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The SERRS intensity ratio of the peak at 1560 cm–1 to that at 1620 cm–1 was applied to detect the spin 
states of heme in metmyoglobin sensitively.  
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 2

Abstract 

Surface-enhanced resonance Raman scattering (SERRS) spectra of myoglobin 

(Mb) with various ligands were measured.  In the resonance Raman scattering (RRS) 

spectra, the peaks around at 1610 and 1640 cm
–1

 have been used to discriminate 

between the heme iron in high or low spin state so far.  In the SERRS spectra, however, 

the spin state cannot be distinguished by the corresponding peaks.  Alternatively, the 

intensity ratio of the SERRS peak at 1560 cm
–1 

to that at 1620 cm
–1

 was applied to 

detect the spin states sensitively (1.5 ! 10
5
 times compared with the RRS); namely, the 

high ratio was obtained from met-Mb in the high spin state at pH " 7 except for in a 

strong acid solution.  The different marker bands between the SERRS and RRS may 

be due to the enhancement order by the surface selection rule.  

 

 

Keywords: Surface-enhanced resonance Raman scattering, resonance Raman scattering, 

myoglobin, heme, spin state 
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Introduction 

 For analysis of biological and medical molecules, Raman spectroscopy is very 

useful, because it provides detailed information about the molecular structure through 

the sharp peaks of the vibrational modes of molecules in fingerprint region and is 

insensitive to the aqueous environment.
1–4

  However, the Raman signal is often too 

weak to observe a small amount of a sample such as a protein.  Thus, resonance 

Raman spectroscopy has been applied to study biological and medical molecules.
3–10

  

By using resonance Raman effect, namely, excitation at an absorption band of a 

chromophore, only peaks from it are remarkably enhanced.  A wide variety of 

applications of resonance Raman scattering (RRS) can be found for studies of 

carotenoids, retinal, bacteriorhodopsin, metal proteins, chlorophylls, and 

hemeproteins.
3–12

   

 Hemeproteins play a varaiety of important roles such as respiration, electron 

transports, and detoxification in a living body.  Myoglobin (Mb), which is found in 

muscle working for oxygen storage, consists of a heme molecule and a polypeptide 

chain (17 kDa).  A heme is composed of a protoporphyrin and an iron ion.
12–14

  The 

iron ion is coordinated by one and four nitrogen atoms of histidine group of the peptide 

and the protoporphyrin, respectively.  O2 and various ligands can be bound by the rest 

of the coordinate bond.
12–14

  The iron ion in heme of Mb is oxidized and then changed 

into Fe
3+

 (met-Mb).  In a living body, however, the iron ion of Mb exists as Fe
2+

 in the 

presence and absence of O2 (oxy-Mb and deoxy-Mb, respectively).  Met-Mb is 

classified by five d-electrons of Fe
3+

 in high and low spin state, namely, S = 5/2 and 1/2, 
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respectively.  For Fe
2+

 in Mb, six d-electrons form high and low spin state, namely, S 

= 2 and 0, respectively.  The spin state is related to O2 and ligand-binding.
15–17

  In the 

studies of hemeprotein through resonance Raman scattering,
4–11

 strong peaks from heme 

can be measured by excitation at absorption bands of heme in ultraviolet and visible 

(UV-Vis) region.  It is noted that marker bands for discrimination of the oxidation and 

spin states of the iron ion have been reported.
4–8

  However, the resonance Raman 

signal is still too weak to measure heme in vivo because of its low concentration, and 

the UV-Vis excitation light can induce fluorescence and photo-degradation.   

Recently, surface-enhanced Raman scattering (SERS) has been applied to 

highly sensitive detection.
18–29

  On a noble metal nanoparticle, an electromagnetic 

(EM) field is enhanced by resonance of plasmon with excitation light due to dipolar 

oscillation of the conduction band electrons, which is called localized surface plasmon 

resonance.  The EM field is enormously enhanced at a gap of the nanoparticles, and 

then causes SERS.
19–21

  In SERS with resonance Raman effect, namely, 

surface-enhanced resonance Raman scattering (SERRS), the fluorescence and the 

photo-degradation are prevented by energy transfer to the metal.  Indeed, SERRS has 

been used for measurement of a single Mb molecule in aqueous solution and sensitive 

discrimination between hemoglobin and glycated hemoglobin.
22,23

  To the best of our 

knowledge, however, the discrimination of the oxidation and spin states of heme using 

SERRS has not been reported yet.  The reason may be that SERRS spectra are strongly 

affected by adsorption and orientation of molecule on the metal surface.
24

  Moreover, 

It has been found that the oxidation by Ag affects the SERRS spectra of Mb.
25,26

  In 
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 5

the present study, SERRS spectra of Mb with various ligands or at various pH which 

show the different oxidation and spin states of heme were measured, and then the 

marker band for highly sensitive discrimination of the spin state of heme was 

discovered by the SERRS measurements.  Furthermore, we consider a reason for the 

different marker bands between the SERRS and RRS.  Thus, the sensitive detection 

using SERRS can be applied to the in vivo discrimination at single molecule level and 

an evaluation of an infinitesimal amount of biomimetic molecules using heme for gas 

sensors and blood substitutes.
11,30

  

  

Experiments 

 We used Mb from equine skeletal muscle as purchased from Sigma-Aldrich!

Japan.  An aqueous solution of Mb (0.3 mM) was used as a sample of met-Mb in the 

high spin state (Mb-H2O).  Another sample of met-Mb in the high spin state was 

obtained by addition of NaF (300 mM) to a stock of Mb-H2O (Mb-F).  On the other 

hand, samples of met-Mb in the low spin state were prepared by adding imidazole (15 

mM) and NaN3 (15 mM) to the stock (Mb-Im and Mb-N3, respectively).  We added 

NaBH4 (15 mM) to the stock and then obtained a sample of deoxy-Mb in the high spin 

state.  Moreover, pH of an aqueous solution of Mb was adjusted from 2 to 12 at 

intervals of one by adding HCl (0.1—1 M) and NaOH (0.05—1 M) aqueous solution to 

the sample.  Absorption spectra of the Mb complexes were acquired by a UV-Vis 

spectrometer (Shimadzu, UV-3101PC).  Their resonance Raman scattering (RRS) and 

SERRS spectra were measured by excitation using a 514 nm line of an Ar ion laser 
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 6

(Spectra-Physics, Stabilite 2017-06S) whose intensity of 50 and 0.5 mW, respectively, 

through an objective lens (SLWD Plan (APO) 9!) of a reflection-mode Raman 

microscope (Photon design, Nanostar NFRSM800).  The spectral resolution is about 2 

cm
–1

.  Both measuring times were 540 s and the same.  The SERRS were measured 

from a mix of the sample solution of the Mb (0.3 mM), a citrate-reduced Ag colloidal 

suspension,
27

 and a NaCl aqueous solution (100 mM) at a volume ratio of 1:1000:500, 

respectively.   

 

Results and Discussion 

 Figure 1 shows absorption spectra of the Mb samples.  The prominent bands 

around at 400 nm are attributed to their Soret band.  In the case of deoxy-Mb, two 

characteristic bands, ! and " bands, appear in the 500—600 nm region.  The spectral 

changes indicate that met-Mb was reduced to deoxy-Mb by the addition of NaBH4.
31,32

  

Incidentally, the red-shifted Soret-band of Mb-N3 has been already reported.
33,34

  The 

absorption bands originate from the heme moiety, and thus we used the excitation light 

at 514 nm for resonance Raman effect on heme.  In a RRS spectrum obtained by the 

excitation near the Soret band, anomalously polarized peaks of heme, which are 

enhanced by excitation at the ! and " bands, hardly appear.
4,6

   

 It can be seen from Figure 2 that the RRS spectra are changed by the addition 

of the various kinds of ligands to Mb.  The peak assignment in the RRS spectra is 

summarized in Table 1.  In the case of deoxy-Mb, the peak appears at 1354 cm
–1

, and 

in the other RRS spectra it is shifted to 1370 cm
–1

.  The peak, which is assigned to 
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 7

symmetrical stretch mode of pyrrole half-ring,
10

 is used for the discrimination between 

Fe
2+

 and Fe
3+

 in heme.
4,6–8

  Furthermore, a peak appears at 1614 cm
–1

 in the RRS 

spectra of Mb-H2O, Mb-F, and deoxy-Mb, while it is shifted to 1640 cm
–1

 by the 

addition of imidazole (Mb-Im) and NaN3 (Mb-N3).  These peaks, which are attributed 

to asymmetrical stretching mode of C!Cm of heme,
10

 are a marker band for the detection 

of spin state of the iron ion through the core size of heme; namely, the peaks at lower 

and higher wavenumbers indicate the high and low spin states, respectively.
4–8

   

Figure 3 shows the SERRS spectra from the same sample as Figure 2 (the 

spectra in 0—3700 cm
–1

 are shown in Figure S1 in the ESI).  Their signal to noise 

ratios are similar to those of the RRS spectra, while the excitation laser intensity and the 

concentration in the RSS measurement were 100 and 1500 times as strong and dense as 

the SERRS measurement, respectively.  The broader SERRS peaks than the RRS 

peaks may be due to absence of motional narrowing, because the former and latter were 

observed from the molecules adsorbed on the metal and in an aqueous solution, 

respectively.  It is noted that the similar SERRS spectra were measured by the addition 

of the various kinds of the ligands to Mb, although the RRS spectra were different.  In 

the SERRS spectra of deoxy-Mb, its RSS peak at 1354 cm
–1

 is shifted to 1370 cm
–1

.  

The former and latter peaks indicate Fe
2+

 and Fe
3+

 in heme, respectively.
4,6–8

  The 

upward shift of the SERRS peak may be due to the fact that deoxy-Mb is oxidized by 

citrate-reduced Ag nanoparticles.  Indeed, it has been revealed that the oxidation 

occurred at the edge of a hemoglobin nanocrystal by a tip-enhanced Raman scattering 

(TERS) technique.
25

  Moreover, the upward shift due to the oxidation has been 
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 8

prevented by using thiol-protected Ag nanoparticles and a TERS technique, in which 

deoxy-Mb avoids contact with Ag.
26

   

In the SERRS spectra of Figure 3, the peaks at 1640 cm
–1

, due to 

asymmetrical stretching mode of C!Cm of heme,
10

 is barely observed even from Mb-Im 

and Mb-N3 in the low spin state.  Thus, the peaks cannot be used as the marker band 

for detection of the spin state of heme.  Alternatively, the peak at 1560 cm
–1

, assigned 

to stretching mode of C"C" in skeletal structure of heme,
10

 in the high spin state were 

stronger than those in the low spin state.  The reason for the difference between the 

RRS and SERRS peaks could be orientation of Mb adsorbed on the Ag surface.  

SERRS mainly originates from the enhanced EM field at a gap of Ag nanoparticles.
19–21

  

The peak whose vibrational mode parallel to the metal surface, namely, perpendicular to 

the enhanced EM field is enhanced insufficiently.  However, both of the peaks at 1640 

and 1560 cm
–1

 are caused by in-plane mode.
10

  On the other hand, it has been proposed 

that the relative enhancement should be in the order of B1 < A1 for flat and vertical 

orientation of the adsorbed molecules by the surface selection rule.
18,19

  Indeed, it has 

been already reported that SERS enhancement depends on symmetry type of normal 

Raman via the surface selection rule.
28,29

  The peaks at 1640 and 1560 cm
–1

 belong to 

B1g and A1g modes, respectively,
10

 and the former was barely observed in the present 

SERRS spectra.   

 We investigated pH dependence of the SERRS peak at 1560 cm
–1

.  In an 

aqueous solution at pH ! 8, Mb from equine skeletal muscle, which is the same sample 

as the present study, exists as Mb-OH in the low spin state, while it is changed into 
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 9

Mb-H2O in the high spin state at pH ! 7.
5
  In the case of Mb from sperm whale, it has 

been reported that the spin state changes at pH = 8.9 by using NMR.
17

  Figure 4a and 

4b show the pH dependent RRS and SERRS spectra of Mb in aqueous solution, 

respectively (the spectra in 0—3700 cm
–1

 are shown in Figure S2 in the ESI).  The 

RRS peaks at 1640 cm
–1

, which indicate the low spin state, appears at pH " 8 in a 

similar way of the previous report.
5
  On the other hand, intensities of the SERRS peaks 

at 1560 cm
–1

 are normalized by those at 1620 cm
–1

, which correspond to two stretching 

modes of Ca=Cb in vinyl group of heme,
10

 and then plotted against the pH as shown in 

Figure 5.  The peak intensity was defined as height from a datum line, which was 

estimated by linear interpolation between the points at the bases of the peak (for more 

details, see Figure S3 and the explanation in the ESI).  At pH " 8, the normalized 

SERRS intensities at 1560 cm
–1

 were smaller than those at pH ! 7 except for pH = 2 

and 3.  At pH = 2 and 3, Mb may be denatured by acid.  Also in the RSS spectrum, 

different peaks are observed in the 1500—1700 cm
–1

 region at pH = 2 (see the bottom 

in Figure 4a).  Thus, the high and low ratio of SERRS intensities at 1560 cm
–1

 to
 
those 

at 1620 cm
–1

 indicates met-Mb in the high and low spin state, respectively.   

 

Conclusion 

The SERRS spectra of heme complexes in Mb show similar signal to noise 

ratios to the RRS spectra, although the excitation laser intensity and the concentration in 

the SERRS were 1/100 (0.5 mW) and 1/1500 (0.2 #M) compared with the RRS, 

respectively.  In the SERRS spectra, the marker bands for detection of the oxidation 
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 10

and spin states of the iron ion in heme, which appear in the 1350—1370 and 

1610—1640 cm
–1

 regions in the RSS spectra, respectively,
4–8

 were always observed at 

similar wavenumbers despite changing the ligand.  The latter marker band for the spin 

state (B1g mode) may be barely enhanced due to the surface selection rule, which leads 

to the enhancement order of B1 < A1.
18,19

  Alternatively, we investigate the pH 

dependent SERRS spectra of Mb-H2O and Mb-OH and then found that the intensity 

ratio of the SERRS peak at 1560 cm
–1

 to
 
that at 1620 cm

–1
, which are assigned to 

stretching modes of the skeletal structure (A1g mode) and the vinyl group of heme, 

respectively,
10

 can be used as the sensitive marker band for detection of the spin state of 

heme; namely, the high and low ratio represents the Fe
3+

 of met-Mb in the high and low 

spin state (S = 5/2 and 1/2), respectively.  By the SERRS marker band, the spin state of 

heme will be detected in vivo sensitively at single molecule level, and an infinitesimal 

amount of biomimetic molecules using heme for blood substitutes and gas sensors can 

be evaluated.   

 

Acknowledgements  

This work was supported by a Support Project to Assist Private Universities in 

Developing Bases for Research (Research Center for Single Molecule Vibrational 

Spectroscopy) from the Ministry of Education, Culture, Sports, Science and Technology 

of Japan.  

Page 11 of 22 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 11

References 

1 J. De Gelder, K. De Gussem, P. Vandenabeele and L. Moens, J. Raman 

Spectrosc., 2007, 38, 1133–1147.  

2 R. Tuma, J. Raman Spectrosc., 2005, 36, 307–319.  

3 J. M. Benevides, S. A. Overman and G. J. Thomas Jr, J. Raman Spectrosc., 

2005, 36, 279–299.  

4 T. G. Spiro, Biological Applications of Raman Spectroscopy, John Wiley & 

Sons Ltd., New York, 1988. 

5 Y. Ozaki, T. Kitagawa and Y. Kyogoku, FEBS Lett., 1976, 62, 369–372. 

6 T. Kitagawa and Y. Ozaki, Structure and Bonding, 1987, 64, 71–114. 

7 T. Uchida and T. Kitagawa, Acc. Chem. Res., 2005, 38, 662–670. 

8 T. G. Spiro, Adv. Protein Chem., 1985, 37, 111–159. 

9 T. G. Spiro, G. Smulevich and C. Su, Biochemistry, 1990, 29, 4497–4508. 

10 S. Hu, K. M. Smith and T. G. Spiro, J. Am. Chem. Soc., 1996, 118, 

12638–12646.  

11 M. Kubo, S. Inagaki, S. Yoshioka, T. Uchida, Y. Mizutani, S. Aono and T. 

Kitagawa, J. Biol. Chem., 2006, 281, 11271–11278. 

12 T. G. Spiro, A. V. Soldatova and G. Balakrishnan, Coord. Chem. Rev., 2013, 

257, 511–527. 

13 B. A. Springer, S. G. Sligar, J. S. Olson and G. N. Phillips Jr, Chem. Rev., 

1994, 94, 699–714. 

Page 12 of 22Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 12

14 J. P. Collman, R. Boulatov, C. J. Sunderland and L. Fu, Chem. Rev., 2004, 

104, 561–588. 

15 P. Rydberg, E. Sigfridsson and U. Ryde, J. Biol. Inorg. Chem., 2004, 9, 

203–223. 

16 M. Rivera and G. A. Caignan, Anal. Bioanal. Chem., 2004, 378, 1464–1483. 

17 T. M. McGrath and G. N. La Mar, Biochim. Biophys. Acta - Protein Structure, 

1978, 534, 99–111. 

18 J. A. Creighton, Surf. Sci., 1983, 124, 209–219.  

19 M. Moskovits, Rev. Mod. Phys., 1985, 57, 783–826. 

20 S. Schlücker, Surface Enhanced Raman Spectroscopy: Analytical, 

Biophysical and Life Science Applications, Wiley-VCH, Weinheim, 2010. 

21 Y. Kitahama, T. Itoh, P. Pienpinijtham, S. Ekgasit, X. X. Han and Y. Ozaki, 

ACS Symp. Ser., 2013, 1113, 181–234. 

22 A. R. Bizzarri and S. Cannistraro, Appl. Spectrosc., 2002, 56, 1531–1537. 

23 M. S. Kiran, T. Itoh, K. Yoshida, N. Kawashima, V. Biju and M. Ishikawa, 

Anal. Chem., 2010, 82, 1342–1348. 

24 E. Podstawka and Y. Ozaki, Biopolymers, 2008, 89, 941–950.  

25 B. R. Wood, M. Asghari-Khiavi, E. Bailo, D. McNaughton and V. Deckert, 

Nano Lett., 2012, 12, 1555–1560. 

26 I. Tanabe, M. Egashira, T. Suzuki, T. Goto and Y. Ozaki, J. Phys. Chem. C, 

2014, 118, 10329–10334.  

27 P. C. Lee and D. Meisel, J. Phys. Chem., 1982, 86, 3391–3395.  

Page 13 of 22 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 13

28 S. -W. Joo, Vib. Spectrosc., 2004, 34, 269–272. 

29 M. Suzuki, Y. Niidome and S. Yamada, Thin Solid Films, 2006, 496, 

740–747. 

30 J. G. Riess, Chem. Rev., 2001, 101, 2797–2919. 

31 M. Nagai, Y. Sugita and Y. Yoneyama, J. Biol. Chem., 1969, 244, 1651!

1653.  

32  K. A. Schenkman, D. R. Marble, D. H. Burns and E. O. Feigl, J. Appl. 

Physiol., 1997, 82, 86!92.  

33 R. L. Osborne, S. Sumithran, M. K. Coggins, Y. -P. Chen, D. E. Lincoln and J. 

H. Dawson, J. Inorg. Biochem., 2006, 100, 1100–1108.  

34 G. De Sanctis, G. Petrella, C. Ciaccio, A. Feis, G. Smulevich and M. Coletta, 

Biophys. J., 2007, 93, 2135–2142.  

Page 14 of 22Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 14

Table 1  Wavenumbers and assignment of the resonance Raman peaks 

of heme in myoglobin  

 

experiment reference
10

 assignment
10

 

1639 High spin : 1640—1644 !(C"Cm)asym 

1620 1621 !(Ca=Cb) 

1611 Low spin : 1610—1614 !(C"Cm)asym 

1581 1583 !(C"Cm)asym 

1562 1563 !(C#C#) 

1541 1544 !(C#C#) 

1518 1521 !(C#C#) 

1426 1426 !(C"Cm)sym 

1399 1404 !(pyr quater-ring)sym 

1370 

1354 

Met-Mb : 1370—1375 

Deoxy-Mb : 1355—1362 
!(pyr half-ring)sym 

1340 1341 !(pyr half-ring)sym 

1303 1301 $(CaH=)2 

1209 1209 !(CmH) 

1170 1169 !(pyr half-ring)asym 

1125 1121 ! !(C#–methyl) 
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Figure captions 

 

Figure 1  Absorption spectra of the various ligand-binding myoglobin.  The 

spectra are normalized.  Inset is a chemical structure of heme in myoglobin (heme b).   

 

Figure 2  Resonance Raman spectra of the various ligand-binding myoglobin.  

Red, blue, and green spectra were measured from the sample of met-Mb in the high spin 

state (Mb-H2O and Mb-F), met-Mb in the low spin state (Mb-Im and Mb-N3), and 

deoxy-Mb in the high spin state, respectively.   

 

Figure 3  SERRS spectra of the various ligand-binding myoglobin.  Red, 

blue, and green spectra were measured from the sample of met-Mb in the high spin state 

(Mb-H2O and Mb-F), met-Mb in the low spin state (Mb-Im and Mb-N3), and deoxy-Mb 

in the high spin state, respectively.   

 

Figure 4  (a) Resonance Raman and (b) SERRS spectra of met-Mb in the low 

and high spin states (Mb-OH and Mb-H2O, respectively) at pH from 12 (top) to 2 

(bottom) at intervals of one.   

 

Figure 5  Ratios of the SERRS intensities of met-Mb in the high and low spin 

states (Mb-H2O and Mb-OH, respectively) at 1560 cm
–1

 to those at 1620 cm
–1

 at various 

pH.   
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Fig. 1  Y. Kitahama et al. 
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Fig. 2  Y. Kitahama et al.
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Fig. 3  Y. Kitahama et al. 
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Fig. 4  Y. Kitahama et al. 
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Fig. 5  Y. Kitahama et al. 
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TOC graphic   
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