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Introduction:  Heterocyclic compounds that con-

tain nitrogen are fundamental components of many 
biologically important compounds including RNA, 
DNA, amino acids, and enzymes. Their presence in 
meteorite organic matter suggests a possible role in 
prebiotic chemistry and the origin of life on Earth as 
well as, potentially, elsewhere in the solar system. 
Methylated variants of maleimide (2,5-pyrroledione), a 
nitrogen-containing heterocycle, are products of chlo-
rophyll diagenesis that are commonly preserved as 
molecular biosignatures in terrestrial sediments [1]. 
Maleimide, therefore, provides a good target com-
pound for developing biologically-significant hetero-
cycle detection methods because of its ubiquity in an-
cient Earth sediments and structural similarity to extra-
terrestrial compounds. Because maleimides in geologi-
cal samples are typically analyzed via GC-MS after 
solvent extraction, however, the technique is inherently 
sample-destructive and, therefore, not compatible with 
analysis of small, precious extraterrestrial samples like 
those that might be returned to Earth by a Mars sample 
return mission.  

Surface Enhanced Raman Spectroscopy (SERS) 
could serve as an appropriate non-destructive detection 
method for heterocyclic compounds. SERS is a surface 
sensitive technique used to amplify the Raman signals 
of low scattered compounds or to obtain much better 
Limits of Detection (LOD), for compounds present at 
minor to trace levels, through the use of metal nanopar-
ticles [2].  

The objective of this work is to develop a highly 
sensitive SERS method to detect and semi-quantify 
maleimide in terrestrial geologic specimens in anticipa-
tion of one day applying that method to Mars samples. 

Materials and Methods:  In order to attain the 
proposed objective, a 4 mg/ml maleimide solution was 
prepared by dissolving maleimide (99%, Sigma Al-
drich) in a dichloromethane (DCM):methanol (9:1) 
mixture. This concentration sufficient to obtain a ro-
bust 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 nanopar-
ticles. In this case, Ag nanoparticles were selected fol-
lowing the procedure of synthesis in Leopold and 
Lendl [3]. This method was selected because it has 
been widely adopted for the detection of organic mole-
cules in geologic samples. 

The procedure starts with the preparation of stock 
solutions of three reagents, 10 mL of silver nitrate solu-
tion (10 mM), 90 mL solution of hydroxylamine hy-
drochloride (1.67 mM) and 10 mL of sodium hydrox-
ide (3.33 mM). The sodium hydroxide and the hydrox-
ylamine solution are mixed. The silver nitrate solution 
is then added drop wise (this is critical) slowly and 
under constant stirring. After the addition of all the 
silver nitrate solution, the resulting yellow/orange/grey 
solution must be stirred for approximately 15 minutes. 

To collect the SERS spectra a hand-held Bravo 
Raman spectrometer 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 
wavelengths ranging from 700 to 1100 nm. The spec-
tral resolution is ± 1 cm-1 in the fingerprint region and 
± 2 cm-1 in the CH-stretching one and the overall spec-
tral range is 300-3200 cm-1.  The laser output power is 
of <100 mW for both lasers, therefore preventing sam-
ple thermodecomposition. 

Results:  The first task of the work was to attain a 
robust Raman and SERS maleimide spectra consider-
ing the scarce bibliographic sources available. For that 
task maleimide standard powder was analyzed using 
the solid cap of the hand-held Bravo spectrometer. The 
Raman bands for maleimide were identified at 306 
(medium, m), 331 (shoulder, sh), 404 (weak, w), 551 
(w), 603 (very weak, vw), 641 (strong, 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 (very strong, vs), 1797 (w), 1834 (vw), 1862 
(w), 1968 (w), 2866 (w), 3104 (s) and 3166 (m) cm-1. 

Acquisition of the maleimide SERS spectrum was 
performed by mixing in a vial, as the optimized condi-
tions, 1 ml of 4 mg/ml of maleimide solution and 0.5 
ml of the colloid containing the Ag nanoparticles. After 
mixing, the vial was set in the cap of the spectrometer 
and measured, obtaining the spectrum shown in Figure 
1. The concentration of maleimide in solution is higher 
than would be expected in most natural samples, how-
ever, it was sufficient to ensure that even the weakest 
SERS bands were detected as it can be appreciated in 
Figure 1. The SERS bands for maleimide are shown at 
464 (s), 669 (vs), 936 (m), 1059 (m), 1559 (sh), 1575 
(s), 3083 (m) and 3142 (br) cm-1. 
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Figure 1. SERS spectra of 4 mg/ml maleimide solution in 

9:1 DCM:Methanol with Ag nanoparticles. 
 
 
The SERS and standard Raman spectra of malei-

mide differed in the relative intensity and position of 
the Raman bands. Most bands were shifted and others 
disappeared, suggesting an interaction between the 
maleimide molecule and the Ag nanoparticles. 

The Limit of Detection (LOD) was significantly 
improved using the SERS method. No Raman bands 
were detected in the 4 mg/ml using standard Raman 
spectroscopy. In contrast, with the Ag colloid addition, 
the main SERS band of maleimide (669 cm-1) was de-
tected even in a 60 µg/ml solution, a 3 order of magni-
tude improvement in sensitivity. 

We have observed a linear correlation between the 
area of the 669 cm-1 SERS band and the maleimide 
concentration in solution, in the range 60 to 120 µg/ml. 

This relationship will provide an opportunity to de-
velop an analytical method to quantify maleimide in 
geological samples in both the laboratory and in the 
field.  

 
Conclusions: SERS has been demonstrated to be 

an effective method for detecting maleimide, a biologi-
cally significant heterocyclic compound. A similar 
method could be applied to the analysis of other organ-
ic molecules present in geological samples by using 
SERS on portable Raman spectrometers of high spec-
tral resolution. 

We have also demonstrated that SERS can be em-
ployed to quantify maleimides in the range between 60 
to 120 µg/ml. While LOD is comparable to or slightly 
better than that achieved by GC-MS, SERS is much 
easier more rapid to perform. Moreover, GC-MS con-
sumes the sample precluding further analysis. 
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