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The amide A band of protein is sensitive to the hydrogen bands of amide groups of proteins.
However, it is hard to distinguish the amide A band of aqueous protein in situ directly,
since it overlaps with O−H stretching vibration of water. In this work, we presented a new
analytical method of Raman ratio spectrum, which can extract the amide A band of proteins
in water. To obtain the Raman ratio spectrum, the Raman spectrum of aqueous protein was
divided by that of pure water. A mathematical simulation was employed to examine whether
Raman ratio spectrum is effective. Two kinds of protein, lysozyme and α-chymotrypsin were
employed. The amide A bands of them in water were extracted from Raman ratio spectra.
Additionally, the process of thermal denaturation of lysozyme was detected from Raman
ratio spectrum. These results demonstrated the Raman ratio spectra could be employed to
study the amide A modes of proteins in water.
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I. INTRODUCTION

Protein molecules are important to life activities. For
example, enzyme could accelerate the chemical reac-
tions in body, hemoglobin could transport oxygen in
red blood cells, insulin could regulate the metabolism
of fats and carbohydrates, and inhibit the production
of glucose in the liver. The functions of proteins are de-
termined by their structures. The structures have been
studied by plenty of technologies. One of the popular
technologies is the vibrational spectroscopy. The vibra-
tional spectra of proteins in amide region could identify
their secondary structure. In the amide I spectral re-
gion, the vibrational band locates in 1650−1660 and
1670−1680 cm−1 for α-helix and β-sheet structures of
proteins, respectively [1–4]. The amide I bands of dif-
ferent secondary structure overlap seriously with each
other. Thus, the overlapping amide I band locates in a
higher wavenumber for the protein with more β-sheet
structure [5]. In the amide II mode spectral region, the
band width of α-helix structure is larger than that of β-
sheet [6]. Additionally, in the amide III spectral region,
the vibrational band locates in the 1299 and 1235 cm−1
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for α-helix and β-sheet structures of protein, respec-
tively [7, 8].

Besides the amide I, II, III bands, the amide A (N−H
stretching vibration) band was used to analyze qualita-
tively the secondary structure of protein. For exam-
ple, the amide A modes of some chiral proteins were
recorded through the vibrational sum frequency gen-
eration spectroscopy to study their structures on the
surface of aqueous solutions [9]. It was found that
the amide A vibrational band located in 3268−3274,
3278−3304, and 3355 cm−1 for β-sheet, α-helix, and
310-helix, respectively. Different from the surface, in
the bulk of aqueous proteins, it is difficult to measure
in situ the vibrational spectrum of amide A mode. This
is because the O−H stretching band of H2O overlaps se-
riously with the amide A band. Previously, D2O was
used to replace H2O to avoid the overlap [10]. How-
ever, D2O increases the rigidity of the native structure
of protein [11]. Furthermore, the atoms D of D2O ex-
change with H atoms of amide groups and OH groups
of proteins, which also affects the properties of proteins.
Different from the proteins in water, the amide A band
could be easily recorded for the proteins in solid state,
in organic solvents [12], and the peptides in gas phase
[13–15]. Since proteins only present biological activity
in water, it is significant to record in situ the spectra
of proteins in water. To our best knowledge, the amide
A bands of proteins in water were not recorded in situ
previously.
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In this study, a new analytical method of Raman ratio
spectrum was proposed to measure the amide A modes
of lysozyme and α-chymotrypsin in H2O. The amide
A bands of proteins in water were recorded directly
through dividing the spectra of aqueous proteins to that
of water. It was found that the amide A band of pro-
tein with more β-sheet located in a lower wavenumber.
Furthermore, the Raman ratio spectrum was employed
to record in situ the thermal denaturation of lysozyme
in water.

II. EXPERIMENTS

Lysozyme was purchased from Life Science Prod-
ucts and Services. α-Chymotrypsin was purchased from
Sinopharm Chemical Reagent Co. Water was purified
by an ultrapure water system (Milli-Q, Millipore Co).
All the aqueous proteins were prepared to be about 10%
mass fraction. A drop of aqueous lysozyme at 84 ◦C
was dried on the surface of a glass slide at the same
temperature. The temperature was controlled with a
thermostatic bath (THD-2006, Ningbo).

Raman spectra of these aqueous proteins were
recorded with an instrument similar to that used pre-
viously [16–18]. A CW laser (Coherent, Verdi-V5,
532 nm) was employed to excite the aqueous solutions,
and the power of the laser was set to 1 W. The po-
larization of the laser was purified with a Glan-laser
prism, and then controlled with a halfwave plate. The
Raman signal was dispersed with a triple monochro-
mator (Acton Research, TriplePro) and then recorded
with a liquid nitrogen cooled CCD (Princeton Instru-
ments, Spec-10:100B). During the measurements, the
aqueous solutions were put into a cuboid SiO2 cuvette.
For solid proteins, a commercial confocal Raman spec-
trometer (WITec) was employed. A CW laser (532 nm,
50 mW) was focused on the surface of proteins through
a objective (100∗, Olympus). The Raman spectra were
recorded with an EMCCD (Andor). The wavelengths
of the Raman signals were calibrated with the spectrum
of mercury lamp. All the data were analyzed in the Igor
pro software.

III. RESULTS AND DISCUSSION

A. Raman spectra of protein

Figure 1 shows the Raman spectra of water and aque-
ous lysozyme in the region of 3000−3700 cm−1. The two
spectra are similar obviously. In the Raman spectrum of
aqueous lysozyme, the small peak at about 3070 cm−1

was assigned to the C−H stretching vibration of ben-
zene ring group of lysozyme [4]. As the amide A band
of proteins locates in the region of 3250−3350 cm−1 [9–
15, 19], it overlaps seriously with the Raman spectrum
of water in the O−H stretching vibration region. Be-

FIG. 1 Raman spectra of aqueous lysozyme (solid line) and
pure water (dashed line) in the N−H (amide A) and O−H
stretching region.

cause of the small intensity of amide A band and the
low concentration of lysozyme, it is difficult to distin-
guish the amide A band from the Raman spectrum of
aqueous lysozyme. Previously, the proteins were usually
studied through the spectra in the amide I, II and III re-
gion [1–8], as these modes could be easily distinguished
from the spectrum of water. However, if the vibrational
bands of some particular solvents overlapped with the
amide I, II or III bands, the amide A band should be
a candidate to be employed to study the structure of
proteins. In the following section, we will introduce a
new method to distinguish the amide A band from the
O−H stretching band of water.

B. Raman ratio spectrum

Raman ratio spectrum was proposed firstly to extract
the amide A band of proteins in the spectra of aqueous
proteins. It was defined with the equation,

R(ν) =
I(ν)

Iwater(ν)
(1)

where R(ν) is the Raman ratio spectrum, I(ν) and
Iwater(ν) are the Raman spectra of aqueous protein and
pure water, respectively. Aqueous protein contains bulk
water, protein and the hydration shell of protein, thus
the spectrum of the aqueous protein could be written
as:

I(ν) = aIwater(ν) + bIprotein(ν) + Ihydration(ν) (2)

where Iprotein(ν) and Ihydration(ν) are the Raman spec-
tra of protein and their hydration, respectively, a and b
are coefficients. For large protein, its hydration is much
less than that of the protein and bulk water, the spec-
trum of the hydration shell could be ignored in Eq.(2).
Hence the Raman ratio spectrum could be expressed as
the following equation,

R(ν) ≈ a+ b
Iprotein(ν)

Iwater(ν)
(3)
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FIG. 2 (a) The simulated Raman spectrum of water (red solid line), amide A band (blue solid line, 100 times amplified) and
aqueous protein (black solid line); (b) Experimental Raman spectrum of pure water (black solid line) at room temperature
and the corresponding multi-peak fitting; (c) The simulated amide A band (blue dashed line) and the Raman ratio spectrum
(black solid line).

FIG. 3 The simulated Gaussian bands (blue dashed line) and the corresponding Raman ratio spectra (black solid line) at
low (a) and high (b) wavenumber in the OH stretching region. (c) Comparison of the wavenumbers of the Gaussian bands
and these of the corresponding Raman ratio spectra.

Around 3300 cm−1 region the intensity of water is ap-
proximately constant, thus amide A band of protein at
∼3300 cm−1 could be directly distinguished in the Ra-
man ratio spectrum.

To examine whether amide A band can be extracted
from Raman ratio spectrum, a mathematical simula-
tion was employed. As shown in Fig.2(a), the simulated
spectrum of water added a weak Gaussian peak to sim-
ulate the spectrum of aqueous protein. The simulated
spectrum of water was obtained by the multi-peak fit-
ting of the experimental Raman spectrum of pure water
(Fig.2(b)). The fitting procedure only offered the math-
ematic function of the experimental spectrum, it did not
present any real physical meaning. A Gaussian peak at
3300 cm−1 was employed to simulate the spectrum of
amide A band. The intensity of this peak was set to be
about 1/1000 of that of water at maximum. The full
width at half maximum (FWHM) of this peak was set
to be 62 cm−1, which was similar to the FWHM of the
experimental amide A band of protein on surface [9].
The simulated amide A band was very small, thus the
simulated spectrum of aqueous protein was very similar
to that of water, and the amide A band cannot be dis-
tinguished. The Raman ratio spectrum was calculated,

and was shown in Fig.2(c). A single band was observed
in the ratio spectrum. This band are almost the same
as the simulated amide A band. Both the Raman shift
and the FWHM of this band agreed well with these of
the simulated band. Consequently, Raman ratio spec-
trum could be employed to distinguish amide A band
from the spectrum of aqueous protein.

The general applicability of Raman ratio spectrum
was checked in the whole O−H stretching regions. Two
Gaussian bands at the lowest (Fig.3(a)) and highest
wavenumber (Fig.3(b)) in this region were employed
to simulate the amide A band and the spectrum of
aqueous solutions. Similar to the above simulation, the
simulated Raman ratio spectra were calculated (Fig.3
(a) and (b)). The bands in the ratio spectra matched
well with the Gaussian bands. In addition, the Ra-
man shifts of the bands in Raman ratio spectra were
compared with those of the Gaussian bands (Fig.3(c)).
They matched well with each other. Consequently, the
Raman ratio spectra could be employed to extract a
small band from the Raman spectrum of water mixtures
in the whole O−H stretching region. Furthermore, the
difference between the Raman shift of the bands in ratio
spectra and that of the Gaussian bands was the small-

DOI:10.1063/1674-0068/29/cjcp1511240 c⃝2016 Chinese Physical Society



132 Chin. J. Chem. Phys., Vol. 29, No. 1 Cheng-qian Tang et al.

FIG. 4 The Raman ratio spectrum R(ν) of aqueous
lysozyme (solid line) and the Raman spectrum of solid
lysozyme (dash-dotted line) at room temperature.

est at ∼3300 cm−1, thus Raman ratio spectra were the
most exact to determine the band in the this region.
Luckily, the amide A band locates in this region.

The experimental spectra were employed to check
whether the Raman ratio spectrum could be employed
to extract the amide A band of protein in water. Using
the experimental Raman spectrum of aqueous lysozyme
and that of water, the Raman ratio spectrum was ob-
tained, and it was shown in Fig.4. A single band was
observed in this spectrum. The band located at about
3300 cm−1, which agreed well with the amide A band
of protein on the surface [9]. The amide A band of solid
lysozyme was directly recorded in its Raman spectrum
(Fig.4). It was found that the amide A band of solid
lysozyme matched well with the band in the Raman ra-
tio spectrum of aqueous lysozyme. Consequently, the
band in the Raman ratio spectrum was assigned to
amide A mode.

Previously the secondary structures of protein were
widely studied through amide I band in Raman spec-
tra [1–5], and the amide A band in the sum frequency
generation spectra [9]. Here we examined whether the
amide A band in Raman ratio spectrum can be em-
ployed to identify qualitatively the secondary struc-
ture of protein in water. Lysozyme [20] (α-helix 40%,
β-sheet 10%) and α-chymotrypsin (α-helix 14%, β-sheet
32%) [21] were used, since their secondary structures are
much different. The secondary structures of the solid
proteins were recorded from the X-ray diffraction of
solid lysozyme and α-chymotrypsin. In the solid state,
the Raman spectra in both amide I and amide A region
could be easily recorded. The spectra of both proteins
were plotted in Fig.5 (a) and (b). It was widely ac-
cepted that the amide I band of α-helix located in a
lower wavenumber than that of β-sheet [1–4], and the
amide A band of α-helix located in a higher wavenum-
ber than that of β-sheet [9]. The Raman spectra of
both solid proteins in amide I (Fig.5(a)) and amide A
(Fig.5(b)) region supported the relationship. This re-
lationship was also observed in the Raman spectra and

FIG. 5 Raman spectra of solid lysozyme (solid line) and α-
chymotrypsin (dashed line) in amide I (a) and amide A (b)
region. Raman spectra (c) and Raman ratio spectra (d) of
lysozyme (solid line) and α-chymotrypsin (dashed line) in
water, respectively.

Raman ratio spectra of proteins in water. The spectra
in amide I region of both aqueous proteins were mea-
sured and plotted in Fig.5(c). The amide I band of
lysozyme located at a lower wavenumber than that of
α-chymotrypsin, which demonstrated α-helix structure
of lysozyme in water were much more than that of α-
chymotrypsin in water. The amide A bands of both
proteins in water were obtained through the Raman ra-
tio spectra (Fig.5(d)). It was found that the frequency
of the amide A band of the lysozyme with more α-helix
was larger than that of the α-chymotrypsin with more
β-sheet. As a consequence, Raman ratio spectrum in
amide A region can be used to identify qualitatively in
situ the secondary structure of protein in water.

C. Thermal denaturation of lysozyme

As the Raman ratio spectrum of amide A band can
identify qualitatively the secondary structure of pro-
teins, it could be employed to study the denaturation of
proteins. Previously, the thermal denaturation of pro-
tein was usually monitored through amide I band [22–
24]. It was found the fraction of α-helix decreased when
thermal denaturation occurred [25]. The Raman spec-
trum of solid native lysozyme at room temperature was
compared with that of the solid denaturated lysozyme
at 84 ◦C. The solid lysozyme at 84 ◦C was dried up
from its aqueous solution. The amide A band was di-
rectly recorded for both solid lysozyme, as shown in
Fig.6(a). The band located at 3304.1 and 3312.5 cm−1

for solid lysozyme at 84 and 25 ◦C respectively. The
red shift of 8.4 cm−1 indicates that the fraction of α-
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FIG. 6 (a) Raman spectra of solid lysozyme at 25 ◦C
(dashed line) and at 84 ◦C (solid line). (b) Raman ratio
spectra of aqueous lysozyme at 25 ◦C (dashed line) and at
84 ◦C (solid line).

helix decreased during the thermal denaturation. To
detect in situ the change of the secondary structure of
lysozyme in water during the thermal denaturation pro-
cess, the Raman ratio spectra of aqueous lysozyme at 25
and 84 ◦C were recorded. The raw Raman ratio spec-
tra were fitted with multi-peaks to remove the spectral
contribution of the strong alkyl stretching band. The
final Raman ratio spectra at both temperatures were
plotted in Fig.6(b). The amide A band of lysozyme in
water at 84 and 25 ◦C located at 3299.6 and 3308 cm−1

respectively. The red shift of 8.4 cm−1 was obviously
observed. It agreed very well with that from the Ra-
man spectra of the solid lysozymes. Consequently, the
Raman ratio spectrum could be employed to study qual-
itatively in situ the secondary structure of protein in
water with high accuracy.

Furthermore, the process of thermal denaturation of
aqueous lysozyme can be monitored in situ by amide A
band in the Raman ratio spectrum. The Raman spec-
tra were recorded in the O−H stretching and amide A
region for aqueous lysozyme from 60 ◦C to 84 ◦C. The
Raman ratio spectra of amide A band at these temper-
atures were obtained and plotted in Fig.7(a). The fre-
quencies of the amide A mode were listed in Fig.7(b).
These temperature dependent frequencies were fitted
with a sigmoid function. The denaturation temperature
was determined to be ∼75 ◦C. The temperature agreed
with that from other technologies [26]. Previously, the
thermal denaturation was also detected with the vibra-
tional spectra of the amide I band [22–24]. Here the
Raman spectra of amide I band were also recorded,
they were analyzed to compare with the results from the
amide A band in the Raman ratio spectra. The spec-
tra of amide I band at the temperatures were plotted
in Fig.7(c). The frequencies of this mode were plotted
in Fig.7(d). These temperature dependent frequencies
were also fitted with a sigmoid function. The denatu-
ration temperature was determined to be ∼77 ◦C. The
temperature agreed well with that from the amide A in
the Raman ratio spectra. Thus, the thermal denatu-
ration of lysozyme in water indeed could be monitored
in situ by Raman ratio spectrum. The amide A band

FIG. 7 (a) Raman ratio spectra of aqueous lysozyme in the
amide A region at temperatures of 60, 63, 66, 69, 71, 73, 75,
77, 79, 81, and 84 ◦C (from bottom to top, respectively).
(b) Temperature dependent frequencies of amide A mode
from Raman ratio spectra. (c) Raman spectra of aqueous
lysozyme in the amide I region at the same temperatures as
in (a). (d) Temperature dependent frequencies of amide I
mode from Raman spectra.

provides a candidate method to study qualitatively the
secondary structure of proteins in water when amide I
band was overlapped with other bands.

Besides Raman spectroscopy, IR spectroscopy is also
widely used to study the secondary structure of protein
[27–30]. Here, the IR spectrum of aqueous lysozyme
was measured, and the IR ratio spectrum was also ob-
tained. However, the amide A band was not observed in
the IR ratio spectrum. One of the reason may be that
IR absorption coefficient of O−H stretching mode of
water is extremely larger than that of amide A mode of
protein. Another reason may be the small signal noise
ratio in our IR spectrum.

IV. CONCLUSION

Because of the strong overlapping with O−H stretch-
ing vibration of water, the weak amide A band of pro-
tein in water was not obtained previously. In this work,
we presented a new analytical method of Raman ratio
spectrum to record in situ the amide A band of protein
in water. The viability of this method was proven by
a mathematical simulation and the experimental spec-
trum of proteins in water. This new method was sup-
ported by comparing the Raman spectra in amide I
region and Raman ratio spectra in amide A region of
lysozyme and α-chymotrypsin in water. The Raman ra-
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tio spectrum was employed to study in situ the thermal
denaturation of lysozyme in water. The Raman ratio
spectrum is a new approach to study qualitatively the
secondary structure of protein in water.
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