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Abstract 

In this thesis, combined vibrational spectroscopy and electrochemistry is applied to investigate two 

different projects in biological and materials sciences.  

In the biological project on the putative hemoprotein redox sensor MsmS(-sGAF2) from M. 

acetivorans, resonance Raman (RR) spectroscopy reveals that a six-coordinated low spin (6cLS) and a 

five-coordinated high spin (5cHS) state is the prevailing configuration in the oxidized and reduced 

state, respectively. Comparative studies on engineered variants showed that H702 is most likely the 

proximal axial ligand which serves as a potent hydrogen-bond donor to a nearby amino acid residue. 

This conclusion is based on the relatively low frequency and the H/D sensitivity of the ν4 mode of the 

5cHS ferrous heme, as well as the upshift of the ν4 mode of the 5cHS form in the reduced state of the 

H702 mutant variants (H702G, K661G/H702G, and H702/708G). The findings are consistent to those 

for the analogous protein MA0863 for which similar effects on the ν4 mode have been observed.  

An increased amount of heme groups in the 5cHS configuration was noted when polar amino acid 

residues of MsmS-sGAF2 in the distal region were mutated (Y665F and H646A). Temperature-

dependent RR spectroscopy revealed that the 6
th
 ligand acts as a strong ligand as reflected by the 

gradual decrease in the 5cHS/6cLS ratio with increasing temperatures. An energy-minimized 

structural model confirmed that the distal pocket region with its polar residues can accommodate a 

small polar molecule. These studies suggest that the second-coordination sphere plays an important 

role for MsmS’s ligand-binding function, which could influence the heme redox state.  

Using surface-enhanced resonance Raman (SERR) spectroscopy and infrared absorption spectroscopic 

techniques, MsmS-sGAF2 was found to display redox reversibility accompanied by reversible 

conformational changes. SERR spectroscopic redox titration of MsmS-sGAF2 immobilized on 8-

aminooctanethiolate|roughened silver yielded midpoint potentials (Emidpt) for the Fe
3+/2+

 transition of -

0.28 V (vs. Ag/AgCl, 3 M KCl) and -0.29 V for the redox transitions of 5cHS and 6cLS species for the 

aerobic BL21(DE3) E. coli preparation, respectively, as well as -0.32 V and -0.20 V for the 5cHS and 

6cLS species for the anaerobic Nissle 1917 E. coli preparation, respectively. The average values 

(5cHS+6cLS) are similar to that obtained from cyclic voltammetry of the anaerobic preparation, Emidpt 

= -0.297 V.  

In the materials system, anodized titania nanotubes (TiO2-NTs) with inherently different localized 

electric field (EF) enhancement properties (TiO2-NT|low and TiO2-NT|high for low and high EF 

enhancements, respectively; TiO2-NT|high|BD-PATP or TiO2-NT|low|BD-PATP for the electrodes 

deposited with the dye, benzidine-p-aminothiophenolate (BD-PATP)) were used as substrate for the 

laser-induced photocatalytic degradation of BD-PATP, which was resolved using time-dependent 

SERR spectroscopy. The degradation rate constant for TiO2-NT|high|BD-PATP, 5.1 (1.4) s
-1

, is ~70 % 

higher than the one measured for TiO2-NT|low|BD-PATP, 3.0 (0.6) s
-1

. Applying an external potential 

of +0.4 V, resulted in a significantly higher (~2.5 times) rate constant for the decay of TiO2-

NT|high|BD-PATP, 25.5 (5) s
-1

, vs. of TiO2-NT|low|BD-PATP, 10.1 (3) s
-1

 indicating an improved 

performance of TiO2-NT|high vs. TiO2-NT|low.  

 

Degradation was found to depend on the excitation at 413 nm indicating a degradation pathway 

involving the excited state of the dye and no contributions from the charges of the TiO2-NTs. Low-

frequency Raman measurements at 488 nm show that the Eg mode of the TiO2-NT|high is downshifted 

compared to that of TiO2-NT|low (145.5 cm
-1

 vs. 147.3 cm
-1

) indicative of possible size-dependent 

charge-transfer surface enhancement of the Raman signals. The high capacitance values from 

electrochemical impedance spectroscopy data obtained at negative potentials reveal the poor electron-

acceptor character of TiO2-NTs at these potentials possibly due to proton/cation intercalation, which 

increases the injected electron-oxidized dye recombination rate. On the other hand, the lower 

capacities of TiO2-NTs at positive potentials and of TiO2-NT|high relative to TiO2-NT|low, reveal their 

improved electron-accepting capabilities at higher potentials, necessary for efficient surface-to-bulk 

electron transport. Based on this, the higher decay rate for TiO2-NT|high at +0.4 V can be justified by 

a combined effect of better electron-accepting property and photon-capturing ability of the material.   
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Zusammenfassung 

In dieser Arbeit wird kombinierte Schwingungsspektroskopie und Elektrochemie verwendet, um biologische und 

materialwissenschaftliche Fragenstellungen zu untersuchen. 

In dem biologischen Projekt über MsmS (-sGAF2) von M. acetivorans, welches vermutlich ein Hämoprotein-

Redox-Sensor ist, zeigen die Resonanz-Raman (RR) spektroskopische Untersuchungen, dass ein sechsfach 

koordinierter low-spin (6cLS) und ein fünffach koordinierter high-spin (5cHS) Zustand die vorherrschende 

Konfiguration im oxidierten bzw. reduzierten Zustand der Häm-Gruppe ist. Vergleichsstudien mit Mutanten 

zeigten, dass H702 höchstwahrscheinlich der proximale axiale Ligand ist, welche darüber hinaus eine 

Wasserstoffbrücke zu einem nahegelegenem Aminosäurerest aufweist. Diese Schlussfolgerung basiert auf der 

relativ niedrigen Frequenz und der H/D-Empfindlichkeit des ν4-Mode des reduzierten 5cHS- Häms sowie auf 

dem Hochverschiebung der ν4-Mode des reduzierten 5cHS-Häms der H702-Mutant (H702G, K661G/H702G und 

H702/708G). Die Ergebnisse stimmen mit denen für das analoge Protein MA0863 überein, für das ähnliche 

Effekte für die ν4-Mode beobachtet wurden. 

Eine erhöhte Menge an Häm-Gruppen in der 5cHS-Konfiguration wurde festgestellt, wenn polare 

Aminosäurereste von MsmS-sGAF2 im distalen Bereich mutiert wurden (Y665F und H646A). 

Temperaturabhängige RR-Messungen zeigten, dass der sechste Ligand ein starker Ligand ist, was sich in einer 

allmählichen Abnahme des 5cHS/6cLS-Verhältnisses mit steigender Temperatur widerspiegelt. Ein 

energieminimiertes Strukturmodell bestätigte, dass im distalen Taschenbereich mit polaren Resten ein kleines 

polares Molekül aufnehmen kann. Diese Studien legen nahe, dass die zweite Koordinationssphäre eine wichtige 

Rolle für die Ligandenbindungsfunktion von MsmS spielt, die den Häm-Redoxzustand beeinflussen könnte. 

Oberflächenverstärkte Resonanz-Raman (SERR) und Infrarotspektroskopie zeigten, dass MsmS-sGAF2 

reversible Redox- und Konformationübergänge aufweist. SERR-spektroskopische Redoxtitration von MsmS-

sGAF2 immobilisiert auf 8-Aminooctanthiolat-immobilisiertem Silberelektroden ergab ein Redoxpotential für 

den Fe
2+/3+

-Übergang (Emidpt) von -0,28 V (gegenüber Ag/AgCl, 3 M KCl) bzw. -0,29 V für die Redoxübergänge 

der 5cHS- und 6cLS-Spezies für das aerobe BL21 (DE3) E. coli-Präparat, sowie -0,32 V bzw. -0,20 V für die 

5cHS- und 6cLS-Spezies für das anaerobe Nissle 1917 E. coli-Präparat. Die Durchschnittswerte (5cHS+6cLS) 

sind ähnlich zu den elektrochemisch bestimmten Emidpt = -0,297 V) für die anaerobe Präparation.  

Im materialwissenschaftlichen Projekt wurden mittels zeitaufgelöster SERR-Spektroskopie die Anwendbarkeit 

von anodisierte Titanoxid-Nanoröhren (TiO2-NTs) mit inhärent unterschiedlichen Eigenschaften für die 

Verstärkung von lokalisierten elektrischen Feldern (TiO2-NT|low und TiO2-NT|high für niedrige bzw. hohe 

Feldverstärkung; TiO2-NT|high|BD-PATP oder TiO2-NT|low|BD-PATP für die Elektroden abgeschiedenen mit 

dem Farbstoff Benzidin-p-Aminothiophenolat (BD-PATP)) als Substrat für laserinduzierte photokatalytischen 

Abbau des Farbstoffs Benzidin-p-aminothiophenolat (BD-PATP) untersucht. Die für TiO2-NT|high|BD-PATP, 

5,1 (1,4) s
-1

, gemessene Konstante der Abbaurate ist ~70 % höher als die für TiO2-NT|low|BD-PATP, 3,0 (0,6)  

s
-1

. Anlegen eines externen Potentials von +0,4 V führte zu einer signifikant höheren (2,5-fachen) 

Geschwindigkeitskonstanten für TiO2-NT|high|BD-PATP, 25,5 (5) s
-1

, gegenüber TiO2-NT|low|BD-PATP, 10,1 

(3) s
-1

 und zeigt die verbesserte photokatalytische in Anwesenheit von elektromagnetischer Feldverstärkung nahe 

der Reaktionsoberfläche. 

Die photokatalytische Aktivität war auf eine elektronische Anregung bei 413 nm beschränkt, was auf einen 

Abbauweg hindeutet, der den angeregten Zustand des Farbstoffs und keine Beiträge von Ladungen der TiO2-NTs 

beinhaltet. Niederfrequente Raman-Messungen bei 488 nm zeigen, dass die Eg-Mode von TiO2-NT|high im 

Vergleich zu TiO2-NT|low heruntergeschaltet ist (145,5 cm
-1

 vs. 147,3 cm
-1

), was auf eine mögliche 

größenabhängige, ladungsübertragende Oberflächenverstärkung der Raman-Signale hindeutet. Die bei negativen 

Potentialen gemessenen hohen Kapazitätswerte mittels Impedanzspektroskopie zeigten den schlechten 

Elektronenakzeptorcharakter von TiO2-NTs bei diesen Potentialen. Möglicherweise ist dies auf Proton/Kation-

Interkalationseffekt zurückzuführen, was die Rekombinationsrate von injiziertem Elektron und oxidiertem 

Farbstoff erhöht. Andererseits wiesen die niedrigeren Kapazitäten von TiO2-NT  bei positiven Potentialen und 

von TiO2-NT|high im Vergleich zu TiO2-NT|low auf verbesserten Elektronenakzeptor-Charakter bei höheren 

Potentialen hin, welcher besonders förderlich für einen effizienten Weitertransport der Elektronen von der 

Oberfläche zum Inneren hin ist. Auf dieser Grundlage kann die höhere Zerfallsrate für TiO2-NT|high bei +0,4 V 

durch einen kombinierten Effekt aus besseren Elektronenakzeptoreigenschaften und der Fähigkeit des Materials, 

Photonen einzufangen, gerechtfertigt werden. 
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1. Introduction 
Raman and IR spectroscopy are powerful tools employed in many areas of fundamental and 

applied research. Since they are vibrational spectroscopies by nature, they provide molecular 

structure information about the respective target systems. One of the main advantages of 

Raman and IR spectroscopy is that they can readily be adapted to the demands of quite 

different experiments since the techniques are not restricted to specific sample conditions. In 

particular, they can be applied to systems in the gas, liquid, and solid phase as well as to 

interfaces.  

This versatility of IR and Raman spectroscopy is quite remarkable since both techniques 

suffer from an intrinsically low insensitivity. However, this drawback can be overcome by 

employing special methods which can greatly enhance not only the sensitivity but also the 

selectivity. This is the case for resonance Raman (RR) spectroscopy that exploits the strong 

increase in intensity of vibrational bands of a chromophore when the excitation line is in 

resonance with one of its electronic transitions. Thus, only the Raman bands of a specific part 

of a macromolecule is detected, such as the active site of a protein, whereas the remainder of 

the (bio)polymer remains largely invisible. Conversely, IR difference spectroscopy probes 

solely the spectral changes associated with a reaction between two states. By subtracting the 

spectrum after the reaction step from the initial one, all other vibrational bands that remain 

unchanged cancel each other. 

For both Raman/RR and IR (difference) spectroscopy, selectivity and sensitivity can be 

further increased when the molecular target systems are placed on or in close vicinity to 

nanostructured surfaces of coinage metals. The resultant enhancement is denoted as surface 

enhancement and allows selectively probing molecular species and their reactions on metal 

surfaces or interfaces. These techniques, i.e., surface enhanced (resonance) Raman (SE[R]R) 

and surface enhanced infrared absorption (SEIRA) spectroscopy, are ideally suited to 

combine vibrational spectroscopy with electrochemical methods (vibrational spectro-

electrochemistry) by using the metal both as the signal amplifier and working electrode.  

Moreover, besides electrochemical reactions, also other interfacial processes such as 

heterogeneous catalysis or photo-catalysis can be monitored on the basis of surface enhanced 

vibrational spectroscopy. In particular, photocatalytic processes has attracted increasing 

interest in the past year, concomitant with the expansion of SER/SERR spectroscopy to non-

coinage metals and to semiconductors.  

The increased popularity of surface enhanced vibrational spectroscopy for studying interfacial 

processes has motivated the present thesis which is divided into two main projects. The 

projects are devoted to the application of vibrational spectroscopic techniques for studying 

redox-dependent and photocatalytic processes in biology and material sciences, respectively. 

In both cases, the potential and limitations of the techniques will be explored. 

In the first project, vibrational spectro-electrochemistry is used to study the putative sensor 

kinase MsmS-sGAF2 from the methanogenic archaeon Methanosarcina acetivorans using 

Soret band excitation. Previously, Molitor, et al.,
1
 found that this protein has a heme cofactor, 

the redox state of which has a significant influence on its auto-phosphorylation activity. 

However, no further information on the redox center structure and possible modes of action 

could be provided.  
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Unlike to Q-band excitation employed by these authors,
1
 the use of Soret excitation enhances 

the most sensitive spectral markers for the heme electron density distribution and spin and 

ligation states. This allows for effective probing of redox-dependent coordination-/spin-

related structural changes of the heme which in turn can shed light into how the protein 

functions as a redox-active sensor. Together with IR spectroscopic techniques, one can obtain 

information regarding redox reversibility and associated reversible conformational changes 

that are expected for Msms-sGAF2 and heme redox sensors in general. The results here are 

further discussed in light of the heme interaction with its environment, its putative in vivo/in 

situ function, and in comparison with similar GAF (cGMP-specific phosphodiesterases, 

adenylyl cyclases and FhlA) sensors. 

In the second project, the influence of titania nanotube (TiO2-NT) substrates of different 

optical and electronic properties on the photocatalytic degradation of as-deposited azo-dye 

was evaluated using time-dependent SERR spectroscopy (SERRS) and electrochemistry. 

These TiO2-NT substrates have previously been shown to exhibit enhanced Raman intensities 

for cyt b5, which was attributed to their localized electric field (EF) enhancements related to 

the likely photonic crystal nature of these nanotube substrates.
2,3

 Since photocatalytic property 

is an important feature of both titania and photonic crystals, it is interesting to understand the 

influence of opto-electronic properties such as localized EF enhancement on the 

photocatalytic performance of such materials.  

By using an aromatic azo dye as probe material, SERRS is an appropriate technique to 

monitor the changes of the dye intensity over time. Since the degradation mechanism is 

induced using visible light, and the dye has good absorbance at ~400-450 nm,
4
 the laser 

excitation also provided the light needed for the photocatalytic degradation. The TiO2-NTs 

with enhanced localized EF further allowed for a metal-free SERRS investigation of the 

degradation kinetics of the system. The results here and from additional material 

characterization are further discussed in light of the SER effect on semiconductors. 
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2. Background 
 

Part 1: Theories and Concepts on Vibrational Spectroscopy 

2.1. Vibrational Spectroscopy 

Vibrational spectroscopy makes use of vibrational transitions induced by the interaction with 

light. Each vibrational transition corresponds to a certain amount of energy with frequency 

that is within the infrared (IR) region of the electromagnetic (EM) spectrum. Two techniques 

that utilize such transitions are IR and Raman spectroscopy. The former is an absorption 

spectroscopy whereas the latter uses inelastic scattering. This difference causes different 

transition probabilities and different selection rules, resulting in possibly different patterns of 

the vibrational bands which may give additional information about the structure and 

electronic properties of the molecule,
5
 making them complementary techniques. 

Perhaps William Herschel started the development of vibrational spectroscopy with his 

discovery of IR in the solar electromagnetic spectrum. IR was then used "to measure 

interactions with matter" to produce the first vibrational spectra. Almost a century ago (1928), 

C.V. Raman and K.S. Krishnan, and G.S. Landsberg and L.I. Mandelstam, in two independent 

studies, discovered the Raman effect.
6–8

 These two techniques were realized to be useful for 

molecular structure elucidation,
9
 which started with small molecules, because of technological 

constraints. Only after a number of decades were the lasers and interferometers developed.
5
 

Eventually, the advancement in Raman and IR spectroscopic techniques allowed for its 

application also to biological and materials studies. For example, it is used to differentiate 

crystal structures and phases,
10

 confirm that a reaction or process took place,
11,12

 study the 

structure-function of macromolecules,
13

 and monitor functionalization of materials.
14

  

In vibrational spectroscopy, the periodic oscillations of the atoms in a molecule are probed. 

For a molecule containing N atoms, the number of degrees of freedom (DOF) is 3N, from 

which 3 are translational and 3 are rotational for a nonlinear molecule. For a linear molecule, 

the rotational DOF are reduced to 2. The remaining DOF, which are 3N-6 or 3N-5 for a 

nonlinear and linear molecule, respectively, refer to the vibrational or normal modes. Each 

normal mode has the atoms oscillating in-phase and of the same frequency but different 

amplitudes. The frequencies depend on the mass of the atoms and the forces between them. 

The latter refers to the chemical bonds, as well as the intramolecular and intermolecular non-

bonding interactions that the molecule participates in. This makes the normal mode 

frequencies "a characteristic signature of the chemical constitution, the structure, and the 

electron density distribution of the molecule in a given chemical environment." The same 

parameters also influence the band intensities, which are dependent on the technique used to 

obtain the vibrational spectrum.
5
  

One can view a molecule consisting of point masses connected by massless springs, to 

represent the interatomic bonds.
15

 Considering a diatomic molecule A‒B with atomic masses 

mA and mB. According to Hooke's law, when the atoms are displaced from equilibrium by Δx, 

a "restoring force Fx" acts on these point masses: 

    𝐹𝑥 = −𝑓 ∆𝑥   Eq. 2.1.1 
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f is the spring/force constant which refers to the spring's rigidity or the bond strength. Since 

energy is the integral of F, the potential energy V depends on the square of Δx: 

   𝑉 =  
1

2
𝑓∆𝑥2   Eq. 2.1.2 

For this model, the kinetic energy T is obtained for an oscillating motion: 

    𝑇 =
1

2
𝜇(∆𝑥)2   Eq. 2.1.3 

where μ is the reduced mass of A and B, i.e., 𝜇 =
𝑚𝐴∙𝑚𝐵

𝑚𝐴+ 𝑚𝐵
 . Conservation of energy dictates 

that the sum of the potential and kinetic energy is constant and so its first derivative is equal 

to zero, which eventually leads to a differential equation for a harmonic motion (Newton's 

equation of motion):  

    
d2∆𝑥

d𝑡2
+
𝑓

𝜇
∆𝑥 = 0  Eq. 2.1.4 

the solution of which is given by a cosine function (with amplitude A, circular frequency ω, 

and phase φ): 

    ∆𝑥 = 𝐴 cos (𝜔𝑡 +  𝜑)  Eq. 2.1.5 

This solution gives a second-order differential equation for the displacement with respect to 

time, t, in terms of ω, which eventually results to an expression of ω, in terms of the 

frequency and the reduced mass: 

    𝜔 = √
𝑓

𝜇
   Eq. 21.6 

which in wavenumbers 𝜈 is: 

    𝜈 =  
1

2𝜋𝑐
√
𝑓

𝜇
   Eq. 2.1.7 

Hence, the circular frequency and wavenumber increase with the bond strength and decrease 

with the mass of the atoms.
5
 

For a molecule of N atoms, one has to go back to the discussion above regarding DOF, 

wherein for nonlinear (linear) molecule, the vibrational DOF is equal to 3N-6 (3N-5). 

Vibrational DOF corresponds to "well-defined displacements of the individual atoms" and not 

just random motions. As a result, the vibrational modes are characteristic of a given 

molecule.
5
  

2.2. Raman spectroscopy 

The vibrational transitions in Raman spectroscopy are induced when a monochromatic light is 

inelastically scattered by the molecule. The shift of the scattered light's frequency from that of 

the incident light (that is, from v0 to vR) is the same as the frequency of the molecular 

vibration, which is a transition from one vibrational energy level to another, i.e., from an 

initial state vi to the final state vf: 

    ℎ𝑣0 − ℎ𝑣𝑅 = ℎ𝑣𝑓 − ℎ𝑣𝑖  Eq. 2.2.1 
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These transitions are within the IR range although the incident light to be scattered is mostly 
visible, but can also be ultraviolet (UV) or near IR.5 The frequency shift of the Raman 
scattering can be a downshift or an upshift, referring to the two types of Raman scattering, 
Stokes or anti-Stokes, respectively. At ambient temperature, the molecules predominantly are 
in their ground state and because of this, there is a smaller population of molecules in the 
higher energy vibrational state (which are the ones that give rise to the anti-Stokes 
scattering).5,16 Hence, Stokes scattering is more significant at this temperature.5 Fig. 2.2.1 
shows the energy diagram representing these two types of Raman scattering, together with 
Rayleigh (elastic) scattering. 

 

Figure 2.2.1. Energy diagram showing the elastic Rayleigh and inelastic (Stokes and Anti-Stokes) Raman 

scattering with the frequencies of the incident light (ν0), inelastically scattered light (νR), and of the 

molecular vibration (νk).
5
 

Raman scattering can be explained using the classical treatment involving the first-order 
induced electric dipole. In this approach, the induced dipole moment vector, p, is frequency-
dependent and is related to the oscillating electric field vector of the incident light, E: 

    𝒑 = 𝜶𝑬   Eq. 2.2.2 

where α is the molecule's polarizability tensor, which is a function of the nuclear coordinates 
and therefore of the vibrational frequencies of the molecule as well. Introducing the frequency 
dependence of E and α will make the frequency-dependence of p more apparent.17,18  

Considering a molecule which is allowed to freely vibrate as the scattering system and 
disregarding any rotation, the polarizability can change with the molecular vibrations along 
the normal modes Qk and this can be approximated by a Taylor series expansion of each 
component αρσ: 

 𝛼𝜌𝜎 = (𝛼𝜌𝜎)0 + ∑ (
𝜕𝛼𝜌𝜎

𝜕𝑄𝑘
)
0

𝑘 𝑄𝑘  + 
1

2
∑ (

𝜕2𝛼𝜌𝜎

𝜕𝑄𝑘𝜕𝑄𝑙
)
0
𝑄𝑘𝑘,𝑙 𝑄𝑙 … Eq. 2.2.3 

where ρ and σ refers to the fixed internal coordinates of the molecule. The subscript 0 denotes 
value at the equilibrium configuration [13, 14]. 

The normal modes 𝑄𝑘 describe the atomic oscillations with the frequency ωk and amplitude 
𝑄𝑘0. Its time dependence can be described as: 
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   𝑄𝑘(𝑡) =  𝑄𝑘0cos (𝜔𝑘𝑡 + 𝛿𝑘)  Eq. 2.2.4 

where δk refers to the phase factor. Combining Eqs. 2.2.3 and 2.2.4, one gets an expression for 

the time dependence of α: 

  𝜶𝒌 = 𝜶0 + (
𝜕𝛼𝜌𝜎

𝜕𝑄𝑘
)
0
𝑄𝑘0cos (𝜔𝑘𝑡 + 𝛿𝑘) Eq. 2.2.5 

which when combined with the frequency-dependent expression for the plane electromagnetic 

wave, 𝑬 =  𝑬0 cos(𝜔1𝑡), gives the expression for the induced dipole moment vector: 

 𝒑 = 𝜶0𝑬0 cos(𝜔1𝑡) + 
1

2
 (
𝜕𝛼𝜌𝜎

𝜕𝑄𝑘
)
0
𝑬0𝑄𝑘0cos (𝜔1 ±  𝜔𝑘 ± 𝛿𝑘) Eq. 2.2.6 

The first term in Eq. 2.2.6 describes the Rayleigh scattering, which also depends on the 

polarizability of the molecule but at equilibrium positions of the nuclei. The second term 

refers to Raman scattering, in which the ωk  describes the k
th

 normal mode frequency and the 

frequency shift from the Rayleigh scattering (with frequency ω1). The equation shows that the 

Raman scattering depends on the change of α with respect to Qk, that is, one or more 

component/s of the polarizability tensor have to be non-zero.
17,18

 

Though the classical approach can describe the frequencies involved with (Rayleigh and) 

Raman scattering, it cannot be used to describe the scattered light intensity nor does it give 

information on the molecule's properties. These limitations are overcome by the quantum 

mechanical (QM) approach, which was developed to form a basis for a complete treatment of 

Raman scattering.
17

 

In general, the QM treatment of the Raman scattering considers it as a two-photon process 

which invokes the second-order perturbation theory. As first derived by Placzek in 1934 

based on the Kramers-Heisenberg-Dirac's dispersion theory, the molecule is considered to 

interact with the incident radiation with frequency ω1 and undergoes a transition from an 

initial stationary vibrational quantum state |𝑖⟩  to another stationary vibrational state |𝑓⟩ 
indirectly via a so-called virtual state |𝑟⟩ . These states have the energies Ei, Ef, and Er 

associated to them. An emphasis needs to be made that the virtual state is not a stationary 

state of the system, i.e., "it is not a solution of a time-independent Schrödinger equation and 

so does not correspond to a well-defined value of the energy."
17

  

The scattering (or transition polarizability) tensor from this basis is given by: 

 (𝛼𝜌𝜎)𝑓𝑖
 =  

𝑖

ℏ
∑ {

⟨𝑓|𝑝𝜌|𝑟⟩⟨𝑟|𝑝𝜎|𝑖⟩

𝜔𝑟𝑖− 𝜔1− i𝛤𝑟
+ 

⟨𝑓|𝑝𝜎|𝑟⟩⟨𝑟|𝑝𝜌|𝑖⟩

𝜔𝑟𝑓+ 𝜔1+ i𝛤𝑟
 }𝑟≠𝑖,𝑓   Eq. 2.2.7 

where �̂�𝜌,𝜎  corresponds to the dipole moment operator along the ρ and σ directions, 

respectively, and the ωri, ωrf, ω1 are the frequencies associated with the transitions from |𝑟⟩ to 

|𝑖⟩, from |𝑟⟩ to |𝑓⟩, and the incident light, respectively. The energy of the scattered light is 

given by ℏωs = ℏ (ω1 – ωfi), where ωfi is the frequency associated with the energy difference 

between |𝑖⟩  and |𝑓⟩ . The expression i𝛤𝑟  refers to the lifetime of the state |𝑟⟩ . As the 

perturbation theory is being used, the sum is made over all possible (dipole-allowed) 

eigenstates |𝑟⟩ ; there is no single virtual state attributed to scattering. There is also no 

restriction on the energy Er of these states as they can be "either below Ei or above Ef".
18

  In 

normal Raman scattering (ω1 << ωri), the value of the Raman tensor is based on the weighted 

sum over all the states |𝑟⟩ of ⟨𝑓|�̂�𝜌|𝑟⟩⟨𝑟|�̂�𝜎|𝑖⟩, with each state weighted by 𝜔𝑟𝑖 − 𝜔1 −  i𝛤𝑟. 

Hence, it can be considered that in such case, the transition goes from |𝑖⟩ to |𝑟⟩ and from |𝑟⟩ 
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to |𝑓⟩, including all the possible |𝑟⟩ states for which the transition dipole moment between the 

|𝑟⟩ virtual states and the |𝑖⟩ and |𝑓⟩ stationary states is non-zero.
5,17–19

 

The tensor is obtained from the solution of 𝒑𝑓𝑖
1 = ⟨𝝍𝑓

1|�̂�|𝝍𝑖
0⟩ + ⟨𝝍𝑓

0|�̂�|𝝍𝑖
1⟩, in analogy to the 

classical case. Here in the QM approach, the tensor and the transition dipole moment replace 

the polarizability and the oscillating electric dipole in the classical approach.
5,17–19

 

The Raman band intensities can be approximated from the transition polarizability tensor: 

 𝐼𝑓𝑖  ≈ 𝐼1 exp (−
𝐸𝑖

𝑘𝐵𝑇
) (𝜔1  ±  𝜔𝑓𝑖)

4
∑ |𝛼𝜌𝜎|𝑓𝑖

2
𝜌𝜎  Eq. 2.2.8 

where I1 is the intensity of the incident radiation and the Boltzmann distribution exponential 

term describes the amount of scattering centers in state |𝑖⟩ as a function of T. The last factors 

(𝜔1  ± 𝜔𝑓𝑖)
4
∑ |𝛼𝜌𝜎|𝑓𝑖

2
𝜌𝜎  describe the probability that the Raman scattering process will 

occur and is known as the 'Raman cross-section'. This shows that the cross-section depends 

not only on the frequency of the vibrational mode of interest, 𝜔𝑓𝑖, but also on the frequency of 

the excitation used, 𝜔1.
20

 The Boltzmann factor accounts for the fact that not all molecules 

will be in the vibrational ground state (lowest vibrational state) at that temperature as some of 

them may populate the higher vibrational states.
21,22

 Eq. 2.2.8 also shows the proportionality 

of the Raman scattering intensity to I1. Typical cross-section values (per molecule) for normal 

Raman scattering is in the order of 10
-29

/cm
2
.
20

 

2. 3. Resonance Raman Spectroscopy 

In resonance Raman (RR) scattering, the excitation has an energy ℏω1 which is close to that 

of an electronic transition with energy ℏωri (i.e., the virtual state |𝑟⟩  lies on an excited 

electronic state |𝑒⟩  such that |𝑟⟩  =  |𝑒⟩). In this case, the transition polarizability tensor, 

(𝛼𝜌𝜎)𝑓𝑖
, is dominated by a term of the summation. Note that this is unlike the case where it is 

very far off from the resonance, for which one can assume that the weight of a specific state 

|𝑟⟩  to the summation is small and instead many |𝑟⟩  states have to be considered. 

Because𝜔𝑟𝑖 − 𝜔1  ≈ 0 , the denominator or weighting factor for the |𝑟⟩   states approach 

− i𝛤𝑟, which is very small and causing that term 
⟨𝑓|𝑝𝜌|𝑟⟩⟨𝑟|𝑝𝜎|𝑖⟩

𝜔𝑟𝑖− 𝜔1− i𝛤𝑟
 to be very large. This term is 

also known as the 'resonant term'. Then, the scattering tensor can be simplified into: 

  (𝛼𝜌𝜎)𝑓𝑖
 =  

𝑖

ℏ
∑ {

⟨𝑓|𝑝𝜌|𝑟⟩⟨𝑟|𝑝𝜎|𝑖⟩

𝜔𝑟𝑖− 𝜔1− i𝛤𝑟
}𝑟=𝑓  Eq. 2.3.1 

As an electronic transition is involved, the Born-Oppenheimer (BO) approximation can be 

used to separate the electronic and nuclear coordinates: |𝑖⟩  =  |𝑣𝑖⟩|𝑔⟩, |𝑓⟩  =  |𝑣𝑓⟩|𝑔⟩, and 

|𝑟⟩  =  |𝑛⟩|𝑒⟩, where |𝑔⟩ and |𝑒⟩ are the electronic ground and the resonant excited state, 

respectively, while |𝑣𝑖⟩, |𝑣𝑓⟩, and |𝑛⟩ refers to the initial, final, and virtual vibrational states, 

respectively. Then the transition polarizability can be expressed as: 

(𝛼𝜌𝜎)𝑓𝑖
 =  

𝑖

ℏ
∑ {

〈𝑣𝑖𝑛〉𝑝𝑔𝑒,𝜌〈𝑛𝑣𝑓〉𝑝𝑔𝑒,𝜎

𝜔𝑟𝑖− 𝜔1− i𝛤𝑒
}𝑟   Eq. 2.3.2 

where 𝑝𝑔𝑒,𝜌 and 𝑝𝑔𝑒,𝜎 refer to the electronic transition dipole moments in ρ and σ direction, 

respectively. The transition dipole moments can be expanded into a Taylor series around the 

displacement from the equilibrium nuclear vibration position 
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 𝑝𝑔𝑒,𝑥 (𝑄𝑘) =  𝑝𝑔𝑒,𝑥
0  (𝑄𝑘

0) + ∑ (
𝜕𝑝𝑔𝑒,𝑥

𝜕𝑄𝑘
)
𝑘
𝑄𝑘 + … Eq. 2.3.3 

where, here, x = ρ or σ, depending on the direction and 𝑝𝑔𝑒,𝑥
0  (𝑄𝑘

0) refers to the transition 

dipole moment at the nuclei equilibrium positions. Combining these with the expression for 

the transition polarizability using the BO approximation and neglecting the higher-order terms 

beyond the harmonic approximation, one obtains the transition polarizability as a sum of two 

terms (Albrecht's A- and B-terms): 

(𝛼𝜌𝜎)𝑓𝑖
 ≅  𝐴𝜌𝜎 + 𝐵𝜌𝜎  Eq. 2.3.4 

𝐴𝜌𝜎 = 
𝑖

ℏ
 𝑝𝑔𝑒,𝜌
0 𝑝𝑔𝑒,𝜎

0 ∑
〈𝑣𝑖𝑛〉〈𝑛𝑣𝑓〉

𝜔𝑟𝑖− 𝜔1− i𝛤𝑒𝑟
   Eq. 2.3.5 

𝐵𝜌𝜎 = 
𝑖

ℏ
( 𝑝𝑔𝑒,𝜌

′ 𝑝𝑔𝑒,𝜎
 ∑

⟨𝑣𝑖|𝑄𝑘|𝑛⟩〈𝑛𝑣𝑓〉

𝜔𝑟𝑖 − 𝜔1 −  i𝛤𝑒𝑟 

) …+  𝑝𝑔𝑒,𝜎
′ 𝑝𝑔𝑒,𝜌

 ∑
〈𝑣𝑖𝑛〉⟨𝑛|𝑄𝑘|𝑣𝑓⟩

𝜔𝑟𝑖 − 𝜔1 −  i𝛤𝑒𝑟 

 

  Eq. 2.3.6 

The A-term contains two Franck-Condon (FC) integrals which then results in a stronger 

contribution to resonance enhancement with decreasing orthogonal character of the wave 

functions in the ground and excited states. This is the case for total symmetric vibrations 

coupled to strong electronic transitions (e.g., σ‒σ*, π‒π*), which gain most of their intensity 

from the A-term.
5,17,18,23

 

The B-term relates to the Herzberg-Teller vibronic coupling as expressed by 𝑝𝜌,𝜎
′ for small 

normal mode displacements and in which two or more electronic states are coupled due to 

"mixing of the respective Hamiltonians".
18

 The transition dipole moment for the transition 

from the ground state to the electronic excited state |𝑒⟩ may borrow “intensity” from other 

electronic transitions involving a nearby excited state |ℎ⟩ . The amount of the 'borrowed' 

transition dipole moments are related to the coupling normal mode and the appropriate 

coupling integral. Higher coupling corresponds to smaller coupled excited states' energy 

difference. The practical difference between the A- and B-term is that the latter accounts for 

the RR of both the total and non-total symmetric modes. Because of parity selection rules, 

enhancement of the B-term for total symmetric modes requires that the electronic excited 

states that will be coupled have the same symmetry, which is very unlikely to occur. The B-

term is also most pronounced when the frequency of the incident light matches a weak 

electronic transition which is vibronically coupled to a nearby strong one.
5,17,18,23

  

Even though the A- and B-terms refer to different scattering mechanisms, in both cases, the 

denominators rapidly decrease when the frequency of the incident light approaches that of an 

electronic transition. Hence, no matter if the mode is totally or non-totally symmetric, both 

terms increase and the RR intensity increases.
5,17,18,23

 

Fig. 2.3.1 shows a diagram illustrating normal, pre-resonance (𝜔1 → 𝜔𝑟𝑖), and RR conditions. 

The enhancement due to resonance effect is also seen in the pre-resonance condition, wherein 

because of the increase of the A- and B-terms as the excitation line approaches that of the 

transition, the Raman intensity is also increased.
5,17,18,23
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Figure 2.3.1. Types of Raman scattering according to resonance condition.
17

 

 

2.4. Surface-enhanced (Resonance) Raman (SE(R)R) spectroscopy 

Surface-enhanced Raman (SER) effect refers to the drastic increase in the Raman signal of 
molecules due to their adsorption or proximity to a metal surface. Typically, this effect is 
observed for coinage metals (i.e., Ag, Au, or Cu), which can have plasmonic EM 
enhancement in the visible range.24–28 In 1974, Fleischmann, et al. made the first observation 
of the SER effect of molecules adsorbed on rough silver.29 It was Jeanmarie and Van Duyne 
(1977), who recognized that these spectra were enhanced due to the substrate.30 This finding 
immediately resulted in intense research on this field to understand the nature of the SER 
effect and to exploit its potential for studying molecules at interfaces.18,31 

To understand the SER effect, one can resort to the classical EM theory by Kerker, et al. and 
Moskovits.5,32 Here scattering and absorption of light by spherical colloidal particles ('Mie 
scattering') are considered. When the size of the particle is smaller than the wavelength of the 
incident light, the EM field can couple with the collective vibrations of the coherent 
oscillations of the metal surface's free electrons (a.k.a. surface plasmons). The oscillating 
incident electric field E0 with frequency ω1 then induces an electric dipole in the particles and 
causes surface plasmon excitation. This induces an additional electric field Eind that is 
perpendicular to the surface in the near field of the particle. Hence, the total electric field of 
the frequency ω1 can be expressed as 

  𝑬𝑡𝑜𝑡(𝜔1) =  𝑬0(𝜔1) + 𝑬𝑖𝑛𝑑(𝜔1)  Eq. 2.4.1 

Since Eind (ω1) is a function of the E0 (ω1), the electric field enhancement FE (ω1) is given by 

 𝑭𝐸(𝜔1) =  
|𝑬0(𝜔1)+ 𝑬𝑖𝑛𝑑(𝜔1)|

|𝑬0(𝜔1)|
=  |1 + 2𝑔0| Eq. 2.4.2 

where 𝑔0 is related to the metal's dielectric properties: 
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 𝑔0 = 
�̃�𝑟 (𝜔1) − 1

�̃�𝑟 (𝜔1) + 2
  Eq. 2.4.3 

where  

  휀�̃� (𝜔1) =  
𝜀𝑟𝑒𝑎𝑙 (𝜔1)+ i𝜀𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 (𝜔1)

𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡
2   Eq. 2.4.4 

in which the numerator contains the frequency-dependent dielectric constant and the 

denominator is the square of the medium's refractive index.
5,18

 

The field enhancement and 𝑔0  become large when the real part of the dielectric constant 

approaches -2 and the imaginary is small. These conditions depend on the wavelength and, 

considering the Rayleigh limit, are matched for silver and gold colloids at ~400 nm and ~560 

nm excitation, respectively.
5,18

 

In the same way, the Raman scattered light that may be induced via excitation of the molecule 

with 𝑬𝑡𝑜𝑡(𝜔1) will have its own electric field 𝑬𝑅𝑎(𝜔1 ± 𝜔𝑘), which is associated with the 

normal mode k and proportional to 𝑬𝑡𝑜𝑡(𝜔1). This Raman scattered light will also induce an 

additional electric field component 𝑬𝑅𝑎,𝑖𝑛𝑑(𝜔1 ± 𝜔𝑘)  in the particle resulting in an 

oscillating electric field with the shifted frequency 𝜔1 ± 𝜔𝑘. Hence, both the total electric 

field of the exciting light and of the Raman scattered light will have an influence on the 

enhancement of the Raman scattered light. Since the Raman scattering intensity is 

proportional to |𝑬𝑅𝑎,𝑡𝑜𝑡(𝜔1 ± 𝜔𝑘)|
2

, the total surface enhancement factor of the Raman 

intensity is  

 𝑭𝑆𝐸𝑅(𝜔1 ± 𝜔𝑘) =  |(1 + 2𝑔0)(1 + 2𝑔𝑅𝑎)|
2 Eq. 2.4.5 

Hence an enhancement of the field by a factor of 10 can easily give a Raman signal 

enhancement by a factor >10
4
.
5,18

 

For larger particles, the enhancement becomes shape- and size-dependent such that red-

shifting of the wavelength of the maximum enhancement is possible and in such cases, the 

enhancement may become limited to near-field (e.g., tip-enhanced Raman spectroscopy
5,33

). 

The source of enhancement may not necessarily be particles as roughened metal electrodes 

are quite useful in probing potential-dependent processes in biophysical investigations.
5,34,35

 

For such SER scattering substrates, the roughness scale is comparable to the SER-active 

particle dimensions such that the rough electrode can be considered as "an array of metal 

semi-spheres" but with a wide distribution of particle radii a0 (Fig. 2.4.1). This results in a 

very broad wavelength-dependent surface enhancement (SE) which "may cover the entire 

spectral region from the resonance frequency at the Rayleigh limit (a0 << λ0)" up to the IR 

region. In addition, an external potential can be applied to extend the study to vibrational 

spectro-electrochemistry.
5,18
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Figure 2.4.1. Sub-micron rough metal surface approximated with semi-spheres for its surface roughness.
18

 

 

With the SER effect, one can get enhancement as high as 106 or more.5,18,32,36,37 This makes 
SER spectroscopy a powerful, sensitive tool for probing structures and processes of molecules 
in the adsorbed state. The development of SERS has resulted in studies related to various 
fields such as in sensors, biology, nanotechnology, and materials synthesis, to name a 
few.2,3,11,38 

The EM theory implies that the enhancement does not require direct attachment of the 
molecule on SER spectroscopic substrate. The enhancement decays with the distance d from 
the surface similar to dipole-dipole interactions. Considering spherical particles with radius 
a0, FSER is given by 

   𝑭𝑆𝐸𝑅(𝑑) =  𝑭𝑆𝐸𝑅(0)  ∙  (
𝑎0

𝑎0+𝑑
)
12

 Eq. 2.4.6 

FSER (0) refers to the enhancement factor for molecules directly adsorbed on the surface. One 
can also use Fig. 2.4.1 as an illustration for this concept.5,18 Considering that SERS substrates 
used are typically nanoparticles or nano-roughened surfaces, some works subtract a factor of 
2 (such that the decay scales to the power of 10 instead of 12) to account for the increase in 
surface area.39–43 Nevertheless, the equation indicates that SERS is very much suited for 
studying interfacial reactions or processes within a few nanometers from the surface.39,44,45 

In addition to the EM theory of SER effect, the chemical effect can also contribute to 
enhancement.5,46 This additional contribution entails that molecules be chemisorbed on the 
surface such that surface complex(es) is/are formed. These complexes can be viewed as new 
compounds that have electronic transitions linked to the metal's electronic states, similar to 
CT transitions of metal complexes. This leads to enhancement of the Raman bands of the 
adsorbed atom-molecule complex. This effect has been shown for small molecules in surfaces 
with preserved atomic-scale roughness and is expected to contribute an enhancement of ~102.  
This is not so significant when working with metals with very high surface enhancement due 
to the EM contribution and with metals wherein the probe molecule is not directly attached to 
the surface such as in passivated rough electrodes.5 However, this can be significant for 
surface enhancement on semiconductors, for instance.  

SER selectivity can be further enhanced when molecules exhibit electronic transition at or 
near the wavelength of the excitation light used. By tuning the excitation frequency so that it 
is in resonance with both the molecule and the surface plasmons of the metal, one can take 
advantage of both SER and RR effects combined in surface enhanced resonance Raman 
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(SERR) spectroscopy. A dye adsorbed on a surface for instance, and probed with a light in 
resonance with its chromophore can result in strongly enhanced resonance Raman signals of 
the dye.  

The substrate choice is therefore important since most chromophores exhibit strong electronic 
transitions in the visible region. Most metals have their excitation wavelength shifted to UV 
or IR. The exceptions would be Ag, Au, and Cu, the surface plasmons of which can be excited 
using visible light.18,47 Hence, many SERR scattering studies were performed using Au or Ag 
roughened surfaces, nanoparticles, or nanostructures.48–50 On the other hand, a growing field 
of SE(R)R spectroscopy involves semiconductor nanoparticles or nanostructures as alternative 
SE(R)R substrates to metals51 for purposes such as enhanced biocompatibility, wider potential 
range, and wider applicability.2,3,52 The resonance contribution in this case is very important 
especially in the early stages of developing these alternative substrates for SERR 
spectroscopy. 

2.5. Infrared absorption spectroscopy 

IR spectroscopy is a widely used characterization tool mostly for organic samples—which 
includes biological molecules. In IR spectroscopy, molecules are exposed to a continuous 
source of IR radiation, and light with energies equal to those of the molecule's normal modes' 
are absorbed. It involves vibrational transitions of energy difference hvk between two 
vibrational levels, the initial (i, ground) and final (f, excited) states (Eq. 2.5.1).5 

ℎ𝑣𝑘   =  ℎ𝑣𝑓   −  ℎ𝑣𝑖  Eq. 2.5.1 

As will be seen below, the molecular property associated with this process is the change in the 
molecule's dipole moment with respect to its vibrational motion. IR absorption is considered 
as a one-photon process (Fig. 2.5.1), that is, the IR radiation interacts with the molecule and 
the molecule's vibrational energy is elevated in the same amount of energy as the photon 
energy.53 The IR range is within the wavelength range of 2.5-50 μm (or 5 × 10

-1 to 10-3 eV),5 
although the mid IR range (2.5 to 25 μm; 4000-400 cm-1) is usually used for routine 
characterization.  

 

 

Figure 2.5.1. IR absorption from vibrational level i to f. 

 

Since the transition 𝑖 →  𝑓  happens because of photon absorption, it is a process that is 
controlled by the electric dipole moment operator �̂�𝑞, which is a sum of the products of the 
effective charge at the atom α, 𝑒𝛼 , and the distance to the molecule's center of gravity in 
Cartesian coordinates (q = x, y, z), 𝑞𝛼 5,54 

    �̂�𝑞 =  ∑ 𝑒𝛼  ∙ 𝑞𝛼𝛼   Eq. 2.5.2 
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This light interaction can then be expressed as a scalar product between the light's electric 

field vector and the dipole moment operator and averaging for all possible molecular 

orientations, the IR intensity can then be given by: 

  𝐼𝑖𝑓,𝐼𝑅 ∝ ( [𝜇𝑥]𝑖𝑓
2 + [𝜇𝑦]𝑖𝑓

2
+ [𝜇𝑧]𝑖𝑓

2 )  Eq. 2.5.3 

for which the transition dipole moment [𝜇𝑞]𝑖𝑓
 
= ⟨𝜓𝑓

∗|�̂�𝑞|𝜓𝑖
 ⟩ . Hence, the IR vibrational 

transition only occurs if there is a non-zero [𝜇𝑞]𝑖𝑓
 

 element. To determine if a normal mode is 

IR active, �̂�𝑞 can be expanded into a Taylor series with respect to the normal coordinates Qk 

within the harmonic approximation to give: 

�̂�𝑞 = 𝜇𝑞
0  + ∑ (

𝜕𝜇𝑞
 

𝜕𝑄𝑘
)
0
𝑄𝑘

3𝑁−6
𝐾=1   Eq. 2.5.4 

And the transition probability is then given by: 

 [�̂�𝑞] 
 
= ⟨𝜓𝑓

∗|�̂�𝑞|𝜓𝑖
 ⟩ =  𝜇𝑞

0〈𝜓𝑓
∗𝜓𝑖

 〉 + ∑ (
𝜕𝜇𝑞

 

𝜕𝑄𝑘
)
0

3𝑁−6
𝐾=1 ⟨𝜓𝑓

∗|𝑄𝑘|𝜓𝑖
 ⟩ Eq. 2.5.5 

The first term in the sum in Eq. 61 is zero since the wavefunctions  𝜓𝑓
  and 𝜓𝑖

  are orthogonal. 

Hence, for the transition probability to become non-zero, the second term should be non-zero 

which is only possible if both the (
𝜕𝜇𝑞

 

𝜕𝑄𝑘
)
0
 and ⟨𝜓𝑓

∗|𝑄𝑘|𝜓𝑖
 ⟩ are non-zero. This requires that 

there is a dipole moment change in the chosen normal mode and the vibrational quantum 

numbers i and f differ by one. Further, since this holds for all three Cartesian coordinates; 

even just one non-zero transition dipole moment in the x, y, or z is enough to account for the 

normal mode's IR intensity.
5
 

Because the molecular dipole moment must change during the vibrational oscillation to result 

in IR absorption, polar molecules generally have strong IR bands. Vibrations that do not 

change the dipole moment, such as diatomic molecules with one type of nuclei, or symmetric 

stretching of a linear molecule, such as in carbon dioxide, are IR inactive. The principles 

discussed in the previous section regarding molecular vibrations hold true for IR 

spectroscopy. 

2.5.1. Surface-enhanced infrared absorption (SEIRA) spectroscopy 

The optical properties of molecules can drastically change when adsorbed on or in the 

proximity of rough metal surfaces, islands, particles, or nanostructures. The surface 

enhancement of the signals of these molecules does not only apply to Raman scattering but 

also to IR absorption in surface-enhanced IR absorption (SEIRA), which was discovered in 

1980 by Hartsein, et al. for the mid-IR spectral region using p-nitrobenzoic acid as the probe 

molecule and in the attenuated total reflectance (ATR) mode.
20,55

 This enhancement can go by 

a factor of up to 10
4
.
20,55,56

 The lower value for the enhancement factor in SEIRA compared to 

SERS is due to it being an absorption process, i.e., a so-called "one-photon phenomenon." On 

the other hand, the enhancement factor can still reach a significant magnitude and this is most 

probably due to the larger cross-section of the IR absorption process (~10
-21

/cm
2
).

20
  

Different mechanisms could be contributing to the enhancement in SEIRA and, similar to 

SER scattering, these are electromagnetic or chemical in nature
55

 as listed below. Fig. 2.5.1.1 

serves as an aid in visualizing some of these concepts. 
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1. Electromagnetic Effect 

i. Plasmonic resonance 

The IR radiation's electric field polarizes the metal particle through the excitation 

of localized plasmon modes ("collective electron resonances"). As a result, a 

dipole is induced in the metal, which produces a local electromagnetic field 

around the particle. This induced electromagnetic field Eind is much more 

enhanced than the incident light and is polarized perpendicular to the surface. Its 

magnitude depends on the induced dipole, p, and the distance from the surface, d: 

  |𝐸𝑖𝑛𝑑|
2 = 

4𝑝2

𝑑6
    Eq. 2.5.1.1 

The distance-dependence of the enhancement factor F is then given by: 

𝑭𝑆𝐸𝐼𝑅𝐴(𝑑) =  𝑭𝑆𝐸𝐼𝑅𝐴(0)  ∙  (
𝑎0

𝑎0+𝑑
)
6

 Eq. 2.5.1.2 

Because of this enhanced polarized electromagnetic field, IR absorption due to the 

vibrational modes of the molecule along the surface normal will be enhanced 

(a.k.a., "surface selection rule"). Because of this, SEIRA is most efficient within 

~5 nm 
20

 but is also still observed for up to ~8 nm from the metal surface.
57

 

ii. Perturbation of the metal's optical properties 

The dipoles of the adsorbed molecule can also induce dipoles in the metal 

particles, δp, which can influence the dielectric function—and in consequence, the 

absorptivity—of the metal at the molecule's vibrational frequencies. Thus, the IR 

absorption at the molecule's vibrational frequencies will be enhanced. 

2. Chemical Effect 

i. Chemisorption and the absorption coefficient 

Chemisorption of molecules on the metal's surface results in donor-acceptor 

interactions which can influence the molecules' polarizability, which generally 

results in an increase in the absorption coefficient. Charge transfer between the 

molecular orbitals and the metal can also increase the absorption coefficient. 

ii. Orientation effect 

The molecules' interaction with the surface, with each other, and the environment 

can  result in an alignment of the molecules' dipoles such that certain vibrations are 

oriented along the surface normal and will have an increased absorption. 

A commonly used configuration for SEIRA is the Kretschmann ATR configuration, which is 

particularly advantageous when electrochemistry is coupled with spectroscopy since the 

configuration allows for studying electrode-electrolyte interfaces.
58

 Here, an ATR prism is 

coated with metal film, which serves as the electrode. This electrode can be covered with 

molecules (such as self-assembled monolayers, SAMs, and/or protein).
20,59

 

An effective and inexpensive way to deposit the metal film is through chemical deposition 

using metal plating solutions. This simple technique results in deposition of a gold-island film 

(~300 nm dimension) which has good adhesion on a Si ATR prism brought about by the 

formation of Au-Si bond (silicides) possible when the silicon oxide has been etched prior to 

the metal plating.
20,60
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Figure 2.5.1.1. A diagram showing the SEIRA effect in ATR set-up. The localized surface plasmons are 
indicated by p and the induced dipoles on the metal by δp. Since the set-up is in ATR configuration, the 
evanescent wave from the internal reflection of the IR radiation is also shown. Here the sample being probed is a 
protein adsorbed on the chemisorbed self-assembled monolayers (SAMs; zigzag chains with light-blue filled 
circles representing the termination group). 

 

The ATR configuration is particularly useful when studying electrode-electrolyte interfaces 
especially since the solution (e.g., buffer, which contains water) can have strong IR 
absorption. In ATR, the total internal reflection happens in a medium which has an interface 
with an optically less dense medium when the incidence angle is greater than a critical angle. 
In this case, the internal reflection element is the Si ATR prism. This process produces an 
evanescent wave through the less dense medium without carrying any energy. Because of this, 
the electric field intensity exponentially decays in the direction perpendicular to the surface: 

    𝐸 = 𝐸0 exp (−
𝑧

𝑑𝑝
)  Eq. 2.5.1.3 

where dp is the evanescent wave's penetration depth at which the field's amplitude has 
decayed to ~37 % (e-1) of the initial value and is a function of the incidence angle, θ, the 
wavelength of the radiation, λ, and the ratio of the refractive indices of optically more and less 
dense, n1 and n2, respectively:  

    𝑑𝑝 =  
𝜆

2𝜋√sin2 𝜃− (
𝑛1
𝑛2
)
2
  Eq. 2.5.1.4 

With this set-up, electrochemistry in conjunction with SEIRA is possible.20,55,58,61  
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2.5.2. IR/SEIRA spectroscopy of proteins: Amide I and II region 

IR is sensitive to vibrational modes exhibiting changes in dipole moments. For organic 

molecules, these are polar functional groups such as C=O, N‒H, and O‒H. Biological 

molecules, on the other hand, are more complex and imposes higher demands on the spectra 

analysis.
62

 In studying proteins using IR or SEIRA spectroscopy, amide bands provide 

information about the changes in protein conformation. As early as 1950, it was already 

realized that the amide IR bands are correlated with the conformation of the polypeptides.
62,63

 

On the other hand, it was only at around 1986 when the secondary-structure determination of 

proteins from their IR spectra was started by Byler and Susi,
64

 which became possible with 

the development of Fourier-transformed IR (FTIR) spectrometry—eventually giving high 

signal-to-noise (S/N) ratio digitalized spectra—and computers for faster spectral analysis.  

There are up to 9 characteristic bands associated with the amide group of peptides.
62,65–67

 Of 

these, amide I and II are the two major bands of a protein's IR spectrum. Amide I is the most 

intense absorption band in proteins and is found within 1600-1700 cm
-1

. It is mainly due to 

the C=O stretch, with a small contribution from the C‒N stretch. Its frequency position is 

related to the protein backbone conformation and the hydrogen-bonding pattern. Amide II, on 

the other hand, is found between 1510-1580 cm
-1

. It is a bit more complex than amide I and 

arises mainly from the in-plane N‒H bending, but also includes the C‒N and C‒C stretching 

(minor contributions) modes. It is also sensitive to changes in conformation. The other bands 

are from a mixture of several changes in coordinates or due to out-of-plane motions.
65

 

Most work concerning protein conformation has been carried out using only amide I band 

although the use of amide II (and even amide III) also helps in gaining more information 

regarding the protein conformation.
62

 

The shape of the amide I band of globular proteins is said to be characteristic of their 

secondary structure, partly because the secondary structure of a protein is reflected by the 

frequencies of its amide bands.
68

 Hence, secondary structures have typical characteristic band 

positions for amide bands I and II and these are listed below: 

 α-helix: amide I has a mean frequency at ~1652 cm
-1

 (typical range: 1645-1662        

cm
-1

)
62,65,69

 whereas its amide II is typically found at ~1548 cm
-1

. The half-width of 

the bands also are influenced by the helix's stability, with smaller half-widths 

corresponding to higher "helix-coil transition free energies" and therefore greater 

stability. Conversely, bigger half-widths correspond to smaller transition free 

energies.
65

 

 β-sheet: The amide I absorption for this structure has an average frequency of its main 

component at ~1629 cm
-1

 (1613-1637 cm
-1

 range
62,69

). The second frequency 

associated to this band can go from 1682-1696 cm
-1

.
62,65,69

 On the other hand, in 

synthetic polypeptides, the amide I absorption for this structure is at ~1640 cm
-1

.
65

 

Differentiating between parallel and anti-parallel β-sheets can also be done based on 

literature data.
62

 

 Turn structures: a β-turn involves four amino acid residues to form a loop that will 

enable the two chain segments connected to the turn to be anti-parallel to each other 

and form a n to n+3 hydrogen-bond. Turn structures have been identified in both 

helical and non-helical proteins. In general, the absorption bands which may be 

assignable to turns overlaps with those coming from α-helix
 
although an absorption 

~1680 cm
-1

 is clearly assigned to β-turns. Its typical range is 1660-1682 cm
-1

.
62,69,70
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 Unordered: different band position ranges are assigned for unordered structures. Some 

indicate that it manifests as very low-frequency (1637-1645 cm
-1

)
69

 although it can 

also appear at the range 1656-1660 cm
-1

.
62

  

These values can be used to deconvolute the amide band envelopes, which are usually 

composed of an overlap of individual bands with each band characteristic of a secondary 

structure. If quantitative analysis is desired, one can estimate the area of each component 

representative of a secondary structure type. 

 

The use of difference spectroscopy is useful in studying small changes in the conformation of 

the biomolecules involved in physiological processes. In this case, the difference spectrum 

would be the spectrum of the protein in one state (before a reaction) minus the spectrum of the 

protein in another state (after the reaction). In such cases the information about all the 

contributions in addition to the change under study are removed.
71

  
 

In the early days of studying proteins, dry polypeptides were used for the investigations which 

has the obvious problem that the structure-function could not be properly established as the 

proteins can be in their non-ordered conformation.
62

 The sample was dried because water 

strongly absorbs IR. D2O can be used instead although it is not always practical, desired, or 

cost-effective. Hence, strategies to work around the "water problem" is to use difference 

spectroscopy (protein solution's minus the buffer's), another solvent (although this is not 

always possible), thin films, and ATR or SEIRA-ATR configuration to probe the interface 

material/processes.
20,62

 

 

Thin-film IR spectroscopy can be done in transmission mode (between IR-transparent plates). 

Sometimes, a mesh can be even used to extend the technique to spectro-electrochemistry in a 

so-called 'optically-transparent thin layer electrode (OTTLE)' configuration.
72–74

 

 

Difference spectroscopy is not only useful for studying small conformational changes but also 

for removing water or solvent from the protein spectra. In this case it will be the protein 

solution's IR spectrum minus the buffer's IR spectrum.
62

 Using SEIRA-ATR or ATR 

configuration to circumvent the water problem was mentioned and can be inferred from the 

discussion of this technique.
20
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Part 2: A Biological System Hemoprotein Sensor 

2.6. Hemes 

Hemes are iron-porphyrin complexes in which the porphyrin plane
5
 acts as a tetra-dentate 

ligand via its four pyrrolic nitrogens, which are coordinatively bound to the central iron. This 

leaves the axial positions available for binding to other ligands, which may be a small 

molecule or amino acid residue present within the vicinity of the iron.
75

  

Many metalloproteins that contain porphyrins have hemes as their prosthetic group, thereby 

categorizing them as hemoproteins. The most common example of hemoprotein is 

hemoglobin, a biological pigment that gives blood's red color. Other examples of 

hemoproteins are cytochromes, myoglobin, heme peroxidase, and catalases. Hemoprotein 

functions are diverse, ranging from electron transfer (cytochromes), sensing and signal 

transduction, catalysis and metabolism of substrates (heme enzymes), oxygen transport and 

storage (globins), control of gene expression, and ligand binding. Because hemoglobin and 

myoglobin is used to transport and store oxygen, heme is pervasive in animal cells
75

 although 

heme can also be found in plants and other living organisms.
5,76

 

The variety of heme functions is brought about by: 

1. the versatility of the heme group which can be mainly attributed to 

a. the delocalization of the π-electron network of the porphyrin ring and  

b. the reduction-oxidation (redox) properties of the iron center, and  

2. the different heme environments resulting in various interactions of the heme with 

the protein framework. 

For example, the redox properties of the heme enable it to participate in redox reactions 

necessary for electron transfer and catalysis.  

There are different types of hemes based on different substitution patterns.
5
 The most 

common ones are hemes a, b, and c. Heme a is characterized by the presence of the 

hydrophobic hydroxyethylfarnesyl chain on ring 3 and a formyl group on ring 4. An example 

of hemoprotein containing heme a type is cyt c oxidase, which has four sub-units and 

involves two types of heme a in the oxygen reduction to water accompanying a membrane-

crossing electrogenic transfer of protons.
5,75

 

The most abundant heme-type is heme b (or iron-protoporphyrin IX), which is found in 

globins, peroxidases, catalases, and cyt b5. Here, the heme has two vinyl substituents and is 

non-covalently bound to the protein.
5,77

 

Most of the proteins involved in electron transfer belong to the cyt c family of proteins. The c-

type hemes are covalently bound to the protein via two thioether bonds between Cys residues 

and 19-C atoms of the vinyl groups in rings 2 and 4.
5,75

 The protein-heme linkage of c-type 

proteins is thought to provide stable anchorage to the protein, thereby lessening the possibility 

of losing heme or denaturing.
75,78

 Since the covalent heme attachment affects both the heme 

conformation and the iron's interaction with the commonly occurring proximal ligand 

histidine, it is also thought that the heme attachment influences both the heme redox potential 

and ligand-iron interactions.
77

 Overall, the covalent linkage seems to confer an evolutionary 

advantage because mutations in the heme pocket can then be tolerated better, allowing the 

proteins to tweak and optimize their properties for redox reactions.
75
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Figure 2.6.1. shows the structure of heme c. The numbered carbons refer to the β-carbons of 
the porphyrin, of which the ones with asterisks refer to the ones substituted differently to give 
the different heme types (for heme a, 3*: hydroxyethylfarnesyl, 8*: ‒CH=CH2, and 18*: ‒

CH=O; for heme b, 3* and 8*: ‒CH=CH2). 

 

 

Figure 2.6.1. Structure of heme c. 

 

Although there are different types of hemes, hemes have basic structural properties which 
brings about their diversity (e.g., different functions) but also results in their commonality 
(e.g., similar vibration marker bands). These components are the iron metal core and the 
ligands consisting of the porphyrin macrocycle and the axial ligands. Inside a protein, 
structure elucidation of hemoproteins also considers the protein environment, which also 
plays a role in its function.  

2.6.1. Iron ion in heme, its redox states, and the heme redox potential 

The main function of a heme depends on the iron center, making it central to the biochemical 
events involving the heme. One important property of the heme, which is the ability to accept 
or release an electron (or be reduced or oxidized, respectively), is attributable to the iron 
center. As a transition metal, iron can have multiple oxidation states. In hemoproteins, its 
oxidation states are +2 (ferrous), +3 (ferric), and +4 (for the peroxidases which cycle between 
+3 and +4, respectively).76 For many cases, the redox cycle in hemoproteins are between the 
+2 ferrous (reduced) and +3 ferric (oxidized) species.    

The stability of individual iron oxidation states vary widely as a function of different 
variables: the nature, orientation, and hydrogen bonds of the heme ligands, the active site 
residues around the heme, solvent accessibility, heme substituents, heme and vinyl group 
orientations, heme-propionate hydrogen bonding interactions, and heme ruffling.76     

Commonly, in hemes, the redox described is the interconversion of  

    Fe3+ + e- ⇌ Fe2+  (Eo = +0.77 V)  Eq. 2.6.1.1  

which is characterized by the redox or reduction potential.79,80 The reduction potential 
describes the tendency of a species to receive electrons and be reduced. It serves as a driving 
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force for the reaction to occur. In Eq. 2.6.1.1, the half-cell standard potential, Eo, for the 

reduction of iron (III) to iron (II) is given (standard condition: 298.15 K, 1 atm, activity of 1 

or 1 M concentration of each component). 

The heme redox potential is a crucial factor for biological function.
76

 As an example, in the 

recent work of Bhagi-Damodaran, et al., they found that the redox potential determines the 

reactivity differences between the highly structural homologous nitric-oxide reductase (NOR) 

and heme-copper oxidase (HCO). They were able to show this by tuning the redox potential 

of a myoglobin-based model of NOR so that it covers the range of the native NOR. 

Experimental and computational studies demonstrated that the heme redox potential has a 

strong influence on nitric oxide (NO) reduction; decreasing the redox potential from +0.148 to 

-0.130 V (vs. the standard hydrogen electrode or SHE) resulted in 180-633 fold enhancements 

in the NO association and decay rates of heme-nitrosyl, respectively. The authors attribute this 

redox-potential influence as a balance between opposing factors in the catalysis: NO binding, 

dinitrosyl decay, and electron transfer. The first two factors require a low redox potential to 

occur, whereas the last is facilitated by a high redox potential. This could also explain why 

HCOs with a redox potential in a similar range as the NORs are the only ones that exhibit 

NOR reactivity.
81

  

2.6.2. Ligation 

The ligation of the heme iron is one of the factors that determine the heme reactivity/redox 

functions. Four ligation sites are already occupied by the pyrrole N atoms forming a complex 

with the iron ion. Due to macrocyclic effect, the metal-porphyrin complex is quite stable  as 

compared to open-chain ligands.
82

 Since the porphyrin coordinatively binds to the iron in an 

equatorial fashion, two sites for axial ligation are possible—one at each side of the porphyrin 

plane. Although these two types of ligation—axial ligation and porphyrin-iron ligation via the 

pyrrole rings' nitrogens—both affect the redox functions, for practicality, they are often 

treated separately, with the latter considered as porphyrin ring substituent groups effect. The 

porphyrin ring substituents affect the nature of the porphyrin-iron ligation and are mainly 

dependent on the heme type. Hence, if hemes of the same type are being compared, this effect 

will be the same, and the focus is shifted to the axial ligation.
75

 It is not surprising then that, 

for most of the literature, heme ligation refers to the axial ligation to the iron atom.
24–28,83–87

 

Figure 2.6.2. shows an illustration of axial ligation (of ligands L and L’) to ferric heme. 

 

Figure 2.6.2. Illustration showing the axial ligands (L and L’) coordinately binding to ferric heme. The bold lines 

represent the porphyrin ‘plane’. 

The tetradenticity of the porphyrin to the iron makes this iron-porphyrin linkage very strong. 

Nevertheless, the iron core size and the axial ligation can shift the iron with respect to the 

porphyrin plane.
75

 Hence, the axial ligation has a very strong influence on positioning the 
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iron—and in turn, the heme geometry—since axial ligation is the principal mechanism that 

hemoproteins use to tune the heme electronic properties.
26

  

In naturally occurring hemoproteins, different amino acid (aa) residues (His, Tyr, Met, Lys, 

and Cys) can act as axial ligands. For example, in cyt P450, the axial thiolate ligation plays an 

important role at many steps during the catalytic cycle.
26

 Since there are two possible sites for 

axial ligation, and each ligand can differ in binding strength, iron atom accessibility, and 

position in the heme environment (i.e., in the case of aa residues), it is very likely that one of 

the axial ligands (if both are present) will be nearer to the iron than the other. Hence, these 

two ligands are differentiated based on their proximity from the iron: one is called the 

proximal (nearer ligand) and the other distal (farther away). For example, the iron (II) of the 

heme protoporphyrin IX in globins coordinatively interacts with two imidazole moieties of 

globin histidines. Here, one His is farther away (distal) to be able to reversibly bind oxygen 

for transporting (hemoglobins) or storage (myoglobins) purposes.
5,88

 At least one of the axial 

ligands is usually occupied by an aa side chain. This aa residue that is solely or more closely 

coordinated to the iron determines the proximal side. The 6
th

 coordination site can remain 

vacant to give a five-coordinated (5c) heme, or occupied by another aa side chain or a small 

ligand such as water, oxygen, or other small gas molecules to give a six-coordinated (6c) 

heme.
5
 The last point is important for a common heme natural functions involves heme 

binding of a small, usually exogenous, molecule. In the absence of another axial ligand, or in 

cases that the 6
th

 ligand is of considerable distance from the iron (such as in hemoglobin) or 

only weakly bound, exogenous ligands can occupy the site or replace a weakly bound ligand 

and directly interacts with the iron. For example, in hemoglobin, the second His is far enough 

that it can accommodate the oxygen molecule. In this case then, the distal His ligand 

indirectly interacts with the iron via the exogenous ligand.
88

 

2.6.3. Core size, ligand strength, coordination, and spin 

The electronic structure of iron is also important in understanding the heme chemistry. Iron as 

a transition metal has d orbitals, the neutral atom having 6 electrons in these orbitals. 

Removing 3 electrons gives the ferric heme a d
5
-electronic configuration (since 2 electrons 

from 4s and 1 electron from 3d were removed). Considering an octahedral ligand field, the 

five d-orbitals split into three degenerate t2g-orbitals and two degenerate eg-orbitals. This 

results to two possible scenarios depending on the energy difference between the eg and t2g, Δ: 

1. When Δ is larger than the electron-pairing energy of d electrons Π (Δ > Π): the 

electrons will prefer to all go to the lower energy t2g orbitals by pairing up, resulting in 

only one unpaired electron and a low spin (LS; S=1/2, where S is the total spin of the 

complex). 

2. When Δ < Π: the electrons will prefer to have parallel spins and stay unpaired by 

occupying individual orbitals, resulting in a maximum possible spin state or high spin 

(HS; S=5/2) 
5,89

 

A short summary of some ligands according to strength is as follows: I
- 
< Br

- 
< F

- 
< Cl

- 
< H2O 

< oxalate < pyridine < NH3< ethylene diamine < NO2
- 
< CN

-
. In general, if the ligands in an 

octahedral complex can form π bonds via the empty pπ or dπ orbitals, then according to 

molecular-orbital (MO) theory, the t2g orbital lowers further (with respect to the higher eg 

antibonding MO) resulting in a larger Δ. On the other hand, if the ligands have filled π 

orbitals, the t2g orbital will not be lowered that much such that Δ is smaller. Hence, ligands 

that can form π bonds via the empty p- or d- π orbitals are strong ligands. Those that have 

filled π orbitals will act as weak ligands.
89

 



2. Background 

Part 2: A Biological System Hemoprotein Sensor 

 

22 

 

Now, if two strong ligands are coordinated to the iron in the axial positions, Δ may become 

too large that the energetically favored configuration will be a six-coordinated low-spin 

(6cLS) complex.
5
 From the MO theory viewpoint, this low spin enables the stronger bonding 

between the metal and the ligand. This is similar to the electrostatic viewpoint, since the 

absence of electrons in the eg exposes the ligands more completely to the metal, which 

increases the extent of σ-electron polarization.
89

 

Binding weak axial ligands to the iron results in a smaller Δ and so a six-coordinated high-

spin (6cHS) configuration is preferred. When the heme is only five-coordinated (one axial 

ligand; the other axial position is unoccupied), a high-spin configuration is also formed 

(5cHS). The HS has its five orbitals occupying a larger space (compared to the LS 

configuration) and so the effective radius of the ion increases in HS such that the porphyrin 

expands to accommodate the iron. This results in an increase in the porphyrin-core-center-to-

pyrrolic-nitrogens (Ct–N) distance (dCt–N) or the porphyrin core size. The increase is larger for 

the 6cHS compared to the 5cHS because the sole axial ligand in 5cHS slightly pulls the heme 

out of the porphyrin plane. The d orbitals in the 5cHS then need less space as the ones in the 

6cHS and so the core size expands less. In terms of core size, it can be summarized as 6cLS < 

5cHS < 6cHS. The core size has an influence on the frequency as will be seen in the section 

on Raman spectroscopy of hemes.
5
 

Ferrous hemes occupy a slightly larger space (vs. the ferric heme counterpart) because of the 

additional electron in the d-orbitals. The higher electron density, on the other hand, causes 

additional effects on the force constants. For example, the presence of strong electron-

donating ligands may result in the transfer of electron density from the iron to the porphyrin 

and alter the force constants. A similar but opposite effect can result from strong electron-

accepting ligands.
5
 

2.6.4. Heme environment 

The heme environment plays a role in enhancing the heme properties for its desired purpose 

and enabling the function it is intended for, often making it more directed or suited. For 

example, it is very important for the iron in hemoglobin to stay in the 2+ state with or without 

the bound oxygen since oxidation of the iron in this case is often irreversible, i.e., it is more 

difficult for the iron (III) to undergo back-reduction by enzyme-based reductive mechanisms 

(than to stay reduced and be available for reversible oxygen-binding). Also, irreversible 

oxidation may lead to destruction of the oxygen molecule to form a di-heme complex 

(consisting of Fe-Heme1 and Fe-Heme2) with a sole oxygen atom acting as a common ligand 

(Fe(heme1)-O-Fe(heme2)). Therefore, the environment lends additional lowering of the oxidation 

ability of Fe
2+ 

→ Fe
3+

 by slightly increasing its redox potential from +0.75 V (vs. NHE) for 

the free heme to +0.82 V (vs. SHE) for the heme in hemoglobin.
88

 

Complexing the hemoglobin heme with water is also prevented by the hydrophobic character 

of the heme pocket. Water complexation prevents oxygen from binding and often leads to the 

formation of Fe(III)-OH (which is also irreversible and leaves no room for oxygen-binding).
88

 

Kassner also suggested that a low dielectric constant, hydrophobic environment may play a 

role in increasing the redox potential of hemes.
90

  

The environment also helps in ensuring that the heme stays inside the heme pocket. For 

example, in hemopexin—a protein abundant in the blood serum known to bind heme with the 

highest affinity—the heme propionate groups are anchored inside the protein complex by 

extensive electrostatic interactions and a number of aromatic residues around one of the 

heme's pyrrole rings. Since for this protein, ligand release is also essential, the axial ligand 
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placing, and the order of the solvent molecules play a role in the unzipping of the interface—

as the heme is found near the interface of two domains—during ligand release.
75

 Overall, the 

heme environment ensures that the protein's functions are carried out efficiently.  

First and second coordination sphere 

The first or primary coordination sphere (1
st
 CS) is the metal ion or atom and the ligands 

attached to it (i.e., the transition metal complex). In the early days, molecular chemistry was 

based mainly on the 1
st
 CS being the only contributor to the metal-complex properties. While 

the most crucial properties of metal complexes are linked to the 1
st
 CS, it was not sufficient to 

explain all the experimental findings of Alfred Werner such as the interaction of amines with 

coordinatively saturated metal acetylacetonate complexes and the presence of solvent 

molecules in metal-complex crystals. He thus proposed that the microenvironment 

surrounding the metal complex plays an additional important role in determining the physical 

properties of transition metal complexes, especially in terms of their structure and function. 

This idea of microenvironment-complex interaction was extended to the concept that the 

complexes can interact with other molecules in explicit ways, forming outer sphere, or 

secondary coordination sphere (2
nd

 CS), species.
91

 

The 2
nd

 CS influences almost all facets of transition metal chemistry, such as their reactivity 

and selectivity in processes. For example, the 2
nd

 CS enables metal complexes to reversibly 

bind ligands and activate them to form ligand-bound metallic complexes and/or break bonds 

in the bound ligand.
91,92

 Examples are in enzymes that bind oxygen and activate it to form 

highly reactive oxo-metallic complexes
91

 or in hydrogenases, in which the pendant amines in 

the 2nd CS can promote heterolytic cleavage of coordinated hydrogen.
92

 

In general, to contribute to a structure conducive for the desired function, the 2nd CS controls: 

1. hydrophobicity necessary for ligand-binding,
88

 

2. H-bond network to support ligand-binding, 

3. exchange of protons in solutions with ligands that are able to do so,
92

 and 

4. proton-coupled electron-transfer reactions.
92

 

 
The two spheres (1

st
 and 2

nd
 CS) differ in the nature of the chemical bonding that dominates 

their coordination. In the 1
st
 CS, (coordinate) covalent interactions prevail between the 

ligands' donor atoms and the iron core. In the 2
nd

 CS, non-covalent interactions dominate and 

are usually related to chemical selectivity. These interactions, however, are generally weak 

and are thus difficult to control in synthetic systems. The inability to control these interactions 

often results in a different structure and deviation from intended functions.
91

 Nevertheless, 

these non-covalent interactions in the 2
nd

 CS are quite relevant for the protein function. These 

further show the complexity and high-level design of these biological macromolecules. 

The 2
nd

 CS interaction between the heme-bound exogenous ligand and the distal environment 

of the heme is important in different heme functions.
91,93

 An example on the effect of the 2
nd

 

CS on hemoproteins can be seen for the oxygen binding in hemoglobins and myoglobins. For 

these proteins, and sensing hemoproteins, hydrogen bonding between the coordinated oxygen 

and the distal histidine's imidazole residue is important.
93

 Changing the position of this distal 

His has significant effect on the function. For example, this results in an enhanced peroxidase 

activity for myoglobins, which have active sites that have been engineered to only retain 

combined hydrogen-bond formation. Changes in H-bond network also influence the affinity 

for O2 as seen in hemoglobins of humans vs. of nematodes. These hemoglobins have the same 

1
st
 CS structure but different H-bond networks (2nd CS), resulting in the nematodic 
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hemoglobin to have higher oxygen affinity, which is needed since nematodes live in low-

oxygen conditions.  

H-bonds in the 2
nd

 CS also have influence on the activation of oxygen in several iron-heme 

enzymes. For example, cyt P450 functions are linked with H-network in the 2
nd

 CS.
91

  The 

catalytic site of cyt P450 for oxygen activation includes a distal threonine residue as proton 

donor and a thiolate as a strong electron-donating ligand. The balancing effect from the 

proximal and distal environments controls the reactivity for oxy-heme-to-ferric-hydroperoxo 

conversion (the ferric hydroperoxo is an important intermediate for heterolytic scission of the 

O‒O bond). It was demonstrated that this conversion can happen with an iron (II) HS heme 

reducing an oxy-heme with the involvement of strong H-bond interaction to produce an iron 

(III) hydroperoxo intermediate.
93

 Further, the H-bonds to the thiolate ligand provided by the 

protein scaffold have been considered to help in stabilizing the Fe (II) thiolates by decreasing 

the electron-donating ability of the Cys residue and preventing protonation of the thiolate. 

Similarly, in Cys/His-ligated heme-containing enzymes such as cystathionine-β synthase, the 

2
nd

 CS can further modulate the Cys ligand's properties and the heme's solvent accessibility.
94

  

Specific residues in the 2
nd

 CS are sometimes specified and attributed for the H-bonding to the 

exogenous ligand. For example, in a number of hemoglobins (for e.g., from A. suum), other 

globins, and globin-containing (or coupled) sensors (GCS; for e.g., hemAT-Bs ), O2 binding is 

said to be stabilized by a direct/indirect H-bonding with a tyrosine residue (tyrosine B10), 

such that replacement of the said residue resulted in rapid autoxidation of the protein
95,96

 and 

lowered oxygen-binding affinity. It can be though that in the distal region, the H-bonding to a 

specific residue is not accomplished by merely one residue but by a coordination of many 

residues. For example, it was found in protoglobins (i.e., ancestor globins) that in addition to 

the B10 Tyr (Y60), a Trp possibly also facilitates interaction with the exogenous ligand.
95

 

2.6.5. Covalently-bound heme 

In literature, the purpose of covalent binding of the heme to the protein is not so clear though 

it occurs in many hemoprotein:
97,98

 

 in cyt c through two thioether bonds between its vinylic groups and Cys residues,  

 in CYP4 cyt P450 enzymes through an ester link between the 5-methyl group to a Glu 

residue in helix I,  

 in lactoperoxidase and eosinophil peroxidase via ester linkages of the the side chains 

of Glu and Asp residues with the heme 1- and 5-methyl groups, respectively,  

 in cyt c peroxidase and ascorbate peroxidase, covalent links between a Trp residue and 

one of the heme's vinyl groups 

 in myeloproxidase, which occurs via an ester link between Glu/Asp side chain and the 

heme's 1-/5-methyl group and a sulfonium link between a Met residue and the Cβ of 

the heme 2-vinyl group.
98

  

The reason for heme being covalently bound in some proteins or in some members of a 

protein family is not apparent. For example, in the CYP4 cytochrome P450, only a few 

members of the family are covalently attached and this means that this attachment fulfills a 

role specific for some of them. In this case, heme-to-protein covalent binding "may allow a 

finer discrimination against exposure of the (ϖ-1)-methylene group to the ferryl species", 

thereby enhancing the enzyme's ϖ-regiospecificity.
98

 Some researchers suggested that the 

covalent binding—resulting in an inability to dissociate heme—indicates a gas sensor/redox 

role.
97

 This is the case for insect E75 NO sensor, for which NO- (and CO-) binding induces 

target gene transcription. However, when examining the members of the insect E75 protein 
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family, with some of them being covalently bound while the others are not, and looking at 

their sensor function, it becomes clear that the two subtypes of protein according to heme-

covalent binding undergo different signaling pathways. Hence, covalent linkage of heme 

"might serve different functions in vivo" allowing, in this case, for the possibility to regulate 

signaling through the same E75 nuclear receptor in different ways.
98

 Covalent-binding of 

heme, therefore, could result in further differentiation of functions of proteins from the same 

type/family.  

A quite obvious possible reason for the covalent linkage of heme points toward stability, 

either by lowering the conformational freedom to stabilize the protein fold or that the covalent 

attachment actually stabilizes specific modes of ligation. Other possible purposes of heme 

covalent-linkage that were speculated include: (1) prevention of heme modification (via the 

vinylic group) and (2) possible influence on the redox potential and affinity of distal residues. 

The 2nd purpose is related to a possible influence on the stability of certain ligation modes as 

observed with the change in the coordination state when the putative heme sensor MA4561's 

covalent-linking Cys residue was mutated to alanine.
99

 

2.6.6. Histidine ligand/residue and its bond strength  

Due to the bond strength of histidine to the heme iron, this residue is a common axial ligand 

to attach the heme to the protein backbone. This is important because in some hemes, this 

ligation serves as the heme's sole covalent coordination to the apoprotein (a number of 5cHS 

proteins). For example, both globins and peroxidases, despite their little structural/sequential 

similarities, have histidine/s in their axial ligation. Aside from direct ligation, His can also 

serve as an indirect ligand via H-bonding, usually in substrate-binding hemes. 

 

Histidine is an amino acid that has an imidazole side chain. As an axial ligand, the Nϵ of 

histidine is ligated to the heme iron, whereas the other nitrogen (Nδ) seems to play a role in 

controlling the iron ligation strength. At neutral pH for example, Nδ is protonated and H-

bonding at Nδ-H (to a basic side chain group, for example) controls the strength of the iron-

Nϵ (His) bond. When the His acts as a H-bond donor, its electron density is increased and the 

excess of which is transferred to the heme. This process increases the axial ligation strength—

or the lone-pair donor capacity of the Nϵ, i.e., the σ-donor capability—of the histidine ligand 

to the heme iron.
100,101

 The proximal His bond to iron in peroxidases, for example, is 

generally stronger than in globins because of its stronger H-bonding conferring to the His an 

increased imidazolate anionic character and therefore "stronger σ-donor capabilities". In 

addition to H-bonding, the proximal His-iron bond strength can also be modulated by steric 

strain introduced from the protein backbone.
101

 

 

This proximal His bond strength plays a role in determining the redox potential of the heme, 

for example in cyt b proteins. An increased σ-donor properties of the His ligand correlate with 

the expected stabilization of its oxidized iron state.
101

 Hence, H-bonding of the His ligand 

plays an important role in the function of the protein. For example, the stronger H-bonding to 

the proximal His in peroxidases seems to give an extra push for activation of the peroxide 

bound to the iron for heterolytic cleavage and formation of reactive species. In a similar way, 

the H-bonding on the distal His Nδ-H enables the protein to perform its function. In 

myoglobin for instance, the distal His Nδ-H forms a hydrogen bond with an oxygen molecule, 

which stabilizes the heme-O2 complex and enhances O2 binding over a competing substrate 

CO. The hydrogen bonding of the distal His possible with heme-bound diatomic ligands helps 

in the selectivity of the myoglobin function.
100
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2.7. Resonance Raman spectroscopy of Hemes 

As a metalloporphyrin, hemes almost have the D4h symmetry. Even if they are not exactly 

planar, or symmetric due to their different substitutions, symmetric considerations are still a 

useful guide for understanding the vibrational patterns.
5,102

 Using this viewpoint, one can take 

a look at their electronic transitions which are mostly due to their π-MOs. The HOMOs of 

hemes being a1u and a2u symmetry of very close energy and its LUMO being doubly 

degenerate (eg) results in two promotions that are of the same Eu symmetry and energy. This 

makes them strongly interacting such that their transition dipoles combine additively and 

subtractively, resulting in a strong electronic transition at ~400 nm (Soret/ B-band) and a 

weaker ~550 nm transition (Q-band), which have a ratio in terms of their oscillator strength of 

~10.
5
 Fig. 2.7.1 shows absorption spectra typical for hemes, with the Soret and Q-bands 

indicated.  

 

Figure 2.7.1. UV-Vis absorbance of the hemoprotein cytochrome b5 domain of the human sulfite oxidase 

showing the Soret excitation (here, ~414 nm) and the Q bands (bands between 500 and 600). Protein 

solutions before (black) and after (red) incubation of TiO2-NT electrodes are shown in the spectra. Image 

adapted from the supplementary information (anie_201802597_sm_miscellaneous_information.pdf) with 

permission from Öner, I. H. et al. High Electromagnetic Field Enhancement of TiO2 Nanotube Electrodes. 

Angew. Chemie Int. Ed. 57, 7225–7229 (2018). Copyright 2020 John Wiley and Sons.
2
  

In its in-plane modes, the A1g, B1g, and B2g modes because of the symmetry of their 

polarizability operator are Raman-active. On the other hand, the symmetry properties of the 

dipole moment operator of the Eu modes make them IR active, whereas the remaining in-

plane modes for the D4h symmetry, A2g, are IR and Raman inactive. Among the out-of-plane 

normal modes for this group, "only the A2u and Eg are IR- and Raman-active, respectively". If 

the RR is considered, then one has to remember that the B- and Q-band electronic transitions 

are localized in the heme plane and so only the in-plane modes matter. Since the A-term 

dominates for strong symmetric electronic transitions, as is the case of the Soret transition, the 

RR spectrum with Soret excitation is made up mostly by vibrational bands coming from 

totally symmetric A1g modes, with the most prominent ones at ~1300‒1700 cm
-1

 (a.k.a. 

'marker bands'). The B-term holds for the modes obtained by the direct product of the 

electronic transitions Eu reduced down to their irreducible representation:  

  𝐸𝑢  ×  𝐸𝑢 = 𝐴1𝑔 + 𝐴2𝑔 + 𝐵1𝑔  +  𝐵2𝑔 Eq. 2.7.1 

Using Q-band excitation, the B1g modes are particularly enhanced since their vibronic 

coupling strength is stronger than those of the B2g and A1g modes'. The A2g modes, which are 
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normally Raman-inactive, can also be seen using this excitation. These RR bands from modes 

of the different symmetries can be distinguished by looking at their depolarization ratios 

which can be useful in vibrational band assignments.
5
 

Metalloporphyrins though, including hemes, are not perfectly (D4h) symmetric such that the 

Eu modes can become Raman-forbidden (but IR-allowed) or split into two components in the 

case of b- or a-type hemes, respectively, as examples. On the other hand, the substitution with 

the vinyl or formyl groups (being both conjugated) is coupled to the conjugated system of the 

porphyrin resulting in the internal modes of these substituents gaining resonance 

enhancement. Hence, their C=C or C=O stretching modes at ~1600‒1700 cm
-1

 may be 

enhanced. On the other hand, also formation of thioether linkages in c-type hemes lowers the 

porphyrin symmetry which also affects the RR activity. The thioether bridge formation also 

couples with the porphyrin internal modes leading additional RR bands such as the C‒S 

stretching band at ~700 cm
-1

. Deviations from the planarity under D4h symmetry such as 

doming, ruffling, and other structural distortions of the porphyrin can also result in changes of 

the symmetry which can be as drastic as changing the point group basis (to C4v or D2d) for 

example. This changes can makes some modes that are normally RR-active inactive, or vice 

versa, and affect the RR spectra that can be obtained.
5
 

The coupling of ligands with π-electron acceptor or electron-donating ligands with the in-

plane electronic transition of the porphyrin also has an effect on the RR activity. The strength, 

electron-donating capabilities, and empty π orbitals of the ligands, and their influence on the 

charge densities of the central iron as well as on the electron density of the porphyrin were 

discussed on the section on hemes and its structure. These influences on the structure can also 

be manifested on the RR spectra. For example, electron-donating axial ligands may transfer 

electron density into the porphyrin's low-lying π*-orbitals whereas ligands with empty π-

orbitals (e.g., CO, O2, NO) can withdraw electron density from the dπ-orbitals of the iron and 

even from that of the porphyrin π-orbitals. These can also influence the RR spectra.
5
 

The heme 'marker band' frequencies (1300-1700 cm
-1

) display an empirical relationship with 

the porphyrin core size (𝑑𝐶𝑡−𝑁), that is the distance between the porphyrin core Ct and the 

pyrrolic N atoms.
5,103

 A discussion on the factors that may influence the core-size is given in 

the previous sections. These marker bands are the ν4 (A1g; a.k.a. oxidation marker), ν3, ν2 

(A1g), ν38, ν37 (Eu), ν11, ν10 (B1g), and ν19 (A2g). The frequencies of these mdoes reflect the 

oxidation, spin, and ligation states of the heme Fe. Under Soret excitation, the most prominent 

band is the ν4, which is mostly due to the C‒N stretching mode. The other modes include the 

C‒C stretching coordinates of the heme. Prominent marker bands under Q.band excitation are 

the modes ν10 and ν19.
5,18

 Fig. 2.7.2. shows the RR spectra of the hemoprotein MsmS from M. 

acetivorans in its oxidized and reduced states at 413 nm excitation and with the marker bands 

indicated. 
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Figure 2.7.2. Resonance Raman spectra of MsmS from M. acetivorans in its oxidized (top trace) and 

reduced (bottom trace) states at 413 nm excitation. 

The porphyrin ring can expand (e.g., increased core size) which causes the force constants of 

the C‒C stretching coordinates to decrease, corresponding to a downshift of the related 

frequencies (ν): 

    𝜈 = 𝐾(𝐴 − 𝑑𝐶𝑡−𝑁)  Eq. 2.7.2 

where "A and K are mode-specific empirical constants" obtained from the RR frequency-

crystallographic data core size plot. This frequency-core size correlation can be seen, for 

example, in the case of LS to HS change of a 6c-ferric heme. This configuration change 

results in an increase of ~0.05 Å which can shift the frequency of most marker bands by up to 

20 cm
-1

. Changing from 6cLS to 5cHS, on the other hand, expands only by ~0.03 Å resulting 

in a more modest shift of ~10 cm
-1

.  

Because ferrous iron is slightly larger than the ferric iron, its core size is also larger. Further, 

the additional electron causes a higher electron density which can result in some deviation 

from the linear core size/frequency dependence. Certain modes are more sensitive to the 

electron density in the heme, particularly the ν4 mode which, although it is not so affected by 

the core size changes is very responsive to a change in the oxidation state (hence, it is the 

"oxidation marker") of the heme Fe. It can shift from 1370-1375 cm
-1

 to 1358-1363 cm
-1

 as it 

goes from the ferric to the ferrous state. The presence of electron-rich axial ligands can further 

lower the density down to 1340 cm
-1

 such as in thiolate axial ligation.
5,104,105

 The reverse can 

happen when a ligand is a strong electron-density acceptor. 

Other regions of the RR spectrum can reveal additional information such as on protein-heme 

interactions (< 1000 cm
-1

).
18
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2.7.1. Deuteration of hemoproteins, its effect on hydrogen bonding, and the related vibrational 

shifts 

H/D substitution is a helpful approach in vibrational analysis. For example, deuteration was 

employed to distinguish the vibrational modes of propionate and vinyl groups in the heme 

myoglobin derivatives. In the work of Mak, et al., the selective deuteration of the methyl 

hydrogens near propionates or vinyl groups enabled the assignment of bands between 350 and 

450 cm
-1

 to either the propionate or vinyl group.
106

  

Deuteration can also cause changes in the hydrogen bond due to geometric changes (a.k.a. 

geometric H/D isotope effect). This effect can influence global structures and bulk properties, 

for example, via increasing the hydrogen bond donor-acceptor distance O—H---O.
107

  

Hydrogen-bonding may also be reflected by the Raman spectra. For example, the resonance 

Raman of HemAT-Bs shows a band at ~560 cm
-1 

that is oxygen-isotope sensitive. Similarly 

other proteins have the same low frequency characteristic of the iron-oxygen binding such as 

the M. tuberculosis hemoglobin, for which it was shown that the same band is characteristic 

of a hydrogen-bonding network between the proximal oxygen (of the bound O2 molecule) and 

the heme pocket's distal side. The 560 cm
-1

 band were eventually found to consist of three 

components at 554, 566, and 572 cm
-1

. The two components at 566 and 572 cm
-1

 shifted upon 

H/D exchange and were assigned to two different conformers 'open' and 'closed'. The 'open' 

conformer corresponds to a weak hydrogen-bonding with moderate affinity such that the 

Tyr70 is facing the solvent giving rise to vibrational modes at 566 and 572 cm
-1

. On the other 

hand, the 'closed' conformer is indicative of strong hydrogen-bonding with greater oxygen 

affinity resulting in a Tyr70 that faces the bound oxygen, which gives rise to the band at 554 

cm
-1

.
95

 

2.8. Equilibria in hemes 

Equilibria are used in biology for regulation. An example is the cytochrome equilibrium 

between the high and low spins upon substrate binding or reduction.
108

 This equilibration 

between LS and HS is common to hemes such as in cyt P450 CAM and other b type hemes. 

In cyt P450 CAM, for instance, binding shifts the equilibrium to HS and the redox potential to 

higher values. When substrate-free, its heme pocket is filled with solvent molecules such as 

water or hydroxide ions, which may coordinate to Fe; whereas in the presence of its substrate 

camphor, no solvent molecules are ordered around Fe and the heme is 5c. Its lower redox 

potential in the substrate-free form is said to likely be due to the additional stabilization of the 

Fe (III) due to the higher dielectric environment provided by the solvent molecules. These 

substrate-associated shifts in the redox potential and spin equilibria are suggested to be 

"controlled by the degree of the hydration at the active site" and by coordination of H2O with 

the Fe heme. The presence of a substrate near the aqua ligand could control the redox 

potential and spin-state equilibria. When redox potential and spin equilibrium are coupled to 

the coordination equilibrium (between 5c and 6c), the tendency for the heme is to be fully 

5cHS or fully 6cLS, and the amount of 6cHS is negligible. Hence, when the substrate 

displaces the iron axial aqua ligand, the equilibrium between 5cHS and 6cLS is shifted.
109

 

If the different spin and coordination species coupled with the redox states are considered 

then the equilibrium could become complicated. Furthermore, if substrate binding also 

matters in the equilibrium then more species must be considered, i.e., substrate-bound and non 

substrate-bound forms of each possible combination of spin, coordination, and oxidation 

states need to be included.    
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Midpoint potential and Equilibrium constants 

The potential of an electrochemical cell (E) can be used to determine the change in the Gibbs 

free energy (ΔG) of a reaction since ΔG is essentially the maximum amount of work that can 

be done by a chemical reaction. In an electrochemical cell, this work is the product of the cell 

potential and the total charge transferred from the reductant to the oxidant (nF; n is the 

number of moles of electrons and F is the Faraday constant (= 96,486 /V mol e
-
 )). Therefore, 

the relation between E and ΔG can be expressed as: 

    ∆𝐺 = −𝑛𝐹𝐸   Eq. 2.8.1 

Hence, for a spontaneous reaction (i.e., ΔG < 0), E should be positive. The reverse is true for 

a non-spontaneous reaction. When the reactants and products are in standard states, the E and 

ΔG are the standard redox potential and standard Free-energy change, Eº and ΔGº, 

respectively.
110–112

 

For a reaction 

    𝑂𝑥 + 𝑛𝑒−  → 𝑅𝑒𝑑  Eq. 2.8.2 

ΔG is related to ΔGº: 

    ∆𝐺 = ∆𝐺° + 𝑅𝑇 ln𝑄  Eq. 2.8.3 

where R is the gas constant, T is the temperature in Kelvin, and Q is the ratio of the 

concentration of the product to the concentration of the reactant (i.e., 𝑄 =  
[𝑅𝑒𝑑]

[𝑂𝑥]
). This 

equation combined with Eq. 2.8.1 gives the Nernst Equation for an electrochemical half-cell 

reaction with the reduction potential Ered: 

 𝐸𝑟𝑒𝑑 = 𝐸𝑟𝑒𝑑 
𝑜 − 𝑅𝑇

𝑛𝐹
𝑙𝑛𝑄  = 𝐸𝑟𝑒𝑑 

𝑜 − 𝑅𝑇

𝑛𝐹
𝑙𝑛
[𝑅𝑒𝑑]

[𝑂𝑥]
  Eq. 2.8.4 

At equilibrium, [Ox] = [Red] making Eq. 2.8.4: 𝐸𝑟𝑒𝑑 = 𝐸𝑟𝑒𝑑 
𝑜  

and the standard reduction potential is therefore the redox couple's midpoint potential—the 

potential at which the species is half-oxidized and half-reduced:  

    𝐸𝑚𝑖𝑑𝑝𝑡 = 𝐸𝑟𝑒𝑑 
𝑜   Eq. 2.8.5 

Further, at equilibrium Q = K, in which K is the equilibrium constant. The midpoint potential 

then is related to the equilibrium constant K via the Nernst equation:
110–112

 

  𝐸𝑚𝑖𝑑𝑝𝑡 = 
𝑅𝑇

𝑛𝐹
ln𝐾 or  𝐾 = 𝑒

𝑛𝐹𝐸𝑚𝑖𝑑𝑝𝑡

𝑅𝑇  Eq. 2.8.6 

 

Substrate/Ligand binding or dissociation constants
113–116

  

Considering the formation of a metal (M)-ligand (L) complex, ML: 

    𝑀𝐿 ⇌ 𝑀 + 𝐿   Eq. 2.8.7 

and for which k1 is the rate constant for the forward (dissociation) reaction and k-1 is the rate 

constant for the backward (formation) reaction. At equilibrium, these two rates are equal: 
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    𝑘1[𝑀𝐿] = 𝑘−1[𝑀][𝐿]  Eq. 2.8.8 

    
𝑘1

𝑘−1
=
[𝑀][𝐿]

[𝑀𝐿]
=  𝐾𝐷  Eq. 2.8.9 

KD, the dissociation constant, shows the strength of binding, or binding affinity, between M 
and L because it describes how easy it is to separate or dissociate the complex, ML. Smaller 
KD values describe stronger ligand-protein binding, whereas larger KD occurs for more weakly 
bound substrates/ligands. The binding affinity constant then is reciprocal of the dissociation 
constant.  

The binding affinity is influenced by intermolecular interactions and it is no surprise that 
ligand binding to heme is influenced by the heme environment. In addition, binding affinity 
between the ligand and target molecule may be affected by the presence of other molecules 
such as solvent, ions, other substrates and other macromolecules, when present. Because of 
the influence of intermolecular interactions on the dissociation constant, factors that have 
influence on the intermolecular interactions—temperature, pH, salt concentration, to name a 
few—have an effect on the dissociation constant and, hence, the substrate binding. 

Spin equilibrium 

Metal complexes may exhibit spin conversion when changing by temperature, pressure, or by 
other external stimuli. When the spin transition happens gradually over a wide temperature, 
similar to solution behavior, this spin crossover complex is considered a spin equilibrium type 
(A in Fig. 2.8.1) whereas an abrupt change is known as a sharp transition type (B, Fig. 2.8.1). 
The common spin crossover for iron porphyrins is between HS (S=5/2 or 2 for Fe +3 and +2, 
respectively) to LS (S=1/2 or 0 for Fe +3 and +2, respectively).117,118 

 

Figure 2.8.1. A plot showing the different spin transition types.
118

  XHS and T refers to the mole fraction of the 
high-spin state and temperature, respectively. 

A common spin transition behavior is the change that hemes undergo between LS and HS 
depending on the temperature. An example is the HS and LS species present during thermal 
equilibrium of myoglobin at basic condition. Here, the myoglobin is ligated with a hydroxide 
ion (Mb+-OH-) and the spin transition is accompanied by changes in the coordination sphere 
of the iron because of its movement with respect to the heme plane, "coupled to an increase of 
the axial symmetry." The fluctuation in magnetic susceptibility of the iron-globin with the 
changes in pH and temperature points to the presence of HS- and LS-states. The paramagnetic 
susceptibility's, and hence the spin equilibrium's, temperature-dependence is said to behave 
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according to a Boltzmann distribution between the two states.119,120 Fig. 2.8.2 shows the origin 
of a spin transition, which can be induced thermally when the ∆𝐸𝐻𝐿

𝑜 ≅ 𝑘𝐵𝑇 is satisfied 118.  

Generally, LS → HS transition occurs with the increase in T presuming that at higher 
temperatures, enough energy is provided for the electrons to overcome the ligand-field 
splitting energy such that the higher d orbital are now also occupied by parallel spins. The 
electron-pairing energy should be the same at higher T. Hence, in the case of co-existence of 
HS and LS, the fraction of HS should increase with increasing T, especially for weak ligand 
fields, for which HS is more readily observed.117,118 

 

Figure 2.8.2. The origin of spin transition in iron complexes.
117,118

  rFe‒L refers to the distance between the 
iron and the ligand. 

2.9. Thiols, Sulfide, and Cysteine in Hemes 

Cysteine is one of the least abundant amino acids and their occurrence in the proteins is 
usually of importance. Hence, it is often found as a highly-conserved residue within many 
functional sites in proteins (such as for regulatory, catalytic, or binding purposes). Cys has a 
thiol or thiolate functional group, which imparts significant properties of the amino acid such 
as nucleophilicity, ability for disulfide bond formation, and high affinity metal binding.121  

Low molecular weight (LMW) thiols play significant roles in redox-mediated or regulated 
processes in the cell mostly because of their reactivity towards oxidants and electrophiles and 
their high metal affinities. The most common biological thiol is glutathione but in some 
species of prokaryotes such as archaea, other sulfur compounds can also be present in high 
concentration. Examples of LMW thiols are coenzymes M and B in methanogenic archaea. 
These thiols have a variety of metabolic and regulatory functions that are just beginning to be 
understood and much more of which needs to be clarified, e.g., in terms of pKa (or -log of the 
acid dissociation constant, Ka; protonation state) and redox potential.121 Coenzyme M, for 
instance, has its thiol group with pKa = 9.1. However, in the presence of transition metals 
(such as in metal complexes), its thiol's microscopic pKa is lowered to < 7 as determined by 
the release of H+ at pH 7.7 when the coenzyme M is bound.122 The specific H-bond donors 
and an electropositive local environment in proteins usually lowers the pKa of thiols (also of 
Cys) by stabilizing the thiolate. On the other hand, an electronegative or a hydrophobic 
environment has the tendency to raise the pKa because the thiolate is destabilized compared to 
the thiol form. This has the tendency to enhance the Cys or thiol reactivity, though it is not 
always the case.121 
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Thiol/ates as axial ligand have different affinities for the ferric and ferrous form. Recently, it 

was found that ethanethiol has stronger binding affinity for MsmS-sGAF2 (KD = 0.037 mM 

for Fe
3+

 vs. KD = 134 mM for Fe
2+

).
123

 This higher affinity for the ferric state of thiol/ates 

could also be the reason why in CooA CO sensors, the ligand in the ferric form is a thiolate, 

whereas His is in the ferrous state.
124

 

2.10. Heme-containing sensor proteins 

Gas/Exogenous ligand-binding sensors 

Gas-sensor hemoproteins bind/unbind gas molecules via its heme moiety and the free energy 

changes accompanying this are transformed into conformational changes, which result in 

activity changes and signaling induction. Signaling happens when structural changes occur 

after the heme ligation and this effect is transferred to nearby domain to change its activity 

(e.g., phosphorylation). Examples of gas-binding hemoproteins include oxygen transporters 

(e.g., hemoglobin) and oxygen reductases (e.g., cyt c oxidase).
97

 

Anaerobic organisms use CO or CO2 as their energy source. A number of hemoproteins can 

be found in these organisms. Many of these proteins are involved in the metabolism and 

regulation of the metabolic pathways. For example, CooA, which is found in the 

proteobacterium Rhodospirillum rubrum, regulates the pathway by binding CO to activate 

gene expression for CO oxidation to CO2 and proton reduction to H2. Since the organism uses 

CO as energy source under anaerobic dark conditions, it needs proteins for the metabolism 

and regulation of reactions involving CO. It uses the heme to bind CO by displacing one of 

the ligands in its unbound state (a His and the Pro of the N-terminal).
75,97

  

Heme redox sensors 

In hemoglobin, the ligand binding occurs without the iron changing its oxidation state. In 

many cases though, the heme changes its redox state upon ligand binding or changes in its 

ligation are redox-dependent. Hence, it is common to see hemoproteins that exhibit both 

exogenous ligand-binding function and redox changes. Still, redox sensor function can be 

determined by understanding the mechanism of how the protein carries out its sensing 

function. 

For example, DosT/DosS from Mycobacterium tuberculosis, a bacterium that causes 

tuberculosis in humans, both respond to the oxygen concentration in the organism as part of 

their sensor function but does not exactly have the same modes of sensing. DosT forms a 

stable complex of Fe(II)-O2 and increased autophosphorylation activity in the deoxy-DosT 

form. On the other hand, DosS Fe (II) is autoxidized rapidly to the met (Fe(III)) state and has 

an increased autophosphorylation activity in the ferrous state. Hence, DosT is a hypoxia 

sensor, whereas DosS is a redox sensor.
97

 

Many examples of redox sensors also function as gas sensors; however, as the redox changes 

triggers their function/activity, they sense redox (and are, thus, so-called redox sensors) rather 

than the exogenous ligand-binding event. For example, the heme-containing domain in 

soluble guanylate cyclase (sGC), heme-nitric oxide/oxygen binding (H-NOX), undergoes a 

conformational change during the (NO) redox-accompanied ligand-binding event. However, a 

more detailed study of its mechanism revealed that the H-NOX converts partially to a 5c state 

and changes its conformation upon heme oxidation making it more of a redox (rather than a 

NO ligand-binding) sensor.
97
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Another example is the E. coli direct oxygen sensor (DOS). The E. coli  DOS binds heme to a 

Per-Arnt-Sim (PAS) domain. It has Fe(II)-heme ligated with His and Met residues. The Met is 

displaced by O2 (or NO or CO), resulting in enhanced phosphodiesterase (PDE) activity. 

Here, the heme-bound oxygen is H-bonded to an Arg residue, lowering its autoxidation rate 

and resulting in a stabilized oxy-Fe(II) form. In vitro, the Fe(III) form is readily formed when 

water replaces the Met ligand. This oxidized form has a diminished PDE activity with cyclic 

adenosine monophosphate. Because of its difference in activity with its oxidation state, it is 

suggested to be a redox sensor. On the other hand, in vivo most likely stays in its oxyferrous 

form as it has reduced cytoplasm and has a stabilizing Arg-O2 interaction.
97

    

Rcom-2 ('Rcom' stands for regulator for CO metabolism) from Burkholderia xenovorans is 

another example of a redox-involved gas sensor. This protein undergoes a redox-dependent 

heme-ligation switch from Cys to Met.
97

 

Hemoprotein sensors in archaea and bacteria 

Hemoproteins are prevalent in Eukarya and Bacteria but are only recently discovered in 

Archaea. When the amino acid sequence of globins from Eukarya and Bacteria are compared, 

it appears that they share common ancestor despite their differences in functions.
96,125

 

The heme-based sensors are said to descend from an ancient globin-only progenitor, 

protoglobin (Pgb),
125

 which could possibly still exist in more primitive organisms such as in 

Archaea or "deeply branching photosynthetic bacteria". These Pgbs were discovered in two 

Bacteria and two Archaea "and were shown to be heme proteins with very unusual 

properties".
95

 The two archaeal Pgbs are ApPgb—from Aeropyrum pernix, an obligate aerobic 

thermophile—and MaPgb—from Methanosarcina acetivorans, a strict anaerobic methanogen. 

They both bind O2, NO, and CO through their heme, which is coordinated to the protein via a 

histidine, and "conform to the globin sequence motifs". Hence, it is postulated that these 

archaeal globins are hemoglobin ancestors.
96

 

A number of heme-based sensors exist. Examples include the O2-sensors FixL and Dos 

protein, the NO-sensor sGC, and the CO-sensor CooA protein.
124

 A summary of the different 

families of heme-based sensors based on their heme-binding domain are given below (adapted 

from literature
95

): 

1. PAS family 

a. Histidine kinase 

 FixL (bacterial: Rhizobial for nitrogen fixation and alternative oxidases, 

C. crecentus; archaeal: M. thermoautotrophicum) 

b. Second messenger 

 PDEA1 (bacterial: A. xylinum for cellulose production, E. coli, A. 

caulinodans) 

c. DNA binding 

2. GCS family 

a. MCP 

 hemATs (archaeal: H. salinarum; bacterial: B. haludorans, C. 

crescentus and B. subtilis) as aerotaxis    

b. Second messenger 

 A. ferrooxidans (bacterial) 

c. Serine-threonine kinase  

 HRI (eukaryotic: 'Mammalian' for globin subunit translation) 

3. HNOB family 
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a. Second messenger, Mononucleotide 

b. MCP 

 H-NOX/SONO or Cb-SONO (bacterial: T. tengcongensis, C. 

botulinum) 

 Ddes2822Dde and CAC3243 (bacterial) 

c. His protein kinase 

4. CooA family 

a. DNA binding 

 R. rubrum, C. hydrogenoformans, C. vinelandii, D. hafniense, D. 

vulgaris (bacterial) for CO metabolism 

5. GAF family 

a. His protein kinase 

 DevS/DosT (bacterial: M. tuberculosis for latency signalling) 

b. Kinase (possibly via Ser-/Thr-/Tyr-) 

 MsmS (archaeal: M. acetivorans for methyl sulfide transfer)
1,99

 

6. LBD family 

a. DNA binding 
 

2.11. Methanosarcina acetivorans 

An obligate anaerobe, Methanosarcina acetivorans was first isolated from marine sediments.  

It is a methanogenic archaeon under the order Methanosarcinale and the family 

Methanosarcinaceae. It can grow and form as irregularly shaped cocci or as single cells.
126

 Its 

genome has been completely sequenced and is the largest known of the archaeal type—a 

single circular chromosome with 5.75 Mbp and ca. 4500 orfs (orf stands for open reading 

frame; orf potentially encodes the amino acid sequence of a protein or peptide).
127

 The 

powerful methods for genetic analyses developed for M. acetivorans and other 

Methanosarcina species and their environmental diversity
128

 make them suitable model 

organisms for studying methanogenesis and energy conversion.
99

 

M. acetivorans—although a strict anaerobe—possesses some aerobic metabolism components 

in its genome, and can bind O2, as well as CO and NO, in the Fe
2+

 form and CN
-
, azide, and 

imidazole in the Fe
3+

 form. Its ability to deal with NO, H2S, and other reactive toxic 

molecules probably enables it to survive in inhospitable environments. Contradicting 

statements regarding its ability to handle oxidants are found in literature with some stating 

that it is unlikely able to handle high concentrations of oxygen,
95

 to some indicating it can 

cope with microaerophilic conditions
129

 or even that it can tolerate high amounts of 

oxidants.
130

 

Another interesting aspect to study in M. acetivorans and other archaea is their signal 

transduction, which significantly differs from known modes of action.
99,131–133

 Their 

regulatory systems and functions need further exploration. The current state of knowledge 

may be summarized as follows:
99

 

 In archaea, 2C systems are not as widely distributed as one-component systems
133

 that 

the genes encoding for such signalling system are only found in some euryarchaeal 

genomes.
134

 

 Half of the ResRegs predicted in archaeal genomes appear to be single domain 

receiver ResRegs.
135
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 Typical eukaryotic protein kinases and other phosphatases involved in Ser/Thr/Tyr 
phosphorylation were observed in archaea.136,137 

 While their functions are still unknown, novel protein kinase families were introduced 
as the bacterial and archaeal genomes were being studied.138 

From all of these, most likely, 2C systems evolved in bacteria and, via horizontal gene 
transfer, radiated into archaea.99,139 
 
Despite the 50 predicted His kinases of M. acetivorans, it only has 18 ResRegs—10 as single 
domains receiver, 7 in hybrid kinases, and one seemingly containing a bacterial-like effector 
domain. These could possibly indicate a high degree of signal integration on the ResReg level 
or phosphorylation/interaction of still unknown substrate/receiver domains by His 
kinases.99,127 A number of kinases/putative kinases of M. acetivorans have been detected, the 
function of which are still unknown but seem to be involved in transcription/translation 
regulation.99,140 

Methanogenic archaea conserve energy via methanogenesis, which proceeds via the following 
pathways: 

1. Hydrogenotrophic – CO2 reduction possible with the electrons from H2. 
2. Methylotrophic – CO2 and methane are produced from disproportionation of 

methylated compounds (methanol, methyl sulfides, etc.). 
3. Aceticlastic – cleaving of activated acetate/acetyl-coA and reduction of the methyl 

group to methane with electrons from membrane-bound CO → CO2 oxidation.99,141–144 
Some methanogens also use CO as a methanogenic substrate.99,145  

The family Methanosarcinaea is versatile in terms of their ability to use these methanogenic 
pathways. For example, M. acetivorans can use acetate and other methyl compounds and CO 
for growth. However, maybe because it lacks a useful hydrogenase system, it cannot utilize 
the hydrogenotrophic pathway.99,126,145 When grown with CO, it produces methane, acetate, 
dimethylsulfide, formate, and methanethiol and perhaps it also makes use of non-
methanogenic energy conversion.99,145–148 A schema of the generic methanogenic pathway in 
M. acetivorans is given in Fig. 2.13.1. 
 

 

2.11.1. Methanogenic pathways in M. acetivorans. 
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2.12. Methyl sulfide methyltransferase-associated sensor (MsmS) 

The initial interest in MA4561 is due to a bioinformatic characterization of its GAF domains 
which predicted it to be a phytochrome-like photoreceptor due to its conserved Cys residue in 
its first GAF domain.99,149 In the study of Molitor, et al., they found that MA4561 is not a 
phytochrome but is more of a heme-containing sensor.1,99 Due to its likely function, it is also 
named "methyl-sulfide methyl transferase associated sensor" or MsmS.  

MA4561 or MsmS is a protein from M. acetivorans that is made up of two alternating PAS- 
and GAF-domains and a His kinase-like ATPase domain that is terminally fused with a 
carbon. The domain sequences of MsmS full-length and sGAF2 StrepII-tagged variants are 
shown in Fig. 2.12.1. The first GAF-domain also has a conserved Cys residue.99 The second 
GAF-domain is heme-binding. Here, the heme is covalently linked to the protein via 
Cys6561,99

—making it a c-type heme. The presence of the heme was confirmed by its 
absorption spectra showing bands at 415 nm (Soret band) and 532 nm, with a shoulder at 
~565 nm for the full-length variant and at 414 nm and 533 nm (shoulder at ~564 nm) for the 
sGAF2 variant (aa 580-804). The sGAF2 variant also showed an additional band at 621 nm.99  

 

 

Figure 2.12.1. Domain sequence of the Strep-II tagged MsmS-full length and its truncated variant, MsmS-

sGAF2. 

The covalent linkage via the cysteine residue and a vinylic side chain is indicated in the 
absorption spectra of its pyridine hemochrome assays, which show a peak at ~553 nm for 
both the full-length and its truncated variant. For a b-type heme, the α-band is typically at 556 
nm, which shows up at ~550 nm in heme c due to heme vinyl saturation when bound to 
"cysteine residues in a CXXCH motif to the protein." It was said that the band at ~553 nm is 
due to saturation of only one heme vinyl group.1,99,150–154 Heme-staining procedure further 
confirmed this covalent binding of heme to the protein and further determined (via titration 
with hemin) the 1:1 heme-to-protein stoichiometry. Mutation of C656 resulted in the inability 
of the protein to covalently bind heme as revealed by acidified butanone extraction, specific 
heme staining, and the pyridine hemochrome spectrum (peak at 556 nm). Absorption and 
resonance Raman spectroscopy (excitation at 532 nm) also showed that the mutation did not 
drastically affect its "heme coordination structure and spin state." Some changes as a result of 
the mutation, such as enhancement of some Raman peaks, indicate alteration in the interaction 
of the heme-vinyl groups with the surrounding. Denaturing high-performance liquid 
chromatography was also used to determine the heme-binding to the protein. Further, 



2. Background 

Part 2: A Biological System Hemoprotein Sensor 

 

38 

 

acidified butanone extraction and full-mass MALDI-ToF mass spectrometry was used to 

detect the covalent attachment of the heme to the protein.
99

 

The full-length protein as purified was in its ferric form, whereas addition of dithionite 

reduced it into its ferrous form based on absorption spectroscopy (Soret at 429 nm, α-band at 

562 nm, and β-band at 528 nm). The ferrous form was also shown to "easily [oxidize upon] 

aeration with oxygen" by forming a Fe(II)-O2 complex (cannot be stably detected) or a Fe(III) 

complex. The ferrous form was able to bind CO and the Fe(II)-CO complex was stable even 

with aeration of oxygen. The ferrous and ferric forms of the full-length and the truncated 

variant were stable from pH = 6.0-10.0, with a slight change at pH 10.0 observed for the 

absorption spectra of the ferrous form sGAF2. pH 10.0 seemed to have an influence on the 

coordination structure of the MsmS-sGAF2 Fe(II) with the Soret peak shifted to 425 nm and 

appearing sharper. Further the α- and β-bands were resolved at 557 nm and 527 nm, 

respectively.
99

 

Based on the study of Molitor, et al., the unbound forms of ferrous and ferric, and the CO-

bound ferrous heme, all show 6c complexation based on absorption spectroscopy. Also, no 

binding was observed between the other domains and some common possible co-factors.
99

   

MsmS is located genomically in the region of a system for which methyl sulfide metabolism 

is likely.
99,155

 Unsurprisingly, it was found to bind dimethyl sulfide (DMS) to its heme to 

either its ferrous or ferric form. Further, these Fe-DMS forms can be reduced or oxidized to 

"[convert] into each other." It seems that Fe-DMS complexation is quite strong considering 

that: (1) its absorption spectrum is very similar to that of Fe-imidazole (which is a strong 

ligation), (2) Fe(II)-CO can be converted to Fe(II)-DMS and vice versa (i.e., the binding 

affinities seem to equate that of CO ligation), and (3), while Fe-imidazole can be converted to 

Fe-DMS (and Fe(II)-CO), the reverse was not observed (i.e., the binding affinity of the heme 

for DMS seems to be greater than that for imidazole).
99

      

A recent study on the ligation of thiols to the MsmS-sGAF2 heme indicates different binding 

affinities based on the heme oxidation state. M. Sono et al. showed that thiols can be ligated 

to the heme of MsmS-sGAF2 and that ethanethiol has a higher dissociation from the ferrous 

heme (KD = 134 mM) than from the ferric form (KD = 0.037 mM).
123

 

Magnetic circular dichroism (MCD) spectroscopy showed that the ligation mode mixture 

depends on the redox state (and pH). At pH 7.0, the MCD spectra of the ferric and ferrous 

MsmS-sGAF2 are characteristic of 5c- and water-ligated 6c-heme proteins.
99

  

Based on a spectral comparison with myoglobin and horseradish peroxidase complexes, 

Molitor et al. suggested that a His residue serves as the heme proximal ligand. A model of the 

sGAF2 structure (aa 608-768) "was generated using the PHYRE2 server based on six 

template sequences".
99

 All of these sequences were GAF-domain(/-like) structures. This 

model was also used for predicting putative binding sites using the 3DLigandSite
99,127

 from 

which the best hits were for heme molecules, and for which one of the heme vinyls were in 

the area where C656 is located. A number of putative axial ligands (H646, H702, H704, 

M645, M653, Y632, and Y665) were also found to be within the heme iron region, matching 

the MCD results. Absorption and resonance Raman (with 532 nm) of mutant variants revealed 

that H702 is the most likely proximal ligand, and that presumably M645 and Y632 have 

influence on the heme—with the former possibly influencing the coordination at the distal site 

(as the mutation led to a seemingly only 6c-heme) and the latter probably stabilizing the heme 

pocket in some interaction with the Tyr OH. On the other hand, M653 did not seem to have a 

role on the proximal heme pocket (based on the absorption spectra).
99
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Autophosphorylation of the protein was shown to depend on its redox state but not on 
exogenous ligands. Autophosphorylation also most likely occurs at the Ser and Tyr residues 
based on acid/base treatment of a polyvinylidenefluoride membrane containing the 
phosphorylated protein and a two-dimensional thin layer chromatography. The solution redox 
potential of MsmS-sGAF2 was also determined at pH 7.0 using redox titration experiments. 
The determined midpoint potentials are -95 ± 10 mV and -75 ± 10 mV for the oxidation and 
reduction reaction, respectively. The full-length (with imidazole) had midpoint potentials of   
-91 ± 10 mV and -85 ± 10 mV for the oxidation and reduction reaction, respectively. The 
potentials were measured against normal hydrogen electrode (NHE). The associated 
regulatory protein with MsmS, msrG, was also shown to activate the expression of  mtsF.99 
This points out to the possibility that cross-talking happens on the level of gene expression.1,99 

2.13. GAF family heme-based sensor: DosS/DosT 

MsmS is a GAF-bound hemoprotein sensor and an understanding of similar proteins DosS 
and DosT could therefore be beneficial in studying MsmS.  

DosS and DosT are part of the two-component (2C) regulatory system (together with DosR) 
which functions as sensor kinases. This 2C system is utilized for latency signalling by the 
organism M. tuberculosis as it enters its non-replicating persistent (NRP) state.156–158 DosT 
and DosS have differences in their function as DosT's role is more on during the initial stages 
of hypoxia.156,158 DosS plays a main role in adapting to the hypoxic or anaerobic environment 
at the later part of the NRP.157 

Both DosS and DosT contain a heme in the GAF-A domain.157,158 They are the first proteins 
to be categorized under the GAF family heme-based sensors, which afterwards were also 
filled with other mycobacteria homologs of DosS/DoST as examples.95 The heme in the 
DosS/DosT is b-type157 and the domain sequence is given in Fig. 2.14.1. During signal 
transduction, the two GAF domains likely interact, with the second GAF domain possibly 
helping in differentiating the substrates that are ligated in the heme in the first GAF 
domain.158 

 

Figure 2.13.1. Domain sequence of DosS/DosT. 

 

2.14. The homologous protein MA0863 

Similar to MsmS, MA0863 is located in a region of the genome wherein a system for methyl 
sulfide metabolism can be found. Genomically and in a linear fashion, MA4561 or MsmS is 
the sensor assigned to the putative regulatory protein MsrG, with which it should regulate the 
expression of the associated methyltransferase, mtsH. In a similar way, the MA0863 is 
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another putative histidine kinase, which is encoded upstream of the transcriptional regulator 
protein MsrF. MsrF is the direct transcriptional activator of the methyltransferase mtsD.155,159 

MA0863 is 64% identical and 81% similar to MsmS, being also a c-type hemoprotein. Its 
heme is also covalently linked to the protein via a cysteine residue (C620) at the second GAF 
domain.99 Its domain sequence is also very similar to MsmS except for the presence of an 
additional PAS domain at the start of the sequence, i.e., at the C-terminal end (Fig. 2.15.1). It 
has an internal stop codon (UAG) at aa 646-648 encoding M. acetivorans' 22nd proteinogenic 
pyrrolysine amino acid.127,159,160 

Not much is known from MA0863 although initial studies pointed out that similar to MsmS, 
the putative proximal ligand to the heme is also a histidine (H666). Further, its heme also 
influences the kinase activity of the HATPase domain through its redox state.159,161 

 

 

Figure 2.14.1. Domain sequence of MA0863. 

 

2.15. Mutation 

Natural mutation of the protein can occur and these can be due to changes in the genetic 
makeup, for instance. An example refers to the changes of the amino acid sequence of 
hemoglobin that can result in Fe (II) being irreversibly oxidized to Fe (III) (a.k.a. 
methemoglobin). In one case, the His residues that coordinate to Fe (II) are replaced by Tyr 
residues, which have phenolic side chains. When the oxygen of the phenols coordinate with 
Fe (II), a weaker ligand field is induced causing the LS configuration to become less 
accessible.  The coordinated oxygen oxidizes the iron to Fe(III), which is more difficult to 
reduce back and enables water to more easily get into the heme. The water influx then results 
in the formation of Fe (III)‒OH. Sometimes the mutation is not on the axial ligands, and this 
can also still have a great effect on the protein function. A case is in sickle cell anemia, in 
which due to genetic reasons, one or more of the amino acids in the β-globin chain are altered, 
e.g., Glu → Val resulting in a less soluble deoxyhemoglobin which crystallizes easily.88  

Mutation can also be introduced into the protein to study the residue's functionality and effect 
on the protein's properties. To do this, the amino acid is substituted with another residue to 
remove the physicochemical property being studied but introducing only minimal 
perturbations in the protein's structural integrity. An example would be replacing Cys with 
Ser, due to their similarity in polarity. This removes the thiol function, as the S gets replaced 
by a smaller atom O, without a drastic change in the polarity, size, and H-bonding 
capabilities. Sometimes though, removing the thiol/alcohol function is desired and in such 
cases another conservative Cys replacement by Ala, is used. Therefore, in most microbiology 
studies both substitutions are performed whenever possible.121 Other aa mutation will also 
entail the use of appropriate aa residue replacement. 
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Part 3: A Material Chromophore System Azo Dye-on-

Titanium Dioxide 

2.17. Azo dyes 

Since the discovery of the first azo dye by Martius in 1863,
162

 azo dye has been the 

commercially largest (over 50 %) and most heavily studied class of dyes.
163

 Azo dyes are 

used for a variety of purposes including printing, textile, cosmetic, pharmaceutical, and even 

in the food industry.
164,165

 Azo dyes can be as simple as a monoazo structure, or as complex as 

a multicomponent system made of several azo groups (disazo to polyazo).
164,166

 

The azo group is attached to two groups, at least one of which are aromatic. In 1864, "Griess 

reported the coupling reaction of diazonium compounds" and since then the development of 

azo dyes continued, with the first full elucidation of a "photochemical reaction of an 

azobenzene derivative" being reported by Krollpfeiffer et al. in 1934.
162,167

 The wide use of 

azo dyes can be attributed "to their simple synthesis" and "well-known spectroscopic 

properties".
168–170

 Azo dyes are usually made by diazotization of an aniline and coupling this 

diazonium salt with an electron-rich nucleophile. Typical diazotization reaction involves 

addition of nitrous acid (produced in situ by HCl and sodium nitrite) to the primary aromatic 

amine. This results in nitrosation of the amine to form N-nitroso compound tautomerized with 

the diazo hydroxide. The hydroxide is then protonated and leaves as water to form the 

resonance stabilized diazonium salt:
163

 

𝐴𝑟𝑁𝐻 − 𝑁 = 𝑂 ⇌  𝐴𝑟 − 𝑁 = 𝑁 − 𝑂𝐻 
+ 𝐻+

→    [𝐴𝑟 − 𝑁 = 𝑁+  ⟷  𝐴𝑟 − 𝑁 ≡ 𝑁 
+ ] (+ 𝐻2𝑂)

        Eq. 2.17.1 

A simple reaction between a variety of diazonium salt aniline derivatives and N,N-

disubstituted anilines produces azo dyes of light yellow to red orange color and with charge-

transfer bands from 430–480 nm. This intense absorption in the visible/ near-UV region is 

"associated with the π → π
*
 transition centralized at [the] azo chromophore".

162,171
  

The basic MO energy diagram of an azobenzene system is given in Fig. 2.17.1. The non-

bonding atomic orbitals (AO) of the N-atoms of the azo is thought to interact giving the two 

MOs na and ns. The lowest-energy transition at ~430–440 nm is most probably due to the 

slightly forbidden ns → π
*
 transition, which is the likely singlet state (opposite spins)—though 

the triplet states (parallel spins) may play a greater role—in solution-phase photochemical 

reactions. The 2
nd

 transition is at  ~280–314 nm and is most likely due to the allowed π → π
*
 

transition, which is sensitive to polar solvent effects (resulting in red-shift) and substituent 

effects and can manifest in the vis/ near-UV region as mentioned above. The highest energy 

transition based on the MO diagram is the φ → φ
*
 and because of the proximity of the rings to 

each other, the transition is considered localized. This transition results in absorption at ~230–

240 nm and because they involve high energy, "the corresponding singlet states are unlikely 

to be involved in the solution-phase reactions".
162

 

The substitution or ring size can be further changed to cause a red-/blue-shift of the absorption 

band.
168

 For example, substitution with an electron-donating group with a lone pair (e.g., OH 

or NH2) would require adding a π-orbital with two more electrons (such as in the parentheses 

in Fig. 2.17.1). This results in a first π → π
*
 transition that is lower in energy than that of the 

azobenzene system. Hence, addition of such substituents (a.k.a. auxochromes) results in the 

red-shift of the associated band eventually allowing it to fall into the visible spectrum.
162

 



2. Background 
Part 4: Other Concepts and Techniques 
 

42 
 

 

Figure 2.17.1. Basic MO energy diagram of an azobenzene system. Orbital in parentheses pertains to a 
possible substituent with lone pair electrons participating in the conjugated π-electron system.162 

 

2.18. Titanium dioxide 

Titanium dioxide (TiO2) or titania is one of the most widely used transition metal oxide a 
variety of its applications ranging "from pigments, to photocatalysts" and energy-related 
devices.172,173 Since Fujishima and Honda's discovery of TiO2's photo-electrochemical water 
splitting,172,174 its photocatalytic properties were recognized, not only for alternative energy 
purposes,172,175 but also for photodegradation of organic pollutants in water.4,172,176–179 Today, 
TiO2 remains to be the standard photocatalyst. Its low cost, non-toxicity, biocompatibility, 
wide availability, and chemical stability in aqueous media also contributes to its desirability 
as a material.177,178,180–187 Thus, it has found its way in many applications such as in medicine, 
environmental cleaning and monitoring, and pharmaceuticals.177,178,182,184–187 At room 
temperature, TiO2 is an n-type semiconductor because it has the natural tendency to be 
oxygen-deficient either by forming oxygen vacancies or Ti interstitials.172,176 As a 
semiconductor, it has a band gap of ~3 eV (~3 eV for rutile, 3.2 eV for anatase) formed 
between the conduction band of Ti 3d0 and valence band of the oxygen 2p6 orbitals.176  

TiO2 exists in different polymorphs/phases: rutile, anatase, and brookite. Rutile is the stable 
phase as a bulk material. However, in preparation methods involving the solution phase, the 
preferred structure in general is the anatase structure,188–193 or amorphous.194 From the 
amorphous state, heat treatment could result in crystallization to either the anatase (300‒500 
°C) or rutile (600 °C or higher); in the same way, anatase could also be transformed to the 
more stable rutile by heat treatment.194  

In addition to crystal structure, the variety of TiO2 also came from the different morphologies 
in which it can exist. In addition to the bulk TiO2 (which can be in the form of powder,195 
film,196–198 or even pillars,199 for instance), it can also exist into different nanomorphological 
forms such as nanocrystals/nanopowder/nanoparticles,181,189,190,200–206 nanofibers,201,207 
"hierarchical spheres and ellipsoid spheres",208 dendritic nanostructures,209 nanorods,210–213  



2. Background 

Part 4: Other Concepts and Techniques 

 

43 

 

nanocages,
213

 nanorings,
213

 nanowires/nanobelts,
213–216

 nanotubes,
213,217–222

 nanopits,
223

 

nanoribbons,
224

 nanocomb,
213

 and nanosheets.
213,225

 

2.19. Azo dye-on-TiO2 photocatalytic degradation 

Photocatalytic degradation of dye on TiO2 can happen directly or indirectly, depending on the 

light used. When UV light of energy larger than its band gap is shone onto TiO2, electrons and 

holes in the conduction and valence bands (𝑒𝐶𝐵
−  and ℎ𝑉𝐵

+ , respectively), are generated. The 

electrons generated can reduce the dye adsorbed onto the TiO2 or other electron-accepting 

species such as O2, which can be reduced to the superoxide dioxygen radical anion. The holes, 

on the other hand, can oxidize the dye to form an organic cation, or react with hydroxide or 

water and convert them into OH
·
 radicals. These, together with peroxide radicals, can result in 

heterogeneous photodecomposition of dyes on titania. Since the main degradation via this 

route is by production of radicals that can degrade the dye, this mechanism is mainly an 

indirect photocatalytic degradation.
226–229

  

Direct photocatalytic degradation of the azo dye on titania occurs via the photosensitized 

oxidation by visible light. Here, the adsorbed dye is excited to its singlet or triplet states, 

which then injects electron into the titania conduction band as the dye is converted to a 

cationic dye radical (Dye
+·

) which then eventually degrades: 

 𝐷𝑦𝑒 + ℎ𝑣(𝑉𝑖𝑠)  →  𝐷𝑦𝑒∗ 
1  𝑜𝑟 𝐷𝑦𝑒∗ 

3    Eq. 2.19.1 

 𝐷𝑦𝑒∗ 
1  𝑜𝑟 𝐷𝑦𝑒∗ 

3 + 𝑇𝑖𝑂2  →  𝐷𝑦𝑒
+∙ + 𝑇𝑖𝑂2(𝑒𝐶𝐵

− )  Eq. 2.19.2 

 𝑇𝑖𝑂2(𝑒𝐶𝐵
− ) + 𝑂2  →  𝑂2

∙− + 𝑇𝑖𝑂2    Eq. 2.19.3 

 𝐷𝑦𝑒+∙  → 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠    Eq. 2.19.4 

 𝐷𝑦𝑒+∙ + 𝑂2
−∙  → 𝐷𝑂2  →  𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠  Eq. 2.19.5 

 𝐷𝑦𝑒+∙ + 𝐻𝑂2
∙ (𝑜𝑟 𝐻𝑂∙)  → 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠  Eq. 2.19.6 

The electron in the conduction band of the TiO2 can be passed on to different oxygen-

hydrogen species that may be present in its surroundings. The cationic dye radical can also 

undergo oxidation with hydroxyl ions resulting in intermediates that eventually oxidize to 

CO2.  On the other hand, the cationic radical can also react with a hydroxide ion which can 

regenerate the original dye. Hydroxyl radical formed on the other hand will be reactive and 

may also oxidize the dye itself eventually resulting in the conversion to oxidized 

products.
183,186,187,226,229–231

 Fig. 2.19.1 shows a pictorial representation of the direct-dye 

degradation process.  
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Figure 2.19.1. Direct-dye degradation mechanism. 

The photocatalytic degradation of azo dyes on titania in both direct and indirect mechanisms 
can be approximated by a pseudo-first-order kinetics based on the Langmuir-Hinshelwood 
model.226 Langmuir-Hinshelwood involves a rate expression based on a sequence which 
involves a rate-determining step of a surface reaction. This involves an equilibration of the 
adsorption-desorption steps such that a Langmuir isotherm can be used to relate the surface 
and bulk concentrations to each other. When no rate-determining step is involved, the steady-
state equilibrium is usually considered.227 For species that prior to reaction were chemisorbed 
on the surface, adsorption is not a significant step to be considered then, although an 
equilibrium of adsorption-desorption always exists at the molecular level. Even so without the 
consideration of adsorption/desorption kinetics, photodegradation of organic compounds 
under solar or UV light seems to also follow a (pseudo-/) first-order kinetics.232–237  

The rate of a photocatalytic reaction adsorbed on TiO2, or semiconductor in general, is 
influenced by a number of processes. These include electron transfers, possible back 
reactions, or other side reactions. As mentioned previously, charge that gets separated (and 
can be used for the reaction) may recombine and in cases of charge injection, interfacial 
electron transfer (ET) is also important.  

Interfacial ET between a semiconductor nanomorphology and the adsorbed molecule have 
been extensively studied238,239 mainly because of how essential the process is for applying 
semiconductor nanomaterial in the field of solar energy, photocatalysis, devices, and even 
photography.240,241 Dye-sensitized titania films and thin films are some of the most studied 
systems because of the development of solar cells. There, it was found that the forward 
electron injection from the excited state of the adsorbed dye can occur ultrafast242–246 (~50 
fs242,246 or faster243). This is important for a high photon-to-current conversion efficiency, for 
example. In addition to this, a slow electron back transfer is needed for efficient 
photoreactions. However, the back ET kinetics  have a wider range of femto- to longer than 
nanoseconds and from single to multi-exponential form,238,243–245,247,248 and may possibly be 
affected by the distribution of trap states. Recombination could possibly occur through states 
near the edge of the conduction band or the band gap trap states. Further, electron transfer 
between a dye and nanostructured substrate depends on the structure of the dye and how the 
substrate was produced,249 which could very well point to the substrate structure too. 
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A summary of these electron transfers and other relevant processes is given in Fig. 2.19.2. 
Here, values for the speed/ lifetime/ time constants of some of these reactions/processes (from 
literature250–255 are indicated. Note that these values are mainly based on dye-sensitized solar 
systems, which are optimized for electron injection and dye regeneration. Nevertheless, this 
gives one an idea that all these processes are inter-related and the efficiency of a 
photocatalytic degradation must consider an interplay of the processes happening all at the 
same time.  

 

Figure 2.19.2. Interfacial electron transfer, dye regeneration, and other relevant (competing) processes in 

a dye-sensitized titania system. 

2.20. Titania nanotubes 

A lot of studies on photocatalytic degradations have been done on suspensions202,203,256  which 
pose practical problems in terms of application,180 specifically since a complete recovery of 
the photocatalyst is difficult. Hence efforts to immobilize the photocatalyst have been 
developed,257–260 such as coating the photocatalyst on an inert surface. However, this requires 
the catalyst to have high photocatalytic activity and therefore, improvements on the 
photocatalytic performance have been studied.198,261,262 An effort to do so is to investigate the 
influence of morphology on photocatalysis. Doing this allows for the possibility of growing 
the photocatalyst on a substrate, thereby ensuring its immobilization.  

The morphologies of the titanium dioxide can be grouped according to their dimensionalities 
(D; zero (0), one (1), two (2), or three(3)): 0Ds are the nanopowder/nanocrystal/nanoparticle, 
1Ds are the nanowires, nanotubes, nanoribbons, and nanorods, 2Ds are the nanosheets, and 
3Ds are the hierarchical structures such as the spheres. Once an electron is in the titania(/ 
particle) network, it has to diffuse towards the collecting substrate. However, the electrons 
can get trapped or recombine (with a positive charge/ hole) such that collection of the photo-
injected electrons competes with the recombination and/or electron residence time in 
traps218,263–267 and requires then a faster electron transport. This is where 1D TiO2 
morphologies become advantageous since when aligned perpendicular to a collecting 
substrate, it could promote slower recombination, faster transport and better efficiency of 
charge-collection.218 One such morphology is the titania nanotube array (TNA). 

TiO2 nanotubes (TiO2-NTs) display interesting properties such as high specific surface area, 
self-organization into ordered arrays, reproducibility, and reusability. Its high specific surface 
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area allows adsorption of a large number of target molecules. The one-dimensionality of the 

titania nanotubes seems to help in suppressing recombination, whereas the orderly 

arrangement in TNA also helps in improving the transport.
218,268–270

 Further, TNA also shows 

higher light-harvesting efficiency compared to films made from nanoparticles.
218

  

TiO2-NTs can be prepared through different methods: electrochemical anodization,
218,271–273

 

template-assisted synthesis,
218,274,275

 and hydrothermal synthesis.
218,276,277

 The first method, in 

particular, is simple and can be easily controlled to change different morphological properties 

of TNA, including its wall thickness, diameter, spacing between tubes, and tube 

length.
218,268,278

 Organized nanotube arrays can also be easily produced at a low cost by 

anodizing Ti foil in a fluoride-rich solution.
218,219,271–273

 This technique gives highly 

reproducible TiO2 substrates, which can be annealed to improve its crystallinity. Annealing 

the nanotubes at 300 °C or higher cleans the titania NTs from glycerol, solvents, and other 

trace organic contaminants by evaporation or decomposition.
279

 

2.21. Raman spectroscopy and Titania 

Raman spectroscopy can be used to differentiate the different crystal phases of TiO2 through 

their characteristic phonon-modes. Each phase has different crystal structures and therefore 

different atomic arrangements within its crystal lattice—which gives rise to different 

vibrational modes. Low-frequency Raman is, in particular, sensitive to metal-oxide bonds and 

their changes, e.g., in terms of bond length, impurities and so on, and is in general very useful 

for characterization of such materials.
280

 The frequency and Raman assignments of the 

phonon modes for anatase, the most common phase of titania nanostructures, is given below: 

 Anatase: 

o Six Raman-active modes: (A1g + 2B1g + 3Eg)
281–285

 

o ~144-146 cm
-1

 (Eg), ~196-197 cm
-1

 (Eg), ~320 cm
-1

 (combination/overtone of 

other modes, weak mode), ~395-401 cm
-1

 (B1g), ~513-519 cm
-1

 (doublet from 

A1g + B1g), ~638-639 cm
-1

 (Eg), and  ~795 cm
-1

 (combination/overtone of other 

modes, weak mode)
280–286

   

In addition to being a material sample that can be characterized by Raman spectroscopy, a 

growing field connecting TiO2 (and semiconductors, in general), with Raman spectroscopy is 

their use as alternative SER scattering substrate. In 1982, Yamada, et al., were the first to 

observe the enhancement of the Raman signals of pyridine on NiO.
287

 To confirm that 

enhancement of the Raman signals are also seen using semiconductor as substrates, the 

following year, they published a work showing Raman measurement of pyridine on TiO2.
288

 

From this, the authors concluded that this SER effect is mainly caused by CT excitation. 

Eventually, SER spectroscopic study on semiconductors was extended to Si and other 

semiconductors.
289–298

 

2.22. SER effect in TiO2-NT 

Because of their plasmonic enhancement in the visible range, SER scattering substrates are 

usually made of coinage metals, but the use of alternative substrates such as semiconductor 

nanostructures or nanoparticles
289–298

 is also growing. Not more than a decade after the first 

observation of SER scattering on metal, the SER effect in semiconductors has already been 

recognized by Yamada, Yamamoto, and Tani
287–289

 and Loo.
299

 However, because of the 

generally lower enhancement obtained from semiconductors, and perhaps the absence of 

plasmons to (partly) explain the observed SERS effect, the growth of this field is not as 

drastic as with metal-based SERS.  
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On the other hand, the desire to improve biocompatibility and to extend the SER effect to 

other materials for various applications pushed for the development of semiconductors for 

SERS,
300

 for which some works involve coupling them to metals,
300,301

 while others focus on 

improving the enhancement of semiconductors through different nanostructure, e.g., quantum 

dots of InGa/GaAs. This work on InGa/GaAs quantum dots (with enhancement factor, 

EF~10
3
; EF is used to indicate enhancement regardless of the EM or chemical nature),

290,300
 is 

considered as the first observation of enhanced Raman intensities on semiconductors,
302

 

probably since the prior works have very low enhancement to be called 'surface enhancement' 

or that the EFs were not clearly estimated. Over the years, more and more semiconductors 

have been observed to display the SER effect.
297,300,301,303

  

SERS in semiconductors 

The enhancement in semiconductors is not yet well understood, although, similar to metals, 

both EM and chemical contributions are being considered. The former can be understood by 

considering a similar derivation based on surface plasmon resonance (SPR) as in the case of 

metals but using the dielectric functions of the semiconductor and the medium (e.g., air). This 

results in propagating and evanescent waves which can be utilized for enhancement. Efforts in 

improving the EM contribution to the SER signal are mostly geared towards light trapping 

and antennae mechanisms by changing the particle size, morphology, refractive index, and 

2D/3D particle organization. For example, stronger field enhancement in certain localities, or 

'hot spots', is predicted for nanostructures of increasing aspect ratio.
304–306

  

The chemical contribution in semiconductors is of considerable value mainly because the EM 

contribution is not as strong as in metals due to the absence of bulk plasmons in the visible 

range. Chemical enhancement here is mainly attributed to charge transfer (CT) mechanisms 

and the creation of a substrate-molecule complex.
288–290,307,308

 In the recent theory of 

Lombardi and Birke, they explained the enhancement in semiconductors using a 

semiconductor-molecule model and showed that the enhancement can be attributed to a 

combination of several resonances (surface plasmons,
30,307,309

 CT, molecular, and exciton 

resonances) which are coupled and cannot be considered separately.
51

 Molecular resonances 

refer to the resonance due to the frequency-shifted molecular levels of the adsorbed molecule 

due to surface interactions.
300

 Exciton resonances refer to bandgap excitation
284,300

 whereas 

charge-transfer resonance refers to both the CT from the molecule to the nanoparticle and vice 

versa.
38,282,290,301,303,310

  

Semiconductors are not expected to have surface plasmons in the visible range due to the 

expectedly low population of electron density N in the conduction band, which is important in 

determining the surface plasmon frequency, 𝜔𝑠𝑝:  

𝜔𝑠𝑝
2 = 

4𝜋𝑁𝑒2

𝜀∞𝑚
   Eq. 2.22.1 

where 휀∞ describes the high-frequency dielectric constant. This equation describes the 

coherent oscillation being harmonic at the surface plasmon frequency. This oscillation 

resulted from the Coulombic coupling of the motion of the electrons to produce a collective 

behavior, which happens when the electron density becomes sufficiently high.
51

 It is 

presumed that N is small in the conduction band of semiconductors and therefore, expecting 

that their 𝜔𝑠𝑝 is in the IR region, there are means to populate the conduction band of the 

semiconductor. For instance: (1) thermal effects: for small Eg semiconductors, even at room 

temperature can sometimes populate the conductions band (2) doping/crystal defects: also 

effective only for very small Eg. As such, electron density at the conduction band is likely not 
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a source of plasmons for most semiconductors. In addition to plasmons from the conduction 

band, valence band can also support plasmons, but usually observed in the UV
51,311

 (4‒30 

eV). For example, plasmon resonance in titania is at ~12.5 eV.
51,312

 The difference is that 

these plasmons usually have larger oscillator strength because of the larger density of valence 

electrons typically available in semiconductors. The bulk valence band plasmon resonance 

can then be shifted for different geometries and perhaps in a similar way that the plasmon 

frequency is shifted for metal nanoparticles depending on their radius, for instance. Hence, 

Mie scattering could also take place in semiconductor nanoparticles. 

The near-field SPR in semiconductors are very much size- and wavelength-dependent. This 

concept of plasmonic resonance in semiconductors has been applied for instance in GaP 

(Hayashi, et al.) in which enhancement of the Raman signal showed particle-size 

dependence.
51,313

 In such case, the enhancement was attributed to Mie scattering such that the 

plasmon resonance at the sphere surface causes size-dependent Raman signal enhancement as 

one approaches the lowest transverse electric mode (which is at ~140 nm for 514.5 nm 

excitation).  

Other works on semiconductor wherein the enhancement was (partly) attributed to plasmon 

resonance include TiO2.
51,314–316

 Hence, from the plasmon resonance contribution alone, there 

is an advantage in resorting to different nanostructures of semiconductors to improve their 

SER effect. In addition, nanostructures could result in different adsorbate (adsorbed molecule) 

conformations compared to on the bulk and this may contribute to SER effect (i.e., chemical 

contribution). This has been considered to play a role in TiO2 nanostructures for which a 

strong dependence of the adsorption mode with the nanocluster size was shown.
317

 Further, 

electrons in the conduction band of semiconductors can behave as ideal gas electrons. This 

was observed for TiO2, for which its semiconducting nature was lost upon electron injection, 

also as seen in its spectroscopic properties.
318,319

 Sometimes, defects in titania results in mid-

gap states which can be more easily excited by a laser used for Raman studies.
300,306

  

SER Effect in TiO2 nanostructures 

The improvements of using semiconductor nanostructures in the SER effect based on their 

influence on the abovementioned mechanisms paved way for more studies on the materials, in 

particular on titania as one of the first semiconductors which displayed a SER effect.
288,299

 

Initial studies observed that titania nanocrystallites with dyes showed some enhancement in 

the Raman intensities.
318–322

 Eventually, nanoparticles were used with other adsorbates such 

as in the work of Yang, et al., where they used TiO2 nanoparticles with mercapto-benzoic acid 

(MBA) for which they observed an EF~10 for excitation at 514.5 nm. They attributed this to 

the TiO2-to-molecule CT, that is, excitation of electrons from the valence band of the NP to 

surface state energy levels and, from there, injection into the LUMO of the adsorbate.
323

 The 

TiO2 NP size affects the Raman intensity according to the size quantization effects.
302

 CT 

contribution from molecule-to-TiO2-NP is also possible as shown in the work of Musumeci, 

et al., where they used TiO2 NPs with dopamine and other aromatic compounds and found an 

EF~10
3
.
310

 

Most of the studies on TiO2 NP focused on CT and other chemical contributions for the SER 

effect and it was the work of Mazcheneko, et al. which showed that EM contribution could 

also play a role in the SER effect in semiconductors. They performed SER spectroscopy on 

nanofibrous 3D network with crystal violet as the probe molecule and showed that the SER 

effect on their titania nanostructure is partly due to the EM effect as they could not attribute 

the EF~10
6
 to CT alone.

315
 The importance of the EM contribution on the SER effect in 

semiconductors was realized in the work of Han, et al., in which they showed that the EF of 



2. Background 

Part 4: Other Concepts and Techniques 

 

49 

 

the SERR spectra of the heme in cyt b5 increased with the nano-roughness. Since the co-factor 

is not directly attached, the mechanism for this is likely a morphology-dependent EM 

enhancement in nature. There, they further showed in an electric-field enhancement 

calculation that increasing the anisotropy of the half-ellipsoid models for the surface 

roughness, increases the hot spots at the TiO2-water interface.
306

 Hence, increasing the aspect 

ratio or anisotropy of the material seems to increase the SER intensities via EM enhancement. 

Thus, other morphologies with higher anisotropy—such as TiO2 NTs—were explored.  

A recent work on TiO2 NTs by Öner, et al.
2,3

 used NTs of different tube lengths that resulted 

in different SER intensity enhancements. To achieve this, electrochemical anodization was 

done on Ti to form TNAs. These substrates were heated up at different temperatures which 

resulted in TiO2 NT substrates of different resistivities and tube lengths (Figs. 2.22.1. B and 

2.22.2). The shortest tube length gave the lowest resistivity and highest enhancement of the 

SERR signals (EF~70) of the cyt b5 heme (Fig. 2.22.1. A). The plot on the Fig. 2.22.1. B 

shows the EF with resistivity. Similar to the work of Han, et al., here, the enhancement can be 

exclusively attributed to EM mechanism alone. Further, the authors performed an EM field 

calculation in which they found that regions of enhanced localized electric field occur along 

the nanotube length (Figs. 2.22.3), which could account for the observed high SER effect. The 

2D periodically ordered nanostructure of titania nanotubes could be credited for the formation 

of localized enhanced electric fields, with TNAs acting as photonic crystals (photonic lattices 

which reflect light of certain frequencies).
2,3,324–327

 This enables scattering and interference 

effects that forms regions of concentrated electric fields within the nanostructures.
2,3,328–331

 

This photonic crystal property has also been seen in inverse opal which has also been shown 

to display SER effect with EF~10
4
 (from possibly both chemical and EM contributions).

2,3,324
 

 

 

Figure 2.22.1. SERR spectra (A) of cyt b5 on the TiO2 NT electrodes annealed at 300, 475, and 500 °C. 

Enhancement factors vs. resistivity plots (B) of the differently annealed TiO2 NT electrodes (for electrodes 

annealed at 475, 500, and 300 °C from left to right). Image adapted with permission from Öner, I. H. et al. High 

Electromagnetic Field Enhancement of TiO2 Nanotube Electrodes. Angew. Chemie Int. Ed. 57, 7225–7229 

(2018). Copyright 2020 John Wiley and Sons.
2
 Image adapted with permission from.

2
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Figure 2.22.2. SEM images (top view (A-F) and cross-section (G-I)) of the titania nanotubular electrodes 

annealed at 300, 475, and 500 °C (top, middle, and bottom rows, respectively). Image re-printed with 
permission from Öner, I. H. et al. High Electromagnetic Field Enhancement of TiO2 Nanotube Electrodes. 
Angew. Chemie Int. Ed. 57, 7225–7229 (2018). Copyright 2020 John Wiley and Sons.2 

 

  

A. B.  

Figure 2.22.3. Electromagnetic field calculations for TiO2 NT electrodes with the calculated 𝑬𝑭 =  
|𝑬|𝟒

|𝑬𝒓𝒆𝒇|
𝟒 

given for a A. vertical cross-section of 3 tubes and (B) at the 2D surface of 2 neighboring tubes with 

assumed carrier density of 1 × 10
20

 m
-3

. Image re-printed with permission from Öner, I. H. et al. High 
Electromagnetic Field Enhancement of TiO2 Nanotube Electrodes. Angew. Chemie Int. Ed. 57, 7225–7229 
(2018). Copyright 2020 John Wiley and Sons.2 
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Part 4: Other Concepts and Techniques 

2.23. Diffuse reflectance spectroscopy UV-Vis 

Powdery or rough opaque samples are usually analysed by UV-Vis using diffuse reflectance 

spectroscopy (DRS). Upon shining of UV-Vis light on a reflecting/scattering sample, specular 

or diffuse reflection occurs. Specular reflectance is reflectance from the material's surface 

such that the angle of incidence is equal to the angle of reflectance. On the other hand, diffuse 

reflectance comes from the interaction of the light with the different chemical/physical factors 

of the material which may include its absorption, transmission, and scattering properties. The 

amount of diffuse light recovered as reflectance (or scattering) from the sample contains a 

reflective function which is related to the material's optical properties. The intensity of the 

reflected diffuse light from the sample is then compared to a reference standard as a percent 

reflectance, % R: 

    % 𝑅 =  (
𝐼𝑠

𝐼𝑟
) 𝑅𝑟   Eq. 2.23.1 

where Is and Ir are the reflected light from the sample and the standard reflector, respectively, 

and Rr is the standard's percent reflectivity. Since reflectance measurements are comparable to 

transmittance measurements, the % R spectra can be converted into a function that is 

comparable to the absorption spectra using the Kubelka-Munk function, 𝐹(𝑅∞): 

   𝐹(𝑅∞) =  
(1−𝑅∞)

2

2𝑅∞
= 

𝐾

𝑆
  Eq. 2.23.2 

where 𝑅∞ is the reflectance at infinite thickness (i.e., no transmitted light), and K and S are 

the absorption and scattering coefficients. 𝐹(𝑅∞) is proportional to the concentration in a 

similar way that absorbance is.
332–334

  

2.24. Electrochemistry 

Electrochemistry studies the relationship between electrical signals and chemical systems in 

an electrochemical cell
335

 (Fig. 2.24.1). This involves chemical reactions in which electric 

charge transfer occurs across an electronic|ionic conductor (i.e., electrode|electrolyte) 

interface.
336–338

 Hence, it relates the flow of electrons to chemical changes.
338

 This 

relationship which was early on identified by scientists for chemical-energy-to-electricity 

conversion was demonstrated by Volta in 1793 with the invention of the first battery. Using 

this battery, the conversion of electricity to chemical energy was first demonstrated via the 

water splitting by Nicolson. Faraday then demonstrated that the amount of products in 

electrolysis is quantitatively related to the amount of electricity consumed during the 

electrochemical reaction. Since then, many eminent scientists—such as Nernst, Volmer, 

Tafel, and Marcus, to name a few—contributed fundamental insights to the thermodynamics 

and kinetics of electrochemical reactions,
337

 which helped in developing the 

multidisciplinarity of the field by playing a significant role in chemistry, physics, biology, 

energy, and materials.
335,339

  

Electrochemical reactions occur such that the amount of charges that enters and leaves the 

solution is the same. The reactions are carried out without the need for the reactants to meet; 

that is, they occur on the electrodes with one having oxidation (anode) and the other reduction 

(cathode) to give an overall electrochemical redox reaction (Fig. 2.24.1). Further, as 

mentioned, their energy due to the reaction are converted to electricity (instead of, for 

instance, heat production/loss). The flow of the electrons and ions between the two half-
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reactions and the potential difference across the electrodes help in describing the 
electrochemical reaction. An external device can supply constant current or constant potential 
so that controlled reaction rates or controlled thermodynamic driving force, respectively, can 
be forced onto the electrochemical process. The latter process, for instance relates to control 
of the relative Fermi energy of the two electrodes.336,338  

 

Figure 2.24.1. A diagram of a simple electrochemical cell. 

Electrochemical analytical techniques include potentiometry, conductivity, voltammetry, 
chronoamperometry, chronopotentiometry, and impedance measurements.335,340 
Electrochemistry can also be used in tandem with other techniques such as spectroscopy, 
which allows for obtaining additional information regarding the species (products, reactants, 
and/or intermediates) and their processes on the interface.  

A number of redox-related concepts have already been discussed in the previous sections; 
hence, the next sections will cover some other relevant concepts related to electrochemistry 
that still needs to be discussed and one or two of the electrochemical analytical techniques.  

2.25. Electrochemical Interfaces 

Current and potential are related to the properties of the electrode|electrolyte interface 
(Fig.2.25.1). The potential distribution, Φ, at the interface can be described using the Gouy-
Chapmann-Stern theory. A layer of adsorbed ions called the Stern layer is the first layer from 
the metal surface.5,18,336,341 Its properties strongly depend on the electrolyte and metal type. If 
the metal and this Stern layer are considered as two plates, then they can be treated as a 
molecular capacitor with a potential that drops linearly from the electrode surface to a 
distance, dStern, which denotes the Stern layer thickness. Beyond this, ions are distributed in a 
diffuse manner (Gouy-Chapman layer) and so the potential drops exponentially with the 
distance from the metal surface.5,18,336,342  

The interfacial charge densities can be approximated according to Smith and White's 
approach:337  𝜎𝑀 = 

𝜀0𝜀𝑆𝑡𝑒𝑟𝑛

𝑑𝑆𝑡𝑒𝑟𝑛
 (Φ𝑀 − Φ𝑆𝑡𝑒𝑟𝑛)  Eq. 2.25.1 

with 휀0  and 휀𝑆𝑡𝑒𝑟𝑛  as the permittivity and the dielectric constant of the Stern layer, 
respectively, and Φ𝑀  and Φ𝑆𝑡𝑒𝑟𝑛  denoting the potential of the metal and the decreased 
potential due to the Stern layer, respectively. The solution charge density, 𝜎𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛, can be 
derived from the Gouy-Chapman distribution for which the exponential decay of the potential 
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from the Stern layer is supposed. Here, the potential difference is between the Stern layer's 
and that of the solution, Φ𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛. 

 𝜎𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  −휀0휀𝑆𝑡𝑒𝑟𝑛𝜅
2𝑘𝑇

𝑒
sinh (

𝑒

2𝑘𝑇
(Φ𝑆𝑡𝑒𝑟𝑛 − Φ𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛)) Eq. 2.25.2 

where κ refers to the inverse Debye length. When Φ𝑀 = Φ𝑆𝑡𝑒𝑟𝑛, then 𝜎𝑀 =  0 and this value 
of Φ𝑀 is referred to as the potential of zero charge, Epzc.  For Ag and Au, Epzc is ~-0.7 V and 
+0.2 V, vs SHE, respectively. When Φ𝑀 is very high compared to Φ𝑆𝑡𝑒𝑟𝑛 or Φ𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛, then 
the potential drop along the Stern layer will be very sharp, which causes a high electric field 
Efast: 

𝐸𝑓𝑎𝑠𝑡 =  
Φ𝑀−Φ𝑆𝑡𝑒𝑟𝑛

𝑑𝑆𝑡𝑒𝑟𝑛
=  

Φ𝑀

𝜀0𝜀𝑆𝑡𝑒𝑟𝑛
    Eq. 2.25.3 

𝐸𝑓𝑎𝑠𝑡  depends on the type of bound anions as they also influence the Stern layer's 
properties.5,18  

 

Figure 2.25.1. An illustration of the electrochemical double layer. 

2.26. Self-assembled monolayers 

Because adsorption on bare metal surfaces may cause denaturation of proteins due to the 
metal's high electric fields in the electrode|electrolyte interface,5,267,343 electrodes are usually 
coated with self-assembled monolayers (SAMs)5,267,344,345 of alkanethiols (R-(CH)x-SH; x 
refers to the alkyl chain length and R denotes a termination group) (Fig.2.26.1).  The thiol 
(head group) forms a strong bond with metal substrates such as Au and Ag,5,267,343,344 and 
binds even with metal oxides.4,346 Different SAM properties such as its packing density, order, 
and angle of adsorption depends on the alkylthiol/s used. Different termination R can be used 
to control the adsorption of proteins as different functional groups can have different effective 
charges depending on the electrolyte's pH and the charge of the metal surface. For example, 
using carboxylic acid group can result in a negatively terminated SAM at neutral pH, NH2-
terminated SAMs in positive charge at this pH. Neutral or hydrophobic termination is also 
possible. Depending on the protein's surface properties, one may opt to use one kind of 
termination over the other, or may even resort to mixed SAMs if that will improve the 
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biomolecule's adsorption.347 The chain length can also be manipulated to control the distance-
dependent field strength.   

 

Figure 2.26.1. Self-assembled monolayer of alkanethiols. 

Aside from serving as a biocompatible coating, depending on the termination, SAMs can also 
be subjected to chemical reactions to deposit a desired (organic) material on an electrode.348 
For example, if a substituted aryl thiolate (aromatic chain as spacer group) is used as SAMs, 
one can couple this to the substrate, which can be in the form of nanoparticles/ nanomaterials, 
through the head group and use the deposited SAMs in an aryl chemical reaction that will 
give the desired organic material as product.4 For example, diazotization of a monolayer of 
aniline thiolate deposited in a substrate gives an azo molecule coupled to a substrate. Because 
of its versatility as a technique, the use of SAMs is widely applied such as in materials and 
biophysics.347   

2.27. Adsorption equilibrium 

Adsorption of biomolecules or organic materials on the electrode can be either physisorbed or 
chemisorbed. The two mainly differ based on whether a formation of true chemical bonds is 
involved between the surface and the adsorbate or not. Physisorption does not involve 
chemical bonds and the surface-adsorbate bonding only occurs due to van der Waals forces. 
Although it is relatively weak (~0.1 eV), it is crucial for bonding in many forms of matter. 
Chemisorption, on the other hand, entails formation of true chemical bonds and, for this 
reason, it is the relatively stronger type of adsorption. Its strength depends on the type of bond 
formed. Since a chemical bond is formed, significant hybridization occurs between the 
adsorbate's and the substrate's electronic state, which results in a modification of the 
electronic structure.349 Formation of self-assembled monolayers of thiols on metal electrodes, 
for example, is a chemisorption process. When a bare Au electrode, for instance, is immersed 
in a thiol solution, the surface is immediately covered with the thiol molecules via formation 
of Au‒S bonds.347 

On the other hand, adsorption of proteins on SAM-passivated metal electrodes can be done 
either by forming chemical bonds between the protein and the terminal/end group of the 
SAMs or by physisorption. The former entails that the protein and SAMs have 
complementing reactive groups (for example amino + carboxylic group) which can react and 
form bonds. The adsorption equilibrium of proteins is described by the amount of protein that 
is adsorbed on the surface, PadsS, and that which is in the solution, Psoln: 
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 𝑃𝑎𝑑𝑠𝑆 ⇌ 𝑃𝑠𝑜𝑙𝑛 + 𝑆  Eq. 2.27.1 

S  refers to the binding sites on the surface available for protein adsorption (disregarding any 
amount in excess of the protein solution concentration, i.e, S = Psoln).  Therefore, one can 
push the equilibrium toward adsorption by adding an excess amount of protein in the 
solution.349,350  

Since the adsorption-desorption of the adsorbate is influenced by the charge of the electrode 
surface, the equilibrium can change with the application of external potential. This is the case 
for example with SAMs which desorbs at negative potentials. The desorption happens with 
the alkanethiolates forming either a micelle or a bilayer (depending on the chain length), 
which may be reversible.347,351,352 Typical desorption potential of alkanethiolates is at ~-1.0 V 
(vs. Ag/AgCl, saturated KCl) but varies according to chain length.347,353 This is different from 
the reduction of hydrogen ions, which starts at -400 mV vs. SHE and occurs at -1.0 V vs. 
SHE5 (-0.6 V and -1.2 V, vs. Ag/AgCl, saturated KCl, respectively). One can see in their 
cyclic voltammograms that this process occurs before the hydrogen reduction.351

 

2.28. Cyclic voltammetry 

Cyclic voltammetry (CV) is one of the most common electrochemical techniques to 
investigate the redox processes of a molecular species. It proves important in studying 
electron-transfers in chemical reactions in many different applications, such as in catalysis.338 
In CV, one obtains a voltammogram of current as a function of the applied potential, E, 
similar to what is shown in Fig. 2.28.1. A. Here, the arrow next to the curve indicates the 
sweep direction. The scan rate indicates how fast the potential was varied linearly. Fig. 2.28.1. 
B gives an example of the potential as a function of time (the Potential is plotted in the x-axis 
to match the CV position). The basis for the voltammogram peaks is the equilibrium 
described by the Nernstian equation, which was discussed in light of heme equilibriums in the 
previous sections.  

A.      B.  

Figure 2.28.1. A basic illustration of (A) a cyclic voltammogram and (B) potential as a function of time in 

CV. 

When the potential is scanned to negative potentials, the oxidized species is reduced at the 
electrode, giving a certain current measurement and causing depletion of the oxidized form at 
the electrode surface. The concentrations of the oxidized and reduced forms relative to the 
distance from the electrode surface depends on the applied potential and the movement of the 
species between the surface and the bulk of the solution. At some point during the reductive 
scan, the peak cathodic current (or the current at the reduction peak) can be seen, and this 
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current depends on the delivery of additional oxidized species via diffusion from the bulk 
solution. Meanwhile, the diffusion layer—or the solution volume at the surface which 
contains the reduced species—continues to grow and this slows down the transport of the 
oxidized species to the electrode. Hence, a decrease in the absolute value of the current occurs 
until the potential is reversed. This time, the potential goes towards more positive potentials 
(anodic direction) and the reduced species at the electrode is oxidized back. At some point, 
the concentrations of the oxidized and reduced at the electrode surface are equal; this is called 
the midpoint potential, Emidpt. This is also the potential halfway between the reduction and 
oxidation peaks in a reversible electron transfer. The two peaks are separated because the 
analyte diffuses to and from the electrode.338 Faster scan rates result in a thinner diffusion 
layer and therefore higher observed currents.354 

2.29. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) involves varying the frequency of excitation, 
f, of the applied potential, E, over a frequency range, while measuring the impedance.355,356 
Impedance is the effective resistance to alternating current (AC) and comes from a 
combination of ohmic resistance and reactance.355–357 The resistance to flow in AC comes 
from inductors and capacitors.357 Electrical impedance, Z, is the ratio of the voltage change to 
current change, both of which are a function of time, t, and referred to as 𝐸(𝑡) and 𝐼(𝑡), 
respectively, in the equation: 

   𝑍 =
𝐸(𝑡)

𝐼(𝑡)
=  

1

𝑌
=  

𝐸0 sin(2𝜋𝑓𝑡)

𝐼0 sin(2𝜋𝑓𝑡+ 𝜑)
 Eq. 2.29.1 

with 𝐸0 and 𝐼0 as the maximum voltage and current signals, respectively, 𝜑 is the phase shift 
between 𝐸(𝑡) and 𝐼(𝑡), and Y is the complex conductance.355,356 This allows for the study of 
material properties and processes such as resistive characterization, corrosion, and 
recombination, and monitoring of surface changes due to electrode modification.355,356,358 EIS 
measurements are usually presented in the form of Bode plots and Nyquist plots. Bode plots 
show the impedance magnitude and phase angle as a function of frequency showing the 
frequency dependence of impedance (all axes usually in log scale due to their range of 
magnitudes). Fig. 2.29.1 shows how Bode plots look like.  

 

 
Figure 2.29.1. An illustration of Bode plots for a simple cell. 

The currents and voltages in AC are vector quantities and the impedance is, therefore, 
composed of a real component (resistance) and an imaginary part (capacitance + 
inductance).357 Hence, at many times, a more useful plot is the Nyquist plot (Fig. 2.29.2), 
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which shows the imaginary impedance, Z"—indicative of capacitive and inductive character 
of an electrochemical cell—against the cell's real impedance, Z'. Sometimes, this plot is in 
terms of the conductances, Y'(real) and Y"(imaginary), such that the imaginary is in the x-axis 
and the real is in the y-axis.  
 

 
Figure 2.29.2. A Nyquist plot and its pertinent details. 

 
With the Nyquist plot, one can have an idea of the processes that occur on the electrode 
surface and their associated time constants. These processes appear as impedance arcs/semi-
circles and their shape gives an idea about the possible mechanisms associated to them. The 
AC frequency-dependence here is implicit and must be traced back if needed. The plot is 
drawn such that the radial frequency, ω (where ω = 2πf) increases from right to left. RS refers 
to the solution's resistance, whereas RP refers to the polarization resistance, or the solid-liquid 
interface resistance. At high frequency, Z → Rs as indicated in the plot. On the other end of 
the semi-circle, the impedance is the sum of RS and RP. Since the imaginary part has a 
capacitive component, the Nyquist plot can be used to approximate the double-layer 
capacitance (or electrode's capacitance), CDL. This is given by the radial frequency at the point 
of the semicircle with the highest imaginary component, ωmax: 

357 

    𝜔𝑚𝑎𝑥 =  
1

𝐶𝐷𝐿𝑅𝑃
  Eq. 2.29.2 

This makes EIS a useful tool for characterizing film coatings, investigating influence of 
electrode functionalization, and analysis of materials for sensor, fuel cells, and battery 
applications.355,359–361  
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3. Materials and Methods 

3.1. Biological Project 

3.1.1. Materials 

Protein samples. MsmS, MsmS-sGAF2 and MA0863-sGAF2 samples and mutated variants 

were received from the group of Prof. Frankenberg-Dinkel of University of Kaiserslautern. 

The protocol for the preparation of MsmS and MsmS-sGAF2 is given in the literature
1,13,99

 

and summarized here. Briefly, BL21 (DE3) or Nissle 1917 Escherichia coli strains were used 

in producing recombinant proteins. The E. coli strain containing the plasmids were grown in 

lysogeny broth and incubated. The cells were then harvested and either pelletized or purified. 

Co-expression was done using 1 mM isopropyl β-thiogalactoside and hemin was added prior 

to induction (except for preparations without additional hemin, such as in the full-length 

MsmS).  

For anaerobic production, sealed serum bottles were used and cells were harvested under 

anoxic atmosphere using an anaerobic glovebox. To produce Strep-II tagged proteins, the 

pellets were suspended in buffer W (100 mM Tris/HCl, pH 8.0, 300 mM NaCl, 1 mM EDTA, 

0.25 mM 4-(2-aminoethyl)benzene-sulfonyl fluoride) (for MsmS, additional 5 % glycerol and 

0.05 % Tween-20 were added). 1 mM-dithiothreitol was then added to the buffer W. A Strep-

Tactin chromatography column was used for affinity chromatogaphy and equilibrated with 

buffer W. The same buffer as used for washing 10 times while buffer E (buffer W + 2.5 mM 

D-desthiobiotin) was used for elution. The eluted fractions of protein were then dialized and 

concentrated. Anaerobic purifications were performed in an anaerobic glovebox using 

degassed buffers.  

MA0863-sGAF2 was produced in a similar fashion with the details described in literature.
161

 

Mutation protocols were according to the procedure described in literature.
1,99

 This involves 

insertion of the plasmids with the corresponding mutation. These point mutations were 

inserted using a site-directed mutagenesis kit. For the deuterated samples, after purification, 

H2O was changed to the D2O buffer, with the pD adjusted. 

Chemicals. The chemicals used in this project included sodium peroxodisulfate (≥ 99 %, 

Sigma-Aldrich), titanium chloride (20 % w/v in 2N HCl, Acros Organics), di-potassium 

hydrogen phosphate, K2HPO4 (≥ 99 %, Merck), potassium dihydrogen phosphate, KH2PO4 (≥ 

99 %, Merck), sodium dithionite (≥ 85 %, Technical grade, Fluka), sodium sulfite, Na2SO3 

(Merck), and alumina powder (~6 mm grit, Microgrit WCA-9). Sodium citrate tribasic 

dihydrate (≥ 99 %), 1 M Tris-HCl (pH 8.0), 8-aminooctanethiol (hydrochloride, 95 %), 6-

mercaptohexanol (97 %), 6-aminohexanethiol (hydrochloride), 12-mercaptoundecanoic acid 

(96 %), 11-mercaptoundecanoic acid (95 %), and 1-decanethiol (96 %), potassium chloride, 

KCl (ACS reagent, 99.0‒100.5 %), perchloric acid (ACS reagent, 70 %), sodium thiosulfate 

pentahydrate, Na2S2O3·5H2O (ACS reagent, ≥ 99.5 %), sodium tetrachloroaurate (III) 

dihydrate, NaAuCl4·2H2O (99 %), ammonium chloride, NH4Cl (99.998 %), ammonium 

fluoride, NH4F (99.99 %), and hydrofluoric acid, HF (ACS reagent, 48%) were all purchased 

from Sigma-Aldrich. Ethanol (Analytical Grade, 99.9 %) was obtained from Fischer 

Scientific Company, Germany. Deionized water (resistance > 18 MΩ, Millipore, Eschborn, 

Germany) was used for preparation of buffers and other aqueous solutions and for washing of 

samples and final rinse of glasswares prior to use. All chemicals were used as purchased. 
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Mediator. The mediator included a cocktail of chemicals that could be used for a wide range 

of potentials: 5-hydroxy-1,4-naphtoquinone (190 mV), 1,4-naphthoquinone (60 mV), 

phenazinemethosulfate (40 mV), anthraquinone-2-sulfonate (-35 mV), phenosafranine (-62 

mV), safranine T (-99 mV), deiquat (-160 mV), methyl viologen (-258 mV), triquat (-350 

mV), and 4,4’-dimethyl-2,2’-dipyridyl (-496 mV). All potential values are against Ag|AgCl (3 

M KCl).  

Other materials. Silver ring electrodes of 8 mm diameter and 2.5 mm height were made from 

99.99 % Ag rods (Goodfellow, U.K.). Ag/AgCl (3 M KCl) reference electrodes were 

purchased from (Driref) World Precision Instruments. Polishing films of different grit sizes 

(30 to 1 μm) were purchased from 3M.  

3.1.2. Raman measurements 

All Raman measurements were performed using a Kr
+
 laser at a 413 nm excitation (Coherent 

Innova 300c) coupled to a confocal Raman spectrometer (Jobin-Yvon, LabRam 800 HR) with 

a back-illuminated CCD detector cooled by liquid N2. The laser was aligned and then focused 

on the sample using a Nikon 20× objective (NA = 0.35, WD = 20 mm) at a laser power 

between ~2 mW or lower (depending on the measurement/experiment). The spectral 

resolution was ca. 1.2 cm
–1

. Spectra were calibrated with respect to mercury lines and the 

Raman spectrum of toluene. Spectral analysis included a background subtraction using a 

polynomial function. Band fitting and component analysis were carried out according to the 

procedure described in reference
362

 using Qpipsi.  

3.1.2.1. Resonance Raman (RR) 

Prior to measurements, protein samples were reduced or oxidized with sodium dithionite (or 

freshly prepared titanium (III) citrate solution) and sodium peroxodisulfate. For the 

experiments using titanium (III) citrate reductant, 500 μL 0.5 M sodium citrate tribasic 

dihydrate was added to 77 μL 20 % (w/v) titanium (III) chloride and mixed well until a stable 

titanium (III) citrate complex was formed (blue-to-violet color). Afterwards, 623 μL 1 M Tris-

HCl, pH 8.0 was added to the solution. Reduction of samples was performed in a box purged 

with Ar or in an anaerobic glovebox. Samples were then placed on an aluminum chip and 

flash-frozen using liquid nitrogen. 

RR measurements were carried out at -120 °C (or lower, for the temperature-dependent 

studies) in a cryostat (Linkam Scientific Instruments, Surrey, U.K.) mounted on an XY stage 

(OWIS GmbH, Germany). The samples were continuously moved through the laser spot to 

reduce unwanted laser-induced processes. The typical total accumulation time was in the 

range of 30 minutes to 1 hour.
13

 

Temperature-dependent RR measurements were carried out by starting at the lowest 

temperature, and then increasing stepwise the temperature. The samples were allowed to 

'equilibrate' for ~1‒2 min after each temperature before the measurement.  

3.1.2.2. Surface-enhanced Resonance Raman spectroscopy (SERRS)  

Silver rings were polished using the 3M polishing films, washed with copious amounts of 

deionized water and then subjected to oxidation-reduction cycles in 0.1 M KCl to create a 

nano-roughened surface. The electrodes were then incubated in 1.5 mM ethanolic solutions of 

alkanethiols (pure or with polar/charged end group) for 16‒20 h, rinsed with copious amounts 

of ethanol, water, and then buffer and then transferred to an incubation cell to which ~18 μM 

protein solution was added.  
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The protein solution was prepared from the stock solution that was diluted with 100 mM 
phosphate buffer solution (PBS). The PBS was prepared from solutions of K2HPO4 and 
KH2PO4 to obtain a solution of 100 mM at pH 7.0. The electrodes were incubated for 2 h in 
the 18.25 μM protein solution. Afterwards the ring incubated with the protein was washed 
with buffer and assembled into the rotating spectro-electrochemical cell (Fig. 3.1.) filled with 
10 mM PBS. The rotating cell was then placed in the laser path. The laser was focused onto 
the rotating ring electrode for SERR measurement. Spectral accumulation typically lasts for 
100 to 225 s [10 (to 15) s for 10 (to 15) times] at a laser power of typically 1 mW or lower.  

For potential-dependent SERR spectroscopy, the electrodes (Fig. 3.1.) were connected 
accordingly to a potentiostat and an external potential was applied. The current was allowed 
to equilibrate (~100 s), after which the SERR spectrum was accumulated.  

 

 

Figure 3. 1. Set-up for surface-enhanced resonance Raman (SERR) spetroscopy. The working electrode is a roughened  
Ag-ring electrode, passivated by SAMs and incubated in the protein solution. A Driref Ag/AgCl (3 M KCl) is used as 
reference electrode, whereas a Pt wire as counter electrode. 

3.1.2.3. Redox titration using SERRS 

Samples and set-up were prepared as described above. To the PBS buffer, protein was also 
added to give a final concentration of ~1.8 μM.  SERR spectrum was first obtained for the 
open-circuit potential. Afterwards, a potential of +0.10 V (vs. Ag/AgCl, 3 M KCl; the 
potentials here are reported against this reference potential) was applied and the current was 
allowed to equilibrate for 100 s in the dark before the SERR measurement started. 
Subsequently, the potential was decreased by 0.05 V for the next SERR experiment. This 
procedure was repeated until -0.40 V was reached, with a SERR spectrum accumulated at 
each potential step. After this, the potential was returned to +0.10 V and a few more cycles of 
going to -0.40 V (for re-reduction) and then to +0.10 V (for re-oxidation) were done to check 
for reversibility. 

3.1.3. Surface-enhanced infrared absorption (SEIRA) spectroscopy 

Samples were prepared by first forming nanostructured gold film on an ATR Si prism. This 
procedure adapted from the literature60 entailed polishing the Si prism with alumina powder 
and then washing it with copious amounts of water. The Si prism surface was then covered 
with a solution of 400 g/L NH4F solution for 2 min to remove the surface oxide and then 
washed with copious amounts of water and dried with a stream of air. The prism was then 
placed in a water bath midway of the prism's height and with a temperature of 65 °C. A gold 
plating solution including equal volumes of 2 % (w/w) HF solution, 0.03 M NaAuCl4·2H2O, 
and a reductant mixture composed of 0.3 M Na2SO3, 0.1 M Na2S2O3·5H2O, and 0.1 M 
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NH4Cl, were applied to the Si prism which led to the formation of a Au film. The process was 

stopped with water dilution after ~1 min. Gold reduction happens as follows  

   𝑆𝑖0 (𝑠) + 6𝐹− (𝑎𝑞)  → 𝑆𝑖𝐹6
2− (𝑎𝑞) + 4𝑒−  Eq. 3.1 

   𝐴𝑢𝐶𝑙4
− (𝑎𝑞) + 3𝑒−  → 𝐴𝑢0 (𝑠) + 4𝐶𝑙− (𝑎𝑞) Eq. 3.2 

After the electroless deposition, the gold film was cleaned by 6 oxidation/reduction cycles 

between 0.1 and 1.4 V (vs Ag/AgCl, 3M KCl) in 0.1 M HClO4 solution using CHI 

electrochemical workstation. Prior to the electrochemical cleaning, the solution was purged 

with Ar to remove oxygen gas. The voltammogram (Fig. 3.2) obtained includes the gold oxide 

reduction peak at ~0.92 V.  

 

 

Figure 3. 2. Electrochemical cleaning of nanostructured SEIRA gold film. 

The nanostructured gold on the ATR prism was then placed in a custom-built 

spectroelectrochemical SEIRA cell. Electrochemical treatments were performed using a three-

electrode configuration (nanostructured Au film working electrode, Pt wire counter electrode, 

and a Ag/AgCl (3 M KCl) reference electrode). The film was then washed with copious 

amounts of water and then with ethanol.  

Thiol ethanolic solution for the desired self-assembled monolayer (SAM) was then added into 

the SEIRA cell and SAMs were allowed to form for 16‒20 h. This was then washed with 

ethanol, copious amounts of water, and then buffer. Around 2‒5 mL 10 mM PBS was then 

added into the SEIRA cell, which was connected to a water thermostat and mounted onto a 

custom-built cell holder inside a Bruker Vertex80v or IFS66v/s or Tensor27 IR-spectrometer 

equipped with a liquid N2 cooled MCT detector.  

Around 25 spectra (400 scans with 4 cm
-1

 resolution) were averaged and used as a reference 

spectrum. The buffer was then replaced with 18.25 μM protein solution that covers the gold 

completely and allowed to incubate for 30 min to 1 h until the amide bands in the SEIRA 

spectra did not change anymore. Afterwards, the excess solution was removed and ~3‒5 mL 

of PBS with 1.8 μM protein was then added into the SEIRA cell. The solution was then 
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purged with Ar for after 10 min. Subsequently and during the SEIRA measurements, a steady 

flow Ar over the solution was established to ensure anaerobic conditions. 

Electrochemical treatments were conducted using a nano-/μ-autolab potentiostat (Nova 1.8 

software). Prior to applying potential, spectrum at the open-circuit potential (SEIRA cell 

without the protein) was obtained. Then, a potential of +0.20 V (vs. Ag | AgCl, 3 M KCl) was 

applied, and a SEIRA spectrum was recorded, followed by a SEIRA measurement at -0.40 V 

and then again at +0.20 V. This was done a few more times to check the potential-dependent 

redox reversibility of the protein.  

For the chemically induced redox changes within the SEIRA set-up, sodium dithionite or 

sodium peroxodisulfate was added to the PBS buffer to induce the reduction or oxidation, 

respectively. This procedure was varied in some experiments (see Results section). In one 

case, the protein SEIRA spectra were measured before and after the addition of sodium 

dithionite/peroxodisulfate.  

SEIRA and IR absorption spectral accumulation and analysis were done with OPUS with the 

built-in water compensation function. Analysis included averaging, water 

subtraction/compensation, and getting the difference spectra. 

3.1.4. Optically Transparent Thin-Layer Electrode (OTTLE) Infrared transmission 

spectro-electrochemistry 

Optically transparent thin-layer electrode (OTTLE) Infrared (IR) transmission spectro-

electrochemistry involved a SAMs-passivated gold mesh working electrode (d ≈ 5 μm) with a 

drop of  protein/buffer/mediator solution and sandwiched between CaF2 IR windows. This 

was assembled into an electrochemical cell with Ag/AgCl (3 M KCl) reference electrode and 

Pt sheet as counter electrode.
72–74

  

The solution for the reference spectra contained the mediator mix and 10 mM PBS buffer, 

whereas the SAM passivation was done in a 1:1 (v/v) ethanolic solution of 1 mM cysteamine 

and 1 mM mercaptopropionic acid. The protein sample contained a solution of the mediator 

mix, the protein, and 10 mM PBS. The protein concentration was at least 5 times larger then 

the concentration of the mediators.  

The OTTLE cell was then placed in a FTIR spectrophotometer for measurement. The 

potentials applied were +0.20 V (vs. Ag/AgCl, 3 M KCl), followed by -0.40 V, and re-setting 

the potential back to +0.20 V. At each potential, IR spectra were recorded.  

3.1.5. Modelling 

The modelling obtained from splicing the previous model of the MsmS-sGAF2 from Phyre2 

was provided by Molitor, et al.
1
 and that obtained from the Swiss modelling of a protein 

which contains a DOST-sGAF2-heme (4ynr). These two models were used as they have 

equivalent core structures. 4ynr has a crystal structure, which could result in reconstruction of 

a more feasible model. The splicing involved selection of residue sections to make a structure 

that agrees with the spectroscopic findings of Molitor, et al.
1
 in that one of the heme vinylic 

groups is covalently bound to a cysteine residue. The spliced structure was then Energy-

minimized in Chimera using Amber Force field with the recommended charge factors of +2 

and -4 for the Fe and Heme, respectively (Heme parameters were from Richard Bryce 

[Giammona, DA Ph.D. thesis, University of California, Davis (1984)]
363

).  
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3.2. Material System 

3.2.1. Materials 

Chemicals. The chemicals used here are di-potassium hydrogen phosphate, K2HPO4 (≥ 99 %, 

Merck), potassium dihydrogen phosphate, KH2PO4 (≥ 99 %, Merck), titanium foils (99.6 %, 

Chempur), ammonium fluoride, NH4F (99.99 %, Sigma-Aldrich), glycerol (≥ 99.5 %, Sigma-
Aldrich), p-aminothiophenol, PATP (97 %, Sigma-Aldrich), benzidine (≥ 98 %, Sigma-
Aldrich), hydrochloric acid (ACS reagent, 37 %, Sigma-Aldrich), and sodium nitrite (99.999 
%, Sigma-Aldrich). Ethanol (Analytical Grade, 99.9 %) was obtained from Fischer Scientific 
Company, Germany. Deionized water (resistance > 18 MΩ, Millipore, Eschborn, Germany) 
was used for preparation of buffers and other aqueous solutions and for washing of samples 
and final rinse of glassware prior to use. All chemicals were used as purchased. 

3.2.2. Azo Dye on TiO2-NT preparation 

The anodization procedure employed was adapted from reference.2,3 Briefly, Ti foil was 
mounted into an electrochemical cell into which 0.202 M NH4F in water/glycerol (1:1 v/v) 
was added, and a potential of 20 V (Hameg, HMP2020), (vs. Ag/AgCl, 3 M KCl, leak-free) 
was kept for 2 h at room temperature. After anodization, the electrode was rinsed with 
copious amounts of deionized water, dried under nitrogen stream, and annealed. The 
annealing was done in a Nabertherm oven at 300 or 475 °C. The ramp up was done at 15 
°C/min until the desired temperature. SEM images were recorded using a SEM HITACHI S-
4800 scanning electron microscope. 

The TiO2-NT electrode was then immersed in 2 mM PATP solution in ethanol for 16-24 h, 
and then washed with ethanol, copious amounts of water, and dried with a stream of nitrogen 
gas. The electrode was then placed in a vial in an ice bath for diazotization reaction adapted 
from the literature.4 Briefly, fresh 5 % sodium nitrite solution was prepared and, together with 
0.1 M hydrochloric acid solution, added into the vial containing the titania NT electrode. 
After 10 min, the solution was removed and aqueous benzidine solution (≥ 2 mM) was added 

into the titania NT electrode. The reaction was stopped after 10 min by harvesting the 
functionalized electrode, washing it with copious amounts of water, and gently drying it with 
a stream of nitrogen gas. Fig. 3.3. summarizes the procedure for the azo dye-on-TiO2 NT 
sample preparation. 

 

Figure 3.3. Fabrication of TiO2-NT electrodes deposited with azo dye. The scheme shows the general 
procedure for adsorbing benzidine-p-aminothiophenolate on TiO2-NT electrodes. Image re-printed with 
permission from Querebillo, C. J. et al. Accelerated Photo-induced Degradation of Benzidine-p-
aminothiophenolate Immobilized at Light-Enhancing TiO2 Nanotube Electrodes. Chemistry-A European 

Journal. 25, 16048–16053 (2019). Copyright 2020 John Wiley and Sons.364 
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3.2.3. SE(R)RS 

The functionalized TiO2 NT electrodes were then assembled in a spectro-electrochemical cell 

(Pt wire counter and Ag/AgCl, 3 M KCl reference electrode) and ~4 mL of 100 mM PBS, pH 

7.0 was added. The cell was mounted on an XY stage (OWIS GmbH, Germany) and 

subjected to SERR measurement using a Kr
+
 laser at a 413 nm excitation (Coherent Innova 

300c) coupled to a confocal Raman spectrometer (Jobin-Yvon, LabRam 800 HR) with a back-

illuminated CCD detector cooled by liquid N2. The laser was aligned and then focused on the 

sample using a Nikon 20× objective (NA = 0.35, WD = 20 mm) at a laser power of ~1 mW. 

The spectral resolution was ca. 1.2 cm
–1

. Spectra were calibrated with respect to mercury lines 

and the Raman spectrum of toluene. 

Time-dependent SERR measurements were performed for the degradation experiments. This 

entailed recording the SERR spectra in intervals of ~100 s. In potential-dependent 

measurements, nano-/micro-autolab was used to apply an external potential of +0.40 or -0.40 

V (vs. Ag/AgCl, 3 M KCl).  

Measurements at off-resonance were performed at 647 nm using a confocal Raman 

spectrometer (LabRam HR-800 Jobin Yvon) equipped with liquid N2-cooled CCD camera 

(Symphony II Horiba). 

Spectral analysis for background subtraction included polynomial function of the spectra. 

Further intensity analysis was done using Origin.  

3.2.4. Determination of the decay constant 

After obtaining the SERR spectra, the intensities of the most prominent peak (~1600 cm
-1

) 

were plotted against time. The time axis was adjusted to consider that the samples were 

mechanically rotated during the SERRS measurement such that the sample spot was not 

continuously exposed to the laser spot and instead was exposed intermittently. Doing so 

resulted in the so-called 'Molecular Exposure Time' for which each BD-PATP molecule was 

exposed only by a fraction of a second which pales in comparison to the experimental time 

elapsed, i.e., 30 min experimental time is equivalent to 0.4 s Molecular Exposure Time. 

3.2.5. Desorption test at negative potential 

Using the same set up for SERRS degradation measurements, the sample was attached to the 

potentiostat. External potential of -0.4 V was applied onto the sample and the first SERR 

spectrum was accumulated. After which, the laser was switched off while still applying a 

negative potential. After ≥ 30 min experimental time, the laser was again switched on and 

SERRS spectra were recorded after every 2 min (or 10 s multiplied by 10 accumulation times 

to obtain the average spectra). These give the decay plot similar to degradation decay plots 

and the intensities were compared to determine the amount of decay that can be attributed to 

desorption. 

3.2.6. Degradation products/desorption test (no potential applied) 

The same steps for SERRS measurements were employed with a few adjustments to increase 

the concentration of desorbed or degraded species in the water medium. To do this, a larger 

area (at least ~18 times of the original area used for degradation measurements) was exposed 

to laser. After which, the water medium surrounding the electrode was collected and drop-

casted onto a roughened silver for SERRS measurement. The procedure for roughening a 

silver disk is similar to the procedure for roughening a silver ring as discussed in Section 3.1 
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(Biological methods). The SERR spectrum of the blank roughened silver was recorded prior 

to drop-casting the solution and was used as reference. The drop-casted water or solution 

(with degraded or desorbed molecules) was allowed to dry and subjected to SERRS 

measurement to give the spectrum for degradation/desorption products. 

3.2.7. Calculation of Molecular Exposure Time 

The exposure time axis was expressed as Molecular Exposure Time because the samples were 

not constantly illuminated in the same spot as it was mechanically rotated. This was done to 

prevent thermal degradation from prolonged laser exposure and allow the molecules in the 

sample spot to recover thermally and the spot to not heat up significantly. This was done by 

placing the sample on a rotating table and moving the sample by forming a pattern, which for 

the degradation experiments was a circle with a radius of 1 mm. Considering that, at a time, 

only a fraction of the circumference was actually exposed to laser (Fig. 3.4.), and that this 

fraction is approximately equal to the laser focus waist diameter, LFWD: 

𝐿𝐹𝑊𝐷 =  
1.22 𝜆

𝑁.𝐴.
  Eq. 3.3 

in which λ and N.A. refers to the laser line excitation wavelength (here, the value is 413 nm) 

and numerical aperture (here, equal to 0.35), respectively, one can convert the apparent 

experimental measurement time, texp, to give the time in which each molecule was actually 

exposed to laser (a.k.a, Molecular Exposure Time) by expressing them in ratios of the distance 

and time of the laser path with respect to the circumference so that: 

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑇𝑖𝑚𝑒

=  𝑡𝑒𝑥𝑝  ×  
1

2𝜋 (1 𝑚𝑚)
 × 
1.22 (413 𝑛𝑚)

0.35
 ×  
10−9𝑚

1 𝑛𝑚
 × 

1 𝑚𝑚

10−3 𝑚
 

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑇𝑖𝑚𝑒 ≈  𝑡𝑒𝑥𝑝  × (2.291 ×  10
−4) 

 

Figure 3. 4. Sketch of the rotation pattern of the laser illumination used in the degradation experiment. Image re-

printed from the supplementary information (chem201902963-sup-0001-misc_information.pdf) with permission 

from Querebillo, C. J. et al. Accelerated Photo-induced Degradation of Benzidine-p-aminothiophenolate 

Immobilized at Light-Enhancing TiO2 Nanotube Electrodes. Chemistry-A European Journal. 25, 16048–16053 

(2019). Copyright 2020 John Wiley and Sons.
364

 

 

3.2.8. UV-vis Diffuse reflectance spectroscopy (UV-vis DRS) 

UV-vis DRS measurements were performed by the group of Prof. Enriquez of the Ateneo de 

Manila University, using a Shimadzu UV-1800 spectrometer with Integrating Sphere 

Attachment (ISR-2200). 

 

fraction of circle exposed to the laser at a time  

entire circle 

circumference 

r = 1 mm 
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3.2.9. Electrochemical Impedance measurements  

Impedance measurements were carried out with a μ-autolabIII/FRA2 using the FRA2 
software. The set-up involved using an electrochemical cell with a Pt wire counter and 
Ag/AgCl (3 M KCl) as reference electrode. The impedance spectra were monitored from 0.1 
to 100 kHz at different potentials and an amplitude of 25 mV (rms). 

The surface area of the electrode was estimated based on the SEM images and the area of the 
anodized electrode from the nanotube length measurements2,3 and the SEM images. For 
simplicity’s sake the nanotubes were assumed to be cylinders ( Fig. 3.5. A) with a length of L, 
an inner diameter of a, and an outer diameter of b, such that the electrodes are as depicted in 
Fig. 3.5. B. 

 

A. B.  

Figure 3. 5. Sketch of  (A.) a nanotube cylinder and (B.) nanotube cylinders in an anodized titania electrode. 

Then, the surface area, SA, can be estimated from the number of tubes present on the 
electrode (based on the SEM images, the area of the SEM image, and the area of the anodized 
electrode), which serves as the basis for determining the increase in the surface area in terms 
of the inside and outside of the cylinder, and adding it to the area of the anodized electrode 
(Eq. 3.4). 

𝑆𝐴 = (# 𝑜𝑓 𝑛𝑎𝑛𝑜𝑡𝑢𝑏𝑒𝑠 × 2𝜋 (𝑎 + 𝑏) × 𝐿) + 𝑎𝑛𝑜𝑑𝑖𝑧𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒  

Eq. 3.4 

Using this approach, the estimated SA for the TiO2-NT|low and TiO2-NT|high were ~17.77 
cm2 and ~14.29 cm2, respectively. 

3.2.10. Low frequency Raman measurement of TiO2-NT 

The low frequency Raman measurements of TiO2-NT electrodes were done using confocal 
Raman spectrometer (LabRam HR-800 Jobin Yvon) equipped with liquid N2 cooled CCD 
camera (Symphony II Horiba) at 488 nm excitation. The spectra obtained were then fitted 
using a Gaussian function and a mixed Lorentz-Gaussian function in OPUS to determine the 
different peak parameters such as full-width at half maximum (FWHM), peak position, and 
intensity. 

TiO2 
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4. Biological System: Results and Discussion 

4.1. Biological System: Results 

Before performing surface enhanced resonance Raman spectroscopy (SERRS) on the MsmS(-

sGAF2), resonance Raman (RR) spectroscopy was used to probe the redox changes of the 

heme using Soret band excitation (413 nm), focusing on the investigation of the effect of the 

expression system strain and anaerobicity during the preparation of the MsmS-sGAF2 protein. 

A new strain of E. coli (Nissle 1917) was used to produce full-length MsmS and/or its 

truncated version (MsmS and MsmS-sGAF2, respectively). RR was used to analyze the 

chemically reduced and oxidized samples of the different protein preparations (Fig. 4.1.1 and 

4.1.2, reduced and oxidized for left and right panels, respectively).  

Fig. 4.1.1 shows the aerobically grown and purified sGAF2 (Fig. 4.1.1. A and B) and MsmS 

(Fig. 4.1.1. C). The solid traces refer to preparations with heme addition and the dotted traces 

correspond to those without addition of further heme. The red trace (A) originate from 

samples prepared from the BL21(DE3) E. coli strain whereas the blue (B) and black (C) were 

based on preparations from the Nissle 1917 E. coli strain. In all cases, six-coordinated low 

spin (6cLS) and five-coordinated high spin (5cHS) can be seen in both the oxidized and the 

reduced states (and even a small amount of the six-coordinated high spin (6cHS) in the 

oxidized state). The ν4 bands of the oxidized heme are seen at ~1373 cm
-1

. This band 

envelope also includes contributions from the ν4 of both the high- and low-spin (HS and LS, 

respectively) states. Similarly, one can identify two components at around 1352 cm
-1

 and 

1363 cm
-1

 for the reduced HS and LS species, respectively. The difference between the ν4 of 

the oxidized and reduced is around 11 cm
-1

, which could not be accounted solely to the 

difference in spin and ligation states. This huge difference in wavenumber indicates an 

increase in the electron density in the heme’s antibonding orbitals. This may be achieved by 

coordinated His that is strongly hydrogen-bonded to another amino acid, such that it can 

transfer excess electron density to the heme.
13

 

The ν4 values for the oxidized and the reduced 5cHS of the MsmS are also upshifted by 2-3 

cm
-1

, compared to those of the aerobic MsmS-sGAF2. This could indicate a slightly altered 

environment of the heme compared to the truncated variant. In addition to the ν4, a 

distribution of the two spin states can be more easily seen in the ν3 bands: 1493 cm
-1

 for the 

5cHS oxidized, ~1508 cm
-1

 for the 6cLS oxidized, ~1472 cm
-1

 for the 5cHS reduced and 1494 

cm
-1

 for the reduced 6cLS. A small amount of 6cHS can also be seen at 1479 cm
-1

. The 

prevalence of the 6cLS in the oxidized form can be seen for the MsmS and MsmS-sGAF2 

produced in Nissle 1917 whereas, the HS states are of higher percentage in the sample 

produced in BL21 (DE3). In the reduced state, 5cHS is the prevailing species (based on the ν3 

bands), which is most obvious in the case of the MsmS produced in Nissle 1917 wherein the 

ν4 is a peak corresponding to the 5cHS, with a shoulder due to the 6cLS. 
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Figure 4.1.1. Resonance Raman spectra of reduced (left) and oxidized (right) protein: A. and B. are MsmS-
sGAF2 prepared aerobically using E. coli strain BL21 (DE3) and Nissle 1917, respectively. The solid and dotted 
traces correspond to production with and without further heme added, respectively. C. is MsmS produced 
aerobically using E. coli strain Nissle 1917. Image adapted with permission from Fiege, K., et al. Improved 
Method for the Incorporation of Heme Cofactors into Recombinant Proteins Using Escherichia coli Nissle 1917. 

Biochemistry 57, 2747–2755 (2018).  Copyright 2020 American Chemical Society.
13

  

The effect of the presence of oxygen during protein production on the heme ligation and spin 
states was also studied (Fig. 4.1.2). Here, all MsmS-sGAF2 samples were prepared using the 
Nissle 1917 strain. Similar to Fig. 4.1.1, the samples here show a distribution of the two spin 
states in both the oxidized and reduced form, with the 6cLS as the prevailing species in the 
former and the 5cHS in the latter of the samples that were anaerobically purified, regardless 
of the oxygen condition during cell growth. 

In the oxidized samples, the effect of the anaerobic purification is not so apparent, with the 
spectra looking similar, showing a distribution of the spin and ligation states. A minute 
difference is seen in the downshift of the ν4 from 1373 to 1371 cm-1 for the aerobically grown 
but anaerobically purified sample (compared to the other two), and the upshift of the ν3 from 
1506 to 1508 cm-1 for the sample that was produced in a completely anaerobic condition. On 
the other hand, there is a tendency for the oxidized form to have 6cLS as the prevailing 
species as the condition becomes more oxygen-depleted as seen in the increasing amount of 
the 6cLS/5cHS ν3.  

A more obvious difference on the effect of oxygen is seen in the reduced samples wherein the 
anaerobic purification (Fig. 4.1.2. B and C) results in the reduced sample mainly being in the 
5cHS form as can be seen in the ν4 and ν3 bands at around 1352 and 1469 cm-1, respectively. 
A small amount of the 6cLS is still seen in the shoulder at around 1364 cm-1 for the ν4 band 
and a small peak at 1494 cm-1 for the ν3 band. For the anaerobically grown and aerobically 
purified sample, the ν4 peak at 1364 cm-1, corresponding to the 6cLS reduced species, has a 

A.  

B.  

C.  
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much lower intensity compared to that of the 5cHS at 1354 cm-1. The same conclusion 
concerning the 5cHS/6cLS band intensities can be drawn from the ν3 modes at ca. 1470 and 
1494 cm-1.  

 

 

Figure 4.1.2. Resonance Raman spectra of A. Anaerobically grown and aerobically purified, B. Aerobically 
grown and anaerobically purified, and C. Anaerobically grown and purified MsmS-sGAF2 produced using E.coli 
Nissle 1917. Image adapted with permission from Fiege, K., et al. Improved Method for the Incorporation of 
Heme Cofactors into Recombinant Proteins Using Escherichia coli Nissle 1917. Biochemistry 57, 2747–2755 

(2018).  Copyright 2020 American Chemical Society.
13

 

 

In all of the RR spectra seen above, sodium peroxodisulfate and sodium dithionite (DT) was 
used for oxidation and reduction, respectively. Because the protein is a methyl-sulfide 
associated protein and thus to avoid possibly interfering binding of the chemical 
reductant/oxidant to the heme, titanium (III) citrate was also used as a reductant. This control 
experiment was done with a MsmS-sGAF2 sample aerobically produced using BL21 (DE3) 
(Fig. 4.1.3). Here, the spectra are similar in terms of the ν4 and ν3 band positions regardless of 
the reductant used. Hence, it can be assumed that the sulfur in the sodium dithionite has no 
interfering interaction with the protein samples during reduction and that the heme iron has a 
spin distribution (in the reduced state). The same is assumed for the oxidized state—that the 
spin and ligation state distribution is due to the heme environment itself and did not carry out 
experiments with another non-S-containing oxidant. 

 

A.  

B.  

C.  
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Figure 4.1.3. Resonance Raman of MsmS-sGAF2 produced aerobically using BL21 (DE3) E. coli. The top red 
and bottom blue traces correspond to reduction done using sodium dithionite (DT) and titanium (III) citrate, 
respectively. Image adapted with permission from Fiege, K., et al. Improved Method for the Incorporation of 
Heme Cofactors into Recombinant Proteins Using Escherichia coli Nissle 1917. Biochemistry 57, 2747–2755 

(2018).  Copyright 2020 American Chemical Society. Red trace is reproduced from  the reference.
13

 

 

To understand the nature of the axial ligands, temperature-dependent RR spectroscopy was 
performed. Here, the temperature was increased in steps from -120 °C up to -10 °C. Fig. 4.1.4 
shows the RR spectra of the reduced MsmS-sGAF2 (without further heme added) produced 
aerobically using BL21 (DE3) E. coli strain at -120 °C (topmost trace) increased in 
increments up to -10 °C (bottom-most trace). The low temperatures (-120 °C to -80 °C) have 
similar shifts and can be seen to have a higher amount of 5cHS than 6cLS. The intermediate 
temperatures (-60 °C and -40 °C) have slightly shifted ν4 bands compared to the lower 
temperatures and have the 5cHS and 6cLS of almost equal amounts in term of the ν4, whereas 
the higher temperatures (-20 °C and -10 °C) have the ν3 of the 5cHS upshifted by 3 cm-1 
compared to the other temperatures and have the ν4 of the 6cLS of slightly higher amount than 
the 5cHS.  

All spectra are normalized to the 6cLS ν4 peak, which allow us to see the decreasing 
5cHS/6cLS ratio with increasing temperature. This finding rules out a spin crossover complex 
in which increasing thermal energy eventually overcompensates crystal field splitting energy 
such that at higher temperatures the HS configuration prevails. Such a scenario would be in 
principle possible if the sixth ligand is only weakly bound corresponding to a low crystal field 
splitting energy and a ligation pattern between a six-fold and five-fold coordination. The 
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opposite observation with the 6cLS configuration prevailing at higher temperatures thus also 
argues against a weak 6th ligand.  

 

Figure 4.1.4. Temperature-dependent RR spectroscopy of reduced MsmS-sGAF2 produced aerobically using 
BL21 (DE3) E. coli and without external heme added during production. The reduction was performed with DT. 
The spectra here are normalized to the 6cLS peak (~1361‒1363 cm-1). 

Other protein preparations (BL21 sGAF2 aerobic, with additional heme added, and Nissle 
1917 completely anaerobic) also show the decrease of the 5cHS/6cLS ratio (Figs. 4.1.5 and 
4.1.6, respectively). In Fig. 4.1.5, the ν4 of the 6cLS is higher than the ν4 of the 5cHS 
throughout the entire temperature range. However, it is still apparent that the 5cHS decreases 
with increasing temperature (from -120 °C (solid thick red trace) until -25 °C (green dash dot 
trace)). In Fig. 4.1.6, the case is opposite as in Fig. 4.1.5 such that the ν4 of the 5cHS is higher 
than the ν4 of the 6cLS throughout the temperature range yet the decrease in 5cHS, in terms of 
the ν4, with increasing temperature (from -120 °C (orange trace) to -10 °C (black trace)) is 
still obvious.   

In no case, the 5cHS/6cLS distribution displays a sharp transition but instead a gradual change 
of the spin state distribution over a wide temperature range (Fig. 4.1.7). 
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Figure 4.1.5. Temperature-dependent RR spectroscopy of reduced MsmS-sGAF2 produced aerobically using 
BL21 (DE3) E. coli and with external heme added during production: solid thick red trace (            ) corresponds 
to spectra at -120 °C, whereas solid thin blue (           ), thick broken black (            ), thin dotted orange                       
(             ), and green dash-dot (             ) traces correspond to -100 °C, -75 °C, -50 °C, and -25 °C, respectively. 
The reduction was performed with DT. The spectra here are normalized to the 6cLS peak (~1361‒1363 cm-1, 
yellow boxes). The enlarged spectra show the decrease of 5cHS (blue boxes) with increasing temperatures. The 
inset focuses on the ν4 band. 
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Figure 4.1.6. Temperature-dependent RR spectroscopy of reduced MsmS-sGAF2 grown and purified 
anaerobically and using Nissle 1917 E. coli strain. Traces of different colors correspond to different temperature 
conditions: orange, magenta, red, dark yellow, green, purple, violet, blue, gray, and black correspond to 
temperatures of -120 °C, -100 °C, -80 °C, -75 °C, -60 °C, -50 °C, -40 °C, -25 °C, -20 °C, and -10 °C, 
respectively. The reduction was performed with DT. The spectra here are normalized to the 6cLS peak (~1362‒

1364 cm-1, yellow boxes). The enlarged spectra show the decrease of 5cHS (blue boxes) and down-shifting of 
the 6cLS with increasing temperatures. The inset focuses on the ν4 band. 
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Figure 4.1.7. Temperature-dependent changes in the ratio of the 5cHS/6cLS species in the reduced state of 
MsmS-sGAF2 produced in different conditions: A. black filled squares (-■-, left axis) and gray filled circles (-●-
, right axis) correspond to aerobic production without and with further heme added using BL21 (DE3) E. coli 
strain, respectively, whereas B. black filled triangles (-▲-) correspond to completely anaerobic production using 
the Nissle 1917 E. coli strain. The broken lines are added to easily see the decreasing trend of the ratio with 
increasing temperatures.   

 

The RR spectra of the mutants of the protein were expected to give insight to the axial heme 
ligation of the protein. Here, truncated variants prepared using E. coli Nissle 1917 which were 
aerobically mutated at the putative proximal and/or distal axial ligands based on the model of 
Molitor, et al.1 were used. Fig. 4.1.8 shows the RR spectra of the mutants (labeled 
accordingly) against the wild-type (WT; black trace). The left and right panels show the 
chemically reduced and oxidized protein samples, respectively. No significant differences can 
be seen in the oxidized samples of the mutant and WT proteins, except for the H702/708G, 
which displays only a very weak spectrum at 413-nm excitation, due to the significant 
downshift of the absorption maximum from 409 to 387 nm that weakens the resonance 
enhancement (Appendix 1). All other spectra of the oxidized proteins display comparable 
contributions of the ferric 6cLS and 5cHS contributions. These findings imply that even if the 
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substitutions include a residue which serves as an axial ligand in the WT protein, a 6cLS 
configuration can be alternatively established by another ligand. Thus, it is concluded that the 
heme pocket displays a substantial structural flexibility such that removal of more bulky 
residues (His, Tyr) can be readily compensated by a repositioning of other potentially binding 
amino acids. Most likely, the driving force for these arrangements is provided by the 
formation of the coordinative bonds.  

 

 

Figure 4.1.8. Resonance Raman spectra of reduced (left) and oxidized (right) wild-type (WT) and 
(doubly/)mutated MsmS-sGAF2 samples produced aerobically using Nissle 1917 E. coli strain: the red, blue, 
black, orange, green, and purple traces (or from topmost to bottom-most spectra) correspond to the WT, Y665F, 
H646A, H702G, K661G/H702G, and H702/708G, respectively. (Y-tyrosine, F-phenylalanine, H-histidine, A-
alanine, G-glycine, K-lysine; Y665F- the Y in the 665th position was replaced with a F). 

 

In the reduced state, the RR spectra of the mutants display more significant changes compared 
to the WT protein. Whereas the Y665F mutant has only a small effect on the ligation pattern, 
in H646A the HS configuration prevails although the 6cLS configuration does not completely 
disappear. This could mean that these residues, which are in the distal region of the protein 
play a role in the 6cLS configuration in the reduced state. The H702G single and double 
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mutants seem to display the opposite behavior inasmuch as the corresponding ν4 mode (1352 

cm
-1

 in the WT protein) can hardly be detected. However, this does not rule out the existence 

of a HS species since the corresponding ν3 mode is still detectable in the three mutants, albeit 

at a slightly higher frequency (ca. 1475 cm
-1

 compared to 1469 cm
-1

 in the WT protein). In a 

similar way, also the ν4 mode of the HS species may be upshifted, thereby overlapping with 

the mode of the 6cLS species to afford a single peak at ca. 1363/1364 cm
-1

.  

As a tentative conclusion His702 is therefore not only assigned as an axial ligand in the WT 

protein but also suggested to be a potent hydrogen bond donor to another nearby amino acid. 

Thus, electron density in the His residue is increased and partly transferred to the anti-bonding 

orbitals of the porphyrin which primarily cause a downshift of ν4 mode. The latter ligand 

interactions are missing in the H702 mutants such that the corresponding amino acid that 

substitutes His702 just affords a “normal” HS configuration. This overlap of 5cHS and 6cLS 

ν4 bands can happen as seen in some examples.
362

 Presumably, the 6
th

 axial ligation site is not 

occupied by a His or another amino acid but seems to be affected by His646, possibly by 

assisting binding of a small molecule such as water. Although water is a weak ligand by its 

own, it can manifest strong ligand properties when it is assisted by a His residue through 

hydrogen bond. Therefore, the temperature-dependent measurements (Figs. 4.1.4-4.1.7) fit 

this presumption.  

To test if this upshifting of the ν4 mode in the reduced form is related to hydrogen bonding, 

deuteration was carried out (Fig. 4.1.9), the RR of which shows the similar trend as H702G 

mutation. The H/D effect on the spin state is a strong argument for the involvement of an 

aquo/hydrogen-bonded ligand binding to the heme, further supporting the hydrogen-bond 

donor role of the axial His702.  

To further understand the results in the mutant studies, the findings were compared or viewed 

in light of the modelling obtained from splicing the previous model of the MsmS-sGAF2 from 

Phyre2 provided by Molitor, et al.
1
 and that obtained from the Swiss modelling of a protein 

which contains a DOST-sGAF2-heme (4ynr) (Fig. 4.1.10). The model in Fig. 4.1.10 agrees 

with the RR mutant studies in that the His702 and His646 most likely play a role in the heme 

coordination. His702 is most likely an axial ligand and a possible hydrogen bond donor, 

which suits the fact that the sequence alignment and the model of the MsmS-sGAF2 show a 

number of polar amino acid residues nearby this residue.   

His708 (not shown in the figure) is in the loop found near the beta sheets. This residue may 

possibly have an interaction with the nearby beta sheet and that mutation of this residue could 

possibly cause significant structural deviation. Further, the model supports the presumption 

that the 6
th

 axial position is not occupied by an amino acid residue and is most likely occupied 

by a small molecule. The model shows that there is enough space in the heme pocket in the 

distal position which can accommodate a small molecule such as a CO (in the model) or water 

(most likely for aqueous solutions) to bind with the heme in an axial manner. The presence of 

a number of polar residues in this site, such as His646, makes the environment favorable for 

binding small polar molecules. His646 seems to be at an ideal distance that allows for 

hydrogen bonding with a small polar molecule; this interaction with the small molecule could 

assist the axial binding of the small molecule to the heme iron.  
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Figure 4.1.9. H/D effect on the spin state. The upshift of the ν4 of the reduced form is apparent when the buffer 
prepared with H2O is replaced with the one prepared with D2O. Protein samples are MsmS-sGAF2 produced 
aerobically using Nissle 1917 E.coli strain with further heme added. 
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Figure 4.1.10. A model of the MsmS-sGAF2 showing the heme (labeled; the porphyrin backbone is shown as a 
skeletal  structure at the center, whereas the iron (II) atom is the orange atom at the middle) and its environment 
(green-protein backbone, blue-nitrogen atoms, yellow-sulfur atoms, and red-oxygen atoms). The model was 
obtained from splicing the MsmS-sGAF2 model from Phyre2 (Molitor, et al.1),and from the Swiss modelling of 
a protein containing a DOST-sGAF2-heme (4ynr). The spliced structure was Energy-minimized in Chimera 
using Amber Force field. The H646 and H702 positions and rough atom-to-atom distance estimates for certain 
residues are indicated. A small molecule such as CO (red-green spheres) can also possibly fit in between the iron 
of the heme and the residues in the distal position according to the model. Yellow broken lines show possible 
hydrogen-bonding interactions of the small molecule with distal residues (here, shown for H646) and of putative 
5th ligand (H702) with other functional groups in the proximal side of the heme pocket (here, shown with the 
C=O of the backbone near V703). The modeling was done by Prof. Anne-Frances Miller (University of 
Kentucky). 

 

The model also allows for predicting the charges on the protein surface based on the most 
likely residues that can be found there. Fig. 4.1.11 gives surface maps of the protein viewed at 
different angles. The top and bottom designation is such that the proximal ligand is nearer to 
the viewer when viewed from the bottom (similar to the orientation in Fig. 4.1.10). 
Accordingly, one can see that the protein has positive and negative charges scattered all over 
the surface. Only a small patch (not shown) is hydrophobic which, based on the basis protein 
models, maybe has a function in forming dimers.   

 

Heme 
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Figure 4.1.11. Surface charges of the MsmS-sGAF2 based on the spliced and energy-minimized model in Fig. 
4.1.10: A. top, B. bottom, and C. side views of the truncated protein. (Note: the proximal side of the heme is 
nearer to the viewer when viewed from the bottom). 
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The maps shown in Fig. 4.1.11 are in line with the findings when the protein is immobilized 

on rough silver, passivated with SAMs of different termination and largely similar lengths: 8-

aminooctanethiolate (positive charge), 12-mercaptododecanoic acid (negative charge), and 1-

undecanethiolate (neutral, hydrophobic) (Fig. 4.1.12). Here, the NH2-terminated SAM gave 

the highest SERRS signal, followed by the carboxy-terminated SAMs. This is presumably not 

related to a different extent of adsorption. Instead, it may be that the NH2-SAMs enable the 

protein to have an orientation such that the heme plane is aligned to the normal of the surface 

giving rise to a stronger surface enhancement. These experiments were done with the MsmS-

sGAF2 prepared using the E. coli strain BL21 (DE3) aerobically and with further heme 

added. Other immobilization conditions using the BL21 (DE3) or Nissle aerobic preparations 

can also be seen in Appendix 2.  

The different immobilization conditions also shed light to the distance dependence of the 

surface enhanced resonance Raman (SERR) spectra as in some instances, different lengths of 

the same termination were tested. In general, the immobilizations that gave relatively higher 

signals were the 8-aminooctanethiolate, 12-mercaptododecanoic or 11-mercaptoundecanoic 

acid, and a mixture of amino and hydroxy-terminated SAMs. For the latter, it was found that 

the 1:3 NH2:OH mixture (using C6 SAMs) gives a relatively better signal. Despite the high 

signals obtained for immobilization on aminooctanethiolate SAMs, even with this one, the 

maximum intensity achievable is only around 400 counts per second per mW. This implies 

that the protein does not adsorb well on the SAMs surface. 

The illumination power also has a slight effect on the intensity obtained such that using a 

lower illumination power, but increasing the accumulation time accordingly to compensate 

for the decrease in power, gave higher intensities than with higher illumination power at a 

shorter accumulation time. An example is seen in Fig. 4.1.12 for 11-mercaptoundecanoate on 

roughened silver electrodes illuminated at 0.01 mW (dotted black trace) and 1 mW (solid 

orange trace). Illuminating at a lower power could prevent any photo-induced degradation 

resulting in higher intensity. Any photo-induced degradation was also already largely avoided 

by rotating the cell during measurements. Decreasing the power, however, also meant longer 

accumulation times, which could sometimes be impractical and undesirable as possible time-

dependent changes may also start to come into play (e.g. stability when applying potential, 

etc.). Hence, depending on the initial intensity and for practicality’s sake, an illumination of 

0.5 or 1 mW is used in the succeeding SERRS measurements. 

An advantage of performing SERRS on rough Ag is that, assuming a good electrical contact 

between the heme and the electrode, one can apply a bias on the electrode to change the redox 

properties of the heme. Applying a potential that is higher than the midpoint potential of the 

protein oxidizes the heme, whereas lower (or more negative) than that, reduces the heme. 

From literature, the midpoint potential of MsmS-sGAF2 is at around -0.075 V (vs. NHE) or 

around -0.285 V (vs. Ag/AgCl, 3 M KCl).
1
 Fig. 4.1.13 shows the SERR spectra of MsmS-

sGAF2 produced in BL21(DE3) immobilized on 8-aminooctanethiolate on roughened silver, 

in which constant potential was applied during spectral accumulation. The potentials were 

varied from +0.20 V to -0.30 V to partially reduce and then re-oxidize the protein back to 

+0.20 V. Here, it can already be seen that the signal-to-noise ratio of the spectra became 

worse with applied negative potentials, regardless of the immobilization condition, and this 

could mean that the protein is either desorbed, degraded, or it changes orientation/ 

conformation.  
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Figure 4.1.12. SERR spectra of MsmS-sGAF2 produced aerobically using BL21 (DE3) E. coli strain (with 
auxiliary heme added) on rough silver passivated with SAMs of different terminations: solid red trace - 8-
aminooctanethiolate    (S-C8H16NH3

+), dotted red trace – 1:3 6-aminohexanethiolate/6-hydroxyhexanethiolate 
(1:3 S-C6H12NH3

+/S-C6H12OH), blue trace – 1-hydroxyhexanethiolate (S-C6H12OH), solid black trace – 12-
mercaptododecanoate SAMs (S-C11H22COO-), dotted black and solid orange traces – 11-mercaptoundecanoate 
SAMs (S-C10H20COO-), green trace – decanethiolate (S-C10H21). The dotted black and solid orange traces differ 
from the laser power used, which are 0.01 mW and 1 mW respectively. The other spectra were all taken at an 
illumination of 1 mW. All SERR measurements were performed at open circuit potential and in 10 mM PBS, pH 
7, in a rotating cell. 
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Figure 4.1.13. Potential-dependent SERR spectra of MsmS-sGAF2 produced aerobically using BL21 (DE3) E. 

coli strain (with auxiliary heme added) on rough silver passivated with 8-aminooctanethiolate (S-C8H16NH3
+). 

All spectra were taken at an illumination of ~0.5 mW. All SERRS measurements were performed in 10 mM 
PBS, pH 7, and after at least 60 s of current equilibration when potential was applied. 

 

In some cases, the protein gave spectra that can be reversibly reverted from positive and 
negative potentials, such as on 11-mercaptoundecanaote SAMs (Fig. 4.1.14) and on 1:3 
NH2:OH mixed SAMs (please see Appendix 3). However, the results cannot be reliably 
repeated. Because of this, it was difficult to obtain appreciable, conclusive information about 
the heme at negative potentials and its redox reversibility. 
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Figure 4.1.14. Potential-dependent SERR spectra of MsmS-sGAF2 produced aerobically using BL21 (DE3) 
(left) and Nissle 1917 (right) E. coli strains (with auxiliary heme added) on rough silver passivated with 11-
mercaptoundecanoate SAMs (S-C10H20COO-). All spectra were taken at an illumination of ~1 mW. All SERRS 
measurements were performed in 10 mM PBS, pH 7, and after at least 60 s of current equilibration when 
potential was applied. 

 

To check if a potential-dependent adsorption equilibrium is involved, experiments were 
carried out in the presence of the heme protein in solution in contact with the electrode. In this 
way, the adsorption equilibrium would be pushed towards the adsorbed protein. This was in 
fact the case as shown in Fig. 4.1.15 which displays good quality spectra in the potential range 
from +0.10 V to -0.40 V, and most importantly, a reversible potential-dependence of the 
spectral changes.  
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Figure 4.1.15. Potential-dependent SERR spectra of MsmS-sGAF2 produced A. aerobically using BL21 (DE3) 
(left) and B. anaerobically using Nissle 1917 (right) E. coli strains (with auxiliary heme added) on rough silver 
passivated with 8-aminooctanethiolate (S-C8H16NH3

+) performed inside an anaerobic box. All spectra were taken 
at an illumination of ~0.5 mW. All SERRS measurements were done in 10 mM PBS, pH 7, with a small amount 
(i.e., 10 % of incubation concentration) of protein added into it, and after at least 60 s of current equilibration 
when potential was applied. 

 

Fig. 4.1.15. A displays the potential-dependent SERR spectra of the MsmS-sGAF2 produced 
aerobically from BL21 (DE3) on roughened silver coated with 8-aminooctanethiolate in 10 
mM potassium phosphate buffer pH 7, and with a small amount of protein (10 % of 
incubation concentration) added to the buffer. The measurements were performed inside an 
anaerobic box to ensure redox reversibility even in the case that the reduced form might be 
sensitive to the presence of oxygen. A similar measurement which was performed outside the 
anaerobic box can be seen in Fig. 4.1.16. Since the spectra in both cases do not drastically 
differ, the possibility of oxygen-sensitivity of the reduced species is ruled out. Here, the 
discussion will be focused on the spectra measured within the anaerobic box (Fig. 4.1.15. A). 
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Figure 4.1.16. Potential-dependent SERR spectra of MsmS-sGAF2 produced aerobically using BL21 (DE3) on 
rough silver passivated with 8-aminooctanethiolate (S-C8H16NH3

+). All spectra were taken at an illumination of 
~0.5 mW. All SERRS measurements were done in 10 mM PBS, pH 7, with a small amount (i.e., 10 % of 
incubation concentration) of protein added into it, and after at least 60 s of current equilibration when potential 
was applied. 

 

The spectrum at +0.10 V has a similar ν4 band as the RR spectrum of the oxidized form in 
solution (~1373 cm-1

), but the ν3 of the 5cHS species is stronger compared to that of the 6cLS 
species. Decreasing the potential in 0.05 V increments does not affect the band pattern until at 
ca. -0.25 V, the band slightly below 1360 cm-1 starts to gain intensity at the expense of the 
1373 cm-1 band. At -0.30 V, both bands display nearly equal intensity whereas at -0.40 V, the 
ν4 mode of the reduced species at 1358~1359 cm-1 prevails. In the ν3-band region the 
reduction is reflected by a decrease of the 1491 cm-1 band (ferric 5cHS) but the corresponding 
counterpart of the ferrous species at ca. 1473 cm-1 appears only with very low intensity. This 
is consistent with the fact that the ν4/ν3 intensity ratio of the reduced is significantly larger (ca. 
9) than for the 5cHS configuration of the oxidized form (ca. 2). To ensure that the nearby 
solution containing protein does not contribute to the spectra, the RR of the solution was 
measured at OCP, +0.10 V, and -0.40 V (Appendix 4).
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Fig. 4.1.15. B shows a similar potential-dependent SERRS redox titration of the MsmS-

sGAF2 grown and purified anaerobically using Nissle 1917 E. coli strain and immobilized on 

a roughened Ag with 8-aminooctanethiolate. The spectrum at +0.10 V also has a similar ν4 

band as the RR spectrum of the oxidized form in solution (~1373 cm
-1

), but the ν3 are 

(slightly/) shifted from the values in the RR spectrum (5cHS: from 1493 to 1491 cm
-1

, and 

6cLS: from 1508 to 1502 cm
-1

) which could indicate a slightly altered heme environment 

upon immobilization on the electrode. Decreasing the potential in 0.05 V increments does not 

affect the band pattern until at ca. -0.20 V, the band at around 1355 cm
-1

 starts to gain 

intensity at the expense of the 1373 cm
-1

 band. At ~-0.25‒ -0.30 V, both bands display nearly 

equal intensity whereas at -0.40 V, the ν4 mode of the reduced species at ~1355‒1357 cm
-1

 

prevails. Note that the ν4 of the reduced spectra here is downshifted compared to the SERRS 

of MsmS-sGAF2 produced in BL21 (DE3) aerobically at ~1357‒1359 cm
-1

. The observed ν4 

may involve contributions from the HS and LS species and the downshift suggests a higher 

contribution from the 5cHS species, which fits to what was observed in resonance Raman 

spectroscopy. In the ν3-band region, the 1491 cm
-1

 band (ferric 5cHS) is not as high in the 

oxidized form as compared to the aerobically prepared sample using BL21 (DE3) E. coli. The 

decrease of this band is therefore not as drastic as in Fig. 4.1.15. A. Similarly, the ν3 band of 

the ferrous species at ~1473‒1474 cm
-1

 appeared with reduction.  

From the potential-dependent SERRS titration in Fig. 4.l.15, the reductive midpoint potential 

for each species was determined by plotting the fraction of the total reduced (or oxidized) 

species against the applied external voltage (Fig. 4.1.17). The fractions were determined from 

band-fitting pertinent porphyrin bands (ν4, ν3, ν2, and ν10) for each species using a band-

correction and band-fitting software (QPipsi) and corrected for resonance effect (based on 

literature
362

; Methods). For the MsmS-sGAF2 produced aerobically using BL21 (DE3) E. coli 

(Fig. 4.1.17. A), the reductive midpoint potential of the 5cHS (black; Emidpt = -0.276 V, vs. 

Ag/AgCl, 3 M KCl) is close to that of the 6cLS (gray; Emidpt = -0.291 V, vs. Ag/AgCl, 3M 

KCl), which are around -0.066 V and -0.081 V, vs. NHE, respectively.  

The corresponding fraction-potential redox plots for each species of the anaerobic variant 

produced using Nissle 1917 E. coli (i.e., based on the SERRS in Fig. 4.1.15. B) is given in 

Fig. 4.1.17. B. Here, the midpoint potential for the 5cHS and 6cLS are farther away from each 

other at -0.322 V and -0.204 V, vs. Ag/AgCl, 3M KCl, respectively (or -0.112 V and 0.006 V, 

vs. NHE, respectively). These reductive midpoint potentials give average redox potentials of -

0.288 V and -0.263 V, vs. Ag/AgCl, 3M KCl (or -0.078 V and -0.053 V, vs. NHE), for the 

MsmS-sGAF2 produced aerobically using the BL21 (DE3) E. coli (black) and anaerobically 

using the Nissle 1917 (gray) E. coli strains, respectively, as shown in the redox plots of total 

reduced (or oxidized) species in Fig. 4.1.18.  These average reductive midpoint potentials are 

close to the reductive midpoint potential obtained by Molitor, et al. chemically for the MsmS-

sGAF2 (-0.075 ± 0.010 V, vs. NHE) based on the Soret band at 428 nm.
1
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Figure 4.1.17. Redox plots showing the fraction of reduced/oxidized five-coordinated high-spin (5cHS; black) 
and six-coordinated low-spin (6cLS; gray) species at each potential obtained from the SERRS titration in Fig. 
4.1.15.  A. corresponds to the SERRS titration of the MsmS-SGAF2 produced aerobically using BL21 (DE3) E. 

coli, for which the reductive midpoint potentials obtained are -0.28 V and -0.29 V (vs. Ag/AgCl, 3 M KCl) for 
5cHS and 6cLS, respectively. Similarly, B. corresponds to the MsmS-sGAF2 grown and produced anaerobically 
using Nissle 1917 E. coli, for which the reductive midpoint potentials obtained for the 5cHS and 6cLS are -0.32 
V and -0.20 V (vs. Ag/AgCl, 3 M KCl), respectively. 
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Figure 4.1.18. Redox plots showing the fraction of reduced (circle and diamond)/oxidized (square and triangle) 
species at each potential obtained from the SERRS titration measurements in Fig. 4.1.15. The black filled 
symbols connected with solid lines correspond to the SERRS titration of the MsmS-SGAF2 produced 
aerobically using BL21 (DE3) E. coli, for which the reductive midpoint potential obtained is -0.29 V (vs. 
Ag/AgCl, 3 M KCl). Similarly, the gray filled symbols connected with broken lines are for the MsmS-sGAF2 
grown and produced anaerobically using Nissle 1917 E. coli, for which the reductive midpoint potential obtained 
is -0.26 V (vs. Ag/AgCl, 3 M KCl). 

In addition to redox titration, cyclic voltammetry (CV) was used to determine the midpoint 
potential of the protein. A voltammogram with pronounced redox peaks for the aerobic 
samples could not be obtained. On the other hand, one could very well see the redox peaks for 
the anaerobically grown and purified MsmS-sGAF2 sample on rough Ag passivated with 8-
aminooctanethiolate at a scan rate of 0.100 V/s (10 mM PBS pH 7) (Fig. 4.1.19). Here, the 
midpoint potential is at -0.297 V (vs. Ag/AgCl, 3 M KCl) or -0.087 V (vs. NHE).   

 

 

Figure 4.1.19.  Cyclic voltammogram (CV) of MsmS-SGAF2 produced anaerobically using Nissle 1917 E. coli 

(black trace). The CV was obtained by subtracting the CV of rough Ag ǀ SAMs (in this case, 8-
aminooctanethiolate) (red trace) from the electrode incubated with the protein (blue trace). The CV was 
performed in 10 mM PBS. The midpoint potential obtained is -0.297 V (vs. Ag/AgCl, 3 M KCl). 
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In addition to Raman spectroscopy, infrared (IR) spectroscopy was also used to inspect the 

changes in the conformation of the protein during redox changes, focusing on the amide I and 

II bands in the regions 1600-1700 cm
-1

 and 1500-1600 cm
-1

, respectively.
365

 Using the 

conditions established in SERRS, the same SAMs were used on roughened Au for surface 

enhanced infrared absorbance (SEIRA) spectroscopy. Fig. 4.1.20. shows the SEIRA spectra 

of the MsmS-sGAF2 aerobically prepared using the BL21 (DE3) E. coli immobilized on 8-

aminooctanethiolate on roughened gold and without additional protein in the buffer.  Here, the 

amide bands and their changes are seen in Fig. 4.1.20. A and B, respectively. From hereon, 

the amide bands corresponding to 𝛽-sheet and α-helix in the SEIRA spectra are highlighted in 

blue and yellow boxes, respectively.  

Fig 4.1.20. A shows the first two spectra of the potential-dependent SEIRA measurements: at 

+0.20 V (solid orange trace) and -0.40 V (broken magenta trace). The difference is very slight 

and for this reason, the succeeding potential-dependent spectra (of +0.20 V (3
rd

 measured 

spectra), -0.40 V (4
th

 measured spectra), +0.20 V (5
th

 measured spectra), and -0.40 V (6
th

 

measured spectra) are not shown. Instead the difference spectra are shown in Fig. 4.1.20. B to 

show the changes from +0.20 V to -0.40 V (reduction), and from -0.40 V going back to +0.20 

V (re-oxidation).  

In Fig. 4.1.20. B, the first set of difference spectra (topmost) show the decrease in the amide 

bands over time when there is no protein in the solution (solid red and broken magenta traces 

corresponding to (+0.20 V, 4
th 

time) – (+0.20 V, 1
st 

time) and (-0.40 V, 3
rd 

time) – (-0.40 V, 1
st 

time)). This points to the fact that desorption possibly happens with the application of 

negative potential. As the spectra is not completely mirror-image of the protein spectra, it 

could be that along with desorption, there is some kind of change in orientation/conformation 

that affects the amide band intensities. In particular, here, if desorption happens, it seems that 

the orientation/conformational change at the same time caused an increase in the amide I α-

helix region such that the decrease in this region is less than that if only desorption occurs.  

Even for the difference between two-positive potentials (solid red trace), it seems that the re-

application of positive potential is not enough to re-adsorb the protein (in the absence of 

excess protein in the buffer), which supports the observation for the heme SERR spectra. The 

two time-dependent difference spectra also differ from each other possibly due to the 

differences in the potentials applied (potential effect) and the time length considered (the solid 

red trace is a difference between the 7
th

 and 1
st
 potential-dependent spectra, whereas the 

broken magenta trace is a difference between the 6
th

 and 2
nd

 spectra). However, since they 

mostly look similar, it could mean that the step that involved conformational/orientation 

change has a significant influence on the time-dependent difference spectra. This could 

happen if in a step, significant changes can happen and then afterwards, a certain stability in 

the protein immobilization is achieved such that succeeding changes are subtle.  

The succeeding sets of spectra in Fig. 4.1.20. B (2
nd

, 3
rd

, and 4
th

 sets; purple and violet traces) 

are difference spectra of consecutively applied potential jumps from +0.20 V to -0.40 V 

(purple solid traces; reduction) and from -0.40 V back to +0.20 V (broken violet traces; re-

oxidation), from which a time-dependent difference spectra (first set of spectra) multiplied by 

a correction factor was subtracted to correct for the desorption process taking place. In this 

case, the difference spectrum between the positive potentials (first set, solid red trace) was 

used since it has a longer time duration.  The reversibility of the protein spectra can be seen in 

the almost mirror-image like features of consecutive difference spectra. The 2
nd

 and 4
th

 sets 

(from the top) are the first and last sets of consecutive difference spectra, respectively.  
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Figure 4.1.20. SEIRA spectra and difference spectra of MsmS-sGAF2 aerobically produced using BL21 (DE3) 
E. coli at potentials of +0.20 V and -0.40 V and without additional protein in the buffer. In A., the first two 
SEIRA spectra (+0.20 V, solid orange trace, and -0.40 V, dotted magenta trace) are shown. These consecutive 
measurements at +0.20 V and -0.40 V were repeated for two more times (not shown) to see the reversibility. In 
B., the first set of spectra are difference spectra showing decrease in the amide band absorbance and possibly 
indicating that, in the absence of excess protein in the buffer, the protein desorbs from the electrode over time: 
solid red and broken magenta traces correspond to (+0.20 V, Step 7) – (+0.20 V, Step 1) and (-0.40 V, Step 6) – 
(0.40 V, Step 2), respectively. The succeeding sets are difference spectra between two consecutive potential-
dependent SEIRA measurements. The solid purple lines show the (-0.40 V, Step x+1) – (+0.20 V, Step x) 
whereas the broken violet line correspond to (+0.20 V, Step x+2) – (-0.40 V, Step x+1), showing the reversibility 
of the processes. The measurement flow goes from top to bottom, with the thick solid and thick broken lines in 
the second set of spectra showing the difference between Step 2 and 1, and between Steps 3 and 2, respectively. 
The sets after are from the succeeding steps until the last difference (+0.20 V, Step 7) – (-0.40 V, Step 6) as the 
broken violet trace at the bottom-most. The consecutive difference spectra (violet and purple traces) are 
corrected by subtracting a factor of the time-dependent difference spectra (1st set in B). All potentials are against 
Ag/AgCl, 3 M KCl. 

 

When a small amount of protein (10 % of the immobilization concentration) is added into the 
buffer, i.e., similar to the SERRS condition that gives reliably reversible spectra, an opposite 
phenomenon from Fig. 4.1.20 is observed (Fig. 4.1.21). Here, protein adsorption over time 
(Fig. 4.1.21 B, 1st set of spectra, solid red and broken magenta traces) together with a small 
amount of spectral changes due to the applied potential can be observed (Fig. 4.1.21. A, and 
B, 2nd and 3rd sets of spectra, solid purple and broken violet traces). A bigger change can be 
observed in the amide I region. Similar to Fig. 4.1.20, the consecutive difference spectra 
(purple and violet traces in B) here, are corrected by subtracting a factor of the time-
dependent spectral changes due to adsorption, to reveal their mirror-image features which 
show reversibility of the spectral changes of the protein. 
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SEIRA spectroscopy was also performed with the completely anaerobic MsmS-sGAF2 (Figs. 
4.1.22 and 4.1.23), with a small amount of protein added to the buffer. Here, the amide I and 
II bands also display a change of the absorbance ratio when a positive or negative potential is 
applied (Fig. 4.1.22, spectra 1 and 2, or solid orange and broken magenta traces, respectively). 
However, over time, the amide I and II increase as seen in their absorbance spectra (Fig. 
4.1.22) and the difference spectra of the last measurements minus the first measurements  
(Fig. 4.1.23. B, second set of spectra) showing a positive difference in the amide region. 
Similar to the aerobic sample, with additional protein in the buffer (Fig. 4.1.21), this increase 
in amide bands is, evidently, due to a slow increase of the amount of adsorbed protein 
implying that establishing adsorption equilibrium is slower under the conditions of the SEIRA 
experiments (compared to the SERRS experiments).  

 

 

Figure 4.1.21. SEIRA spectra and difference spectra of MsmS-sGAF2 aerobically produced using BL21 (DE3) 
E. coli at potentials of +0.20 V and -0.40 V with additional protein (10% of the immobilization concentration) in 
the buffer. In A., the first two SEIRA spectra (+0.20 V, solid orange trace, and -0.40 V, dotted magenta trace) 
are shown. These consecutive measurements at +0.20 V and -0.40 V were repeated for one more time (not 
shown) to see the reversibility. In B, the first set of spectra are difference spectra showing an increase in the 
amide band absorbance over time indicating that in the presence of excess protein in the buffer, protein 
adsorption occurs: solid red and broken magenta traces correspond to (+0.20 V, Step 5) – (+0.20 V, Step 1) and 
(-0.40 V, Step 4) – (0.40 V, Step 2), respectively. The succeeding sets are difference spectra between two 
consecutive potential-dependent SEIRA measurements. The solid purple lines show the (-0.40 V, Step x+1) – 
(+0.20 V, Step x) whereas the broken violet line correspond to (+0.20 V, Step x+2) – (-0.40 V, Step x+1), 
showing the reversibility of the processes. The measurement flow goes from top to bottom, with the thick solid 
and thick broken lines in the second set of spectra showing the difference between Steps 2 and 1, and between 
Steps 3 and 2, respectively. The set after that is from the succeeding measurements with the broken violet trace 
at the bottom-most corresponding to the difference spectra of the last and the measurement prior to that (+0.20 
V, Step 5) – (-0.40 V, Step 4). The consecutive difference spectra (violet and purple traces) are corrected by 
subtracting a factor of the time-dependent difference spectra (1st set in B). All potentials are against Ag/AgCl, 3 
M KCl. 
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Figure 4.1.22. SEIRA spectra of MsmS-sGAF2 anaerobically grown and purified using Nissle 1917 E. coli  at 
potentials of +0.20 V (solid lines) and -0.40 V (dotted lines) in 10 mM PBS pH 7 with a small amount of the 
protein added in the buffer. Applied Constant Potential: Steps 1 (solid orange trace), 3 (red), 5 (green), and 7 
(violet) for +0.20 V (1st, 2nd, 3rd, and 4th time, respectively) and Steps 2 (dotted magenta trace), 4 (dark yellow), 6 
(purple), and 8 (royal blue) for -0.40 V (1st, 2nd, 3rd, and 4th time, respectively), i.e., measurement flow starts 
from Step 1, 2, 3 …until Step 8 of alternating +0.20 V and -0.40 V to see the changes in and reversibility of the 
SEIRA spectra as the heme goes from oxidized to reduced form. For emphasis of the change in the amide I/II 
ratio, thicker lines are used for the first two spectra (+200 mV, 1st, and -400 mV, 2nd). All potentials are against 
Ag/AgCl, 3 M KCl. 

 

The consecutive difference spectra (purple and violet traces in Fig. 4.1.23. B) are corrected by 
subtracting a factor of the time-dependent spectral changes due to adsorption to reveal their 
mirror-image features and the process reversibility. The first set of difference spectra in Fig. 
4.1.23. B is not completely mirror-image or reversible. Inspecting this reveals that, based on 
the first difference spectrum (thick solid purple trace in the first set of spectra in Fig. 4.1.23. 
B), application of -0.40 V for the first time could have involved a process/combination of 
processes that caused the amide bands at ~1549 cm-1 (amide II α) and 1630 cm-1 (amide I β) 

to decrease significantly. This could possibly be due to desorption of loosely bound proteins 
on the surface, and re-orientation on the electrode or some kind of conformational change of 
the remaining proteins, which then allows a certain amount of remaining protein to be 
immobilized in a more stable way afterwards. This can be seen by the almost perfect mirror-
image of the difference spectra in the succeeding sets (thin solid purple and broken violet 
traces) showing that, after this one step at the first application of the negative potential, the 
protein changes due to the applied potential are reversible. 
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Figure 4.1.23. SEIRA spectra and difference spectra of MsmS-sGAF2 anaerobically grown and purified using 
Nissle 1917 E. coli at potentials of +0.20 V and -0.40 V. In A, the first two SEIRA spectra (+0.20 V, solid 
orange trace, and -0.40 V, dotted magenta trace) from Fig. 4.1.22.. are re-plotted for reference. The second set of 
spectra in A are differences between SEIRA spectra in Fig. 4.1.22. showing protein adsorption over time of the 
protein from the buffer: (+0.20 V, Step 7) – (+0.20 V, Step 1) as solid red trace, (-0.40 V, Step 8) – (0.40 V, Step 
2) as broken dark yellow trace, and (-0.40 V, Step 8) – (+0.20 V, Step 1) as solid green trace. B. Difference 
spectra between two consecutive potential-dependent SEIRA measurements. The solid purple lines show the (-
0.40 V, Step x+1) – (+0.20 V, Step x) whereas the broken violet line correspond to (+0.20 V, Step x+2) – (-0.40 
V, Step x+1), showing the reversibility of the processes. The measurement flow goes from top to bottom, with 
the thick solid and thick broken lines in the first set of spectra showing the difference between Step 2 and 1, and 
between Steps 3 and 2, respectively. The sets after are from the succeeding steps until the last difference (-0.40 
V, Step 8) – (+0.20 V, Step 7) as the solid purple trace at the bottom-most. The consecutive difference spectra 
(violet and purple traces) are corrected by subtracting a factor of the time-dependent difference spectra (2nd set of 
spectra in A.). All potentials are against Ag/AgCl, 3 M KCl. 

 

To avoid interference by time-dependent adsorption effect from the protein adsorption, IR 
transmission spectroscopy of the protein in solution was carried out using the Optically 
Transparent Thin Layer Electrode (OTTLE).72–74 Figure 4.1.24 shows the difference spectra 
when the spectra of +0.20 V was subtracted from that at -0.40 V (orange trace) and when the 
spectra of -0.40 V is subtracted from the spectra when the potential was returned back to 
+0.20 V. Here, we can more clearly see the almost mirror image of the differences indicating 
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a mostly reversible process. This further confirms the protein's reversible redox changes due 

to the applied potential and that the differences we were seeing in SEIRA were likely masked 

by the processes happening on the electrode, such as protein desorption from and 

conformational/orientation change on the electrode, and adsorption (or desorption, in the case 

when protein is not added to the buffer) taking place over time. These results complement the 

findings above that the redox changes in the heme are accompanied by conformational 

changes in the protein, and that these process are largely reversible. 

With the results from the IR spectroscopy in OTTLE and potential-dependent SEIRA, we 

however see changes of the protein due to the applied potentials and the influence of the 

potential-dependent changes of the environment (i.e., water, SAMs (such as conformational 

changes and its surface charges), mediator, electrode, and buffer). To rule out the changes due 

to the applied potential on the protein and the environment and further check that the protein 

changes seen were really induced by or related to redox changes, independent of the potential 

applied on the heme protein and its environment, we also performed SEIRA spectroscopy but 

inducing the redox changes chemically. Here, similar to resonance Raman, we used sodium 

peroxodisulfate and sodium dithionite to oxidize and reduce the protein, respectively.  

Fig. 4.1.25 shows the SEIRA spectra (A.) and difference spectra (B.) of MsmS-sGAF2 

produced aerobically using BL21 (DE3) E. coli on 8-aminooctanethiolate on roughened gold 

in plain buffer and when chemically oxidized and reduced by adding the reductant/oxidant to 

the buffer into which the immobilized protein was immersed. Based on previous SEIRA and 

SERRS measurements, the protein as immobilized is mainly in its oxidized form. Hence, after 

measuring the SEIRA of the protein in plain buffer, the reductant was added to the buffer, 

mixed, and then measured to obtain the spectrum for the chemically reduced protein (broken 

blue trace in Fig. 4.1.25. A). The reduced protein was then re-oxidized by adding the oxidant 

twice the molar concentration of the reductant to give the spectrum of the chemically re-

oxidized MsmS-sGAF2 (solid black trace in Fig. 4.1.25. A). Overall, similar to the results in 

SEIRA spectroscopy, here, we see changes in the amide bands with the reduction and 

oxidation achieved by addition of the chemical reductant and then the oxidant. Nevertheless, 

this confirms the protein spectral changes with reduction and oxidation.   

In a separate experiment, the chemical oxidant was added to the MsmS-sGAF2 (same variant) 

to give a difference spectrum shown in Fig. 4.1.26. A. In Fig. 4.1.26. B, the same difference 

spectrum from Fig. 4.1.25. B (orange trace) is re-plotted here to show the chemical reduction 

for an easier comparison with the chemical oxidation given in Fig. 4.1.26. A. Focusing on the 

amide I and II regions, very slight and almost mirror-like features in the spectral changes can 

be seen in the amide I region. Note though that since it cannot be ascertained here that the 

reduction or oxidation was done on a fully oxidized or fully reduced spectra, the reversibility 

based on the mirror-image features of the difference spectra cannot be expected. However, 

Fig. 4.1.26 further shows that addition of the chemical oxidant and reductant causes changes 

in the amide I and II regions.  

Based on the assumption that the addition of the chemical oxidant and reductant oxidizes and 

reduces the heme, respectively, as well, as was the case in resonance Raman, the spectral 

changes in the amide region with the addition of the chemical oxidant and reductant could 

most likely be coupled to the redox changes of the heme. It should also be noted though that, 

alongside this, it could also happen that the spectral changes observed in SEIRA due to the 

addition of the chemical oxidant and reductant has an effect on the protein and/or its 

environment (which then has an effect/influence on the protein) that is not related to the heme 

redox changes. This cannot be decoupled though from the protein spectral changes observed, 

which are related to the heme redox changes. 
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Figure 4.1.24. IR absorption (double/) difference spectra using the optically thin transparent layer electrode 
(OTTLE) set-up of MsmS-sGAF2, produced aerobically using BL21 (DE3) E. coli. The potentials applied were 
+0.20 V and -0.40 V. The double difference spectra of the protein (thick solid lines, bottom set of spectra) was 
obtained by subtracting the difference spectra for the mediator and buffer solution (dotted lines, middle set of 
spectra) from the difference spectra of the buffer solution containing the protein and mediators (thin solid lines, 
top set of spectra). The application of constant potential were done in such manner: +0.20 V, 1st,  followed by -
0.40 V, and then by +0.20 V such that the red traces correspond to the difference between -0.40 V and +0.20 V, 
1

st, whereas the blue traces are the difference between +0.20 V, 2
nd, and -0.40 V.  All potentials are against 

Ag/AgCl, 3 M KCl. 
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Figure 4.1.25. A. SEIRA spectra and B. difference spectra of MsmS-sGAF2 produced aerobically using BL21 
(DE3) E. coli in which the redox changes were induced by adding chemical oxidant and reductant to the buffer. 
A. SEIRA spectra of Msms-sGAF2 (‘sGAF2’) showing three conditions according to this flow of experiment: 

with the protein immobilized and immersed in plain buffer (solid red trace), sodium dithionite (‘DT_red’ was 

added to the buffer to provide a reducing environment to the protein ) (broken blue trace), after which, sodium 
peroxodisulfate (‘PDS_ox’) was added to the same buffer by ~2 times the concentration of the reductant to re-
oxidize the protein (solid black trace), B. SEIRA difference spectra: the solid orange and green traces show the 
changes due to chemical reduction (from plain buffer/as immobilized state) and chemical oxidation after 
reduction, respectively. 
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Figure 4.1.26. SEIRA difference spectra of MsmS-sGAF2 produced aerobically using BL21 (DE3) E. coli in 
which the redox changes were induced chemically. A. Difference spectra for the chemical oxidation from the 
immobilized protein in plain buffer, and B. Difference spectra for the chemical reduction from the immobilized 
protein in plain buffer. B is re-plotted here from Fig, 4.1.25. B (orange trace) for comparison. Opposite changes 
can be seen for A. and B. in the amide I region. Note, that these measurements were done in separate SEIRA 
experiments. MsmS-sGAF2 (‘sGAF2’), sodium dithionite (‘DT_red’), and sodium peroxodisulfate (‘PDS_ox’). 

 

Assuming that the same case in resonance Raman of reduction/oxidation of the heme upon 
addition of chemical reductant or oxidant is happening here, another set of SEIRA 
experiments was performed to further check the reversibility of the protein spectral changes 
with chemical redox changes. Fig. 4.1.27 shows the chemical oxidation, reduction and re-
oxidation of the MsmS-sGAF2 on the same protein/electrode system to more effectively show 
the reversibility of the protein SEIRA spectral changes. Here, we see the minimal and mostly 
reversible change in the amide region. The slight deviation from the mirror-image feature in 
the amide II region, could indicate slight irreversibility but could also possibly be due to the 
effect of the chemical on the protein (or on the environment that influences the protein 
causing changes in the amide II) which may not be related to heme redox changes.   
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Figure 4.1.27. SEIRA spectra and difference spectra of MsmS-sGAF2 produced aerobically using BL21 (DE3) 
E. coli in which the redox changes were induced chemically. A. SEIRA spectra of the protein with the buffer 
containing sodium peroxodisulfate (‘PDS_ox’) to oxidize the protein (1, solid red trace), after which a buffer 
exchange was done to replace the buffer with one containing sodium dithionite (‘DT_red’) to reduce the protein 

(2, broken blue trace), and then another buffer exchange was done with one containing PDS to re-oxidize the 
protein (3, solid black trace). B. Difference spectra showing the chemical reduction of the heme/protein from 
steps 1 to 2 (green trace) and chemical oxidation from steps 2 to 3 (orange trace). 

 

Additional Studies 

SERRS on Ag-CNT 

In addition to SERRS on SAMs|rough Ag electrode, carbon nanotubes (CNT) on rough Ag 
were also used for SERRS. Such electrodes also allow protein immobilization and give the 
same SERR spectra in the presence or absence of additional SAM coating (Fig. 4.1.28). This 
is important for the development of other substrates for SERRS that may have improved 
biocompatibility such as CNT.366,367  
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Figure 4.1.28. Potential-dependent SERR spectra of MsmS-sGAF2 produced aerobically using BL21 (DE3) E. 

coli on A. roughened silver passivated with 8-aminooctanethiolate and B. roughened silver with carbon 
nanotubes deposited on it (AgǀCNT). 

 

Analogous Protein, MA0863-sGAF2 

An analogous protein to MsmS, MA0863-sGAF2, and its mutant variants were characterized 
by RR. Fig. 4.1.29 gives the results on the preliminary mutant studies on MA0863-sGAF2. 
Here, the spectra for the WT show a distribution of both 5cHS and 6cLS in the reduced state, 
whereas the oxidized is mostly in the 6cLS configuration. Interestingly, mutation of its 
putative proximal His ligand, H666, shows a similar observation as that in MsmS-sGAF2 
wherein, in the reduced state, the ν4 mode of the 5cHS upshifts (Fig. 4.1.29 C) and overlaps 
with the 6cLS possibly due to a non-hydrogen bonded “normal 5cHS” configuration. Their 

combined peak at ~1364 cm-1 is slightly upshifted to the ν4 mode of the 6cLS in the reduced 
WT sample. The amount of 5cHS in the oxidized state of H666G also increased. Possibly, 
mutation of H666 resulted in its replacement with another possible proximal His, H668, 
which perhaps affects the ligation with the 6th ligand, resulting in a higher amount of 5cHS.  

On the other hand, the effect of the mutation of H672 is not clear. In the oxidized state, it is 
similar to WT, except for a slight upshift of the ν4. In the reduced state, either it has a similar 
effect as in H666, i.e., mutation of H672 resulted in some kind of disruption of the H-bonding 
with the proximal histidine such that the ν4 mode of the 5cHS is upshifted (“normal 5cHS”), 

or the very small amount of ν3 mode of the 5cHS of the reduced state is negligible and this 
spectra only shows that of 6cLS. In that case, the mutation of H672 could have resulted in a 
stronger coordination of the 6th ligand to the ferrous heme. 
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The similarity in the spectra of 3HQ (3HQ = H666G/H668G/H672Q) and H666G could mean 
that the main effect was due to the mutation of the H666, which maybe is the case because 
H666 is the putative proximal ligand. Both H672G and 3HQ were not completely oxidized or 
reduced with the addition of chemical oxidant/reductant. 

   

 

Figure 4.1.29. Resonance Raman spectra of reduced (left) and oxidized (right) WT and mutant variants of 
MA0863-sGAF2 samples: the red, blue, black, and orange traces (A-D or from topmost to bottom-most spectra) 
correspond to the WT, H672G, H666G, and 3HQ (=H666G/H668G/H672Q), respectively. (H-histidine, G-
glycine, Q-glutamine; H672G- the H in the 672nd position was replaced with a G). 

 

4.2. Biological System: Discussion 

MA4561 or MsmS is a protein from an anaerobic organism. The covalent binding of the heme 
to the apoprotein via a cysteine is indicative of its heme-containing sensor role, i.e., the 
presence of the heme in the protein is intentional. Hence, the covalent linkage at Cys656 was 
considered in the recent modelling of MsmS to ensure a better representation and support 
conclusions about its structure-function.  

The resonance Raman results show that MsmS has the tendency to be in the 6cLS in the 
oxidized state in all preparations—especially in the anaerobic and full-length preparations, 
which are perhaps the closest resemblance to in vivo/in situ conditions. On the other hand, it 
seems to have a preference for the 5cHS in the reduced state. The relatively low frequency of 

A.  

B.  

C.  

D.  
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the ν4 of the 5cHS reduced species could be due to a hydrogen-bonded proximal His ligand. 

When the proximal His ligand serves as a hydrogen bond donor, the excess electron density is 

transferred to the antibonding orbitals of the heme.
13,368,369

 This weakens the Ca-N bond of the 

heme causing a downshift in its ν4 frequency.
13,369

 This H-bonding is possibly to water, a 

carbonyl group of the protein backbone, or another amino acid residue such as Asp, Ser, or 

Leu in the proximal environment. From the mutant studies and modelling, it is likely that 

H702 serves as the proximal ligand to the heme, but it could also be H704. Upon mutation of 

H702, H704 possibly serves as a proximal ligand; however, this time, the imidazole of H704 

is not hydrogen-bonded and therefore the mutation resulted in a 'normal 5cHS' for a proximal 

imidazole that is non-hydrogen bonded.   

The role of hydrogen bonding in lowering the ν4 frequency of the 5cHS reduced heme is 

documented in literature
13,368,369

  and is established here from the mutation and deuteration 

results. In the deuteration study, the upshift of the ν4 of the reduced 5cHS to the 'normal 5cHS' 

in the deuterated sample (similar to the observed upshift in mutation studies) could mean that 

replacing a proton by a deuteron disrupts the H-bonding with the proximal histidine. Since the 

buffer pH was adjusted to be comparable in the deuterated sample, a simple pH effect could 

not account for this H-bonding disruption. A possible explanation then could be that the 

deuteration resulted in a decrease in the bond length between the hydrogen and Nδ (i.e., Nδ-D 

bond length is shorter than Nδ-H; Nδ is the N nearer to the side chain a.k.a. 'pros') or, in terms 

of bond strength, a stronger Nδ-D bond. This explanation is based on an analogy to the 

quantum differences in heavy and light (or proton-based) water: the O-H intramolecular bond 

in water is longer than the O-D intramolecular bond in heavy water whereas the 

intermolecular effect in terms of hydrogen bonding is reversed, i.e, O---D bond in D2O is 

longer than the O---H bond in H2O.
370

 The latter, together with the shallower position of 

proton—compared to the deeper-situated deuteron—in the quantum potential well means that 

proton can form hydrogen bonds more easily (i.e., it is easier to donate a proton than a 

deuteron).
370,371

 Either way, extending this concept to hydrogen-bonded systems other than 

water, deuteration of His possibly makes it a less effective hydrogen-bond donor. This may 

result in a non-hydrogen bonded proximal His upon deuteration. 

MA0863—an analogous protein to MsmS—is one of the other putative sensor kinases in M. 

acetivorans and is expected to have similar function/s as MsmS. A similarly truncated variant, 

MA0863-sGAF2, and its mutants were measured and analyzed. A similar trend was seen in its 

mutant studies; that is, there is a large difference between the ν4 frequencies of the reduced 

and oxidized 5cHS in the wild type. This also points to its proximal His possibly serving as a 

hydrogen bond donor. Upon mutation of its putative proximal His (H666), the reduced 5cHS 

bands were upshifted. Because (1) a similar structure elucidation was drawn for this protein in 

terms of the primary and secondary coordination sphere (1
st
 CS and 2

nd
 CS, respectively) 

based on the preliminary spectroscopic studies of its mutants and (2) that this protein is also a 

putative sensor kinase, it seems that hydrogen-bonding of the proximal His plays an important 

role in the sensor kinase function of this type of protein, as listed and discussed below.      

1. The hydrogen bonding to the His imidazole could have a significant effect on the 

heme's electronic structure and function.
372

 H-bonding to the proximal His possibly 

provides a "charge relay" that makes the His more basic, i.e., charge displacements 

concomitantly results in an induced dipole on the His imidazole. This increases the 

charge at Nϵ—the N bound to the heme iron—which in turn increases the charge 

density of the iron-interacting lone pair. This allows the iron to form higher oxidation 

states.
373

 As excess electron density is transferred to the heme, removal of electron is 

easier since the electron density can stabilize this increase in heme iron charge.
372,374
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In addition to this stabilization effect, a logically complementing effect is that the 

transfer of excess electron density can prevent reduction of ferric heme, as observed 

for some proteins.
375

 Hence, the excess electron density resulting from the proximal 

His H-bonding favors the existence of iron (III) heme. As expected then, this increased 

electron density also lowers the redox potential, i.e., without the hydrogen bonding of 

the proximal His, the redox potential would have been higher.
372,374

 The bond strength 

of the proximal His coordinate bond was considered as a measure of the residue's σ-

donor capability and a primary determinant of the heme redox potential, such as in the 

case of cyt b proteins.
101

 Having hydrogen-bonding to the proximal His ligand, the 

strength of the His-heme bond is controlled and the heme redox potential fine-tuned.  

  

2. The hydrogen-bonding to the His ligand possibly also ensures the ligand's affinity to 

the heme iron once an exogenous ligand binds at the heme's distal position. An 

example is given by His-heme-NO in cyt c'.
376

 Decatur et al. found in their mutant 

studies that the imidazole of the His ligand that can form hydrogen-bonding with 

nearby residues has a higher affinity to the substrate-bound heme compared to the 

imidazole that could not form hydrogen bond.
372

 Hence, in MsmS, maybe hydrogen-

bonding of the proximal His helps in keeping the His ligated to the iron heme even 

when an electronegative substrate binds to the heme, i.e., it possibly prevents trans 

effect (from S-, N-, and/or O-containing σ-donor ligands, for example
377

). After all, 

the hydrogen-bond configuration of the His Nδ-H modulates the iron-His ligation 

strength.
373

 By binding with His, the heme is strongly ligated axially to the heme such 

that, although the heme pocket is spacious—together with the covalent Cys linkage—

the heme is securely attached to the protein.  

 

3. There is also the possibility that H-bonding to the proximal His plays a role in 

ensuring that the His is oriented in a certain way within the heme pocket, especially 

considering that the residue is connected to the flexible loop part of the polypeptide 

structure. In literature, this purpose has also been considered for instance in 

myoglobin. A study on the mutation of Ser (the H-bond acceptor of His in myoglobin) 

considered the role of H-bonding in the conformation of the imidazole ligand. Though 

they found that disruption of the H-bonding resulted in only modest changes in the 

orientation of the proximal His in myoglobin,
372

 it could be that this conformation 

effect is more important in the case of MsmS (and MA0863). Unlike in MsmS, where 

the proximal His is covalently linked to the flexible loop part of the polypeptide,  in 

myoglobin, the proximal His is linked to an α-helix—a sturdier structure than a 

polypeptide loop. Further studies then need to be conducted to investigate whether 

conformation control is a role of the hydrogen-bonding to the proximal His in the case 

of MsmS.  

Typical H-bond acceptors to His axial ligands are documented in literature. They can be 

classified into three groups: (1) the carbonyl group of the protein backbone of 1‒5 residues 

away or a nearby Ser (typical for globins), (2) the carbonyl group of the polypeptide chain 8‒

17 residues away, usually of a Pro residue (typical for electron transfer proteins), and (3) 

long-distance residue (based on sequence) but close enough in 3-D space to form a H-bond 

(eg. Asp) or a water molecule (typical for catalyst or electron transfer proteins).
374

 Based on 

their functions, MsmS and MA0863 are expected to belong under type 3. Water can be a 

source of H-bonding but other residues within the spatial vicinity can also form a H-bond (for 

example, Y688 for MsmS). If the first two groups for possible H-bond acceptor are also 

considered, then the carbonyl groups of the polypeptide of the proline residues (P714, P693, 
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P691, and P689 for MsmS and P678 and P655 for MA0863) are also possible H-bond 

acceptor candidates.     

Water coordination is feasible with the solvent-accessible heme group provided by the highly 

polar distal environment and the flexible loop, a fairly spacious distal pocket—the size of 

which can accommodate small molecules. Hence, the flexibility and spaciousness seem to be 

intended to accommodate small polar molecules. These can be seen in the modelling and can 

be inferred from the mutant studies. In the presence of water, this space suited for small polar 

molecule is most likely occupied by water as the polar residues surrounding the distal 

environment (i.e., polar amino acids in the 2
nd

 CS) could provide a network 'shell' that can 

hydrogen-bond with the small polar molecule which, during the measurement and in the 

absence of additional substrates, are water molecules. Hence, although water is a weak ligand, 

the hydrogen bonding provided by the polar residue network could have an effect on the 

electron donation of water to the heme iron such that the coordinative bond is strong enough 

to initiate a shift of the heme to a 6cLS form. These interpretations are based on the 

decreasing 5cHS/6cLS ratios with increasing temperature—demonstrating the 6
th

 ligand's 

strength—and the increase in the band corresponding to 5cHS in the resonance Raman, when 

the polar residues (e.g., Y665 and H646) in the distal 2
nd

 CS were mutated. This shows that 

the 2
nd

 CS indeed have an influence on the 6cLS nature of water (and possibly, in a similar 

fashion, to other small polar molecules). The gradual transition in the 5cHS/6cLS ratio 

indicates that the distribution of 5cHS and 6cLS species constitutes a thermodynamic 

equilibrium.  

The H-bonding network depending on the pH could possibly even facilitate proton release 

from water (or hydroxide formation) such that the water is in its conjugate base form, OH
-
. 

This is related to other heme proteins, such as in cyt P450 CAM, wherein water or possibly 

hydroxide (which is a stronger ligand than water)  binds as one of the axial ligands to the 

heme.
378,379

 In some discussions,
378,379

 it was pointed out that the hydroxide-binding 

corresponds to the 6cLS form, whereas water ligation might constitute a HS species in 

between a classical 5cHS and 6cHS form. Hydroxide ion could then be an alternative 6
th

 

coordinating ligand to the MsmS-sGAF2 heme. However, further studies must be conducted 

to further unravel this.   

In both cases, whether the 6
th

 ligand is water or hydroxide, an equilibrium between 5cHS and 

6cLS in both the oxidized and reduced forms exists. Note that if the case of a shift in water to 

hydroxide in the different forms is also considered, the pH and the equilibrium between water 

and OH- binding also needs to be included in the picture. These shifts in oxidized to reduced 

(and vice versa) for both the 5cHS and 6cLS forms have certain midpoint potentials which 

were determined here for pH 7 at room temperature (Fig. 4.2.1). Below and above the 

midpoint potential, a higher percent of the heme is reduced and oxidized, respectively. Note 

that in the diagram, only the water (and not the hydroxide) as a 6c ligand is considered. 

Considering the autophosphorylation results of Molitor, et al.,
380

 for which 

autophosphorylation activity was observed for the oxidized form, MsmS is considered to 

function as a redox sensor. In their work, substrate-binding does not discriminate between the 

possible oxidation states of MsmS(/-sGAF2), i.e., it binds to both the oxidized and reduced. In 

such a case, the protein then appears to be a non-substrate-dependent/-mediated sensor and 

rather a pure redox sensor. Looking at the structure of the protein however, especially in the 

distal region, it seems suited to accommodate a small polar molecule and for this reason, in 

the absence of other substrates, water is observed to perform this role as a heme ligand. This 

highly polar distal environment makes the heme pocket seem to be suited for accommodating 

polar substrates, which in the organism could be DMS or some methyl sulfide/alkylthiol 
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compound known to participate or be present in the methanogenic pathway of methanogenic 
archaeons. These compounds include Coenzyme M (CoM or HSCH2CH2SO3

-) or its thioether 
form (Me-S-CoM or CH3SCH2CH2SO3

-). Structurally similar proteins—such as DosS/DosT-
sGAF2, which also serve as a basis for the modelling here—function as substrate-binding 
hemes.157 Hence, substrate-binding could be a role of the heme in MsmS. 

 

 

 
Figure 4.2.1. A diagram showing the equilibrium between the different forms of the heme in MsmS-

sGAF2 in terms of the oxidation and spin states. The midpoint potentials for both the aerobic and anaerobic 
redox transitions are indicated, as well as the relevant residues/ligands and the possible role of the 2nd 

coordination sphere in the protein substrate-binding function. The autophosphorylation activity is indicated for 
the switched ON oxidized state/s.  

 

It is possible that MsmS acts both as a redox sensor and a substrate sensor with both roles 
either unrelated or related to each other. Taking into account that the protein plays some role 
in the regulation (directly or indirectly) of an enzyme (a specific methyl transferase and/or a 
set of such), which in turn have a role in the methanogenic pathway of the organism, favors 
the possibility that these two events—substrate binding and redox-sensor function—do not 
only both occur coincidentally in MsmS but are instead related events. 

Though aerobic tolerance have also been noted, M. acetivorans is a strict anaerobe and MsmS 
most likely exists in the reduced form, in the 5cHS form (based on spectroscopic evidences).  
Since it is in the anaerobic condition, possibly the presence of oxidizing species is very 
limited such that the equilibrium is highly shifted to its reduced state.  However, substrate-



4. Biological System: Results and Discussion 

 

105 

 

binding could possibly tilt the equilibrium towards the more oxidized form. In literature, 

substrate-binding appears to depend on the redox potential, or even the redox state, of the 

heme. For example, experimental and computational studies show that heme redox potential 

has a strong influence on the nitric oxide (NO) association and heme nitrosyl decay in NO 

reductase (NOR). Low redox potential is needed for the binding and decay in NOR whereas a 

high potential is needed for electron transfer. Hence, redox potential fine-tuning is needed for 

NOR reactivity.
81

 

Substrate-binding is also known to influence the redox potential or redox state of the heme. 

Examples are DosT and DosS/DevS. The former is from M. tuberculosis, whereas DosS/DevS 

is present not only in M. tuberculosis but also in other mycobacteria (e.g., M. smegmatis). 

Both are heme-containing GAF sensor proteins also used for the MsmS modelling. DosT and 

DevS (from M. smegmatis) are resistant against auto-oxidation from oxyferrous to Fe (III) in 

the presence of O2. On the other hand, there were different findings on the autooxidation 

resistance of DosS (from M. tuberculosis) in the presence of O2. This however only shows 

that DosS and DosT in M. tuberculosis have different O2-sensing mechanism in that DosS 

most likely perceives a decrease in the amount (or pressure) of oxygen by converting its heme 

from ferric to ferrous form and likely requiring a reductase/reductant system (and low oxygen 

pressure).
157

 Other proteins that also exhibit this substrate-mediated heme redox transition 

include myoglobin, based on the auto-oxidation model proposed by Brantley, et al.
381

 In this 

model, oxygen binding to ferrous heme myoglobin and the subsequent oxygen-protonation 

causes a spontaneous dissociation of a neutral superoxide radical and an associated heme 

oxidation to its ferric form, which then ligates water in place of oxygen.
381,382

 From these 

examples, it is obvious that substrate-binding can induce shifts of the equilibrium towards a 

certain oxidation state. In MsmS, binding of methyl sulfide (or similar S-containing 

compounds) possibly shifts the equilibrium towards more oxidized form, thereby switching 

on the autophosphorylation activity. Hence, MsmS could very well be a substrate-binding-

mediated redox sensor.  

Recently, M. Sono, et al., 2018 showed spectroscopic evidence (UV-vis) on the ligation of 

thiol to Fe (II) MsmS-sGAF2. There, they showed that thiol or thioether directly binds to 

Fe(II) heme as a distal ligand. They found that ethanethiol has a stronger affinity to Fe (III) 

MsmS-sGAF2 (KD = 0.037 mM) than to Fe (II) MsmS-sGAF2 (KD = 134 mM).
123

 This 

preference for the Fe (III) heme could very well shift the equilibrium towards the more 

oxidized autophosphorylation-active state, which could be the mechanism on how MsmS-

sGAF2 works as a redox sensor. These support the idea that MsmS is a redox sensor 

arbitrated by the binding of small thiol/thioether molecule/s (Fig. 4.2.2).  

In light of binding small thiol/thioether molecules in the distal site of MsmS, the polar 

residues in the 2
nd

 CS possibly do not only contribute additional electron density via H-

bonding for a strong ligation of the S lone pairs. Possibly, these residues also play a role in the 

stereochemistry of the substrate ligation.
373

 Similar to the case of the proximal His, H-bonding 

to thiol or thioether substrate may play a role in fine-tuning the redox potential of the heme 

upon substrate-binding. In DosS and DosT, the ligand-binding distal side of the heme pocket 

plays a crucial role "in determining [their] different functionalities". In a similar way, the H-

bond network in the 2
nd

 CS of the distal side of MsmS could serve as an electron/proton 

transport pathway for the Fe
2+

 ⇌ Fe
3+

 redox transition.
157

 How this exactly happens needs 

further studies.   

As a redox sensor, MsmS-sGAF2 (and possibly extendable to MsmS) undergoes reversible 

heme redox changes. These were seen from surface enhanced resonance Raman spectroscopy 
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(SERRS) and cyclic voltammetry measurements. The redox reversibility is important and 

expected since it would be energetically costly in biological perspective if changes in the 

protein cannot be reversed and a protein with such function could not be re-used. Redox 

reversibility, hence, is a prerequisite for its redox sensor function.   

The results for the IR studies show that the change in the redox state—either chemically or 

electrochemically induced—are accompanied by conformation changes. Challenges in the 

redox reversibility of the changes of the amide bands in surface-enhanced spectroscopic 

studies could be related to the difficulty in the immobilization of the protein—which could 

possibly be due to its cytoplasmic nature. Perhaps its solubilized, cytoplasmic nature prevents 

it from being effectively immobilized as also seen in the need to push the equilibrium towards 

adsorption during SERRS measurements. Pushing the solubility equilibrium towards 

adsorption worked for SERRS but maybe, due to the nature of the technique, it is not as 

straight-forward in the surface enhanced IR absorption (SEIRA) studies. The establishment of 

adsorption equilibrium in SEIRA seems longer than what was necessary for SERRS 

measurement. This was seen in the adsorption and desorption processes (based on the 

increase/decrease of SEIRA bands) that were time-dependent and/or happening along with the 

application of external potentials to induce heme reduction/oxidation. Hence, this adsorption 

(/desorption) corresponding to bias application and over time was also considered in the 

analysis of the SEIRA difference spectra. Further, repeatability from one experimental set to 

another, in terms of the shape of the amide bands and of the amide band changes, is 

challenging. This could as well be attributed to the nature of the protein's surface. The 

electrostatic surface map from modelling shows that the protein has patches of positive and 

negative charges scattered all over the surface (i.e., no side is preferentially more positive or 

negative). Hence, using self-assembled monolayers with charged termination groups would 

allow the protein to adsorb in several possible orientations on the electrode per experiment, 

giving slightly different band shapes and therefore band shape changes from one experiment 

to another.  

Nevertheless, the SEIRA studies all point to the fact that the amide bands changed with the 

change in redox state. Further, these changes in the amide bands are largely reversible. To 

clarify all the surface-adsorption related issues—and their effect on the reversibility of the 

conformational change as observed in IR—solution IR study was also carried out. The 

potential-dependent solution IR study more clearly shows the reversibility of the change in 

conformation based on the amide band changes. Hence, as typical for redox sensors, MsmS-

sGAF2 (which could possibly be extended to MsmS, itself) undergoes reversible redox-

associated conformational changes in the same way as the heme undergoes reversible redox 

state changes. From this, it can be inferred then that the heme redox changes in MsmS induces 

the conformational change of the protein—and that these changes are reversible—making 

MsmS act as a redox sensor. The conformational changes of the protein as a response to the 

change of the redox state could serve as a way to transduce signal to relevant related proteins 

involved in its sense-response function.  
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Figure 4.2.2. A diagram of the equilibrium in terms of the oxidation and spin states of the heme in MsmS-

sGAF2 extended to show the effect of thiol (or thioether)-binding on the oxidation state and 

autophosphorylation activity. The midpoint potentials and relevant residues/ligands are shown. The 
autophosphorylation activity is indicated for the switched ON oxidized state/s. Thiol-binding is shown to 
possibly shift the equilibrium in favor of the oxidized heme based on the binding constants.    

 

To sum it up, the present interpretation suggests that MsmS is predominantly in the 5cHS 
reduced state, which changes to a 6cLS oxidized state in the presence of a small molecule 
thiol/thioether. The binding of the substrate induces this change to the 'autophosphorylation 
active' oxidized form (Fig. 4.2.3) which is further accompanied by conformational changes.383 
This could be the mode of the MsmS as a heme-containing substrate-binding-mediated redox 
sensor. This transition presents the starting point for the signal transfer to the 
activation/deactivation of the target enzymes in the methanogenesis. 
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Figure 4.2. 3. A diagram of the equilibrium in terms of the oxidation, spin, and substrate-bound states of 

the heme in MsmS-sGAF2 considering putative in vivo/in situ conditions. The midpoint potentials and 
relevant residues/ligands, autophosphorylation activity, and relevant dissociation constants are indicated. The 
substrate-binding-dependent shift from reduced to oxidized is made obvious. 

 

MsmS (and MA0863) vs DosS (and DosT) 

Looking at the similarity of the MsmS (and MA0863) structure to DosS and DosT, especially 
in terms of the (1) possible substrate-mediated redox sensor function of MsmS and the (2) 
similar hydrogen-bonding of the distal residues in the 2nd CS to the substrate (water and 
possibly thiol/thioether) bound to the heme as seen in resonance Raman mutant studies here, it 
is difficult to ignore that this type of protein structure (heme-GAF, His proximal ligand, polar 
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residues in the distal heme pocket) is exploited for anaerobic substrate-mediated/-associated 

redox sensor purposes. DosS and DosT, for example, are sensor kinases of the two-

component regulatory system used to ease in M. tuberculosis into a non-replicating persistent 

(NRP) state, which is perhaps the bacterium's most effective survival mechanism against 

hypoxia and anaerobiosis. In a similar fashion,
156,158,382

 MsmS is one of the sensor proteins in 

the regulatory system of the 'strictly' anaerobic archaeon M. acetivorans. In both DosS/DosT's 

and MsmS's cases, extreme conditions of anaerobicity, or at least extremely low oxygen 

concentration—considering DosT's function during the initial stages of hypoxia
156,158

 and the 

studies showing some aerobic tolerance of M. acetivorans—, are being considered. It appears 

then that this structure is utilized by nature for sensor function in regulatory systems of 

organisms in extreme hypoxic/anaerobic conditions. 

Further, hydrogen-bonding of the proximal His seems to be intentional in anaerobic substrate-

associated/-mediated redox sensor function as this is observed not only here, for MsmS and 

MA0863, but also in DevS/DosS. DosS's resonance Raman in Soret excitation can be seen in 

literature.
158

 The authors did not interpret though the low ν4 of the reduced 5cHS to be due to 

proximal His hydrogen-bonding and instead indicated that the band at 214 cm
-1

 is indicative 

of a H-bond-free neutral proximal His.
158,384

 However, even the 214 cm
-1

 band is high 

compared to the 205 cm
-1

 band observed for Fe-His in non H-bonding solvents. This value of 

214 cm
-1

 is closer to the 220 cm
-1

 assigned for the Fe-His in water (and in which perhaps H-

bonding is likely to occur) though not as high as when the Nδ is deprotonated (band is then at 

~240 cm
-1

).
385

  

Though DosS differs slightly in that its heme is mostly in 6cHS in the oxidized form, the large 

difference in frequency between the ν4 of the oxidized and the reduced 5cHS in DosS possibly 

also points to H-bonding of the proximal His similar to what is observed for MsmS (and 

MA0863). This only strengthens the role of the H-bonding of the proximal His in such 

proteins which function as redox sensors. Unlike in DosS, the H-bonding to the proximal His 

in MsmS is clear from the low ν4 frequency of the reduced 5cHS (or large difference in 

oxidized-reduced ν4 frequencies) and the observed shifts in the resonance Raman spectra of 

the mutants and deuterated samples. 

Considering the similarity between the two sets of proteins: (MsmS and MA0863) and (DosS 

and DosT), it would not be surprising if MsmS and MA0863 works in a similar way as DosS 

and DosT in relation to each other. DosS and DosT can both transduce signal to DosR (the 

response regulator of DosS; i.e., DosT is said to crosstalk to DosR). However, both protein 

have distinct "differential role in hypoxic adaptation"
157

 and differentiating their roles allows 

one to appreciate that they do not merely have the same function. DosT is involved in 

controlling the dormancy response mediated by DosR.
156

 DosT and DosS have different 

response to hypoxia due to a difference in their GAF-domains accommodating the heme.
157

 In 

a comparable way, MA0863 is 81% similar and 64% identical to MsmS, with its heme also 

found in the second-GAF domain. MsmS and MA0863 also have differences in their heme-

containing GAF domains (similar to how DosS and DosT heme-containing domains have 

differences) and MA0863 contains an extra PAS domain (3 vs. 2 PAS domains in MsmS).  

DosT seems to play a more important role in the early stages of hypoxia as the bacterium 

transitions from aerobic to anaerobic whereas DosS plays a major "role in the hypoxic 

adaptation at the later phases".
157

 This seems then that, with the decrease in oxygen 

concentration, the organism responds to it by regulation of certain functions for survival using 

more than one sensor of possibly varying sensitivity: DosT for low oxygen concentration and 

DosS for extremely low  oxygen to anaerobic concentration. In a similar way, perhaps MsmS 

and MA0863 function in varying levels of methyl sulfide/thiol/thioether. Expression of mtsF 
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was activated by MsrG (which is the associated regulatory protein with MsmS). Technically, 

if viewed in a linear fashion, the regulatory protein assigned/encoded for mtsF is MsrC. 

Because MsrG has an effect on mtsF, it is possible that the cross-talk occurs on the gene 

expression level.
380

 Hence, this crossover of functions in sensing and regulation could mean 

that MsmS and MA0863 have similar but distinctly differentiated role possibly connected to 

varying concentration of the relevant substrate or perhaps the two are intended for different 

thiol/thioether substrates.  

The very similar structure and function of MsmS (/MA0863) and DosS/DosT suggest that 

these proteins belong to the same sub-category of heme-containing substrate-binding-

mediated/-associated (redox) sensor. Specifically, this sub-category seems to appear in 

hypoxic/anaerobic conditions. As all four proteins have substrate-binding capabilities, it may 

be that the structural features of polar 2
nd

 CS and the proximal His (H-bonded for fine-tuning 

redox potential) ligation are advantageous for such function. Perhaps these structural features 

are advantageous for GAF-bound heme cofactors. Before the discovery of the MsmS, the 

GAF family of heme-based sensors only contain the His kinase proteins from M. tuberculosis 

(DevS and DosT) and other mycobacterial homologs,
95

 i.e., all are from the same kingdom 

Bacteria. With MsmS (and MA0863), it is apparent that this GAF family of heme-containing 

sensor extends to the archaeal kingdom.    

When all of these proteins are considered to belong to one heme-containing GAF-bound 

anaerobic sensor family, a more holistic understanding of the sensor protein type could 

possibly address some questions pertaining to individual protein function. For example, a 

question on the redox/gas sensor role of DosS
156

 could be understood in terms of the model 

presented here such that substrate-binding and redox sensor function are related events. This 

can be the case for DosS since it is feasible that the in vivo/in situ process to oxidize its heme 

and turn off the kinase activity leading to NRP is simply via O2 exposure.
156,382

 Perhaps, 

because MsmS can also bind substrates and is a redox sensor, it is in a way, very similar to 

DosS; MsmS could possibly be using thiols/thioethers to oxidize the heme and turn on the 

kinase activity leading to methyl sulfide methyl transfer. Whether MsmS is also involved in 

some kind of latency signaling—i.e, its function allows the organism to be quiet/inactive for a 

certain time for survival usually during extreme conditions—similar to DosT/DosS,
95

 or not, 

still needs to be investigated. However, their similarities in structure for ligand-binding fit 

their regulatory sensing role. 

Despite the similarities discussed above, MsmS and DosS also display notable differences. 

The former is a c-type heme while the latter a b-type.
157

 MsmS/MA0863 also contain PAS 

domains, which are positioned intermittently with the GAF domains (as their domain 

sequence is (PAS)-PAS-GAF-PAS-GAF(Heme)-ATPase), whereas DosS/DosT do not have 

PAS domains (their domain sequence is GAF(Heme)-GAF-HisK-HATPase). DosS and DosT 

also have the hemes in the first GAF domain and have a HisK box. On the other hand, MsmS 

and MA0863 have the heme in the second GAF domain and do not have a HisK box. All 

these differences mean that while MsmS/MA0863 have very similar heme layout in their 

GAF domain with that of DosS/DosT, they display most likely different signal transduction 

mechanisms.  

It has been mentioned that in DosS/DosT, the two GAF domains likely interact during signal 

transduction, with the second GAF domain possibly helping in substrate-binding 

differentiation.
158

 As MsmS and MA0863 have a PAS domain in between the two GAF 

domains, their signal transduction could very well be different from that of the DosS/DosT. 

The presence of PAS domain possibly allows the protein to deal with other extreme 
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conditions M. acetivorans is subjected to, such as high osmotic pressure or pH,
95

 considering 

that it exists in diverse environment.  

With the discovery of MsmS and homologous protein/s in M. acetivorans and the realization 

of the similarity of its heme-GAF structure and substrate-binding/redox sensing with another 

sensor protein DosS/DosT, which also thrives (or rather persists) in the similar 

anaerobic/hypoxic condition, MsmS seems to represent an extension of the GAF family of 

heme-based sensor proteins to the archaeal kingdom and beyond a His kinase function (to 

putatively a Ser-/Thr- kinase function
99

). This hypothesis would be supported by the 

discovery of further proteins that can be grouped into the same sensor family from the 

archaeal kingdom.    
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5. Material System: Results and Discussion 

5.1. Material System: Results 

For the surface enhanced (SE) spectroscopy on material chromophore systems, an azo dye-on-
TiO2 nanotube system was investigated. Specifically, the photocatalytic degradation kinetics 
of benzidine-p-aminothiophenolate (BD-PATP) on TiO2 nanotubes (TiO2-NTs) of different 
localized electric field (EF) enhancements was analyzed using SERRS. Annealing at different 
temperatures (300 °C and 475 °C) afforded improved crystallinity and different opto-
electronic properties,2,3 specifically to low and high enhancements of the localized electric 
field (TiO2-NT|low and TiO2-NT|high), respectively. The azo dye was chosen as a probe 
sample because of its absorbance in the 250‒575 nm region (maxima: 280 and 430 nm),

4 
making it suitable for SERRS analysis at 413 nm. Here, the laser serves both as excitation 
source for SERRS measurements and the light source for the dye photodegradation. The 
reaction producing BD-PATP from p-aminothiophenolate (PATP) was confirmed using 
SERRS (Fig. 5.1.1.). The stronger electronic absorption of BD-PATP (compared to PATP) in 
400‒500 nm is indicative of its larger Raman cross-section and, correspondingly, higher 
Raman signals of BD-PATP due to resonance enhancement with laser excitation at 413 nm.4 

 

 

Figure 5.1.1. SERR spectra showing the formation of BD-PATP from PATP on TiO2-NT electrodes. The 
characteristic peaks for each molecule are labeled to clearly show the transformation. At the same time, the 
higher intensity of BD-PATP shows the larger Raman cross-section resulting from the diazotization reaction. 
The spectra here were measured using TiO2-NTǀhigh with the electrodes immersed in deionized water and 

mechanically rotated. Spectral accumulation: 10 s, average of 10 spectra, and using 20× objective (N.A.  0.35), 
laser illumination of 1 mW at 413 nm. 

The higher SERRS intensity of BD-PATP allowed for time-dependent SERRS measurements 
for kinetic studies. Exposing TiO2-NT|high|BD-PATP and TiO2-NT|low|BD-PATP (which 
correspond to BD-PATP adsorbed on TiO2-NTǀhigh and TiO2-NTǀlow, respectively) 
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immersed in aqueous media to 413 nm laser resulted in a time-dependent decrease in the BD-
PATP intensity due to the photo-induced degradation of the dye (Fig. 5.1.2. A and 
B).213,226,386213,226,386 Here, the exposure is reported as Molecular Exposure Time since the 
exposure time reported is corrected by a factor considering that the sample was mechanically 
rotated during measurement and that each spot is not continuously exposed to laser 
illumination to prevent thermal degradation. Using the experimental time that has elapsed will 
be an over estimation of the actual amount of time each molecule was exposed to the laser. 
Details for this procedure are given in the methods section. 

 

Figure 5.1.2. Time-dependent SERR spectra of BD-PATP on A. TiO2-NT|high and B. TiO2-NT|low 

electrodes. The curved arrows indicate the change in intensity of the peak at ~1600 cm-1 over time, which is 
used to calculate the kinetics. Molecular Exposure Time denotes the time the laser was in actual contact with the 
sample. Image adapted with permission from Querebillo, C. J. et al. Accelerated Photo-induced Degradation of 
Benzidine-p-aminothiophenolate Immobilized at Light-Enhancing TiO2 Nanotube Electrodes. Chemistry-A 

European Journal. 25, 16048–16053 (2019). Copyright 2020 John Wiley and Sons.364 

 

Since the excitation does not match the electronic band gap of TiO2 (Fig. 5.1.3), reactions 
involving photon-generated holes/electrons in TiO2 can be disregarded. Hence, the 
degradation kinetics can be largely regarded to be only due to laser-induced direct dye 
photocatalytic degradation and is largely influenced by interfacial processes.  
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Figure 5.1.3. Normalized Absorbance spectra of TiO2-NTǀhigh (red trace) and TiO2-NTǀlow (blue trace) 

obtained using Diffuse Reflectance (DRS) UV-Vis Spectroscopy. Based on the absorption edges of 379 nm 
and 368 nm, the optical band gap values are 3.27 and 3.37 eV for the high and low SE TiO2-NT electrodes, 
respectively. 

The photo-induced degradation kinetics is derived from the time-dependent decrease of SERR 
intensity. The decrease of the peak at 1600 cm-1 (phenyl ring stretching vibration 8a/8b 
mode/s (Wilson notation))387–390 and of the other vibrational bands of the dye over time can be 
seen in Fig. 5.1.2. The intensity of the most prominent peak (1600 cm-1) was then divided by 
the initial intensity (t = 0) to express the peaks in values ≥ 1 and easily see the succeeding 

amounts as fractions of the initial intensity. The values were not normalized from 0 to 1 
because the dye was still not fully degraded within the set experimental time (~30 min 
experimental time per measurement). A fit of an exponential decay function afforded the 
decay constant. The details for plotting to determine the decay constants are indicated in the 
methods section. Table 5.1.1 summarizes the apparent decay constants, kapp, which for BD-
PATP on TiO2-NT|high is ~70 % faster than that for TiO2-NT|low (TiO2-NT|high|BD-PATP 
(5.1 (1.4) s-1) and TiO2-NT|low|BD-PATP (3.0 (0.6) s-1), respectively).  

To understand the influence of applying external potential on the degradation rate, spectro-
electrochemistry was performed during the SERRS degradation measurements. In general, the 
TiO2-NT|high|BD-PATP also exhibited higher rates in these conditions. However, the higher 
rate of TiO2-NT|high|BD-PATP at -0.4 V (2.8 times) is likely a convolution of both 
desorption and degradation since at this potential, desorption of the dye occurs. This effect 
occurs in both types of TiO2-NT electrodes and was examined further with TiO2-NT|high|BD-
PATP in a separate study (Fig. 5.1.5). The rate constants obtained at this potential for both 
systems are comparable to the values obtained at open-circuit potential (OCP).  
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Table 5.1.1. A summary of apparent degradation rate constants (kapp) derived from the decrease in 

intensity of the ~1600 cm
-1

 peak in the time-dependent SERR spectra of BD-PATP on TiO2-NT electrodes 

at different applied potentials. Table adapted with permission from Querebillo, C. J. et al. Accelerated Photo-

induced Degradation of Benzidine-p-aminothiophenolate Immobilized at Light-Enhancing TiO2 Nanotube 

Electrodes. Chemistry-A European Journal. 25, 16048–16053 (2019). Copyright 2020 John Wiley and Sons.
364

 

Electrolyte / Solvent Deionized water 0.1 M PBS pH 7 

Applied Potential [V 

vs. Ag/AgCl 3 M 

KCl] 

None +0.4 -0.4 

Electrode type TiO2-

NT|low 

TiO2-

NT|high 

TiO2-

NT|low 

TiO2-

NT|high 

TiO2-

NT|low 

TiO2-

NT|high 

kapp [s
-1

] 5.1 (1.4) 3.0 (0.6) 25.5(5) 10.1(3) 3.6(0.6) 1.3(0.4) 

Ratio 1.7 2.5 2.8 

 

 

 

Figure 5.1.4. Normalized intensity of the ~1600 cm
-1

 peak derived from the SERR spectra plotted against 

Molecular Exposure Time, i.e., the sample was in contact with the laser, for the different dye-on-TiO2-NT 

systems at different applied potentials. Squares represent TiO2-NT|high|BD-PATP while triangles 

represent TiO2-NT|low|BD-PATP. An exponential fit (black and blue lines) was used to determine the 

decay rate constants. Data derived from SERR spectra recorded on the respective electrodes. Conditions: 10 s 

accumulation time, average of 10 spectra; laser excitation: 1 mW at 413 nm; sample immersed in 0.1 M phosphate 

buffered medium, pH 7. Image re-printed with permission from Querebillo, C. J. et al. Accelerated Photo-induced 

Degradation of Benzidine-p-aminothiophenolate Immobilized at Light-Enhancing TiO2 Nanotube Electrodes. 

Chemistry-A European Journal. 25, 16048–16053 (2019). Copyright 2020 John Wiley and Sons.
364
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Figure 5.1.5. Electrochemical desorption of BD-PATP on TiO2-NT at an applied potential of -0.4 V 

monitored using SERRS. Here, TiO2-NT|high|BD-PATP is used and a potential of -0.4 V is applied 

continuously. After the initial SERR spectra, the laser at 413 nm was switched off to prevent spectral decay due 

to photodegradation and induce a decay mainly due to electrochemical desorption. After around 35 min 

(equivalent to 0.475 s of Molecular Exposure Time), the laser was again switched on for SERRS measurement. 

Image re-printed from the supplementary information (chem201902963-sup-0001-misc_information.pdf) with 

permission from Querebillo, C. J. et al. Accelerated Photo-induced Degradation of Benzidine-p-

aminothiophenolate Immobilized at Light-Enhancing TiO2 Nanotube Electrodes. Chemistry-A European 

Journal. 25, 16048–16053 (2019). Copyright 2020 John Wiley and Sons.
364

 

Fig. 5.1.5. shows the electrochemical desorption of the dye from TiO2-NT when a potential of 

-0.4 V was applied for around > 50 min of the experimental time. Between the initial SERRS 

spectrum and the 2
nd

 spectrum, the laser was switched off for ~35 min (equivalent to ~0.475 

Molecular Exposure Time), while the negative potential is still being continuously applied to 

the electrode. Afterwards, the 2
nd

 spectrum was obtained giving a normalized intensity of ~50 

%, which is less than the value expected for the second data point in Fig. 5.1.4. (~80 % of the 

normalized intensity; open black squares). This means that ~30% of the intensity decay after 

~35 min is due to the application of the negative potential, which is likely a desorption 

process. Another way to see the effect of the applied negative potential on the intensity decay 

in this figure is to consider the decay due to laser exposure. At ~50 min (or ~0.75 s Molecular 

"Exposure" Time; the " " signifies that the sample was not exposed continuously throughout 

the entire duration but is plotted in a similar factored time scale as the degradation 

experiments in Fig. 5.1.4), the real Molecular Exposure Time elapsed is ~0.275 s (or ~21 min 

experimental time). Here, the value at this point is already ~27% of the initial intensity which 

is less than the value of ~40 % of the initial intensity at the same exposure time (i.e., ~0.275 s 

Molecular Exposure Time) in Fig. 5.1.4 (open black squares). Hence, after ~0.275 s of 

Molecular Exposure Time, the amount of decay due to desorption is ~13 %.  

At +0.4 V, a significant increase of the rate constant, vs. OCP values, was also noted. The 

TiO2-NT|high|BD-PATP at +0.4 V was faster by a factor of 2.5It should be noted that 

desorption was not observed when +0.4 V was applied or when no potential was applied since 
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in those cases when the laser focus is transferred to another spot after performing a 
photodegradation measurement in one spot, the intensity in the new spot is similar to the 
initial intensity in the first spot, which was not the case with application of -0.4 V. Hence, at 
+0.4 V or when no potential is applied, desorption is insignificant or minimal such that the 
apparent rate constants can be expected to be dominated by laser-induced degradation 
reactions. 

The laser-induced degradation is also seen in a separate experiment, in which laser exposure 
of a larger area of the sample was tested for dye-desorption/degradation by analyzing the 
surrounding medium for degraded or desorbed molecules. To do this, the buffer/water where 
the dye-on-electrode was immersed into during the photodegradation measurement was 
collected from the cell after the measurement, drop-cast on a rough Ag electrode, and 
analyzed using SERS (Fig. 5.1.6.). Here, the Raman peaks cannot be attributed to BD-PATP 
desorption (alone) and most likely are derived from degraded products or intermediates. The 
procedure for this is discussed in detail in the methods section. A possible degradation 
product is benzidine, which on TiO2-NTs, could have further degraded or converted into more 
oxidized biphenyl species.391 Further, the degradation products can also include much more 
degraded species since the injected electron in the conduction band of the TiO2 can be passed 
on to different oxygen-hydrogen species that may be present in its surrounding medium. This 
can then produce hydroxyl radicals which can further degrade organic compounds present in 
the system. 

 

 

Figure 5.1.6 SERR spectra of the degradation products or desorbed species drop-cast on rough Ag (red 

trace). The BD-PATP deposited on rough Ag (in a similar way as the BD-PATP on TiO2-NT) is shown here 
(blue trace) for comparison. The spectrum of the ‘degradation’ products is not exactly similar to the BD-PATP 
and is most probably therefore not simply desorbed BD-PATP molecules. Discernible peaks include those at 
1396 and 1474 cm-1 which correspond to NH2 and C=C ring vibrations.392,393 
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To probe whether the electronic excitation with 413 nm was necessary for the degradation, 
and further confirm the direct-dye mechanism, the dye-on-TiO2 was exposed to laser light that 
is off-resonance with the electronic absorption of the dye, i.e., at 647 nm. Illumination of the 
dye-on-TiO2 at this wavelength does not result in a significant decrease of its SER intensity 
over time as seen in the spectra before and after exposure (of ~0.4 s) in Fig. 5.1.7. This 
supports the mechanism that involves the formation of the electronically excited state of the 
dye. The excited dye can then inject electrons into the TiO2-NT conduction band leading to a 
cationic radical, which can readily degrade through various reactions.  

The kinetics obtained for degradation with applied external potentials could also be 
influenced by the orientation of the dye molecule. At -0.4 V, the spectra also appear to be 
slightly different from the spectra at +0.4 V and may indicate a slight potential-dependent 
molecular re-orientation (Fig. 5.1.8). Hence, reorientation effects on kinetics cannot be 
completely disregarded.394 

 

Figure 5.1.7. SER spectra of BD-PATP on TiO2-NT obtained at 647 nm laser-line at the start of 

continuous laser exposure (t = 0) and after 0.4 s of Molecular Exposure Time. The quality of the spectra is 
poor and certain peaks are not enhanced due to the lack of resonance enhancement. The absence of decrease in 
intensity after 0.4 s indicates that the photodegradation of BD-PATP on TiO2-NT requires energy ≥ of 413 nm. 

The results here were performed on TiO2-NT|high|BD-PATP. 
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Figure 5.1.8. Initial SERR spectra at applied potentials of +0.4 V (red trace) and -0.4 V (blue trace). The 

spectra are not exactly similar and this may be indicative of slight potential-dependent molecular re-orientation. 

The results here were performed on TiO2-NT|high|BD-PATP. 

The degradation rate constants presented here are orders of magnitude higher than typical 

values found in literature for similar photodegradation studies performed on TiO2 

nanostructures (typically 10
-8

 to 10
-2

 s
-1

)
395–402

 (see Appendix 5). This can be due to the fact 

that different systems were considered. Usually, reported photocatalytic degradation systems 

used TiO2 suspensions to capture/adsorb and degrade soluble dye using UV light irradiation at 

different light source powers. These systems may be close to conditions of technological 

applications. However, they are less suitable for detailed mechanistic investigations as such 

systems are diffusion-controlled (e.g., diffusion of molecules from the bulk phase to the 

interface region for dye adsorption which happens during photocatalytic degradation with 

dyes in solution
403

). Because diffusion is slow, the overall kinetics reported in literature are 

significantly slower.      

Systems to which the present results may be compared to should also use heterogeneous TiO2 

nanostructures, laser light source, and immobilized dye. Compared to those systems, the 

TiO2-NT electrodes presented here outperforms other TiO2 nanostructures. Toumazatou, et al. 

used 514 nm to photodegrade methylene blue immobilized on photonic inverse-opal TiO2 in 

solvent-free condition. In their study, it needed several minutes to convert the adsorbed dye 

under constant laser irradiation corresponding to kapp ~0.004-0.006 s
-1

, which is orders of 

magnitude slower than the value obtained here, even for measurements in the absence of 

applied bias and in aqueous medium. Considering that their degradation measurements were 

performed in the absence of solvent, their values could have also included thermally-induced 

degradation.
404

        

Additional TiO2-NT studies 

To further understand the nature of the TiO2-NT, and its possible influence on the degradation 

kinetics and/or the underlying mechanisms that affect the kinetics, additional studies on the 

TiO2-NT electrodes were carried out. These include capacitance measurements and low-

frequency Raman measurements of the nanotubes (NTs).   
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Proton or cation intercalation into TiO2-NT at negative potential is a well-known effect.
405

 

Intercalation increases the electrical capacity of TiO2 but limits its capability as electron 

acceptor. Though the NTs were adsorbed with dye, protons are smaller in size and can still 

possibly reach the surface of the NTs in between the adsorbed dye molecules.  

To investigate this effect, electrochemical impedance spectroscopy (Fig. 5.1.9) was applied to 

determine the potential-dependent capacities (Fig. 5.1.10). Hereby, areal capacitance was 

considered to exclude the effect of tube length on the capacitance values. As expected the 

capacitance decreases with increasing potential for both TiO2-NT|high and TiO2-NT|low 

electrodes. However, for all potentials, a consistently lower capacitance was determined for 

the TiO2-NT|high nanotubes than the TiO2-NT|low until their values start to converge at 

smaller potentials near 0 V. This indicates that TiO2-NT|high has different surface charge 

properties and therefore a lower degree of proton intercalation at negative potentials 

compared to the TiO2-NT|low.  

At a positive potential (+0.4 V), however, the capacities of TiO2-NT|high and TiO2-NT|low 

electrodes are very small and roughly the same. This is reasonable as at positive potential 

cations are pushed out of the TiO2 arrays
405

 so that any minimal cation intercalation can be 

neglected. It is possible that the slower photodegradation rate at negative potential is 

influenced by the different surface charge/electron acceptor properties of the two different 

types of TiO2-NT as also revealed by the increased proton/cation intercalation,
406,407

 which is 

related to an increase in the recombination rate between the surface-trapped injected electron 

and the surface-bound oxidized dye.
406

 If this effect opposes the electron injection from the 

dye to the electrode due to an increase in the recombination rate, two things can then be 

inferred from the capacitance measurement studies: (1) the TiO2-NT|high allows for a faster 

interfacial electron transfer, and (2) at more negative potentials, regardless of the photon-

capturing ability of the TiO2-NT, the electron accepting capability of the TiO2-NT is very 

poor such that the electron transfer from dye to TiO2-NT is unlikely.  

 

 

Figure 5.1.9. Impedance spectroscopy Nyquist plots of TiO2-NT at different potentials. The increase in 

capacitance is seen in the increasing semi-circle diameter as the applied potential goes to more negative values. 

The measurement shown here is for TiO2-NT|high.   
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Figure 5.1.10. Average Areal Capacitance-Potential plots of the TiO2-NT|low and TiO2-NT|high. 

In addition to capacitance measurements, low-frequency Raman measurements (albeit, at 

another wavelength, which is at 488 nm in this case) of TiO2-NT were performed to check the 

size-dependent Raman shifts of the long-range phonon mode, similar to the work of 

Lombardi, et al.
302

 Fig. 5.1.11 shows the low-frequency spectra of the TiO2-NT electrodes. A 

total of three measurements for each nanotube type were performed. These peaks were then 

fitted with a Gaussian function and a mixed Lorentz-Gaussian function to determine the 

different peak parameters such as full-width at half maximum (FWHM), peak position, and 

intensity. Gaussian Fit was performed to analyze the peaks in a similar way as Lombardi, et 

al. whereas Lorentz-Gauss gave a better fit of the peaks. Nevertheless, in both cases similar 

trends were found and were considered for comparison. 

 

Figure 5.1.11. Low frequency measurements showing the long-range phonon modes of TiO2-NT. 
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Table 5.1.2. List of peak parameters of the long-range phonon mode of TiO2-NTs using 488 nm excitation. 

 Gauss Fit Lorentz-Gauss Fit 

 
Center 

[cm
-1

] 

Intensity 

oft he Eg 

[cps] 

FWHM 

[cm
-1

] 
Center 

[cm
-1

] 

Intensity 

oft he Eg 

[cps] 

FWHM 

[cm
-1

] 
%Lorentz %Gauss 

TiO2-

NT|low  
147.4 
(0.3) 

11,705 
(785) 

21.5 
(0.9) 

147.3 
(0.3) 

12,401 
(849) 

19.1 
(0.7) 

55 
(2) 

45 
(2) 

TiO2-

NT|high 
145.6 

(0.2) 
15,547 
(1,048) 

17.7 
(0.1) 

145.5 

(0.2) 
16,613 
(1,088) 

15.4 
(0.1) 

62 
(4) 

38 
(4) 

 

Table 5.1.2 shows that the average Eg mode of the TiO2-NT|high is down-shifted compared to 
that of the TiO2-NT|low and that the former also has a smaller FWHM than the latter similar 
to that found by Lombardi, et al. for nano-crystal TiO2. The Raman shifts are indicative of the 
size-dependent low-frequency Raman observations in relation to charge-transfer based SERS 
enhancement. 

5.2. Material System: Discussion 

 
The azo-dye-on-TiO2 nanostructure is a simple system that has been extensively studied in 
both dye-sensitized solar cells (DSSC) and photocatalytic degradation.408–411 The laser-
induced photocatalytic dye-degradation using this system proceeds via the dye photo-
oxidation mechanism as discussed in the ‘Background’ section. Initially, the dye is excited, 
allowing it to inject electron into the TiO2 conduction band (CB) to transform the dye into a 
cationic radical. The cationic radical is very reactive that it undergoes subsequent degrading 
reactions. Considering the excitation wavelength used here, the dye compound is almost 
exclusively monitored because of resonance effects. The 1600 cm-1 band of the dye was used 
to determine the kinetic constants and the derived rate constants are assumed to be related to 
the decay of the dye based on the aforementioned mechanism. Accordingly, the progress of 
this reaction is summarized in Fig. 5.2.1 and depends on the (1) availability of photons (Δhν 

(vis)), electron injection and back-flow kinetics (2), the electronic recombination rate (3), and 
the oscillator strength of the electronic transition. It is also possible that the excited dye is 
oxidized by oxidizing species in the solution (4). 
 

 

Figure 5.2.1. Some factors and reactions affecting the photodegradation reaction rate of dye on TiO2-NT: (1) 
availability of photons (Δhν), (2) electron injection and back-flow kinetics, (3) electronic recombination rate, and 
(4) dye* oxidation by species in the solution. 
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Because all the other factors are the same, the difference in the rate constants likely then 

results from the different types of TiO2-NT electrodes and the dye-TiO2-NT interface. In the 

absence of an applied bias, the rate constant for the TiO2-NT|high|BD-PATP is ~70 % larger 

than that for TiO2-NT|low|BD-PATP, whereas applying +0.4 V (vs. Ag/AgCl, 3 M KCl)  

increased the decay rates at TiO2-NT|high|BD-PATP by a factor of ~2.5.  

In a previous work by Öner, et al.,
2,3

 it was shown that at 413 nm laser excitation, TiO2-

NT|high exhibits increased localized electric field (EF) at the TiO2 interface that give Raman 

intesities ~7 times higher than for TiO2-NT|low. This observation translates to a 2.6 times 

higher electromagnetic field in TiO2-NT|high. The enhanced localized EF came from the 

photonic properties of the 2D-ordered NT array, which are considered to be related to an 

increased photo-activity due to slow photons and/or photon-trapping. From this, it is likely 

that TiO2-NT|high enabled increased amount of photon absorption of the dye compared to 

TiO2-NT|low, thereby forming more of the excited dye (dye*). It seems to be that the overall 

rates are dominated by electron transfer through the heterogeneous interface than by the dye* 

formation. Applying +0.4 V affords a faster electron transfer to the TiO2-NT electrode so that 

dye* formation will then be rate-limiting, and that TiO2-NT|high|BD-PATP displays a better 

photocatalytic performance compared to TiO2-NT|low|BD-PATP.  

As a semiconductor nanostructure, in addition to photonic properties of the NT array, the 

signal enhancement on the TiO2-NT|high can partly be due to size-dependent effects as seen 

in the low-frequency Raman shifts similar to that found by Lombardi, et al.
302

 for nano-crystal 

TiO2. These authors found that the SERS signals of 4-mercaptobenzoic acid (4-MBA) depend 

on the crystallite size. Furthermore, they note that with increasing particle size (which they 

obtained from increasing the calcination temperature), the Raman bands of the Eg mode of the 

TiO2 nanocrystals down-shift. The increase in calcination temperature decreases the amount 

of surface defects and surface area causing a change in the FWHM. Similar to a previous 

study using the TiO2-NT electrodes here,
2,3

 Lombardi, et al. found that the maximum SERS 

signal obtained for 4-MBA was found for a certain size, corresponding to a TiO2 diameter of 

10.9 nm produced by calcining the sol-hydrothermal at 500 °C.  

The work of Öner, et al. showed that the maximum SERRS intensity was observed for a 

calcination at 475 °C, and a tube length of 700 nm (which, here is termed as TiO2-NT|high). 

In both cases, a further increase in the calcination temperature did not result in an improved 

SERS activity. In the case of Lombardi’s work on nano-crystals, the authors note that the 

increase in SERS signal with decreasing particle size continued up to the quantization regime 

of size such that beyond that, SERS enhancement was “expected to diminish due to the 

decrease in the vibronic coupling between allowed discrete states”. In the work with TiO2-NT, 

it was shown through computational findings that the tube-length effect of enhanced SERS 

signal could be due to the periodically occurring regions of enhanced localized EF along the 

nanotubes, pointing to its photonic crystal properties. However, it is still worth noting that the 

FWHM and peak position obtained in the low frequency measurement here has values that are 

very close to the high-SERS nanocrystals in the study of Lombardi, et al., having the position 

and FWHM at 145.1 cm
-1

 and 16.4 cm
-1

, respectively.
302

 It seems to be possible that the 

observed enhanced localized EF here also has contributions from size-dependent charge 

transfer effect. Could it be then, that at this dimension range (i.e., nano), EF and CT has some 

relation/connection? Charge transfer involves charges, which are in essence affected by EF. 

This idea would need further extensive investigation which would be beyond the scope of the 

study here.  

In the work here, the higher SERR signal of the azo dye on TiO2-NT|high is indicative of its 

higher SERR effect compared to TiO2-NT|low. Whether this is chemical (e.g. 
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molecular/CT/exciton resonance effect) or electromagnetic (EM; similar to the work of Öner, 

et al.) in nature is something that one has to assess. If it was CT in nature, then improving the 

electron injection by applying positive potential should increase the signals. This is partly 

based on the conclusions obtained from capacitance measurements, and the higher driving 

force in the photocatalytic degradation in this case. These can explain why at positive 

potentials, both the surface enhancement and the photocatalytic degradation are higher 

compared to that at negative potentials. In the case here though, the initial intensities, even if 

they are higher in the TiO2-NT|high, did not increase that much. Hence, the SER effect is not 

solely due to CT and perhaps the CT contribution is not so huge. At any case, the CT 

contribution is possibly due to the CT resonance between the TiO2-NT valence band and the 

azo dye’s LUMO, in parallel to the enhancement contribution to which Lombardi, et al. 

related the observed size-dependent Raman shifts in their system.
302

 

If the higher SE of the initial intensities is due to resonance contribution, then it should mean 

that the molecule-to-TiO2-NT binding is different from one TiO2-NT type to another. In that 

case, frequency shifts should be seen for the TiO2-NT|high|BD-PATP and TiO2-NT|low|BD-

PATP, which is not so much the case as there are no significant shifts of the dye on one over 

the other. 

Exciton resonance contribution, i.e., the dye adsorption results in lowering of the conduction 

band not related to charge transfer, could possibly play a role. But if that is the case, then 

decrease of the bandgap due to molecular adsorption either did not decrease it enough so that 

band excitation could happen with 413 nm, or it did and the degradation one sees without 

applied potential is due to this. If the bandgap decrease occurred and this enabled the band 

excitation to occur with 413 nm, then photocatalytic degradation due to exciton formation 

(similar to the case where UV light is used) should occur. Perhaps though, this is the case, 

such that the exciton resonance contribution causes the photodegradation happening without 

applied potential and in that case, it would mean that the exciton resonance mechanism on 

both TiO2 types is similar since the photocatalytic degradation in both cases is almost the 

same. Moreover, this entails that only a small amount of excitons were produced 

corresponding to the rate value obtained. However, this or any other possible valence band-to-

midgap states/low-lying surface states could not be the source of enhancement of 

photocatalytic activity observed for the TiO2-NT|high since the application of positive 

potential will promote molecule-to-titania electron injection and not the other way around. 

The slight increase in initial intensities then on the TiO2-NT|high could be attributed to its 

increased localized EM enhancement compared to that of the TiO2-NT|low. This is the same 

as in the explanation of Öner, et al. (highly localized EM enhancement due to photonic 

property) and/or maybe a size-dependent CT effect (similar to Lombardi, et al.). Without the 

application of positive bias though, it seems that electron injection is not so efficient in both 

the case of TiO2-NT|high and TiO2-NT|low, whereas upon application of positive potentials, 

the difference between these two types of TiO2-NT is more pronounced. This could be due to 

the heterogeneous electron transfer here possibly playing a rate-limiting role in the kinetics. 

When this rate-limiting step was removed by application of the anodizing potential, the TiO2-

NT|high with its higher localized EM enhancement showed higher photocatalytic degradation 

than the TiO2-NT|low. This could be indicative of a higher amount of photons 

generated/collected by the TiO2-NT|high, which was then used for a faster photocatalytic 

degradation for that titania nanotube type at that potential. However, since electron injection 

is quite fast based on previous DSSC studies as discussed in the ‘Background’ section, this is 

also unlikely the rate-limiting step. 
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Perhaps, one thing that is overlooked until now is the knowledge that TiO2-NT|high also has 

better electronic property (higher conductance; ~1.6 times higher conductivity than the TiO2-

NT|low
2,3

). Though this value does not appear to be much higher, it is possible that it is 

enough to facilitate faster electron flow needed for a faster degradation rate. Since the 

photocatalytic degradation of the azo-dye on TiO2-NT is interfacial in nature, one must not 

forget that all the processes—interfacial electron transfer (ET), dye excitation, dye 

regeneration/recombination, reduction of oxidized species in the electrolyte, and bulk 

transport—are interrelated. Hence, improving these processes, may promote the flow of 

another connected process. For example, the high conductivity of TiO2-NT|high could 

promote the faster transport of electrons in the nanotube surface to bulk, which allows for 

faster influx of electron injection from the dye to the TiO2-NT. In other words, by applying 

positive potentials, the electrons are likely sucked into the bulk of the material, thereby 

promoting electron transfer and preventing recombination, which results in faster dye 

degradation. Otherwise, if there is no flow, what could occur, and maybe what gives the 

observed kinetics in the absence of positive potentials, is the injected electron being used back 

to regenerate the dye or reduce oxidized species in the solution. This could be the reason for 

the similar rate constants in all cases, except on TiO2-NT|high at +0.4 V.  

Recombination rate could then be a factor in the observed degradation rates. Even if electron 

injection, in general, is a fast process, opposing processes such as recombination, could cancel 

the effect of fast electron injection rates. In aqueous solution, proton intercalation can stabilize 

trap states which could serve as recombination centers between the injected electron and the 

surface-bound oxidized state.
406

 Since proton intercalation is related to the capacitance, TiO2-

NTs of higher capacitances have higher proton intercalation, indicative of their faster 

recombination rate. This could be a contributor to the slower decay at negative potentials and, 

in general, at TiO2-NT|low systems. Since, at positive potentials, the capacitances of both 

TiO2-NT|high and TiO2-NT|low do not differ that much, one might expect that they would 

have the same degradation rate at this potential, if electron injection and recombination are the 

only factors to be considered. However, the significantly faster photocatalytic degradation 

seen only for TiO2-NT|high at +0.4 V points to the fact that another factor is in play for this 

enhanced rate decay, which could be, in addition to  better conductivity, the higher light-

harvesting capability of the TiO2-NT|high of highly localized EF enhancement. Most likely 

then, both properties—photon-capturing ability and electron-accepting capability (i.e., lower 

recombination rate and faster electron bulk transport)—of the nanotube electrodes must be 

considered for an improved photocatalytic degradation performance.  
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6. Conclusions and Outlook 

6.1. Biological System: Conclusions and Outlook 

Conclusions. Resonance Raman (RR) spectroscopy of MsmS(-sGAF2) from M. acetivorans 

revealed the prevailing coordination states of the heme iron, i.e. a six-coordinated low spin 

(6cLS) in the oxidized state and a five-coordinated high spin (5cHS) in the reduced state. This 

tendency holds all preparations, most pronounced in the anaerobic and full-length 

preparations. H702 is most likely the proximal axial ligand and this ligand serves as a potent 

hydrogen-bond donor to a nearby amino acid residue. This conclusion is based on the 

following findings:  

 the relatively low frequency of the ν4 of the 5cHS reduced species, 

 the upshift of the ν4 mode of the 5cHS reduced state of the H702 variants (H702G, 

K661G/H702G, and H702/708G) from 1352 cm
-1

 to ~1363‒1364 cm
-1

, and   

 the H/D studies resulting in an upshift of the  ν4 mode of the 5cHS of the reduced state 

(to ~1366 cm
-1

) in a similar fashion as in the H702 mutant spectra.  

The second-coordination sphere (2
nd

 CS) also seems to play a role for the ligand-binding 

function of MsmS, which in aqueous solution could be water but in vivo could be methyl-

sulfide/thiol compounds.  This conclusion is based on the following findings: 

 the observed increase in the amount of the 5cHS configuration when polar amino acid 

residues of MsmS-sGAF2 in the distal region were mutated (Y665F and H646A). 

 the gradual decrease in the 5cHS/6cLS ratio with increasing temperatures.in the 

temperature-dependent RR studies, pointing to a strong 6
th

 ligand  

 the distal region of the pocket with its polar residues was found to be apt for 

accommodating a small polar molecule based on an energy-minimized structural 

model.  

Surface-enhanced resonance Raman (SERR) and infrared absorption spectroscopy of the 

MsmS-sGAF2 displays redox reversibility and reversible conformational changes. From the 

redox titration, midpoint potentials (Emidpt) of -0.28 V (vs. Ag/AgCl, 3 M KCl) and -0.29 V 

for 5cHS and 6cLS species for the aerobic BL21(DE3) E. coli preparation and -0.32 V and -

0.20 V for the 5cHS and 6cLS species for the anaerobic Nissle 1917 E. coli preparation were 

obtained. An average Emidpt of ca. -0.29 V and -0.26 V for the aerobic and anaerobic 

preparations, respectively, were thus obtained. These values are close to cyclic voltammetry 

measurements for the anaerobic preparation, Emidpt = -0.297 V.  

Additional studies show that potential-dependent SERRS of MsmS-sGAF2 on Ag-CNT is 

possible. Similar to MsmS-sGAF2, mutation of the putative proximal His (H666) of the 

sGAF2 variant of an analogous protein MA0863 results in an upshift of the ν4 mode of the 

5cHS in the reduced state, possibly indicating as well a hydrogen-bond donor role of its 

proximal His.  

Outlook. The mechanism proposed here needs to be further established by confirming that 

addition of a thiol or thioether indeed results in (auto-)oxidation (i.e., an increase in Fe
3+

). If 

such tests are positive, understanding on how this redox change happens will be crucial. It 

might be that oxidation happens via removing an electron from the iron heme (possibly 
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transferring to the empty d-orbitals of the sulfur atom) or via the transfer of an electron to a 

yet not identified redox partner.  

The deuteration studies should also be further extended to determine the spectral changes over 

time and to derive further information about the strength of hydrogen bonding to the proximal 

His and the involvement of alterations of the hydrogen bonding network along with the redox 

process. 

Without any doubt, the key challenge will be to determine the three-dimensional structure of 

MsmS variants, which will  

 improve the understanding of the results from vibrational spectroscopic investigations, 

 provide a more reliable basis modelling or computational studies,  

 allows assessing the role of the other domains, e.g., 1
st
 GAF and PAS domains, for 

signal transduction, specifically the mechanism of autophosphorylation in MsmS. 

As a sensor, the signal must be transduced not only from the heme-containing GAF domain to 

the other domains in the protein but also from the protein to the other associated proteins in 

the regulatory system (Msr’s) and ultimately to the methyltransferases. Since the protein lacks 

a H-box and deviates from the more familiar two-component system, further studies need to 

be done to understand this part of the regulatory system. 

Looking at other c-type hemoprotein sensors such as DcrA from D. vulgaris and GSU0303 

from G. sulfurreducens, and at the DevS/DosT system, oxygen sensor function could also be a 

role of MsmS that should be looked into. It is interesting to note that DcrA and GSU0303 also 

originate from organisms that are obligately anaerobe and which also rely upon sulfate 

reduction as an energy source and thus need as well a redox-sensor function for its 

metabolism. DcrA, though from a strict anaerobe, has—similar to DosT/DosS—an oxygen 

concentration sensing function.
412,413

 Hence, because of similarities with these proteins, 

MsmS could also possibly have some oxygen-sensing function and should be tested for such 

(e.g., via oxygen aeration). 

Lastly, exploring organisms subjected to extreme anaerobicity/hypoxia that would need a 

sensor for regulation would possibly uncover other proteins that have the same basic heme-

GAF structure as in MsmS. 

6.2. Material System: Conclusions and Outlook 

Conclusions. Titania nanotubes (TiO2-NTs) of different localized electric field (EF) 

enhancements (TiO2-NT|low and TiO2-NT|high for low and high EF enhancements, 

respectively) were deposited with benzidine-p-aminothiophenolate (BD-PATP) azo dye via a 

diazotization reaction. Time-dependent SERRS was used to monitor the laser-induced 

photocatalytic degradation of the azo dye on both substrate types. The degradation rate 

constant at TiO2-NT|high, 5.1 (1.4) s
-1

, was found to be ~70 % higher than the one obtained 

for TiO2-NT|low, 3.0 (0.6) s
-1

. When an external potential of +0.4 V was applied significantly 

higher rate constants (by a factor of 2.5) for the decay at TiO2-NT|high, 25.5 (5) s
-1

, vs. at 

TiO2-NT|low, 10.1 (3) s
-1

, was obtained indicating an improved performance of TiO2-NT|high 

vs. TiO2-NT|low.  

Further studies show that degradation and not just desorption took place; the latter was 

observed for degradations at -0.4 V. Degradation was also found to depend on the electronic 

excitation at 413 nm since illuminating with 647 nm (off-resonance) did not result in an 
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intensity decay. Low-frequency Raman measurements at 488 nm showed that the Eg mode of 

the TiO2-NT|high is downshifted (~145.5 cm
-1

) compared to that of TiO2-NT|low (~147.3 cm
-

1
), which is indicative of possible size-dependent surface enhanced Raman effects. The high 

capacitance values from electrochemical impedance spectroscopy (EIS) data obtained at 

negative potentials reveal the poor electron-acceptor character of the TiO2-NTs at these 

potentials, which was attributed to proton/cation intercalation. On the other hand, the lower 

capacities of TiO2-NTs at positive potentials and of the TiO2-NT|high vs. TiO2-NT|low, reveal 

their better electron-accepting capabilities, desired for efficient electron injection from the dye 

to the nanotube surface and electron transport from the nanotube surface to the bulk. The 

significantly higher decay rate constant only observed for TiO2-NT|high at +0.4 V indicates 

then that both photon-capturing and electron-accepting properties of the nanotube array were 

necessary for its improved photocatalytic degradation activity. 

Outlook. To evaluate further the resonance contribution to the SERRS enhancement of the 

dye on TiO2-NT|high vs. TiO2-NT|low, one may compare the SERRS intensity increase of 

PATP → BD-PATP on both nanotube types and see whether the increase is larger for TiO2-

NT|high.  

A possible molecular orientation effect on the improved photocatalytic degradation at +0.4 V 

can also be investigated. It is possible that, at this potential, the molecule is oriented such that 

it results to a better connection between the molecule’s orbitals and the metal oxide states.  

Further studies can be done to investigate on a possible connection or relationship between 

electric field enhancement and charge transfer mechanism, especially at the nano-size regime. 

This is based on the similarity in the Raman shifts of the Eg mode of TiO2 reported in the 

work of Lombardi, et al. on the titania nanocrystals—which they related to CT mechanism—

and observed here for the TiO2-NT electrodes of different localized EF. Perhaps this is one of 

the reasons why many SERS studies on semiconductors attribute the observed enhancements 

to CT mechanism and EM enhancement. Studying this potential relation can deepen the 

understanding of the SERS effect in semiconductors. 

6.3. General conclusions and outlook 

Based on the results in the aforementioned works, the approach of using vibrational 

spectroscopy and electrochemistry is powerful in solving problems and inquiries relevant in 

either biological or materials field. Several problems remain to be solved to which vibrational 

spectroscopies may provide an important contribution.   
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APPENDICES 
 

Appendix 1: 

A.  

B.         

 

Figure A.1. UV-vis spectra of MsmS-sGAF2 for the (A.) wild-type and  (B.) H702/708G mutant variant. 

The solid line refers to the ferric form of the heme iron, the dotted line to the ferrous form and the dashed line to 

the complex of the ferrous form with CO. The protein used here was produced aerobically using Nissle 1917 E. 

coli with heme addition to the growth medium. UV-vis spectra prepared by Kerstin Fiege. Image re-printed with 

permission from Fiege, K., et al. Improved Method for the Incorporation of Heme Cofactors into Recombinant 

Proteins Using Escherichia coli Nissle 1917. Biochemistry 57, 2747–2755 (2018).  Copyright 2020 American 

Chemical Society.
13
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Appendix 2: 

 
 

Figure A.2. SERR spectra of MsmS-sGAF2 produced aerobically using Nissle 1917 E. coli strain (with 
auxiliary heme added) on rough silver passivated with SAMs of different terminations: solid and dotted red 
traces – 1:3 6-aminohexanethiolate/6-hydroxyhexanethiolate (1:3 S-C6H12NH3

+/S-C6H12OH) at 1 mW and 0.5 
mW, respectively; solid and dotted blue traces – 1:1 S-C6H12NH3

+/S-C6H12OH at 0.5 mW and 0.25 mW, 
respectively; solid and dotted black traces  – 3:1 S-C6H12NH3

+/S-C6H12OH at 0.5 mW and 1 mW, respectively; 
solid and dotted orange traces – 11-mercaptoundecanoic acid  (MUA) at 0.5 mW and 1 mW, respectively; and 
olive trace – MUA at 1 mW laser power. All SERR measurements were performed at open circuit potential and 
in 10 mM PBS, pH 7, in a rotating cell. 
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Appendix 3: 

 

 

Figure A.3. Potential-dependent SERR spectra of MsmS-sGAF2 produced aerobically using Nissle 1917 E.coli 

immobilized on silver passivated with 1:3 (left) and 3:1 (right)  6-aminohexanethiolate-6-hydroxyhexanethiolate 

SAMs. All measurements were done without additional protein in the buffer (10 mM PBS, pH 7.0). The solutions 
were purged with Ar prior to application of potentials (vs. Ag/AgCl, 3 M KCl). 
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Appendix 4: 

 
 

Figure A.4. Resonance Raman of the solution near the SERRS silver electrode at different potentials. The measurement 

was done with the solution in the potential-dependent SERR measurment of MsmS-sGAF2 produced aerobically 
using BL21 (DE3) on rough silver passivated with 8-aminooctanethiolate (S-C8H16NH3

+) (Fig. 4.1.16). The 
solution, which is 10 mM PBS pH 7, contains protein that is 10% of the incubation concentration. The RR 
measurement was taken at ~0.5 mW.  
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Appendix 5: 

Table A.1.  List of parameters and decay rate constants of photodegradation studies of dye on TiO2 nanostructures. Table adapted from the supplementary information 

(chem201902963-sup-0001-misc_information.pdf) with permission from Querebillo, C. J. et al. Accelerated Photo-induced Degradation of Benzidine-p-aminothiophenolate 

Immobilized at Light-Enhancing TiO2 Nanotube Electrodes. Chemistry-A European Journal. 25, 16048–16053 (2019). Copyright 2020 John Wiley and Sons.
364 

Light source Type Wave-

length 

Power System Molecule/Reaction k 

Reported/Estimated 

k (/s) Detection Ref 

125 W medium pressure 

mercury lamp 

(Philips) 

Most 

likely 

UV 

125 W Dye derivative in 

aqueous TiO2 

suspension 

Photocat 

degradation of dye 

derivativeI Fast 

Green FCF) 

~0.03/min (graph 

estimate) 

~5.2-6.2 

E-4 

Concentration change, 

UV vis (625 nm peak) 

414
 

125 W medium pressure 

mercury lamp 

(Philips) 

Most 

likely 

UV 

125 W Dye derivative in 

aqueous TiO2 

suspension 

Photocat 

degradation of dye 

derivativeI Acid 

Blue 1) 

~0.046/min  (graph 

estimate) 

~6.6-7.6 

E-4 

Concentration change, 

UV vis (638 nm peak) 

414
 

UV light irradiation 

using 125 W high-

pressure mercury lamp 

(Philips, HPLN, 

emission bands in the 

UV region at 304, 

314, 335 and 366 nm, 

with maximum emission 

at 366 nm) 

UV 125 W TiO2 (hydrothermally 

produced and 

commercial)  as 

catalyt for UV-

assisted dye 

degradation. 

UV lamp was located 

at 10 cm above the 

solution 

UV assisted 

degradation of 

methylene blue in 

aqueous solution 

0.18-0.70 E-2/min 0.3-1.17 

E-4 

Concentration change 

det. By visible 

spectroscopy (675 nm) 

401
 

same UV  TiO2/C composite as 

catalyt for UV-

assisted dye 

degradation 

UV lamp was located 

at 10 cm above the 

solution 

UV assisted 

degradation of 

methylene blue in 

aqueous solution 

0.31-1.02 E-2 /min 0.517-1.7 

E-4 

Concentration change 

det. By visible 

spectroscopy (675 nm) 

401
 

150 W tungsten halogen 

lamp with glass optical 

filter) 

Vis (> 

420 nm) 

150 W TiO2/C composite as 

catalyt for dye 

degradation 

degradation of 

methylene blue in 

aqueous solution 

5.832 E-2/min (graph 

estimate) 

9.72 E-4 Concentration change 

det. By visible 

spectroscopy (675 nm) 

401
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Light source Type Wave-

length 

Power System Molecule/Reaction k 

Reported/Estimated 

k (/s) Detection Ref 

UV low P mercury 

lamp (few emission lines 

mainly at 264 & 365 nm) 

254 nm Intensity of 

2.7 9 10-4 

W/cm
2
 

Anatase nanowire 

(entangled) 

UV photocatalytic 

degradation of 

venlafaxine 

0.0375/min 6.25 E-4 Solid phase 

microextraction (SPME) 

and HPLC–MS/MS 

to determine the 

concentration in the 

solution 

402
 

UV low P mercury 

lamp (few emission lines 

mainly at 264 & 365 nm) 

254 nm  Rutile nanowire 

(aligned) 

UV photocatalytic 

degradation of 

fluoxetine 

0.2/min 3.33 E-3 Solid phase 

microextraction (SPME) 

and HPLC–MS/MS 

to determine the 

concentration in the 

solution 

402
 

Mercury lamp UV Irradiation 

density 

with 

mercury 

lamp 10
17 

quant/cm
2 

(ours, my 

estimate: 2 

x 10^18 

quant/cm
2
) 

Dye on mesoporous 

TiO2 film (template 

sol-gel 

synthesis)films (air 

dried) 

 

Photodegradation 

of dye acridine 

yellow on the 

surface 

of mesoporous TiO2 

film (template sol-

gel synthesis) 

1.5 E-1/min 2.5 E-3 Time-dependent 

changes in absorption 

spectra (~445 nm) 

395
 

Laser 

(50 x, 0.5 NA) (dia=1 

μum) 

785, 633, 

and 532 

nm 

0.5 mW CV dyes on 

NaYF4:Yb,Tm@TiO

2/Ag (a NIR 

photoactive catalyst) 

(hexagonal 

microcrystal core + 

TiO2/Ag comby 

shell) 

Photocatalytic 

degradation of CV 

dye 

0.02612/s (785 nm), 

0.00715 /s (633 nm), 

0.00565 /s (532 nm) 

(note: values are 

confusing, figure and 

text values don’t match) 

 Time-dependent SERS 
396

 

Laser (50 x, 0.5 NA) 

(dia=1 μum) 

785 nm 0.5 mW CV dyes on 

TiO2TiO2/Ag (comby 

TiO2TiO2/Ag shell) 

Photocatalytic 

degradation of CV 

dye 

0.00046/s  Time-dependent SERS 
396
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Light source Type Wave-

length 

Power System Molecule/Reaction k 

Reported/Estimated 

k (/s) Detection Ref 

Low P Hg vapour lamp 254 nm 6x8 W 

(254 nm) 

(surroundi

ng the 

reactor) 

Aqueous solution of 

dye with Degussa 

P25 nanoparticles 

Photocatalytic 

degradation of dye 

reactive Red 2 

0.0101-0.0680 /min 1.683-

11.33 - E-

4 

Concentration change 

monitored with a 

spectrophotometer 

399
 

Hg arc lamp (Oriel) 

equipped with a water-

cooled IR filter 

<350 nm 100 W Epitaxial TiO2 film in 

dye solution 

Photocatalytic 

decomposition of 

an organic dye 

(methyl orange) 

3.25 E-3 /min (anatase) 

1.75 E-3 /min (rutile) 

2.92-5.42 

E-5 

methyl orange 

concentration versus 

reaction time for a 

TiO2 film (UV vis 

spectroscopy) 

398
 

UV-LED 365 nm 

(peak 

emission 

waveleng

th) 

450 mW 

(1,9 

mW/cm
2
 

reached the 

foil) 

Titanium nanotube 

array in an aqueous 

solution of beta-

blocker metropolol 

Photocatalytic 

degradation of 

meteropolol 

0.0086- 

0.0206 min
-1

 

 

1.43-3.85 

E-4 

LC-MS/MS analysis 
400

 

Pulsed laser (Spectra 

Physics Nd: YAG laser 

(Model GCR 250), with 

8nsec pulse width) 

355 nm  TiO2 powder 

(commercially 

available, Fischer 

Scientific Co. USA) 

in water with phenol 

Photocatalytic 

degradation of 

phenol in water 

with TiO2 powder 

0.0081 min
-1

 1.35 E-4 Change in concentration 

with UV vis 

415
 

UV lamp (OsramUltra 

Vitalux) 

UV 300 W TiO2 suspension 

(prepared by sol-gel 

technique) in water 

Photodegradation 

of 2-chlorophenol 

0.0189 min
-1

 3.15 E-4 analyzed by means of 

UV 

spectrophotometry at a 

wavelength of 275 nm 

416
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Light source Type Wave-

length 

Power System Molecule/Reaction k 

Reported/Estimated 

k (/s) Detection Ref 

Simulated  sunlight 

(Xenon lamp, Newport 

Corporation, Irvine, CA, 

USA) 

200-

20000 

nm 

300 W TiO2 nanosheets 

prepared via a 

hydrothermal reaction 

Degradation of 

methylene in 

aqueous solution 

with TiO2 

nanosheets (or 

doped TiO2 

nanosheets) 

0.04568 min
-1

 (TiO2, 

sunlight sim) 

0.2402 min
-1

 (TiO2 S, 

sunlight sim)  

 

 

7.6 E-4 

4.6 E-3 

 

 

UV vis at 664 nm 
417

 

Visible light (same as 

above, modified with 

mirrors) 

420–630 

nm 

300 W TiO2 nanosheets 

prepared via a 

hydrothermal reaction 

Degradation of 

methylene in 

aqueous solution 

with TiO2 

nanosheets (or 

doped TiO2 

nanosheets) 

0.02119 min
-1

 (TiO2, 

vis, linear fit) 

0.09215 (TiO2-s, vis) 

3.53E-4 

1.54 E-3 

 

UV vis at 664 nm 
417

 

UV light (high-pressure 

Hg vapor lamp (Philips, 

India)) 

Mainly 

365 nm 

125 W Combustion-

synthesized TiO2 

nanoparticles in aq. 

solution of dye 

Degradation of 

rhodamine 6g using 

combustion 

synthesized TiO2  

0.3333 min
-1

 5.55 E-3 Uv vis at 525 nm 418
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Light source Type Wave-

length 

Power System Molecule/Reaction k 

Reported/Estimated 

k (/s) Detection Ref 

Visible light (350 W Xe 

lamp 

equipped with a filter so 

that wavelength is > 400 

nm) 

>400 nm 350 W Methylene blue 

(1*10
-5

 mol/L ) in 

solution degraded by 

TiO2 np or  inverse 

opal (IO) 

photocatalysts  

Degradation of 

methylene blue 

with TiO2 nps and 

IO  

6 E-3/min (TiO2 np) 

(linear fit, graph 

estimate), 26.44 E-

3/min (TiO2 IO, graph 

estimate), 41.66 E-

3/min (TiO2 IO doped 

with N, sensitized with 

PANI and with 240 nm 

PS template, graph 

estimate) 

1E-4 

(TiO2 np), 

4.41 E-4 

(TiO2 

IO), 

6.94 E-4 

(P-NTiO2 

IO) 

UV vis at ca. 660 nm 

(MB peak) 

419
 

Obtained from a solar 

simulator 

(1000 W xenon lamp 

with AM 1.5G filter) and 

optical filters 

495- 

700 nm 

1000 W; 

light 

intensity 

adjusted to 

100 mW 

cm
-2

 

Photocatalyst sample 

placed in a 0.5 μM 

MB solution  

degradation of 

methylene blue 

(MB) under visible-

light 

illumination in the 

presence of 

photocatalyst 

0.028 /min (bare 

mesoporous-TiO2 film) 

0.134 /min (low C TiO2 

IO) 

0.220 /min (high C 

TiO2 IO) 

4.67 E-4 

(TiO2 

meso), 

2.23 E-3 

(low C- 

TiO2 IO), 

3.67 E-3 

(high C- 

TiO2 IO) 

Optical absorbance of 

MB (60-665 nm) 

420
 

365 nm source was a set 

of five Philips TL K05 

UVA lamps,  

254 nm source was a 

Philips TUV PL-S 

lamp at a distance of 10 

cm from the quartz cell.  

365 nm 

and 254 

nm 

Irradiance 

of on top 

of the 

solutions 

of 57 W 

m
2
 (for 

365 nm) 

Most probably, 

photocatalyst powder 

immersed in phenol 

solution  

Degradation of 

phenol (Note: 

Absolute rates are 

not comparable 

between the two 

experiments, also 

because of the 

different scattering 

of light at the two 

wavelengths) 

0.89959/min (Degussa, 

254 nm, graph 

estimate), 0.30961/min 

(Inverse Opal, 254 nm, 

graph estimate), 

0.14033/min (Degussa, 

365 nm, graph 

estimate), 0.06378/min 

(Degussa, 365 nm, 

graph estimate) 

 

1.5 E-2 

(Degussa, 

254 nm), 

5.16 E-3 

(Inverse 

Opal, 254 

nm), 2.34 

E-3 

(Degussa, 

365 nm), 

1.1 E-3 

(Degussa, 

365 nm, 

graph 

estimate) 

Disappearance of phenol 

monitored by HPLC 

system 

and followed at 210 nm. 

421
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