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ABSTRACT

Nitrogen-containing heterocyclic compounds are fundamental biochemical components of all life on
Earth and, presumably, life elsewhere in our solar system. Detection and characterization of these com-
pounds by traditional solvent extraction, chromatographic separation, and GC-MS analysis require more
sample mass than will be available from samples returned to Earth from Mars. With its small sample
mass requirement, Surface Enhanced Raman Spectroscopy could be an appropriate technique for analysis
of returned samples. We have developed a SERS method for the detection of maleimide (2,5-
pyrroledione), an N-containing heterocycle with a structure that is widespread in biochemicals. This
semi-quantitative methodology accurately determines maleimide concentration in the range from
60 pg/mL to 120 pg/mL. We present a maleimide SERS standard spectrum which will be useful as a ref-
erence for future works. The present work demonstrates an easy, accurate, and effective method for the
non-destructive qualitative and semi-quantitative study of maleimide as a first step toward developing a
method for analysis of related compounds.
© 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Nitrogen-containing heterocyclic compounds including nucleic
acids, amino acids, proteins, and enzymes are fundamental bio-
chemical components of all life on Earth. Assuming a similar
underlying biochemical framework for extraterrestrial life, this
class of compounds may serve as a biosignature for life beyond
the Earth. With the successful landing of the Perseverance rover
on Mars in 2021, the first leg of a decade-long international sample
return program, there is the very real prospect that Earth-bound
laboratories will examine samples from Mars in the next decade.
The limited mass of the subsamples that may be made available
to investigators will necessitate methods that employ small
masses and are minimally destructive.

Maleimide (2,5-pyrroledione) is an N-containing heterocycle
with a structure that is widespread in fundamental biochemicals
(e.g., hemoglobin and chlorophyll). Distinctive methylated forms
derived from the diagenesis of chlorophylls are well preserved in
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ancient sediments where they serve as a record of primary produc-
tion. We have selected maleimide as a useful representative com-
pound to begin the development of a method for detection of
biologically-significant heterocycles in small samples.

Maleimide and its derivatives are typically isolated from natural
samples by solvent extraction, separated from other fractions by
column chromatography, and then analyzed via gas chromatogra-
phy/mass spectrometry (GC-MS) (Kozono et al., 2001; Shimoyama
et al,, 2001). This sample preparation and analytical approach is
both time and resource intensive. Because of the high volatility
of the maleimide, the chromatographic methodology may intro-
duce some bias and result in low recoveries during the extrac-
tion/separation step. Although others have sought to mitigate
these shortcomings (Naeher et al., 2016), sample consumption
likely makes this approach untenable for returned samples.

Because of the precious nature of each returned sample, non-
destructive techniques are preferred in order to preserve samples
for future analyses. For this reason, Raman spectroscopy is a
promising non-destructive option for characterizing organic
molecular properties and has been used for(semi-)quantitative
characterization of a variety of compounds employing both
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external calibration curves with standards (Costantini et al., 2016)
and mathematical approaches (Aramendia et al., 2014).

The growing importance of Raman spectroscopy in Earth and
planetary science suggests that it will play an important role in
the eventual non-destructive analysis of samples returned from
Mars. Significantly, Raman spectrometers are components of the
scientific payload capabilities of both the Perseverance and Ros-
alind Franklin rovers. In order to ensure that Raman spectrometry
matures in preparation for analyzing returned samples with the
utmost sensitivity to a wide range of compounds, new develop-
ments that increase the sensitivity and specificity of this core ana-
lytical technique should be developed.

With that aim, several studies have been published showing
characteristic Raman signatures of organic molecules relevant to
Earth history and astrobiology (Edwards et al., 2011; Wei et al,,
2014). These works are essential for future identification of com-
pounds that could be detected by upcoming missions. Maleimide
exhibits a good Raman response as a pure standard (Woldbeek
et al.,, 1975). However, analysis of real geological samples contain-
ing this or other molecular biosignatures is more challenging
because organic molecules are typically present in low concentra-
tions embedded within complex mixtures with abiotic and/or inor-
ganic phases (Dunn et al., 2007). Even in terrestrial rocks with high
organic matter content, the Raman signals of compounds such as
ancient pigments, proteins, or fatty acids are in such low abun-
dance that conventional Raman spectroscopy is not able to detect
them. Moreover, the signal of the rocky matrix can be so high that
it overwhelms all the minute organic Raman bands. In addition,
fluorescence reduces the efficiency of the Raman response, hinder-
ing the identification of the biomolecules (Chen et al., 2008). Thus,
there is a compelling need for a practical, straightforward, and
reproducible method for mitigating these challenges to employing
Raman spectroscopy for detection of trace organics in terrestrial
and extraterrestrial geological samples.

Surface Enhanced Raman spectroscopy (SERS) is a viable alter-
native to conventional Raman methods. SERS is a surface sensi-
tive technique used to amplify Raman spectra and obtain much
better limits of detection (LOD) through using metal nanoparti-
cles (Wilson et al.,, 2007; Chen et al., 2008). The SERS effect is
based on electronic and chemical interaction of the laser, the ana-
lyte, and the rough surface of metallic nanoparticles. However,
reviewing the existing literature, there are few published works
that apply SERS to biosignatures in geologic samples (Dunn
et al, 2007; Wilson et al, 2007, 2010; Chen et al., 2008;
Bowden et al., 2010). We have found only one reference in the lit-
erature to Raman analysis (not SERS) of maleimide (Aroca et al.,
1991).

The objective of this manuscript is to present a highly sensitive
SERS method for the detection and semi-quantification of male-
mide at low abundances as a first step in the development of a
method or methods to analyze related biochemicals in terrestrial
and extraterrestrial geological samples, like those that may be
returned to Earth from Mars. In addition, we will contribute refer-
ence spectra to Raman and SERS databases for maleimide, a com-
mon organic compound.

2. Material and methods

In order to attain the proposed objective, a 4 mg/mL maleimide
solution was prepared by dissolving maleimide (99%, Sigma
Aldrich) in a dichloromethane (DCM):methanol (9:1) mixture. This
concentration sufficient to obtain a robust Raman spectrum that
could be compared to the few maleimide spectra available in the
literature.

A key step in SERS is the synthesis of the nanoparticles. In this
case, Ag nanoparticles were selected following the procedure for
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synthesis in Leopold and Lendl (2003). This method was selected
because it has been widely adopted for the detection of organic
molecules in geologic samples (Bowden et al., 2010; Wilson
et al,, 2010). The employed reagents were silver nitrate, sodium
hydroxide and hydroxylamine hydrochloride, all of them of pro-
analysis quality. The procedure is based on the reduction of the sil-
ver colloids by the hydroxylamine in a basic medium. The first step
is to prepare stock solutions of three reagents, 10 mL of silver
nitrate solution (10 mM), 90 mL solution of hydroxylamine
hydrochloride (1.67 mM) and 10 mL of sodium hydroxide
(3.33 mM). The sodium hydroxide and the hydroxylamine solution
are mixed. The silver nitrate solution is then added drop wise (this
is critical) slowly and under constant stirring using a magnetic stir-
rer and a magnetic bar. After the addition of all the silver nitrate
solution, the resulting yellow/orange/grey solution must be stirred
for approximately 15 min. The final solution has to be wrapped
with foil to avoid light degradation of the colloidal mixture.

To collect the SERS spectra, a hand-held Bravo Raman spectrom-
eter from Bruker was employed. This portable device implements a
new technology called DuoLaser™ to reduce fluorescence. This is
based on the excitation of the sample using two lasers with wave-
lengths ranging from 700 nm to 1100 nm. The spectral resolution is
+1 cm ! in the fingerprint and +2 cm ! in the CH-stretching region
and the spectral range is 300-3200 cm . The laser output power is
<100 mW for both lasers. Prior to the analyses, the methodology
was optimized to assure that there was not sample thermodecom-
position. The spectrometer is provided with a liquid sample cap
which facilitated the analysis of the samples. A portable Raman
spectrometer was selected because it has been recently demon-
strated that SERS measurements can be performed in situ using
portable Raman devices with high spectral resolution, like the
one used in our work (Marcaida et al., 2017).

The maleimide solutions were placed in a 2 mL chromato-
graphic transparent glass vial (which fitted the space provided
for the sample in the cap and was transparent for Raman) and
the colloid solution was directly added there.

After stirring it, the vial was placed directly in the cap of the
Raman spectrometer and analyzed without any further sample
treatment. The automated settings were used for the spectra acqui-
sition and different sample/colloid ratios were tested for optimiza-
tion, selecting finally 1 mL of sample and 0.5 mL of the Ag
nanoparticle colloids as the best ratio.

In order to obtain a reliable SERS reference spectrum of malei-
mide a standard solution at 4 mg/mL of maleimide was prepared.
This concentration is high, if it is compared with the estimated
maleimide content in real samples but in these conditions, the
detection of all the SERS bands for the maleimide, even the weak-
est ones, was assured. Besides, a procedural blank (solvent and Ag
NP) was also prepared in order to avoid misinterpretation of the
maleimide signals due to the presence of the solvent and Ag colloid
signals.

Moreover, in order to evaluate the solvent effect on the pro-
posed methodology different preparations of the sample were
studied. First, the maleimide was dissolved in DCM:methanol
and mixed with the Ag colloid in the ratio described above. Then,
in the chromatographic vial used for the measurements, the
4 mg/mL maleimide DCM:methanol solution was evaporated to
dryness. After this, the nanoparticle solution was added to the solid
residue left and it was analyzed with the liquid cap of the Raman
spectrometer.

For the quantification works, a calibration curve was built
between 30 pg/mL and 150 pg/mL. The calibration curve was con-
structed representing the concentration value against the area
integrated from the main SERS band for maleimide (669 cm™1).
In order to integrate the area of the band peak some fitting tools
were employed. Usually, the first step when fitting Raman bands
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is to perform a baseline correction. However, taken into account
the good raw spectra obtained in this work, it was considered
unnecessary. Notwithstanding, if the SERS spectrum would show
fluorescence, baseline correction should have been done before
the peak fitting procedure. The fitting process was performed with
the OPUS software (Bruker). This software integrates the area
between two personally selected points (Supplementary data
Fig. S1) which in our case the area between 656 cm~! and
680 cm~! was selected.

3. Results and discussion

First of all, the blank was measured. Then, the 4 mg/mL solution
of maleimide prepared for obtaining a reliable SERS spectrum of
the compound was also analyzed. By this means, the SERS bands
of the solvent and NP were identified and differed from those
belonging to the target compound (Fig. 1). The method proved to
be successful and a good quality SERS maleimide spectrum was
obtained. The detected SERS bands for maleimide were 464
(strong, s), 669 (very strong, vs), 936 (medium, m), 1059 (medium,
m), 1559 (shoulder, sh), 1575 (strong, s), 3083 (medium, m) and
3142 (br) cm™!. This spectrum is published for the first time,
resulting a valuable contribution for the field considering the
scarce bibliographic sources available.

After obtaining a valuable SERS spectrum, the solvent effect was
studied by measuring the two different samples prepared as
described in Material and Methods section. The result for the evap-
orated sample was good but comparing this spectrum with the
non-evaporated one, the former resulted noisier and resolved
worse the —CH region, as it can be appreciated in Fig. 2.

Raman spectrum of maleimide was also obtained in order to
improve bibliographic databases. The maleimide standard powder
was analyzed using the solid cap of the spectrometer. In this way,
the Raman bands for maleimide were identified at 306 (m), 331
(sh), 404 (weak, w), 551 (w), 603 (very weak, vw), 641 (s), 676
(vw), 770 (vw), 898 (s), 933 (w), 970 (w), 1067 (s), 1151 (vw),
1298 (w), 1360 (w), 1581 (s), 1607 (vw), 1708 (s), 1755 (vs),
1797 (w), 1834 (vw), 1862 (w), 1968 (w), 2866 (w), 3104 (s) and
3166 (m) cm™!, as Fig. 3A shows. It is worth to point out, the
high-quality spectrum obtained with the DuoLaser technology,
which resulted into a low fluorescence and high signal to noise
ratio spectrum. It was possible to detect multiple Raman bands
with less than 30 s acquisition time and without the need of spec-
tra treatment.
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Fig. 1. SERS spectra of 4 mg/mL maleimide solution in 9:1 DCM:methanol with
nanoparticles (NP) in red (M means bands belonging to maleimide) and procedural
blank (DCM:methanol with NP) in black.
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Fig. 2. SERS spectra of 4 mg/mL maleimide solution in 9:1 DCM:methanol with
nanoparticles (NP) in black and SERS spectra of 4 mg/mL maleimidewith nanopar-
ticles (NP) where the solvent was evaporated in red.

Fig. 3 shows such a comparison and the maleimide Raman
bands are clearly seen. Comparing SERS and common Raman mal-
eimide spectrum, it was seen that they differed to some extent
since the relative intensity of the Raman bands varied, most were
shifted and some of them disappeared (Fig. 3). This phenomenon
happens for some other organic compounds such as scytonemin
(Edwards et al., 2000) probably due to the formation of surface
complex species between the metal of the nanoparticle and the
organic molecule that has the capability of forming new metal-li-
gand species. This reveals the need of performing a reliable and
extensive SERS spectra database for the different compounds that
is still a lack in the scientific community.

In Fig. 3 there can be seen how both the symmetric (641 cm™')
and the asymmetric (404 cm~!') C=0 bends are maintained in SERS
spectrum, as well as, ring deformation (898 cm™!), the asymmetric
C-N-C bend (1067 cm™ '), the C=C stretch (1581 cm™!) and the
symmetric (3166 cm™') and the asymmetric (3104 cm~') C-H
stretches. However, they are normally shifted and the intensities
change from one another. For example, the band at 641 cm™! cor-
responding to the symmetric C=0 bend in common Raman spec-
troscopy shifts to 669 cm~' in SERS and it becomes the main
SERS band for maleimide.

In contrast, the C-H, N-H bend (1298 cm™!), the Sym C-N-C
bend (1360 cm™!), the Asym C=0 stretch (1708 cm~!) and the
Sym C=0 stretch (1755 cm™!, the main Raman maleimide band)
which were detected in the common Raman spectrum, disap-
peared in the SERS one. Moreover, in the SERS spectrum, the main
band is that belonging to symmetric C=0O bend while in the com-
mon Raman spectrum it is a shoulder. Besides, the main Raman
band is the one belonging to the symmetric C=0 stretch and it dis-
appears in SERS spectrum. These differences have their origin, as
we mentioned above, in the formation of surface complex species
between the metal of the nanoparticle and the organic molecule
that has the capability of forming new metal-ligand species.

It must be noticed that all the spectra presented in Figs. 1-3 and
all along the work were not processed, that means no baseline cor-
rection nor noise filtering were carried out. This underlines the
good raw results extracted from the employed portable Raman
spectrometer and avoids false results derived from the post-
processing of spectra.

Regarding the Limit of Detection (LOD), it must be said that the
Raman sensitivity increased considerably. Actually, in 4 mg/mL
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Fig. 3. (A) Maleimide standard Raman spectrum. (B) SERS spectra of 4 mg/mL maleimide solution in 9:1 DCM:methanol with nanoparticles. Differences between common

Raman and SERS spectra are clear.

maleimide solutions the molecule was not detected by common
Raman spectroscopy, as it can be seen in Fig. 4C where the spec-
trum of the 4 mg/mL maleimide solution is shown. In the men-
tioned figure the absence of bands different from the solvent
(DCM) is clearly observed. In contrast, with the Ag colloid addition,
the main SERS band of maleimide (669 cm~', which is the selected
band used for the study exposed in the present work) was detected
even in 60 pg/mL solutions (Fig. 4A). Therefore, the Raman
sensitivity of maleimide was improved by 3 orders of magnitude
with the addition of silver colloids. As no characteristic SERS bands

for maleimide were observed in 50 pug/mL solutions (Fig. 4B), the
LOD for this methodology can be set between 50 pg/mL and
60 ug/mL. The obtained LOD could be considered excellent if we
compared it with those calculated for other techniques such as
GC-MS (around 8 ug/mL (Naeher et al., 2016) as GC-MS is a more
costly technique in terms of time, effort and expense.

Moreover, we observed that there was a relationship between
the concentration of the solution and the area of the 669 cm~! mal-
eimide SERS main band (Fig. 5 and Table 1). Actually, in that figure,
the band at 669 cm™! increases as the concentration of maleimide
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Fig. 5. Different maleimide concentration (75 pg/mL in green, 90 ug/mL in blue, 100
pg/mLin grey and 120 pg/mL in red) SERS spectra where the main band at 669 cm™!
is clearly seen.

increases. At the same time, the decrease of the solvent concentra-
tion is well represented by the main band of the DCM around
700 cm™".

Considering this relationship between the concentration and
the main SERS band of maleimide, a semi-quantification method

Geoscience Frontiers 12 (2021) 101226

Table 1
Concentration and peak area values obtained through band integration procedure
without outliers.

Maleimide Concentration SERS band area (cm™!)

(ng/mL)

50* 0

60 284
60 520
75 1064
90 2025
90 2350
100 2935
100 2718
120 3918
120 3916
150* 3858*
150* 3965*

The values marked with * were those removed for the final equation.

was developed for maleimide by monitoring the main SERS band
of maleimide located at 669 cm~! wavenumber as it is the main
SERS band for the compound.

To develop the method, we prepared calibration set of malei-
mide solutions of 50, 60, 75, 90, 100, 120 and 150 ug/mL. Then,
each solution was measured three times to check the repeatability
of the procedure and to assess the presence of outliers. These con-
centration values were selected considering that the presence of
maleimide is very low in Earth samples even in those with a high
organic content. Therefore, concentrations higher than 150 pg/mL
of maleimide would not be representative of real cases of study
and solutions with less than 60 pg/mL would probably not be
detected by the proposed methodology, as Fig. 4 suggests.

The repeatability of the technique was good, although a couple
of points were removed as they did not fulfill the outlier test. The
quality of the regression line was tested using the coefficient of
determination or R, trying to obtain the coefficient closest to 1,
in the regression line fitting of the calibration plot.

The calibration plot was obtained representing the SERS peak
area of the 669 cm~! band versus the concentration of maleimide.
It was observed that the calibration points with the minimum and
maximum values of maleimide concentrations did not follow the
linearity of the developed methodology. The solution with 50 pg/
mL concentration did not show a measurable value. The solution
with 150 pg/mL showed a similar response to the one promoted
by the solution with 120 pg/mL. Actually, the quality of the regres-
sion line was much better without them. Therefore, it was decided
not to include them for the final equation. Fig. 6 shows such plot
were the uncertainties in both axes are represented.
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Fig. 6. Calibration plot for maleimide (band area at 669 cm™!).
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The equation y = f(x) for this line is:
y=(60.4+2.6)x — (3301 + 242)

where both the intercept and the slope have associated uncertain-
ties that fulfill the P test of significance. Moreover, the linearity
index was excellent, with R? = 0.994. Therefore, it can be said that
this method is advisable for maleimide concentrations from
60 pg/mL to 120 pg/mL because the linear response of the model
is compromised for higher concentrations and the limit of detection
was set of 57 + 1 pg/mL.

4. Conclusions

This work proposes a successful SERS method for the analysis of
maleimide. As the Raman spectroscopy is a non-destructive tech-
nique, this method can preserve the maleimide extracts for further
analysis. This point is extremely important in the context of the
Mars Sample Return, considering the incalculable value of the sam-
ples. The method development has focused on its application for
geologic samples in order to study different aspects of the Earth
and planetary history. A similar methodology could be developed
for the analysis of other organic molecules present in geologic
samples.

It must be highlighted that this is the first work presenting a
semi-quantitative model for maleimide detection being accurate
for the range between 60 pg/mL and 120 pg/mL. Compared with
the most commonly used GC-MS (LOD around pg/mL; Naeher
et al., 2016), the LOD is higher but the procedure is much easier
because in less than 2 min a good signal to noise ratio SERS spec-
trum can be obtained. Nevertheless, the detection limit has been
improved by 3 orders of magnitude with regards to Raman spec-
troscopy, and GC-MS only differs in 1 order of magnitude with
the SERS methodology developed in this work. Moreover, the
GC-MS consumes completely the sample obviating further
analysis

Obviously, this methodology is thought to be applied to rock
extracts. Therefore, some rock sample pre-treatment is not avoided
because a given mass of the solid must be extracted with the
proper solvent to obtain the extracts needed to perform the SERS
analysis. The limitations of this technique (Raman spectroscopy
in general and SERS in particular) for astrobiological applications
are clearly exposed in this work, together with their advantages.
Notwithstanding, further works will be focused on applying this
method to real samples improving the LOD by testing different sol-
vents to maximize the extractability of maleimide from the rock
samples.
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