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Introduction

Abstract. Resonance enhancement of Raman spectroscopy (RS) has been used to significantly improve the
sensitivity and selectivity of detection for specific components in complicated environments. Resonance RS
gives more insight into the biochemical structure and reactivity. In this field, selecting a proper excitation wave-
length to achieve optimal resonance enhancement is vital for the study of an individual chemical/biological ingre-
dient with a particular absorption characteristic. Raman spectra of three azo derivatives with absorption spectra
in the visible range are studied under the same experimental conditions at 488, 532, and 633 nm excitations.
Universal laws in the visible range have been concluded by analyzing resonance Raman (RR) spectra of sam-
ples. The long wavelength edge of the absorption spectrum is a better choice for intense enhancement and the
integrity of a Raman signal. The obtained results are valuable for applying RR for the selective detection of
biochemical constituents whose electronic transitions take place at energies corresponding to the visible spec-
tra, which is much friendlier to biologial samples compared to ultraviolet. © 2015 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JB0.20.9.095003]
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because of the electronic absorption which provides the

Raman spectroscopy (RS) is based on the inelastic scattering of
radiation by the sample and has been employed to detect and
identify constituents in numerous chemical and biological
fields.! Resonance Raman spectroscopy (RRS) has significantly
enhanced sensitivity and selectivity compared with normal RS
due to the overlap of the excitation wavelength and the elec-
tronic transition, which permits selectively analyzing relatively
few molecules in a complicated system and extends the utility of
the Raman scattering technique.” Therefore, RRS has been
broadly applied for studying DNA, RNA, and protein inter-
actions for the label-free Raman methods in the bioanalytical
and life sciences field.>®* UV-RRS has been long employed
to gain insight into the biomolecular properties of cells’®
since the absorption spectra of most biological assemblies
including DNA, RNA, and protein are located in theUV range.

Thanks to the lower energy of photons, a visible laser is
friendlier for biological samples. Applications of visible-RRS
is growing for analyzing biomolecules with an electronic tran-
sition in the visible part of spectrum such as carotenoids’'> and
hemes."® For these studies, the judicious choice of excitation
wavelength is essential for optimal sensitivity and selectivity
of the molecular species of interest in a complex environment
or as part of a very large molecule. However, many laser systems
still suffer from the lack of tuning ability and the Raman detec-
tion system will be more complex because specific filters are
needed for the collection of a Raman spectrum even though
tunable lasers are available. Furthermore, the Raman signal is
sometimes overwhelmed by its fluorescence background
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enhancement mechanism. Under certain excitation, we achieve
intense resonance enhancement of some specific molecules, but
vibrations that undergo little or no enhancement are likely to
become invisible in the spectrum because of the strong back-
ground induced by the RRS mechanism. This results in
decreased information content of the Raman spectrum and
impedes the combination of RRS and normal RS. In other
words, we have to consider a trade-off between sensitivity
and information enrichment. Therefore, we expect that reso-
nance enhancement for Raman bands of different molecules
with a specific absorption spectrum can be predicted by theo-
retical approaches or experience-based laws. On one hand,
the Raman measurement system can be simplified by using
fixed lasers; on the other hand, the excitation wavelength can
be properly arranged for obtaining important spectra informa-
tion from complex molecules by combining RRS and normal
RS. Multiple excitation wavelengths can also be used for
improving detection specificity due to the strong dependence
on the excitation wavelength of the resonance Raman signal.
Yellampalle et al.'*'® proposed a multiple excitation wave-
lengths’ DUV resonance Raman technique for the detection
of several explosives which provides a unique signature improv-
ing specificity.

In this paper, by introducing a dialkyl amino electron donor
and different amounts of nitrile group electron acceptors, three
derivatives including azo Am-CN, azo Am-2CN, and azo Am-
3CN are synthetized. Strong intramolecular charge transfer
leads to the significant red-shift of the electronic absorption
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spectra, so these three derivatives have absorption spectra rang-
ing from 350 to 700 nm. Resonance Raman cross-sections and
the absorption of both the excitation and scattered light depend
strongly on the excitation wavelength. Therefore, Raman band
intensities depend on the excitation wavelength in a complex
way. Here, resonance enhancement dependency on absorption
characteristics at the excitation wavelength has been explored
by processing and analyzing measured RR spectra of these
three derivatives at the designed Raman measurement setup
equipped with 488, 532, and 633 nm lasers.

2 Methods

2.1 Raman Spectra Measurements

RS was performed using an Alpha SNOM confocal Raman
microscope system (WITec, Germany) equipped with 488 nm
(JDSU FCD488), 532 nm (Coherent Verdi V-6), and 633 nm
He—Ne lasers (Coherent) as laser sources for excitation, and
an ACTON 300i spectrometer (Princeton Instruments,
Trenton, New Jersey) for Raman spectra detection. The laser
beam was focused into the sample by a Plan Apo 60X oil immer-
sion objective lens with NA = 1.4 (Nikon, Japan). Raman spec-
tra of solutions were acquired with an integration time of
1 s/pixel and averaged over the area of 8 X 8 pixels. It is
well-known that the Raman scattering cross-section is propor-
tional to A™* and the response of the CCD detector varies
with the wavelenth of the identified optical signal. Therefore,
all Raman spectra of samples have been normalized to the
Raman intensity of the solvent [dimethyl sulfoxide (DMSO)]
to remove the Raman intensities variations caused by response
parameters and the Raman scattering cross-section change with
the excitation wavelength.

2.2 Structures of Three Derivatives and Normalized
Absorption Spectra

Different auxochromes were attached to the chromophore to
modify the ability of that chromophore to absorb light, and
three derivatives including azo Am-CN, azo Am-2CN, and
azo Am-3CN were synthetized following a modified procedure
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as described in the literature.!” They have different absorption
spectra in the visible wavelengths ranging from blue to red
(400 to 700 nm) [Figs. 1(a) and 1(b)].

2.3 Resonance Raman Intensity and the
Enhancement Factor

Three azo derivatives are diluted in DMSO with the same con-
centration of 670 uM which is much lower than 5 mM (the detec-
tion limit for traditional Raman detection). The available 488,
532, and 633 nm lasers are used for the excitation of Raman scat-
tering and Raman spectra are obtained with the same confocal
microscope under the same experimental conditions (room tem-
perature, laser power after objective, accumulation time).

We measured the Raman intensity of the azo-benzene DMSO
solution with a 670 uM X 100 concentration under the same
experimental conditions (as shown in Table 1 and Fig. 2).
Because of the resonance enhancement contribution by a tiny
absorption difference at three excitation wavelengths, we observed
insignificant differences at three excitations. Then we chose the
Raman intensity of azo-benzene at 1436 cm™! [(N=N)] under
the 633-nm excitation, which is far away from the UV absorption
spectrum of azo-benzene, as a standard for evaluating the enhance-
ment and estimated enhancement factors (EFs) that are listed for
different excitations.

RRS is due to the overlap of the excitation wavelength and
absorption spectra of measured samples and Raman scattering
can be enhanced by resonance, but Raman scattering may also
be reabsorbed if the absorption of the measured sample is still
strong enough at the wavelength of the Raman scattering signal.
Therefore, the final enhanced Raman intensity is a product of
resonant enhancement and reabsorption of Raman scattering.
Where should we choose our excitation wavelength for opti-
mum resonance enhancement of the Raman intensity? The
short wavelength ridge, the long wavelength ridge, or the maxi-
mum point of the absorption curves? In order to consider the
influence of reabsorption of the Raman scattering by the mea-
sured results, the Raman spectra of three derivatives were drawn
in two figures: the first figure uses a Raman shift (cm™') as the
horizontal coordinate, from which we can analyze the Raman
shift intensity of specific chemical bands; the second figure

Azo Am-3CN
F — — Azo Am-2CN -
—---Azo Am-CN

500 .
Wavelength (nm)

(b)

Fig. 1 (a) Chemical structures and (b) normalized absorption spectra of azo-benzene, azo Am-CN, azo

Am-2CN, and azo Am-3CN.
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Table 1 Raman intensities of azo-benzene at 488, 532, and 633 nm
laser excitation (concentration: 670 zM x 100).

Raman intensities

Excitation Absorption of azo-benzene
wavelength of azo-benzene ~1436 cm™!
488 nm 0.026 1261

532 nm 0.014 908

633 nm 0.008 514

uses the practically measured wavelength of a Raman scattering
signal as the horizontal coordinate, and the absorption spectra
are combined to evaluate the Raman intensity decline caused
by the sample reabsorption of Raman scattering.

3 Results

Three intense Raman peaks of azo Am-CN are observed at
1135, 1375, and 1600 cm™! [Fig. 3(a)] and intensities are listed
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Fig. 2 Raman spectra of azo-benzene at 488, 532, and 633 nm exci-
tations, (power: 5 mW, accumulation time: 1 s, concentration: 67 mM
in DMSO).

in Table 2. The EFs are calculated by dividing the Raman peaks
of the main structure [v(N=N)] at 1375 cm~! by that of azo-
benzene at 1435 cm™! (as shown in Table 1 and Fig. 2. No
Raman signal of azo-benzene was observed in solution with
the 670 uM concentration]. Three derivatives have EFs ranging
from 10 to 10° at different excitations. Assignments of
Raman bands have been done according to theoretical analysis'®
and marked in Fig. 3(a). Obtained results indicate that:
(a) Raman intensities at 1135, 1375, and 1600 cm~! are
enhanced due to a resonance mechanism at all three excitations;
(b) Raman intensity increases, but not proportionally, when the
absorption increases. Figure 3(b) gives all Raman scattering sig-
nals versus the real wavelength under three excitations. Three
excitation wavelengths are located at the long wavelength
ridge of the absorption spectrum of azo Am-CN. In this case,
the real wavelength of the Raman peaks with a smaller
Raman shift is close to the peak of the absorption spectrum,
so Raman enhancement for peaks with a smaller Raman shift
show a gentler increase due to the reabsorption of Raman scat-
tering by the azo Am-CN sample (for example: when absorption
increases from 0.293 to 0.95, the intensity of the 1135 cm™!
peak has little change while those of 1375 and 1600 cm™!
double).

In the case of the azo Am-2CN sample, three intense Raman
peaks are observed at 1135, 1375, and 1600 cm™" [Fig. 4(a)]
and the intensities are listed in Table 3. The absorption spectrum
of azo Am-2CN [solid curve, Fig. 4(b)] shows that the maxi-
mum absorption occurs at 514 nm and one excitation wave-
length is located at the short wavelength ridge of the
absorption spectrum of azo Am-2CN and the other two excita-
tions are located at the long wavelength ridge. Azo Am-2CN has
a similar amount of absorption at 488 and 532 nm excitations.
Results indicate that: (a) Raman intensities of the two peaks at
1375 and 1600 cm™! are enhanced due to the resonance mecha-
nism; (b) Raman intensity increases with the increase of the
absorption, and when the excitation wavelength is close to
the maximum absorption wavelength, the absorption dominates
for the resonance enhancement and the reabsorption shows a
limited influence (e.g., when we move the excitation from
488 to 532 nm, the absorption increases slightly from 0.873
to 0913 and the Raman intensities of the 1375 and
1600 cm™! peaks have similar growths. The reabsorption has
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Fig. 3 Raman spectra of azo Am-CN at 488, 532, and 633 nm excitations (power: 5 mW, accumulation
time: 1 s, concentration: 670 M in DMSO): (a) standard Raman spectra versus Raman shift (cm~") and
(b) Raman spectra versus the measured wavelength of Raman scattering signal combined with the

absorption spectra of azo Am-CN.
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Table 2 Raman intensities of azo Am-CN at 488, 532, and 633 nm laser excitation (concentration: 670 uM).

Raman intensities

Excitation wavelength ~ Absorption 1135 ¢cm~' [1(C—C))

1375 cm™" [y(N=N)]

1600 cm~! [(C—C)] Estimated enhancement factor (EF)

488 nm 0.95 3222 7913 2174 1539
532 nm 0.293 3010 4973 1042 967.5
633 nm 0.0013 341 235 70 457
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Fig. 4 Raman spectra of azo Am-2CN at 488, 532, and 633 nm excitations (power: 5 mW, accumulation
time: 1 s, concentration: 670 M in DMSO): (a) standard Raman spectra versus Raman shift (cm~") and
(b) Raman spectra versus the measured wavelength of Raman scattering signal combined with the

absorption spectra of azo Am-2CN.

little influence although the real wavelength of the Raman scat-
tering signal at 488-nm excitation is much closer to the maxi-
mum absorption wavelength than that at 532 nm and should be
more susceptible to the reabsorption of the samples).

In the case of azo Am-3CN, three intense Raman peaks are
observed at 1135, 1375, and 1600 cm™' [Fig. 5(a)] and the
intensities are listed in Table 4. 488 and 532 nm excitations
are located at the short wavelength ridge of the absorption
spectrum and the 633-nm excitation is located at the long
wavelength ridge [Fig. 5(b)]. Results indicate that:
(a) Raman intensities of the two peaks at 1375 and
1600 cm™! are enhanced due to the resonance mechanism;
(b) by comparing Raman intensities of this sample at 488
and 633 nm, we can conclude that the enhanced Raman

bands at the 488-nm excitation (far from the maximum absorp-
tion wavelength) are influenced by reabsorption since more
than double absorption the at 488 nm did not cause a doubling
of the intensity of the Raman bands at 1600 cm~'. However,
when the excitation moved from 488 to 532 nm, the double
absorption leads to a 3x times increase in the intensities at
1375 and 1600 cm™! because 532 nm is close to the maximum
absorption wavelength and the absorption dominates for
Raman enhancement, which confirms the conclusion from
the azo Am-2CN sample.

In brief, due to optical absorption at excitation, these three
derivatives generate strong signals to improve a concentration
detection threshold to <100 uM at 488, 532, and 633 nm exci-
tation lines.

Table 3 Raman Intensities of azo Am-2CN at 488, 532, and 633 nm laser excitation (concentration: 670 uM).

Raman intensities

Excitation wavelength ~ Absorption 1135 cm=" [1(C—C)] 1375 cm~' [y(N=N)] 1600 cm~" [1(C—C)]  Estimated enhancement factor
488 nm 0.873 262 5377 1134 1046
532 nm 0.913 745 5778 1210 1124
633 nm 0.006 87 300 40 58.3
Journal of Biomedical Optics 095003-4 September 2015 « Vol. 20(9)
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Fig. 5 Raman spectra of azo Am-3CN at 488, 532, and 633-nm excitations (power: 5 mW, accumulation
time: 1 s, concentration: 670 M in DMSO): (a) standard Raman spectra versus Raman shift (cm~") and
(b) Raman spectra versus the measured wavelength of Raman scattering signal combined with the

absorption spectra of azo Am-3CN.

Table 4 Raman intensities of azo Am-3CN at 488, 532, and 633-nm
laser excitation (concentration: 670 uM).

Raman intensities

Estimated
Excitation ~1375cm-!  ~1600 cm-! enhancement
wavelength Absorption  [,(N=N) [v(C—C)] factor
488 nm 0.369 1470 1207 286
532 nm 0.794 4096 3803 797
633 nm 0.1584 775 1160 150.8

4 Discussion

The positive contribution of the electronic transition for reso-
nance Raman enhancement beats the negative contribution of
the reabsorption of Raman scattering by the sample for all sam-
ples, but we need to consider this negative contribution for spe-
cific Raman bands. To summarize: (a) resonance Raman
intensity obviously climbs with the growth of the absorption
of samples at the short ridge of the absorption spectrum [azo
Am-3CN, the Raman intensity had an around three times
increase from 1470 to 4096 when the excitation changed
from 488 nm (Ab: 0.369) to 532 nm (Ab: 0.794)]; (b) resonance
Raman intensity declines slowly with the lessening of the
absorption at the long ridge of the absorption spectrum [azo
Am-CN, the Raman intensity had a change from 7913 to
4973 when the excitation wavelength changed from 488 nm
(Ab: 0.95) to 532 nm (Ab: 0.293, three times decrease)]; (c) res-
onance Raman intensity has a ~20-times decline when the
absorption has ~100 times decrease (Fig. 4). This magnitude
difference is enough for distinguishing two different compo-
nents in a complex system; (d) even at the edge of the curve
of absorption with only 0.0013 of the maximum, the resonance
has a 10 ~ 100 enhancement contribution to the Raman inten-
sity; (e) a ~60 cm™! blue-shift (from ~1436 to ~1375 cm™!) of
the Raman line was observed for the same chemical band after
gaining enhancement and the enhanced Raman bands become
broader.
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5 Conclusions

The main focus of this work was to determine experiential laws
of the resonance enhancement factor with the excitation wave-
length, especially in the visible range. By processing and
analyzing resonance Raman spectra of three derivatives of
azo-benzene, we obtained the enhancement factor tendency
with the excitation wavelenth at two ridges of the absorption
spectrum. We concluded that the long wavelength edge of
the absorption spectrum works better for Raman enhancement.
With the same value of the normalized absorption, the longer
wavelength shows a more intense Raman enhancement and a
more complete Raman spectrum. The results are valuable for
the application of RRS-based selective components analysis
in complex biological systems and the design of numerous res-
onance Raman reporters that are suitable for chemical and bio-
logical fields.
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