.7713 2.29633
0.173046 1646.89 58.2366 2.0528

0.0646977 1750.11 23.5459 1.71593

%_27 Qgau  536.007
%_5 Qgau 553.927
%_24 Qgau  564.306
% 1 Qgau 655.401
%_ 16 Qgau  677.241
% 7 Qgau 716.463
% 3 Qgau 793.173
%_ 11 Qgau  828.748
% 4 Qgau 879.585
%_2 Qgau 909.018
%_13 Qgau  961.236
%_25 Qgau  994.473
%_8 Qgau 1025.87
%_14 Qgau  1223.66
% 22 Qgau  1257.96
%_ 10 Qgau  1283.86
%_12 Qgau  1323.99
% 6 Qgau 1413.39
%_ 9 Qoau 1646.89
%_15 Qgau  1750.11

X X X X X XX X X X X X X X X XX XXX
X X X X X XX X X X X X X X X X XX XX

Here the centers of the g-Gaussian components (in cm™):



536.007
793.173(s)

1025.87(m)

1646.89

553.927(m)  564.306 655.401(vs) 677.241 716.463(m)
828.748 879.585(m) 909.018(s)  961.236 994.473
1223.66 1257.96 1283.86 1323.99 1413.39(m)
1750.11

In De Gelder et al., 2007, we find the following Raman peaks for Glutathione (in bold, the peaks
which are corresponding to centers, within +/— 5 cm™2):

400(s), 446(w), 523(w), 550(m), 625(vs), 643(m), 660(s), 679(vs), 722(w), 776(S),
811(m), 828(m), 867(m), 885(s), 917(m), 931(s), 953(m), 972(m), 988(m), 1015(m),
1041(m), 1074(w), 1117(w), 1143(w), 1169(m), 1224(m), 1235(m), 1255(w), 1280(s),
1309(m), 1334(m), 1368(m), 1403(m), 1415(m), 1443(m), 1455(m), 1536(w), 1629(m),
1660(w), 1703(w)

As told by De Gelder and coworkers, “in the spectrum of glutathione, intense bands are related to
the presence of the sulphur atom: (1) (C-S) stretching causes intense bands in the region 600-700
cm™t and (2) the band at 400 cm™ can be assigned to v(C—S) deformations. Furthermore, the (C
0) stretching of amide and carboxylic groups gives rise to a broad band at 1630 cm™”.

#
%_18
%_22
%_60
%_59
%_23

L-arginine

PeakType Center Parameters Height Center HWHM q ... (h > 0.05, bold h>0.15)
Qgau  531.445 X X 0.0965466 531.445 14.87 1.80809
Qgau  568.693 X X 0.067613 568.693 15.5271 1.15328
Qgau  648.893 X X 0.0537662 648.893 5.80739 1.69304
Qgau  661.492 X X 0.0646335 661.492 9.74302 1.31092
Qgau  748.598 X X 0.0589676 748.598 29.0783 1.26032



%_9 Qugau 806.805
%_17 Qgau 833.798
% 52 Qgau 847.229
% 51 Qgau 862.433
%_12 Qgau 910.998
% 50 Qgau  939.937
% _6 Qgau 997.102
% 58 Qgau  1002.38
%_10 Qgau 1024.87
% 11 Qgau 1112.46
% _5 Qgau 1169.38
% 24 Qgau 12245

% 13 Qgau 1257.89
%_32 Qgau  1272.13
%_8 Qgau 1295.3

%_7 Qgau 1344.56
%_ 14 Qgau 1378.47
% 21 Qgau  1409.98
%_ 15 Qgau 1444.85
% 41 Qgau  1453.23
% 2 Qgau 1465.65
%_ 16 Qgau  1591.48
% 3 Qgau 1620.29

0.342536 806.805 18.4342 1.77269
0.277945 833.798 14.3488 1.31045
0.185334 847.229 9.2883 0.999971
0.511955 862.433 13.59 1.20707

0.260015 910.998 27.1723 0.999464
0.0789916 939.937 12.5899 2.22329
0.379254 997.102 8.59164 1.35778
0.0511441 1002.38 2.71727 1.42405
0.320029 1024.87 11.0673 1.51015
0.278516 1112.46 38.6364 1.70718
0.326181 1169.38 17.4575 1.53757
0.0747978 1224.5 13.0212 1.00834

0.190121 1257.89 16.4587 0.999551
0.0547543 1272.13 5.81358 1.05179
0.338162 1295.3 22.5636 1.58389

0.274593 1344.56 16.4393 1.6293

0.221544 1378.47 23.0369 2.27487
0.0739174 1409.98 13.1975 1.02703
0.387734 1444.85 11.1535 2.06092
0.0684554 1453.23 5.67164 0.999979
0.652393 1465.65 15.1134 1.12798
0.100745 1591.48 16.3948 1.352

0.595589 1620.29 11.7483 1.73734

XX XX XXX XXX XXXXXXXXXXXXX
XX XX XXX XXX XXXXXXXXXXXXX

L-arginine has been investigated in Sparavigna, 2023with the first-derivative spectrum . As
told by Sherman et al., SERS spectra of L-arginine have previously been reported in the
literature for this molecule, Aliaga et al., 2010, Garrido et al., 2013. Let us add Botta and
Bansal, 2015, Dummitt, 2023.

Here the centers of the g-Gaussian components (in bold the strong and medium components):

531.445 568.693 648.893 661.492 748.598 806.805
833.798 847.229 862.433 910.998 939.937 997.102
1002.38 1024.87 1112.46 1169.38 1224.5 1257.89
1272.13 1295.3 1344.56 1378.47 1409.98 1444.85
1453.23 1465.65 1591.48 1620.29

In De Gelder et al., 2007, we find the following Raman peaks (in bold, the peaks which are
corresponding to centers, within +/—5 cm™):

376(w), 410(w), 490(mw), 551(m), 577(m), 613(m), 849(m), 879(mw), 922(m), 982(vs),
1036(mw), 1067(s), 1100(m), 1122(m), 1189(m), 1264(mw), 1298(m), 1330(m), 1377(mw),
1436(s), 1475(m), 1713(w)

L-Histidine
Sherman and coworkers propose as literature: Stewart and Fredericks, 1999, Lim et al.,
2008, Martusevic¢ius et al., 1996.


https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4634640

# PeakType
% 17 Qgau
% 1 Qgau
%_34 Qgau
%_8 Qgau
%_5 Qgau
%_12 Qgau
% 50 Qgau
% 2 Qgau
% _25 Qgau
% 46 Qgau
% 45 Qgau
% 9 Qgau
% _48 Qgau
% _13 Qgau
% 16 Qgau
% 24 Qgau
% 10 Qgau
% 14 Qgau
% 6 Qgau
% _20 Qgau
% 49 Qgau
% 51 Qgau
% 18 Qgau
% _4 Qgau
% _7 Qgau
% 15 Qgau
% 3 Qgau
%_22 Qgau

Therefore, the centers of the component are:

Center

560.408
715.172
736.561
767.334
801.304
843.892
864.236
882.367
917.819
976.972
999.425
1028.68
1160.51
1183.64
1216.02
1255.5

1271.44
1290.8

1318.7

1341.48
1378.39
1403.31
1423.13
1440.4

1466.89
1590.2

1627.35
1677.84

560.408

X XXX XXX XXXXXXXXXXXXXXXXXXXXX

715.172

Parameters
X

X XXX XXX XXXXXXXXXXXXXXXXXXXX

736.561

Height
0.301956
0.71107
0.137551
0.452209
0.428227
0.349469
0.100737
0.597978
0.147573
0.278196
0.25302
0.433691
0.135096
0.209011
0.268593
0.171643
0.278802
0.264102
0.392091
0.177248
0.272027
0.11858
0.150462
0.331913
0.436676
0.249331
0.493789
0.100635

767.334 801.304 843.892

Center HWHM q (h > 0.1)
560.408 12.8061 1.63981
715.172 10.0375 1.61021
736.561 10.0535 1.00014
767.334 24.1083 1.26779
801.304 12.6506 1.69634
843.892 28.134 1.21357
864.236 11.4838 1.24183
882.367 12.3898 1.42412
917.819 20.8349 1.31545
976.972 12.203 2.24447
999.425 8.7543 1.00972
1028.68 13.5383 1.35414
1160.51 15.3214 1.99569
1183.64 12.4847 2.48762
1216.02 31.2931 1.32521
1255.5 12.0003 0.999855
1271.44 11.2618 0.999853
1290.8 14.1843 1.26923
1318.7 15.0808 1.62196
1341.48 26.4153 1.68352
1378.39 18.8562 1.62214
1403.31 12.9751 2.34933
1423.13 19.6822 1.46038
1440.4 13.2271 1.99065
1466.89 20.5567 1.94772
1590.2 28.3836 1.98963
1627.35 21.2911 1.85602
1677.84 40.7983 1.32226



864.236 882.367 917.819 976.972 999.425 1028.68

1160.51 1183.64 1216.02 1255.5 1271.44 1290.8
1318.7 1341.48 1378.39 1403.31 1423.13 1440.4
1466.89 1590.2 1627.35 1677.84

In De Gelder et al., 2007, we find the following Raman peaks (in bold, the peaks which are
corresponding to centers, within +/— 5 cm™):

404(m), 422(mw,sh), 540(mw), 623(mw), 656(m), 680(w), 731(mw), 784(mw), 804(m), 824(mw),
852(m), 918(m), 929(mw,sh), 963(m), 976(m), 1061(m), 1087(s), 1111(m), 1140(mw), 1174(m),
1224(m), 1250(m), 1271(s), 1317(vs), 1336(m), 1347(m), 1407(m), 1430(m), 1476(mw),
1498(m), 1538(w), 1571(m), 1608(w), 1639(w)

L-tryptophan

Sherman et al. are mentioning the SERS spectra reported in Aliaga et al., 2009, Qu et al., 2012.
Let us add Aboltaman et al., 2023, Gao et al., 2023, Xu et al., 2022, Gautam et al., 2022.

# PeakType Center Parameters Height Center HWHM q (h > 0.10, bold 0.15)
%_23 Qgau  502.867 x X X 0.107574 502.867 9.93948 1.00007
%_39 Qgau  520.892 x X X 0.125706 520.892 14.2531 1.79517
%_37 Qgau  537.089 x X X 0.131668 537.089 8.98731 1.64037
%_30 Qgau 563.662 x X X 0.251177 563.662 10.5553 1.55644
%_31 Qgau  576.086 x X X 0.100255 576.086 5.95915 2.19609
%_32 Qgau  586.032 x X X 0.115546 586.032 7.47295 1.88147
%_14 Qgau 669.16 X X 0.178679 669.16 8.27613 1.00002



% 25 Qgau 713.926 x
% 13 Qgau 732.014 x
%_1 Qgau 754.478 x
%_2 Qgau 772.585 x
%_3 Qgau 790.633 x
%_46 Qgau 853.641 x
%_43 Qgau  878.059 x
%_8 Qgau 1002.85 x
% 74 Qgau 1018.32 x
% 49 Qgau 1031.98 x
% 12 Qgau 1117.77 x
%_5 Qgau 1157.77 x
% 50 Qgau  1210.81 x
% 51 Qgau 1225.25 x
% 52 Qgau  1251.39 x
%_18 Qgau 1272.62 X
%_55 Qgau 1308.14 x
%_53 Qgau 1328.8

%_21 Qgau 1356.39 x
% 28 Qgau  1377.71 x
% 56 Qgau 1415.64 x
% 57 Qgau 1446.99 x
% 58 Qgau 1465.25 x
% 69 Qgau  1574.75 x
% 68 Qgau 1593.2

%_66 Qgau 1614.92 x
%_67 Qgau 1626.91 x

0.106949 713.926 7.0626 1.00007
0.26742 732.014 14.3535 1.34556
1.04483 754.478 9.16089 1.09287
0.282608 772.585 9.68552 1.122

0.120398 790.633 13.7032 1.48374
0.250971 853.641 15.1664 2.25154
0.337346 878.059 10.8218 2.19526
0.488488 1002.85 10.4945 1.34517
0.226792 1018.32 10.0937 0.99997
0.472751 1031.98 10.0827 1.00001
0.188738 1117.77 10.0907 1.81205
0.400763 1157.77 16.2389 1.43101
0.146988 1210.81 12.7999 2.39824
0.155778 1225.25 8.47001 2.2198
0.12004 1251.39 13.3395 2.88279
0.175359 1272.62 14.1611 1.80673
0.519178 1308.14 9.73966 1.92027
0.716256 1328.8 12.6213 1.51458
0.292399 1356.39 11.6362 1.40396
0.123692 1377.71 14.1372 1.07609
0.170769 1415.64 30.1941 1.55756
0.382592 1446.99 12.4754 1.95744
0.257199 1465.25 9.85173 2.23797
0.141918 1574.75 8.63019 2.02981
0.190361 1593.2 15.1006 2.1287
0.173896 1614.92 11.4481 2.3822
0.173924 1626.91 13.5143 2.11237

XXX XXX XXXXXXXXXXXXXXXXXXXXX
XXX XXX XXXXXXXXXXXXXXXXXXXXX

Therefore, the centers of the components are:

502.867 520.892 537.089 563.662 576.086 586.032

669.16 713.926 732.014 754.478 (vs) 772.585 790.633
853.641 878.059 1002.85 1018.32 1031.98 1117.77
1157.77 1210.81 1225.25 1251.39 1272.62 1308.14
1328.8(s)  1356.39(s) 1377.71 1415.64 1446.99 (s)  1465.25
1574.75 1593.2 1614.92 1626.91

In De Gelder et al., 2007, we find the following Raman peaks (in bold, the peaks which are
corresponding to g-Gaussian centers, within +/—5 cm™):

393(w), 425(w), 456(w), 498(m), 509(m), 534(m), 548(w), 574(m), 596(m), 626(m),

683(w), 706(m), 741(m), 755(vs), 766(m), 778(m), 802(w), 840(m), 848(m), 865(m),
874(s), 988(w), 1009(vs), 1046(w), 1076(w), 1103(w), 1118(m), 1160(w), 1207(w),

1231(m), 1253(w), 1278(w), 1309(w), 1314(m), 1328(m), 1338(s), 1358(s), 1423(s),

1450(m), 1457(m), 1486(m), 1556(s), 1576(m), 1616(m)

Riboflavin
Literature: Liu et al., 2012, Bailey and Schultz, 2016, Dendisova-Vyskovska et al., 2013.



# PeakType Center Parameters Height  Center HWHM q (h>0.13, bold h>0.20)
%_20 Qgau  509.548 X 0.132844 509.548 6.38009 0.999991
%_6 Qgau  615.63 0.388069 615.63 10.6448 0.999941
%_16 Qgau 662.036 0.205646 662.036 21.4606 1.69231
%_ 12 Qgau 713.545 0.384037 713.545 16.7399 1.78736
%_33 Qgau  733.814 0.157629 733.814 5.56765 1.00005
%_1 Qgau  740.705 0.409706 740.705 8.39408 1.14401
%_8 Qgau  760.54 0.365545 760.54 23.3775 1.17989
%_4 Qgau  803.766 0.473947 803.766 16.7303 1.91826
%_9 Qgau  839.139 0.319764 839.139 17.2136 1.22164
%_36 Qgau 884.683 0.236503 884.683 21.1573 2.00948
%_3 Qgau  861.291 0.396463 861.291 14.4233 1.65361
%_14 Qgau 996.936 0.233248 996.936 8.18527 1.30717
%_19 Qgau  1025.27 0.16103 1025.27 11.3529 1.32021
%_21 Qgau  1220.98 0.143912 1220.98 11.1476 1.51304
%_11 Qgau 1303.11 0.376702 1303.11 32.7884 1.67156
%_23 Qgau 1345.03 0.228627 1345.03 12.8569 1.00495
%_43 Qgau  1360.9 0.130955 1360.9 8.24518 1.22131
%_5 Qgau 1373.82 0.177525 1373.82 11.0558 1.001
%_7 Qgau  1405.66 0.424245 1405.66 31.0457 1.96519
%_15 Qgau 1442.17 0.314003 1442.17 10.8292 1.27372
%_2 Qgau  1464.65 0.613821 1464.65 14.2401 1.33739
%_30 Qgau 1543.71 0.230789 1543.71 27.058 1.78597
%_29 Qgau 1581.87 0.255827 1581.87 15.8048 0.999805
%_10 Qgau 1624.64 0.373628 1624.64 18.3203 1.42289

X X X XXX XXX XXXXXXXXXXXXXXX
X X XX XXX XXX XXXXXXXXXXXXX

The centers of the g-Gaussians are:

509.548 615.63 662.036 713.545 733.814 740.705
760.54 803.766 839.139 884.683 861.291 996.936



1025.27 1220.98 1303.11 1345.03 1360.9 1373.82
1405.66 1442.17 1464.65 1543.71 1581.87 1624.64

In De Gelder et al., 2007, we find the following Raman peaks (in bold, the peaks which are
corresponding to centers, within +/— 5 cm™):

422(w), 451(w), 502(m), 531(w), 603(w), 677(w), 742(m), 785(m), 1158(m), 1184(m), 1226(s),
1253(w), 1345(vs), 1402(m), 1464(m), 1496(m), 1534(m), 1576(m), 1621(w), 1658(w), 1704(w)

Conclusion

Here we have considered the SERS fingerprints of Glutathione, L-arginine, L-histidine, L-
tryptophan, Riboflavin metabolites, published by Sherman et al., 2020, comparing them with the
Raman spectral fingerprints of the same molecules, published by De Gelder et al., 2007. The SERS
fingerprints have been obtained by means of q-Gaussian deconvolutions and Fityk software. We
considered the g-Gaussian centers of SERS deconvolutions and the positions of Raman peaks
given by De Gelder and coworkers. It seems that a certain agreement of some components, within
+/— 5 cm, exists in particular for strong and medium peaks. Further studies are necessary to
understand how the peaks are enhanced or suppressed in SERS spectra.
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