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Terahertz-infrared spectroscopy of Shewanella oneidensis
MR-1 extracellular matrix

Z. V. Gagkaeva1 & E. S. Zhukova1 & V. Grinenko2 &

A. K. Grebenko1 & K. V. Sidoruk3 & T. A. Voeikova3 &

M. Dressel1,4 & B. P. Gorshunov1

Received: 26 October 2017 /Accepted: 13 April 2018 /Published online: 7 May 2018

Abstract Employing optical spectroscopy we have performed a comparative study of
the dielectric response of extracellular matrix and filaments of electrogenic bacteria
Shewanella oneidensis MR-1, cytochrome c, and bovine serum albumin. Combining
infrared transmission measurements on thin layers with data of the terahertz spectra, we
obtain the dielectric permittivity and AC conductivity spectra of the materials in a
broad frequency band from a few cm−1 up to 7000 cm−1 in the temperature range from
5 to 300 K. Strong absorption bands are observed in the three materials that cover the
range from 10 to 300 cm−1 and mainly determine the terahertz absorption. When cooled
down to liquid helium temperatures, the bands in Shewanella oneidensis MR-1 and
cytochrome c reveal a distinct fine structure. In all three materials, we identify the
presence of liquid bound water in the form of librational and translational absorption
bands at ≈ 200 and ≈ 600 cm−1, respectively. The sharp excitations seen above
1000 cm−1 are assigned to intramolecular vibrations.
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1 Introduction

Charge transport is among the most important phenomena that ensure functioning of
biological systems. Extracellular long-range charge transfer is of primary importance for
the metabolism of various microbial forms of life. Extracellular filaments, which are the
part of extracellular matrix of various electrogenic bacteria, were intensively studied
during the last decade. Some of these bacteria are able to transfer electrons over
amazingly long distances of dozens of micrometers [1–5]. A complete understanding of
transport mechanisms in microbial filaments, as well as in biological objects in general, is
presently lacking, and various viewpoints are under intense and lively debate. The
mechanism of this transfer should be closely related to the structure and molecular
dynamics of bacterial nanowires. For example, in the two most studied electrogenic
species, Shewanella oneidensis and Geobacter sulfurreducens, the main conductive fila-
ments are believed to have completely different structure and physiological origin; these
are outer membrane appendages [6, 7] and tightly packed pilin protein (PilA), respective-
ly, where pilin is considered to make the biggest contribution to the observed conductivity
in G. sulfurreducens [4, 8–12]. All of these issues remain extremely challenging and are
subject of intensive studies [2, 4, 8, 13–18]. From the viewpoint of experimental research,
optical spectroscopy is among the most appropriate and direct methods for investigating
these phenomena. Here, the term “optical spectroscopy” is used in a very broad sense and
means investigation of electrodynamic properties of materials (absorption, refractive index,
dielectric permittivity, AC conductivity, etc.) in a frequency range as wide as possible,
from Hertz and sub-Hertz frequencies, radio and microwaves, via the typical optical range
all the way up to X-rays. In the condensed matter physical community, these techniques
have been used for many decades, providing unique information on temporal and spatial
characteristics of various systems. With regard to biological objects, testing their reaction
to the probing radiation with tunable frequency can deliver information on the objects
properties in an extremely broad temporal and spatial range spanning from macroscopic
scales where charge transport or movements of large molecular groups determine the
response functions, down to ≈ 10−15 s and ≈ 1 nm, where the internal, localized
vibrations of atoms composing bio-molecules reveal themselves. Electrical conductance
in biological systems can be realized via electron/hole channels (hopping, tunneling, or
probably, band–type mechanisms) or ionic transport through liquid bound water. Each
process has its own specific frequency/temperature behavior [19], the study of which can
allow the researcher to get insight into microscopic dynamics of charge carriers. The
enormous sensitivity of optical spectra to the presence of water fractions in samples is
another feature of the technique that can be utilized in the search for ionic conductivity.
In our previous work [20], we have performed detailed spectroscopic investigations of
charge transport mechanisms in lyophilized S. oneidensis MR-1 extracellular matrix and
filaments (EMF). Radio-frequency (ν = 1 Hz – 300 MHz) and terahertz (ν = 0.1–1.6 THz)
spectra of complex dielectric permittivity ε*(ν,T) = ε′(ν,T) + iε″(ν,T) and real part of AC
conductivity σ(ν,T)=νε″(ν,T)/2 of EMF and of two reference materials, cytochrome c
(cytC) and bovine serum albumin (BSA), were measured at temperatures 10–300 K.
Analysis of the radio-frequency response revealed in EMF clear signatures of free-
carrier and hopping (presumably ionic) mechanisms of electrical charge transport. Here,
we present the results of further studies of the dielectric and conduction properties of
EMF of Shewanella oneidensis MR-1 obtained by performing first systematic
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measurements of the infrared spectra of the complex dielectric permittivity and AC
conductivity of EMF, CytC, and BSA at frequencies up to ν ≈ 7000 cm−1 and at
temperatures from T = 300 K down to 5 K. The infrared spectra are analyzed together
with our previous terahertz data [20]. In EMF and CytC, we detect clear signatures of
hydration water that can provide a channel for the ionic transport before it freezes at
around 250 K. In all three materials, we discover broad absorption bands covering the
range from 10 to 300 cm−1, that show fine structure at cryogenic temperatures in EMF
and CytC.

2 Materials and methods

2.1 Shewanella oneidensis MR-1 strain origin

The strain S. oneidensis MR-1 was obtained by the Russian National Collection of Industrial
Microorganisms, Scientific Center of Russian Federation - Research Institute for Genetics and
Selection of Industrial Microorganisms (Moscow, Russia), from the collection of microorgan-
isms of the Pasteur Institute (CIP106686, Paris France). The strain S. oneidensis MR-1 has
number B9861 in the Russian National Collection of Industrial Microorganisms.

2.2 Cultivation of Shewanella oneidensis MR-1 strain

Initially, we used a standard cultivation method, which involves the use of a minimal
medium with lactate. However, later we compared the different media, both standard and
proprietary, including rich media TSB, etc. The comparison of the fuel cell operation using
various media showed that the current obtained in the case of TSB medium and some other
rich media is not less than the one obtained in case of minimal medium with lactate, while
the duration of the stable fuel cell operation on a complete medium increases many times.
The reproducibility and convergence of the results also increases during use of the complete
media. Therefore, in the experiments designed to obtain a biomass grown under conditions of
electron acceptor deficiency, we decided to utilize rich media. To generate conductive
structures, S. oneidensis must be cultivated in in the absence of available final electron
acceptors, which are certainly present in a rich medium. However, a stable current generation
in MFC in case of rich medium indicates an excess of the potential electron donors and a
deficiency of the acceptors. A simple experiment supports this fact. It is impossible to grow
S. oneidensis in rich medium (as well as in a minimal medium with lactate) under anaerobic
conditions since the availability of electron acceptors is diminished. However, the growth can
be observed after addition of an excess electron acceptor like fumarate or Fe+3 or introduc-
tion of the anode into the medium. In the current study, the S. oneidensis MR-1 strain was
grown on Petri dishes on agarized Luria–Bertani medium (LBM) during 48 h at 30 °C. For
obtaining cell biomass, colonies from LBM were transferred into 100 ml of LB broth in a
750-ml flask and cultivated in aerobic conditions on a rotary shaker at 220 rpm at 30 °C for
18 h. Cells were sedimented by centrifugation at 6000 × g for 20 min, washed with sterile
deionized water of Milli-Q (Millipore, Burlington, MA, USA) under the same centrifugation
conditions and resuspended in 2 ml of deionized water. The biomass was transferred into
MM synthetic medium [21] with lactate concentration of 4 g/l and then introduced into the
anode chamber of a microbial fuel cell.
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2.3 Isolation of Shewanella oneidensis MR-1 bacterial extracellular matrix (EMF)

The bacterial fuel cells that produced electrical currents exceeding 30 μA were used for
isolation of EMF. These current values agree well with the published data [21]. The procedure
included the following steps. The cell culture grown on an anode was washed with 100 mM
phosphate-buffer ed saline (рН 7.4) prepared from PBS tablets (Helicon, Moscow Russia) and
pure water produced by Milli-Q integral water purification system (Merck Millipore, Burling-
ton, MA, USA). After this, the cells were concentrated by means of centrifugation (30 min,
Beckman Coulter Avanti J-26 centrifuge, rotor JLA 8.1, speed 5500 rpm). The precipitate was
collected into 50-ml Falcon tubes. Every 5 ml of concentrated cells were diluted with 30 ml of
Milli-Q water. The obtained suspension of cells was treated with intensive vortexing for
avulsion of the filaments from the cells (maximal speed, Scientific Instruments Vortex-Genie
2, USA), for 10 min three times with two 5-min breaks in water with ice between vortexing.
After this, 20 ml of Milli-Q water was added to each Falcon tube to make a quantity of 50 ml.
The Falcon tubes were tightly shaken and then centrifuged for 15 min at 13000 × g (Eppendorf
5810r centrifuge with FA-45-6-30 rotor). The supernatant was collected and treated with
filtration through a 0.22-μm pore size Durapore membrane filter (Merck Millipore, Burlington,
MA, USA). The precipitate was resuspended, vortexed for 5 min, and re-centrifuged according
to the procedure described above. The second supernatant was also filtrated through a 0.22-μm
Durapore membrane filter, mixed with the first supernatant, and then cooled down to –80 °C in
plates with large surfaces for further lyophilization. A small volume of filtered supernatant was
collected for atomic-force microscopy study of the sample.

The conductive filaments produced by S. oneidensis MR-1 are appendages of the bacterial
outer membrane [6, 7]. The width of the appendages is much smaller than 0.22 μm, i.e., the
size of the pore in the utilized filter. The membrane and appendages are supposed to contain
multiheme cytochromes OmcA, MtrA, and MtrC, and the last cytochrome, being directly
within the membrane, is surrounded by porin MtrB. The ‘porin-cytochrome’ model was also
discussed in the article [22]. The appendages can be easily removed from the cells and isolated
from the large cell debris impurities [2].

2.4 Lyophilization of EMF

The prepared and frozen extracellular matrix was lyophilized using a TFD 5503 freeze dryer
(ilShin, South Korea). The lyophilization continued for 40 h with gradual temperature increase
from –80 °C to 36 °C until the pressure of 0.010 mTorr was reached, yielding amorphous light-
brown-colored powder.

2.5 The sources of reference proteins

Bovine serum albumin was supplied by Amresco, (Radnor, PA, USA) (code 0332). Bovine
heart cytochrome c was supplied by Sigma-Aldrich, (St.Louis, MO, USA) (code C3131).

2.6 Sample pellet preparation

Amorphous powders of BSA, CytC, and EMF were pressed into pellets using a mold with a
diameter of 10 mm. The pellets of BSA and CytC were obtained under a pressure of 10 atm.
The pellets of EMF were obtained under a pressure of 5 atm.
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2.7 Preparation of thin-layer samples

Amorphous powders of BSA and CytC were dissolved in deionized water (Millipore Milli-Q)
to form saturated solutions. These solutions were drop-casted on a polyethylene film (10-μm
thickness) and incubated at RH 20% and room temperature for 3 days. Finally, thin (about
0.1 mm) samples on polyethylene film were obtained that were used for the measurements of
transmission coefficients at terahertz and infrared frequencies.

2.8 Confirmation of the presence of filaments in EMF by means of atomic-force
microscopy

To confirm the presence of filaments in solutions that were used for preparation of EMF
samples, we utilized drop-cast deposition on silicon wafers with subsequent study of the wafer
surface by means of atomic-force microscopy technique. Scans were done in tapping mode on
NTM-DT Smena Atomic Force Microscope system. Regular silicon cantilevers with resonant
frequency of 350 kHz were used. An example of the scan is presented in Fig. 6.

3 Experimental results and discussion

Since the pure fraction of the filaments is not the only component utilized by these bacteria for
extracellular charge conduction, our purpose was to investigate the integral dielectric/
conducting properties of the outer cell matrix including filaments and other components
synthesized under anaerobic conditions. The results on EMF were compared with the data
on two reference commercially available materials, cytochrome c and bovine serum albumin.

Infrared (IR) measurements at frequencies up to 7000 cm−1 were performed in the
transmission mode using Fourier-transform spectrometer Vertex 80v. Transmission coefficient
spectra were measured on the EMF, CytC, and BSA samples prepared in the form of layers
about 0.1 mm thick made on thin (10 μm) polyethylene films as transparent supports (details
given in the Materials and methods section). The same samples were measured in the terahertz
(THz) range using a coherent-source spectrometer based on backward-wave oscillators [23]
and pulsed time-domain TeraView spectrometer. At THz frequencies, transmissivities of thick
(≈ 1 mm) pellets used in our previous study [20] were also measured. The temperature-
dependent experiments were performed in home-made optical cryostats.

Transmissivities of thick pellets and film samples on polyethylene substrates were
processed using well-known [19, 24] expressions for transmission coefficients of single
or double-layered systems, respectively. Examples of such processing of the spectra are
shown by lines in Figs. 1a, 2a, and 3a. Here, low-frequency oscillations in the transmis-
sion coefficient spectra are due to multiple reflections of the radiation within the plane-
parallel samples (Fabry–Perot effect); these interferometric fringes are not so well
pronounced in the spectra of thin samples. At higher frequencies, deep minima in the
transmissivity spectra (note logarithmic scale along the vertical axes) are caused by
absorption lines and were fitted with the Lorentzians

ε* νð Þ ¼ ε
0
νð Þ þ iε″ νð Þ ¼ f

ν20−ν2
� �þ iν0γ

; ð1Þ
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where f =Δεν0
2 is the oscillator strength of the resonance, Δε is its dielectric contribu-

tion, ν0 represents the resonance frequency and γ is the damping factor. Broad-band
THz-IR spectra of real and imaginary parts of the permittivity and AC conductivity were
obtained by merging the directly measured corresponding THz values from [20] (dots in
Figs. 1, 2, and 3) with the spectra, derived by least-square fits of the IR transmission
coefficients. We associate the rich sets of absorption features above ≈ 1000 cm−1 with
intramolecular modes and vibrations of molecular groups, as discussed for BSA in [28,
29] and for CytC in [30–32]. Tables 1, 2, and 3 summarize parameters of absorption

Fig. 1 a Room-temperature terahertz-infrared spectra of the transmission coefficient of plane-parallel EMF
samples 1.18 mm thick (pellet used in experiments in [20]) and 0.136 mm thick (layer prepared on polyethylene
film 10 μm thick, as described in the Materials and methods section). Dots are measured data and the lines
correspond to least-square fits, as described in the text. The transmissivity of the polyethylene (PE) film is shown
separately. b, c, d Spectra of AC conductivity (b) and imaginary (c) and real (d) parts of dielectric permittivity of
EMF measured at two temperatures as indicated. Open dots correspond to the data from [20] that was directly
obtained using THz spectrometers. Lines correspond to the least-square fits as described in the text. On panel (c),
for room temperature, separately shown are components corresponding to the lowest-frequency contribution
described with the Debye relaxational term (blue), to the bands located at ≈ 200 cm−1 (magenta) and ≈ 600 cm−1

(brown) associated with translational (T) and librational (L) vibrations of bound water molecules, respectively,
and to the broad THz band (yellow). Dotted lines (cyan) show the spectra of AC conductivity (b) and imaginary
dielectric permittivity (c) spectra of liquid water taken from [25–27]
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resonances determined by least-square processing of the transmission coefficient spectra
with expression (1). Below we focus on lower-energy excitations that are expected to
involve long-range movements of large assemblies of molecules and molecular subunits.

3.1 Spectral signatures of bound water

At room temperature, a clear upturn towards low frequencies is detected (see also [20]) below
≈ 10 cm−1 in the spectra of real and imaginary permittivities of EMF and CytC (see Figs. 1b, c
and 2b, c, respectively). This is a typical signature of relaxational-type dispersion and it was
modeled [20] by the Debye relaxational expression ε*D =Δε/[1 + iωτ], where Δε is the
relaxation strength, τ is the relaxation time, and ω is the circular frequency [33]. (Since our
measured THz spectra contain only the higher-frequency part of the relaxation, we were not
able to extract precise numerical values of Δε and τ). Such behavior resembles the dispersion
observed in the microwave dielectric response of bulk liquid water (see, e.g., [34]); as an
example, the spectra of the imaginary permittivity and AC conductivity of water are presented

Fig. 2 a Room-temperature terahertz-infrared spectra of transmission coefficient of plane-parallel CytC samples
1.07 mm thick (pellet used in experiments in [20]) and 0.1 mm thick (layer on polyethylene film 10 μm thick, as
described in the Materials and methods section). Dots are measured data and the lines correspond to least-square
fits, as described in the text. Transmissivity of the polyethylene (PE) film is shown separately. b, c Spectra of
imaginary (b) and real (c) parts of dielectric permittivity of CytC measured at two temperatures as indicated.
Open dots show the data from [20] directly obtained using THz spectrometers. Lines correspond to the results of
least-square fits. In b, for room temperature, separately shown are components corresponding to the lowest-
frequency contribution described with the Debye relaxational term (blue), to the bands located at ≈ 200 cm−1

(magenta) and ≈ 600 cm−1 (brown) associated with translational (T) and librational (L) vibrations of bound water
molecules, respectively, and to the broad THz band (yellow). Dotted line (cyan) shows imaginary dielectric
permittivity spectrum of liquid water taken from [25–27]
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by dotted lines in Figs. 1b, c and 2b. According to [20], we believe that the observed lowest-
frequency relaxation in the spectra of EMF and CytC is connected with the bound hydration
water present in these two samples; its significantly smaller strength Δε, compared to bulk
water, is due to lower water content in the samples. (Similar Debye-type relaxation due to
bound water was seen in a number of other biological objects, see, e.g., [35–38]). Our
assumption is confirmed by the temperature evolution of the relaxation spectra: the Debye-
like features disappear when the EMF and CytC samples are cooled down (Figs. 1 and 2),
which we connect with the freezing of bound water fraction. Figure 4 shows the temperature
dependences of the imaginary permittivity measured at a fixed frequency of 10 cm−1. The
value of ε″(10 cm−1) in EMF strongly decreases below 300 K and gets nearly temperature
independent below 230–250 K; the decrease happens exactly in the temperature interval where
a knee-like anomaly is observed of the specific heat of EMF (Fig. 3B in [20]), that is typical for
freezing of “biological water”. CytC and BSA reveal significantly weaker changes of absorp-
tion ε″(10 cm-1) at these temperatures. Spectral signatures of bound water in EMF, CytC, and
BSA are observed also at infrared frequencies. Here, two pronounced bands show up around
200 and 600 cm-1, where translational and librational vibrations of H2O molecules,

Fig. 3 a Room-temperature terahertz-infrared spectra of transmission coefficient of plane-parallel BSA samples
1.07 mm thick (pellet used in experiments in [20]) and 0.1 mm thick (layer on polyethylene film 10 μm thick, as
described in the Materials and methods section). Dots are measured data and the lines correspond to least-square
fits, as described in the text. Transmissivity of the polyethylene (PE) film is shown separately. b, c Spectra of
imaginary (b) and real (c) parts of dielectric permittivity of BSAmeasured at two temperatures as indicated.Open
dots show the data directly obtained in [20] using THz spectrometers. Lines correspond to the results of least-
square fits described in the text. In b, for room temperature, separately shown are components corresponding to
the bands located at ≈ 200 cm−1 (magenta) and ≈ 600 cm−1 (brown) associated with translational (T) and
librational (L) vibrations of bound water molecules, respectively, and to the broad THz band (yellow). The dotted
line (cyan) shows imaginary dielectric permittivity spectrum of liquid water taken from [25–27]
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respectively, are present in the spectra of bulk liquid water; they are marked with “T” and “L”
in Figs. 1b, c and 2b. By analogy with liquid water, we associate the bands observed in all
three samples at ≈200 and ≈600 cm−1 with translational (T) and librational (L) vibrations of
bound water molecules. Signs of these T- and L-bands are present in the spectra also at lower
temperatures (down to 5 K), which is consistent with their presence in water ice [39].

In [20], we have estimated the water content in the samples by thermogravimetry technique.
The analysis revealed that the BSA and the CytC samples contained a noticeably larger

ν0 – resonance frequency, γ - damping, Δε – dielectric contribution, f =Δεν0
2 – oscillator strength (intensity).

The result of the least-square processing of the spectrum is presented by a solid line in Fig. 1a. For convenience,
intensities of the resonances are indicated in the left column by bars in a log scale

Table 1 Parameters of Lorentzians (Eq. 1) used to describe the absorption resonances observed in the room-
temperature infrared transmission coefficient spectrum of extracellular matrix of electrogenic bacteria
S. oneidensis MR-1

Resonance 

number

Frequency ν0

(cm
-1

)

Damping γ
(cm

-1
)

Dielectric 

contribution 

Δε, ∙10
-5

Oscillator 

strength

f (cm
-2

)

Oscillator strength f
(intensity),

log scale

1 1070 90 910 10425

2 1130 65 200 2506

3 1160 30 30 390

4 1240 80 310 4780

5 1310 70 196 3360

6 1350 57 129 2340

7 1400 44 417 8190

8 1460 55 240 5165

9 1540 50 583 13770

10 1660 34 724 19990

11 2095 170 50 2250

12 2515 167 68 4300

13 2625 174 57 3945

14 2740 356 327 24620

15 2860 35 48 3920

16 2875 15 10 827

17 2930 22 56 4764

18 2960 39 83 7277

19 3075 168 413 39000

20 3200 50 27 2740

21 3300 65 198 21535

22 3410 197 100 11655

23 3955 150 2 270

24 4045 220 7 1180

25 4186 155 2 305

26 4355 225 9 1615

27 4630 340 10 2160

28 4855 229 2 515

29 5130 326 6 1644

30 6610 4060 60 26330
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amount of water relative to EMF1. At the same time, the water-related Debye-like relaxation is
most strongly pronounced in EMF; it is about two times weaker in CytC and not seen at all in
BSA. Also, the strong anomalies seen in specific heat in [20] and dielectric absorption of EMF
are absent in CytC and BSA (Figs. 1, 2, and 3). The same tendency applies to the T- and L-
bands: being comparable in intensity in EMF and CytC, they are hardly distinguished in the IR
spectra of BSA (Fig. 3b). These observations indicate that liquid water should be much
stronger bound in BSA and CytC than in EMF. Strong coupling of water molecules to the
surrounding is also demonstrated by Fig. 5, where the absorption spectra of the studied
samples are displayed in the frequency range where the H2O intramolecular modes ν1
(symmetric stretch), ν2 (bending), and ν3 (asymmetric stretch) could be observed; for a free
H2O molecule, these modes are located at ν1 = 3656.65 cm−1, ν2 = 1594.59 cm−1, and ν3 =
3755.79 cm−1 [40]. Though certain structures are seen in the vicinity of the ν2 mode (again,
more intensive in EMF), no absorption peaks are visible close enough to ν1 and ν3. The shifts

ν0 – resonance frequency, γ - damping, Δε – dielectric contribution, f =Δεν0
2 – oscillator strength (intensity). The

result of the least-square processing of the spectrum is presented by solid line in Fig. 2a. For convenience,
intensities of the resonances are indicated in the left column by bars in a log scale

1 The formal amount of water in EMF is higher that the one in CytC and BSA. However, the water in our
samples is in three different states: bulk, loosely bound and bound. We assume, that phenomena described here
are related to the behavior of loosely bound water, the amount of which is lower in EMF. For more details, see
[20]

Table 2 Parameters of Lorentzians (Eq. 1) used to describe the absorption resonances observed in the room-
temperature infrared transmission coefficient spectrum of cytochrome c

Resonance 

number

Frequency ν0

(cm
-1

)

Damping γ
(cm

-1
)

Dielectric 

contribution 

Δε, ∙10
-5

Oscillator 

strength

f(cm
-2

)

Oscillator strength f
(intensity),

log scale

1 1030 100 152 1620

2 1105 74 132 1608

3 1169 73 106 1445

4 1244 84 166 2570

5 1308 95 113 1940

6 1390 114 169 3262

7 1463 14 18 381

8 1520 223 385 8908

9 1672 190 259 7254

10 2094 543 275 12065

11 2482 399 105 6464

12 2742 539 263 19781

13 2858 12 20 1636

14 2927 22 38 3275

15 2963 39 3 233

16 3063 250 60 5650

17 3200 102 4 424

18 3345 459 218 24417
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in the mode positions from their free-molecular locations in EMF, CytC, and BSA are
attributed to considerable coupling of the H2O molecules to the molecular environment and
corresponding renormalization of intramolecular bonds strength [41–44].

Table 3 Parameters of Lorentzians (Eq. 1) used to describe the absorption resonances observed in the room-
temperature infrared transmission coefficient spectrum of bovine serum albumin

Resonance 

number

Frequency ν0

(cm
-1

)

Damping γ
(cm

-1
)

Dielectric 

contribution 

Δε, ∙10
-5

Oscillator 

strength

f(cm
-2

)

Oscillator strength f 
(intensity),

log scale

1 1030 65 30 314

2 1105 104 300 365

3 1170 60 75 1020

4 1255 117 246 3860

5 1310 116 116 1987

6 1400 109 206 4022

7 1460 14 18 380

8 1540 93 250 5934

9 1660 80 136 3744

10 209 250 37 1643

11 2480 440 20 1212

12 2740 540 270 20327

13 2860 12 28 2297

14 2915 11 47 3970

15 2960 39 4 375

16 3060 250 86 8070

17 3200 100 12 1261

18 3410 265 142 16516

19 4330 110 2 333

20 5785 1290 11 3772

Fig. 4 Temperature dependence of imaginary part of dielectric permittivity of EMF, CytC, and BSA at a
frequency 10 cm−1

ν0 – resonance frequency, γ - damping, Δε – dielectric contribution, f =Δεν0
2 – oscillator strength (intensity). The

result of the least-square processing of the spectrum is presented by solid line in Fig. 3a. For convenience,
intensities of the resonances are indicated in the left column by bars in a log scale
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3.2 Terahertz absorption bands

As can be seen from Fig. 1c, the terahertz-infrared electrodynamic response in EMF is
dominated by a broad band that spans from ≈ 10 to ≈300 cm−1. Similar bands are also
observed in CytC and BSA (Figs. 2 and 3). Earlier terahertz measurements on CytC
[45–48], BSA [49, 50], and other biological systems [49, 51–54] reveal a continuously
increasing featureless absorption that is usually ascribed to a glassy background due to a
Debye-like quadratic growth of the vibrational density of states (VDOS) of numerous vibra-
tions of protein molecules and water-protein complexes [49, 54–59]. Basing on our data that
cover not just THz but also higher-frequency infrared range, we conclude that the terahertz
absorption in EMF, CytC, and BSA is essentially nothing but the low-frequency slope of the
bands centered around 48 cm−1 in EMF (Fig. 1), 50 cm−1 in CytC (Fig. 2), and 61 cm−1 in
BSA (Fig. 3) with additional contribution coming at high temperatures from hydration water-
related relaxation, though certain admixture from VDOS cannot be excluded. The monotonous

Fig. 5 Room-temperature infrared
spectra of imaginary part of
dielectric permittivity of EMF,
CytC, and BSA. The vertical
dotted lines indicate the positions
of intramolecular ν1, ν2, and ν3
vibrations of free H2O molecule
[37]

Fig. 6 Atomic-force microscopy image of the filaments in the suspension utilized for preparation of EMF
samples
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decrease with growing frequency (10–100 cm−1) of the room-temperature real permit-
tivities ε' (Figs. 1d, 2c, and 3c) indicates the strongly damped character of the THz
bands. Corresponding numerical estimates of the damping factors γ/ν0 (see Eq. 1) give
the values of ≈ 3, ≈ 2.3, and ≈ 2.6 for EMF, CytC, and BSA, respectively. During
cooling, the hydration water in EMF and CytC freezes out (in [20], see also Fig. 4)
leading to certain narrowing of the THz bands. At liquid helium temperatures, two
components of the bands are clearly resolved with central frequencies 55 cm−1 and
100 cm−1 in EMF and 73 cm−1 and 123 cm−1 in CytC (blue lines in Figs. 1 and 2).
Note that the two-component structure of the band in CytC is resolved already at room
temperature, albeit at significantly lower frequencies, 52 cm−1 and 100 cm−1. Similar
multi-component bands were observed in the terahertz absorption spectra of lysozyme
[35] and in Raman spectra of lysozyme and DNA [36], with the frequency positions of
the modes (Table 1 in [35] and Tables 1, 2 in [36]) very close to those obtained in the
present work. This means that the materials studied here and in [35, 36] have similar
molecules and/or molecular complexes. The effect of cooling is much less pronounced in
the THz spectra of BSA where the THz band slightly decreases in amplitude with no
noticeable change in damping.

We believe that the pronounced decrease of the THz absorptivity in EMF taking
place between 230 and 300 K must be ascribed mainly to freezing of the bound water
and cannot be explained by the dynamic transition, that is, by the change in flexibility
of organic molecules in protein systems, characterized by a rapid increase in the mean
square atomic displacements at 180–220 K in hydrated proteins [60, 61]. The reason is
the strong water-freezing anomaly in the specific heat of EMF [20] that is not supposed
to accompany the dynamic transition [54]. It is worth noting that the temperature
changes in the THz dielectric response of lysozyme measured in Ref. [8] were not
interpreted by the dynamical transition concept, but ascribed to a blue shift of water–
protein relaxation. On the other hand, the absence of pronounced specific heat anomaly
in CytC and BSA [20] indicates that effects related to the dynamical transition could
play a certain role in determining the temperature variation of the THz absorption in
these two materials [46, 62].

4 Conclusions

From our infrared spectroscopy, we obtained the transmission coefficient of thin (≈ 0.1 mm)
layers of extracellular matrix of electrogenic bacteria S. oneidensis MR-1 (EMF), cytochrome
c (CytC) and bovine serum albumin (BSA); the spectra cover the frequency range up to
7000 cm−1 and temperatures from 5 to 300 K. The transmissivity results are supplemented by
previously obtained terahertz data in order to obtain the broad-band spectra of the real and
imaginary parts of dielectric permittivity and real part of AC conductivity of the three
materials. At lowest terahertz frequencies (below ≈ 10 cm−1), we detect a pronounced
dielectric relaxation in the spectra of EMF and CytC and ascribe it to the response of hydration
water that can provide a channel for ionic transport. In all three materials, broad infrared
absorption bands of yet unknown origin are discovered; we demonstrate that the bands are
mainly responsible for absorption of electromagnetic radiation observed in previous terahertz
experiments. Rich sets of intramolecular absorption lines is detected at frequencies above
1000 cm−1 and their parameters are determined.
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