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Abstract
Surface-enhanced Raman scattering using silver nanoparticles was applied to detect various forms
of lysophosphatidic acid (LPA) to examine its potential application as an alternative to current
detection methods of LPA as biomarkers of ovarian cancer. Enhancement of the Raman modes of
the molecule, especially those related to the acyl chain within the 800–1300 cm−1 region, was
observed. In particular, the C–C vibration mode of the gauche-bonded chain around 1100 cm−1

was enhanced to allow the discrimination of two similar LPA molecules. Given the molecular
selectivity of this technique, the detection of LPA using SERS may eliminate the need for partial
purification of samples prior to analysis in cancer screening.
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Introduction
Lysophosphatidic acid (LPA), originally known for its role as an intermediate in
intracellular lipid metabolism, has now been recognized as an important multifunctional
biological mediator that can elicit cellular responses such as the release of arachidonic acid,
inducing the formation of stress fibers, and inducing monocyte migration [1–4]. The
involvement of LPA in inducing cell proliferation, migration and survival implicates it in the
initiation and progression of malignant disease, and it has been proposed as a sensitive
biomarker for ovarian cancer due to its presence in higher concentrations among ovarian
cancer patients [5–8].

Typically, the detection of LPA has been conducted using chromatography and mass
spectroscopy assays that require a partial purification of the samples using thin layer
chromatography (TLC) prior to analysis [5, 8]. Although this method is effective, an
underestimation of LPA levels can result during the recovery process due in part to the
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varying mobility of the LPA salts (free acid, sodium and calcium salts) when subjected to
chromatography by TLC.

A powerful optical detection technique based on surface-enhanced Raman scattering (SERS)
offers a unique combination of high sensitivity and molecular specificity. In Raman
spectroscopy, the vibrational frequencies of a molecule are probed by measuring the energy
shifts in the scattered light relative to an excitation light. This technique provides a
fingerprinting method to uniquely identify a particular molecule. However, given the rare
occurrence of Raman scattering by a molecule (~1×10−7), its application in detection
methods is inhibited. With SERS, the Raman signal of a molecule is increased by many
orders of magnitude as a result of strong enhancement of the excitation light through the
resonance of the metal’s surface electrons, called the surface plasmon [9–11]. SERS has
been successfully used in the detection and analysis of a large number of chemicals and
biological molecules [12–16].

In this communication, we report for the first time (to our knowledge) the application of
SERS using silver nanoparticles as a potential alternative technique for detecting LPA with
high sensitivity and molecular specificity. Experimental results obtained for 16:0 LPA and
18:0 LPA successfully demonstrate not only that SERS of LPA can be measured but also
that the SERS spectra of the two very similar LPA molecules are shifted enough in the 1100
cm−1 region to uniquely identify them. This is important for distinguishing one type of LPA
cancer biomarker from another or LPA molecules that are not biomarkers. The results
suggest the strong potential for practical LPA detection using SERS-based techniques that
may eliminate the need for sample purification prior to analysis.

Experimental
Powder samples of 16:0 LPA (1-palmitoyl-2-hydroxy-sn-glycero-3-phosphate(sodium salt))
and 18:0 LPA (1-stea-royl-2-hydroxy-sn-glycero-3-phosphate(sodium salt)) were purchased
from Avanti Polar Lipids, Inc (Alabaster, AL, USA). Silver nitrate and sodium citrate were
purchased from Sigma Aldrich (St. Louis, MO, USA). Raman spectra were obtained using a
Renishaw (Wotton-under-Edge, Gloucestershire, UK) micro-Raman setup with a 50×
objective lens and 780 nm excitation laser at 3 mW with a spot size of approximately 5 μm.

Silver nanoparticles were prepared using a synthesis from Lee and Meisel using silver
nitrate as the metal precursor and a sodium citrate reducing agent [17]. Formation of the
silver nanoparticles was monitored by UV-vis spectroscopy using a HP 8452A spectrometer
with 2 nm resolution. With a particle radius estimated at 50 nm based on TEM
measurements, the concentration of the solution used was calculated to be 3×10−11 M. One
mL of the solution was centrifuged and 900 μL of the supernatant was removed to increase
the nanoparticle concentration by a factor of ten prior to application. For the SERS
experiment, 2 μL drops of the concentrated silver nanoparticles were placed on a glass slide
and allowed to dry forming a spot of approximately 1 cm in diameter. Its Raman signal was
obtained with one accumulation of a 30 second scan to serve as a background. After the
silver has dried, 4 μL of a 100 μM solution of either the 16:0 LPA or 18:0 LPA (dissolved in
Milli-Q water) was added on top of the silver to dry. The 4 μL volume ensured the complete
coverage of the silver that had dried on the glass. The Raman signal was then collected using
the same scan parameters. For comparison, Raman signals of the crystalline LPA samples
were collected with five accumulations of a two minute scan.

Results and discussion
The primary goal of this work was to demonstrate the ability of SERS to be selective,
reproducible, and sensitive in detecting 16:0 LPA versus 18:0 LPA and show its potential as
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a viable alternative to current detection methods. Figure 1 presents the UV-vis absorption
spectrum of the silver nanoparticles used in this experiment. The major absorption peak near
420 nm is the well-known surface plasmon band [18]. However, it is the very weak
absorption around 780 nm, possibly due to some nanoparticle aggregation, that is essential
for SERS to work effectively with incident laser light at 780 nm [16]. Resonance absorption
of the metal nanoparticle substrate with the incident wavelength and the generation of the
resulting electromagnetic field from the particles are essential for SERS [16]. Although only
a weak absorption near 780 nm is observed, SERS is still demonstrated to work effectively.
This suggests that either the nanoparticles/aggregates absorbing at 780 nm are strongly
SERS active due to their favorable surface chemistry or that the nanoparticles have further
aggregated upon concentrating and drying for the SERS experiment, which may have caused
a red-shift of the absorption band and increased absorption at 780 nm similar to what has
been observed for gold nanoparticles [19]. The spectrum in Fig. 1 is for a nanoparticle
solution. It has been challenging to measure the UV-vis spectrum of a dried nanoparticle
film.

The Raman spectra and molecular structures of the bulk crystal of 16:0 LPA and 18:0 LPA
are presented in Fig. 2a and b, respectively. With the only difference between the two LPAs
being the lengths of their acyl chains, the ability to apply SERS for detection applications
depends on its capacity to detect the acyl peaks. Hence, experimental measurements were
performed between 800–1400 cm−1 where many of the acyl peaks occur. The vibrational
modes were assigned based on characteristic Raman frequencies [20]. The band at 889 cm−1

is representative of methylene rocking, and the 1294 cm−1 band is typical of methylene
twisting. The C–C skeletal stretching vibrations appear between 1060–1130 cm−1. In this
region, information about the conformation of the carbon chain can also be obtained. The
bands observed around 1060 cm−1 and 1130 cm−1 are characteristic of trans-bonded carbon
and the band observed around 1100 cm−1 denotes the vibration of a gauche-bonded chain.
The analysis of the spectra obtained for these LPA samples compared well to Raman spectra
of various lipids that have been previously analyzed [21–24]. Very strong similarities
between the spectra of these two LPA molecules are noted, in particular the 889 cm−1, 1294
cm−1, 1060 cm−1, and 1128 cm−1 bands that they commonly share. Fortunately, the 16:0
LPA is distinguishable from the 18:0 LPA by the shift of the C–C vibration of the gauche-
bonded chain from 1097 cm−1 for 16:0 LPA to 1101 cm−1 for 18:0 LPA.

Figure 3 presents the SERS spectra of the two LPA samples that were dried on the silver
nanoparticles after subtracting the background signal of the dried nanoparticle solution.
Attempts to obtain the Raman spectra of dried samples of LPA solutions without any silver
present resulted in no observable signal, indicating that the presence of the silver enhanced
the LPA Raman signal and made the detection of low molecular quantities possible. Based
on the assumption that the distribution of both the silver nanoparticles and LPA are uniform
upon drying the samples, it is estimated that the SERS observed was for approximately
4×10−10 moles of LPA on the 5 μm laser spot. As expected, the bands of the acyl chain are
enhanced using this technique with little or no shift from their bulk Raman positions. The
SER signal of the 16:0 LPA maintained its peaks at 889 cm−1, 1097 cm−1, 1128 cm−1, and
1294 cm−1, while 18:0 LPA maintained its peaks at 889 cm−1, 1101 cm−1, 1128 cm−1, and
1294 cm−1. From the inset showing the region between 1000–1200 cm−1, the ability of this
procedure to detect the gauche peak that allows the acyl chains of the LPA samples to be
distinguished from each other is clearly observed.

In SERS, the enhancement of a given mode implies the preferred orientation of the
adsorbate to the surface of the metal. Typically, enhancement of a given mode is best when
it is close and normal to the surface. Comparing the band intensities of the SER spectrum of
either LPA sample to its respective bulk spectrum shows that the two are quite similar (see
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Table 1). For example, the intensity distribution of the SER modes of 16:0 LPA exhibits a
similar pattern for its bulk spectrum. The same pattern is observed for the 18:0 samples. This
leads to the conclusion that no strong interaction is occurring between the nanoparticle
surface and functional groups on the molecule to promote a specific orientation of the
adsorbate. Had there been a strong interaction between the nanoparticle substrate and the
molecular adsorbate, one molecular orientation would dominate and this would result in
some vibrational modes being enhanced more than others. Also, with any strong surface
interaction between the adsorbate and metal present, one may find a shift in some bands of
the SERS spectrum compared to the bulk Raman spectrum due to vibrational hindrance and
altered selection rules that would result from the adsorbate-metal surface interaction [25].
This phenomenon was not observed in the LPA SERS spectra. The conclusion that no strong
interaction is present between the metal surface and the adsorbate can also be derived from
the fact that no immediate SERS is observed for mixed solutions of silver and LPA. The
interaction between LPA and the nanoparticle surface is only strong enough for SERS to be
observed when the molecule is dried on top of the silver.

Currently, work is being conducted to improve the sensitivity of this technique in terms of
its ability to detect lower quantities of various LPA in mixed samples along with actual
samples of plasma/blood where other lysophospholipids besides LPA are present. Some
preliminary experiments using a prepared sample of mixed 16:0 and 18:0 LPA solutions has
shown that this technique is able to distinguish the two different LPA molecules from each
other by drying millimolar concentration solutions. However, in order to apply SERS to
practical LPA detection, this technique must be able to detect LPA starting with solutions of
micromolar quantities. As the surface interactions between the molecule and the
nanoparticles play an important role in the effective enhancement of this technique,
experiments are currently being conducted with other metal nanoparticles capped with
various surface agents that may induce stronger interactions between the acyl chain of the
adsorbate and the metal. We also plan to apply SERS detection of LPA using differently
shaped metal nanoparticles, as rough nonspherical particles may show stronger SERS
activities than spherical particles [26].

Conclusion
This work successfully demonstrates that surface-enhanced Raman scattering based on
silver nanoparticles can be used to detect LPA molecules present at levels as low as 4×10−10

moles. The detection of the scattered light that results from vibrational modes of the
different acyl chains on the molecules shows the potential of SERS to selectively detect one
form of this cancer biomarker from another. However, without the observation of a more
dramatic enhancement for particular vibrational modes, one must conclude that a weak
metal-adsorbate interaction is present, resulting in a random orientation of the molecule to
the nanoparticle surface and yielding a SER spectrum that looks very similar to the normal
Raman spectrum of the bulk sample. Based on these encouraging preliminary studies,
additional work is underway to further explore the use of SERS for biomedical applications.
Current work is focused on improving the surface interaction between the adsorbate and
metal to enhance the sensitivity and the selectivity of this technique.
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Fig. 1.
Representative UV-vis absorption spectrum of 3×10−11 M silver nanoparticles. The weak
absorption towards the 780 nm region is believed to be sufficient for SERS to occur.
However, the absorption at 780 nm may be stronger for the dried film due to aggregation of
nanoparticles used for the SERS experiment

Seballos et al. Page 6

Anal Bioanal Chem. Author manuscript; available in PMC 2012 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Raman spectrum of bulk lysophosphatidic acid crystals (780 nm excitation, 3 mW power, 5
μm spot size): a 16:0 LPA; b 18:0 LPA

Seballos et al. Page 7

Anal Bioanal Chem. Author manuscript; available in PMC 2012 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
SERS spectra of dried samples from solutions of 100 μM 16:0 LPA and 18:0 LPA on silver
nanoparticles (780 nm excitation, 3 mW power, 5 μm spot size). Inset shows the SERS
region between 1000–1200 cm−1 for the same samples, showing the distinguishable mode at
1097 cm−1 and 1101 cm−1
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