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Abstract. Serotonin is both a ubiquitous neurotransmitter
in the central nervous system and an important immuno-
modulator involved in various immune responses. The
ability to unambiguously detect serotonin is therefore im-
perative in biomedical research. However, detection of se-
rotonin and related indoles using immunohistochemistry
has been largely limited by their small molecular size and
the resultant uncertainty in antibody specificity. Here we
show that surface-enhanced Raman spectroscopy (SERS)
can be used to detect and distinguish serotonin from its
various closely related precursors and metabolites. Com-
pared with traditional antibody-based methods, SERS is
highly specific and capable of real-time detection. We
also quantify the relative concentration of serotonin
against a background of other indoles using SERS. We ex-
pect this optical detection method to directly benefit a
variety of immune and nervous systems studies involving

serotonin. © 2010 Society of Photo-Optical Instrumentation Engineers.
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The physiological and pathological effects of serotonin
have gained increasing recognition in recent years. While the
role of serotonin as a neurotransmitter in the central nervous
system is well established, its diverse functions as an immune
modulator continue to be discovered to date. A ubiquitous
neurotransmitter produced in the brainstem, serotonin is
widely distributed in the brain and implicated in many physi-
ological functions, such as circadian rhythm, reproductive ac-
tivity, sleep, mood, and anxiety.' External to the central ner-
vous system, serotonin is predominantly produced by
enterochromaffin cells in the gastrointestinal tract and is taken
up by circulating platelets. At injured or inflamed sites, sero-
tonin has been shown to regulate immune responses such as
platelet aggregation, macrophage accessory functions, and the
activation and proliferation of T-cells.” Serotonin is also re-
ported to modulate the production of cytokines IL-6, IFN-v,
and TNF-a.” In addition, serotonin is implicated in the patho-
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genesis of various other immune-related diseases such as HIV,
rheumatoid arthritis, and cardiac allograft rejection.4 These
observations highlight the important role of serotonin in both
nervous and immune systems. Definitive detection of seroto-
nin is therefore needed to study these systems and potentially
provide valuable insight into their interactions.

Carbon-14 labeling and immunohistochemistry are two of
the most commonly used methods for serotonin detection.
These methods do pose challenges in radioactive risks and
specificity. Many antibodies designated as serotonin-specific
failed to distinguish serotonin from its precursors and metabo-
lites, primarily due to its small molecule size and the resultant
lack of epitope.” A new detection method with definitive and
unambiguous specificity is therefore desired.

Surface-enhanced Raman spectroscopy (SERS) exploits
the interaction between a molecule and the nanoscale metal
surface to which the molecule is bound. Gold colloids are
used here for their affinity to the indole ring and its relatively
stable SERS effect compared with other metal colloids.® Spe-
cific indoles studied include serotonin, its precursor tryp-
tophan, and its metabolites 5-HIAA and melatonin.

Serotonin, tryptophan, melatonin, and 5-HIAA (=98% pu-
rity) are purchased from Sigma-Aldrich Company, Saint
Louis, Missouri. Gold colloids are purchased from Structure
Probe, Inc., West Chester, Pennsylvania, with a size of 20 nm,
and a concentration of ~7.0X 10'! per ml. The mixed solu-
tions are then excited by a near-infrared (NIR) integrated Ra-
man system (LabRam800HR, Horiba Jobin Yvon, Edison,
New Jersey) with a 100-mW 785-nm wavelength single-line
diode laser. The exposure time is 20 sec.

Apparent enhancement factor (AEF) is calculated follow-
ing the standard in the literature.” An averaged AEF is calcu-
lated using ten Raman bands within the spectral range (Fig.
2). A linear regression method, non-negative least squares
(NNLS).? is used to quantify the relative concentration of in-
dolic molecules mixed in the gold colloidal solution. By fit-
ting the SERS spectrum of the mixture as a weighted sum of
those of individual indoles, the NNLS coefficients are propor-
tional to the product of indole concentration and its AEF.

SERS intensities observed correlate strongly with varying
pH value (Fig. 1). Both serotonin and tryptophan are am-
pholytes in aqueous solutions, with serotonin having a hy-
droxyl and an amine group, and tryptophan a carboxyl and an
amine group. Since the electrostatic status of serotonin and
tryptophan changes with pH, their electrostatic interaction
with the negatively charged gold colloid surface also changes
with the pH level. SERS spectra of the solutions were taken at
various pH levels, all at a concentration of 5 X 107% mol/L.

The onset of SERS is observed as the pH value drops
below pl and approaches pK;, at which levels the molecules
begin to be positively charged. The electrostatic interaction
between the negatively charged gold colloids and the posi-
tively charged molecules contributes to the SERS phenom-
enon. The pK;, pK,, and pl of serotonin are 4.9, 9.8, and
7.35, respectively. For tryptophan, pK; and pK, are 2.38 and
9.34, respectively, and its pl is 5.86.” Indeed as seen in Figs.
1(a)-1(c), SERS effects are observed at pH levels lower than
6.1 for serotonin, and lower than 5.0 for tryptophan. As the
pH value continues to decrease toward pK;, more amine
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Fig. 1 SERS spectra of serotonin and its solutions mixed with gold
colloids [(a) and (d)] are shown at (1) pH=1.6, (2) pH=2.2,
(3) pH=3.0, (4) pH=4.1, (5) pH=5.0, (6) pH=6.1, and (7) pH=7.1.
SERS spectra of tryptophan and its solutions mixed with gold colloids
[(b) and (e)] are shown at (1) pH=1.6, (2) pH=2.1, (3) pH=3.0, (4)
pH=4.1, (5) pH=5.0, (6) pH=6.0, and (7) pH=7.1. (c) Averaged
AEFs of serotonin (red) and tryptophan (blue) at various pH levels are
obtained from eight measurements and presented with their respective
pK;. (Color online only.)

groups are protonated and a stronger SERS signal is observed.

At pH levels below their respective pK;, serotonin and
tryptophan molecules are fully protonated in solution and
strong SERS effects are observed. As shown in Figs. 1(a) and
1(c) serotonin’s SERS spectra become significantly stronger
as the pH values approach and decrease beyond its pK;. Like-
wise for tryptophan, as shown in Figs. 1(b) and 1(c), strong
SERS effects are observed at pH=1.6, 2.1, and 3.0. Addition-
ally, in Fig. 1(c), one also observes that SERS spectral inten-
sity continues to increase as the pH level drops below pK;. It
is likely a result of gold nanoparticles aggregating with the
positively charged ampholytes, forming 3-D complexes.10
These 3-D nanostructures induce greater SERS enhancement
than 1-D or 2-D nanostructures."’

The emergence of SERS is also seen to be accompanied by
color changes in the solution. As described before, the pH
dependence of SERS is attributed to the protonation of am-
pholytes and the aggregation of gold nanoparticles. Similarly,
the observed color change at low pH values is a result of
colloid aggregation. This is because the accumulation of gold
colloids alters the surface plasmon characteristics, and light
absorption by the surface plasmon determines the color of the
solution. At pH levels where strong SERS signals are ob-
served, i.e., below pH 5.1 for serotonin and below pH 3.0 for
tryptophan, the solutions [Figs. 1(d) and 1(e)] are light blue.
At higher pH levels where the SERS phenomenon disappears,
the solution is pink in color. In addition, for pure gold colloid
solutions with neither serotonin nor tryptophan present, this
color change phenomenon was also observed, although at a
much lower pH level (pH=2.0). These observations suggest
that the existence of highly protonated molecules such as se-
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Fig. 2 (a) SERS spectrum of serotonin at 5 107® mol/L (1) and ordi-
nary Raman spectrum at 0.1 mol/L (2). (b) SERS spectrum of tryp-
tophan at 5x107®mol/L (1) and ordinary Raman spectrum at
5% 1072 mol/L (2).

rotonin and tryptophan in this case facilitates gold colloid
aggregation, which in turn enhances the SERS phenomenon.

Specific Raman vibrational modes of an indole ring are
examined for serotonin and tryptophan in Fig. 2. The two
strong Raman bands, at 757 and 937 cm™! for serotonin and
757 and 1010 cm™! for tryptophan, are assigned to the indole
ring in-phase and out-of-phase breathing modes, respectively.
These pairs of bands are shifted to 750 and 918 cm™! in se-
rotonin’s SERS spectrum, and to 749 and 990 cm™! in the
SERS spectrum of tryptophan. Additionally, the 826-cm™!
Raman band of serotonin and the 877-cm™' band of tryp-
tophan are assigned to indole ring NH bending, and their
shifts in the SERS spectra are to 816 and 868 cm™!, respec-
tively. These clearly observable downward shifts also exist in
other indole ring Raman bands, i.e., 460, 678, 1133, 1235,
1433, and 1549 cm™! for serotonin, and 460, 575, 1132, 1256,
1430, and 1551 cm™! for tryptophan.

The spectral shifts described before are consistent with
previous studies in which the indole NH band shifts down-
ward following the formation of a hydrogen bond.'? The in-
dole NH group is a well-known proton donor, which tends to
form hydrogen bonds with negatively charged gold colloids.
As a result, indole rings interact strongly with colloidal gold,
causing the indole NH band as well as other Raman bands of
indole to shift downward. These substantial downward shifts
observed in our study suggest strong interaction between the
indole ring and the gold colloids. These observations are also
consistent with previous SERS studies of tryptophan using
positively charged silver colloids, where no significant Raman
band shifts are recorded."® The positively charged silver col-
loidal surface prevents the formation of hydrogen bonds, and
as a result, shuns interaction with the ring structure of indole.
In this study, we showed that using gold colloids instead of
silver enables one to exploit the strong Raman signals associ-
ated with the indole ring structure.

SERS spectra are also obtained from solutions containing
multiple indolic molecules, all at concentrations of 5
X 107° mol/L, and NNLS fits are performed to determine
their relative concentration. In the first experiment, a solution
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Fig. 3 (a) The SERS spectra of serotonin (1), tryptophan (2), melatonin
(3), and 5-HIAA (4) are shown, all at a concentration of
5X107° mol/L. SERS spectra of four different mixtures containing
various indolic components, all at 5 107% mol/L, are marked in blue
with their respective NNLS fit in red and fitting residuals in gray. The
compositions in the four mixtures are serotonin and tryptophan (5),
serotonin, tryptophan, melatonin, and 5-HIAA (6), serotonin and
5-HIAA (7), and serotonin, tryptophan and 5-HIAA (8), respectively.
(b) Relative concentrations of the indolic components in the four mix-
tures are normalized with respect to serotonin. Serotonin, tryptophan,
melatonin, and 5-HIAA are marked with circles (O red), squares (O
blue), diamonds (¢ green), and triangles (A brown), respectively.
(Color online only.)

containing both serotonin and tryptophan. SERS spectrum of
this mixture (line 5) is fitted with those of serotonin (line 1 in
Fig. 3) and tryptophan (line 2 in Fig. 3). The NNLS coeffi-
cients for serotonin and tryptophan are 0.730 and 0.216, re-
spectively. By taking into consideration their respective aver-
aged AEFs at 5X 107° mol/L, which are 4.69X 10* and
1.35X 10%, respectively, the NNLS fitting result gives a con-
centration ratio of serotonin to tryptophan at (0.730/4.69
X 104:(0.216/1.35X 10%)=1.00:1.03, which is in good
agreement with the administered concentrations in the mix-
ture. Similarly, a second experiment is conducted where we
obtain the SERS spectrum (line 6 in Fig. 3) of a solution
containing serotonin, tryptophan, melatonin, and 5-HIAA.
NNLS fitting is performed again with SERS spectra of these
four individual indoles (lines 1—4 in Fig. 3). The NNLS fitted
composition ratios are (0.503/4.69 X 10%):(0.147/1.35
X 10%):(0.287/2.46 X 10):(0.115/1.12 X 10*)=1.00:1.02:
1.09:0.957 for serotonin, tryptophan, melatonin, and
5-HIAA, respectively. This result is again in good agreement
with administered concentrations of serotonin, tryptophan,
melatonin, and 5-HIAA. Note that the AEFs of melatonin and
5-HIAA are 2.46 X 10* and 1.12 X 10%, respectively. Third
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and fourth experiments are performed using the same method.
SERS spectra of the third mixture containing serotonin and
5-HIAA (line 7 in Fig. 3), and the forth mixture containing
serotonin, tryptophan, and 5-HIAA (line 8 in Fig. 3) are fitted
using spectra of their respective compositions. The relative
concentration ratios are (0.830/4.69 %X 10%):(0.183/1.12
X 10%)=1.00:0.923 for serotonin and 5-HIAA in the third
experiment, and (0.627/4.69%10%:(0.181/1.35
X 10%):(0.146/1.12 X 10)=1.00:1.00:0.975 for serotonin,
tryptophan, and 5-HIAA in the fourth experiment. The rela-
tive concentration ratios for these four mixtures are presented
in Fig. 3(b). These experiments demonstrate that the relative
concentration of serotonin with respect to other closely related
indoles in a mixed solution can be quantitatively determined
from its SERS spectrum.

As the roles and functions of the 14 serotonin receptor
subtypes in the immune system continue to be discovered and
defined, definitive detection techniques for their common sig-
naling molecule, serotonin, are critically needed. Here we
demonstrate the capability of SERS for such a task, and we
envision increasing SERS applications in the study of immune
responses.

Acknowledgment

This work is supported by the Wallace H. Coulter Foundation
Translational Research Grant.

References

1. R. Mossner and K. P. Lesch, “Role of serotonin in the immune sys-
tem and in neuroimmune interactions,” Brain Behav. Immun. 12(4),
249-271 (1998).

2. M. Ledn-Ponte, G. P. Ahern, and P. J. O’Connell, “Serotonin provides
an accessory signal to enhance T-cell activation by signaling through
the 5-HT7 receptor,” Blood 109(8), 3139-3146 (2007).

3. M. Kubera, M. Maes, G. Kenis, Y. K. Kim, and W. Lason, “Effects of
serotonin and serotonergic agonists and antagonists on the production
of tumor necrosis factor alpha and interleukin-6,” Psychiatry Res.
134(3), 251-258 (2005).

4. Y. G. Chung, Q. Tu, D. Cao, S. Harada, H. Eisen, and C. Chang,
“Raman spectroscopy detects cardiac allograft rejection with molecu-
lar specificity,” Clin. Transl. Sci. 2(3), 206-210 (2009).

5. M. Levin, “A novel immunohistochemical method for evaluation of
antibody specificity and detection of labile targets in biological tis-
sue,” J. Biochem. Biophys. Methods 58(1), 85-96 (2004).

6. K. Kneipp, R. R. Dasari, and Y. Wang, “Near-infrared surface-
enhanced Raman scattering (NIR SERS) on colloidal silver and
gold,” Appl. Spectrosc. 48, 951-955 (1994).

7. E. C. L. Ru, E. Blackie, M. Meyer, and P. G. Etchegoin, “Surface
enhanced Raman scattering enhancement factors: a comprehensive
study,” J. Phys. Chem. C 111(37), 13794-13803 (2007).

8. C. L. Lawson and R. J. Hanson, “Linear least squares with linear
inequality constraints,” Chap. 23 in Solving Least Squares Problems,
pp. 158-165, Prentice-Hall, Englewood Cliffs, NJ (1974).

9. E. Ayano, Y. Suzuki, M. Kanezawa, C. Sakamoto, Y. Morita-Murase,
Y. Nagata, H. Kanazawa, A. Kikuchi, and T. Okano, “Analysis of
melatonin using a pH- and temperature-responsive aqueous chroma-
tography system,” J. Chromatogr. 1156(1-2), 213-219 (2007).

10. S. Si and T. K. Mandal, “pH-controlled reversible assembly of
peptide-functionalized gold nanoparticles,” Langmuir 23(1), 190-195
(2007).

11. I. W. Sztainbuch, “The effects of Au aggregate morphology on
surface-enhanced Raman scattering enhancement,” J. Chem. Phys.
125(12), 124707 (2006).

12. H. Takeuchi, “Raman structural markers of tryptophan and histidine
side chains in proteins,” Biopolymers 72(5), 305-317 (2003).

13. C. H. Chuang and Y. T. Chen, “Raman scattering of L-tryptophan
enhanced by surface plasmon of silver nanoparticles: vibrational as-
signment and structural determination,” J. Raman Spectrosc. 40(2),
150-156 (2009).

March/April 2010 * Vol. 15(2)


http://dx.doi.org/10.1006/brbi.1998.0532
http://dx.doi.org/10.1182/blood-2006-10-052787
http://dx.doi.org/10.1016/j.psychres.2004.01.014
http://dx.doi.org/10.1111/j.1752-8062.2009.00106.x
http://dx.doi.org/10.1016/S0165-022X(03)00149-0
http://dx.doi.org/10.1366/0003702944029776
http://dx.doi.org/10.1021/jp0687908
http://dx.doi.org/10.1016/j.chroma.2007.01.063
http://dx.doi.org/10.1021/la061505r
http://dx.doi.org/10.1063/1.2338029
http://dx.doi.org/10.1002/bip.10440
http://dx.doi.org/10.1002/jrs.2097

