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Infrared fingerprints of water collective dynamics indicate proton transport in biological systems
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Recent publications on spectroscopy of water layers in water bridge structures revealed a significant enhance-
ment of the proton mobility and the dielectric contribution of translational vibrations of water molecules in
the interfacial layers compared to bulk water. Herewith, the results of long-term studies of proton dynamics in
solid-state acids have shown that proton mobility increases significantly with the predominance of hydronium,
but not Zundel, cations in the aqueous phase. In the present work, in the light of these data, we reanalyzed our
previously published results on broadband dielectric spectroscopy of bovine heart cytochrome c, bovine serum
albumin, and the extracellular matrix and filaments of Shewanella oneidensis MR-1. We revealed that, just as in
water bridges, an increase in electrical conductivity in these systems correlates with an increase in the dielectric
contribution of water molecular translational vibrations. In addition, the appearance of spectral signatures of the
hydronium cations was observed only in those cases when the system revealed noticeable electrical conductivity
due to delocalized charge carriers.

DOI: 10.1103/PhysRevE.105.044409

I. INTRODUCTION

In recent years, electrically conductive objects of bioor-
ganic origin have become a hot topic within a number of
industrial and research sectors [1,2]. In the rapidly evolving
field of bioelectronics, the question of charge transport mech-
anisms in bio-organic materials still plays a crucial role. This
is motivated by the need for appropriate interfacial materials
which would allow connecting electrical circuits with bio-
logical systems on the one hand [3–11] and a fundamental
interest on the other [12–15]. With skyrocketing levels of
electronic waste production [16], biodegradable alternatives
to traditional materials used in mass consumer electronics,
also known as green electronics [17], became necessary to
reduce electronic waste. This issue has also stimulated a
search for the relevant materials among various compounds
of bio-organic origin [15,18–25].

Regardless of the charge-carrier type or transport mech-
anism in a particular bio-organic material, water is involved
directly or indirectly in the electrical conductivity process
[26–29]. In soft matter, water contacts polar groups of
biomolecules and may exist in various bound states, forming
protein hydration shells, polygonal structures on the molec-
ular surface, large clusters, and hydration networks extended
through the bulk of the material [30–33]. If the medium con-
tains an excess of protons, water molecules may combine
and form a variety of aqueous proton cations H+-(H2O)n

such as hydronium (H3O+), Zundel (H5O2
+), Eigen (H9O4

+)
ions, etc. [34]. Currently, the H5O2

+ species is regarded as
the simplest stable ion of the above series in aqueous media
[35–37]. However, its predominance in solid-state acids is
associated with a decrease in proton mobility, where H3O+
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species becomes the preferable ion to perform more effective
proton transportation [38–44].

Among bio-organic systems of particular interest are
electrogenic bacteria, such as Geobacter sulfurreducens or
Shewanella oneidensis, whose extracellular outgrowths are
capable of electron transfer [12,28,45,46]. Our previous
broadband dielectric spectroscopy studies [47,48] showed that
S. oneidensis MR-1 extracellular matrix and filaments (EMF)
at temperatures above 250 K demonstrate spectral features
typical for Drude-type electrical conductivity. We note that
spectroscopy provides an effective tool to reliably detect the
presence of delocalized charge carriers in the material as evi-
denced by the measured AC conductivity that is not changing
its value over decades of frequency and matching the DC
conductivity (zero-frequency limit), following the conductiv-
ity model developed by Drude; see Ref. [49]. Interestingly,
the appearance of Drude-like conductivity always correlated
with the rise of the terahertz shoulder of Debye relaxation of
bound water [50] and the presence of translational and libra-
tional modes of water molecules in the infrared region. The
substantive discussions about transport mechanisms in EMF
lack a clear understanding of its structure and composition.
We can only expect that multiheme cytochromes (OmcA and
Mtr-family) are the main protein components of EMF since
their signatures were clearly observed in the Raman spectra
[28], and they are the main components of conductive cellular
outgrowth of S. oneidensis [51]. To compare EMF data with
well-characterized reference materials, we also added to the
study bovine heart cytochrome c (CytC) and bovine serum
albumin (BSA). The first material is a classical participant
of electron transfer in the mitochondrial respiratory chain
containing a heme prosthetic group like bacterial OmcA and
Mtr-proteins. In its turn, BSA is a ubiquitous protein respon-
sible for the blood osmolality and transportation of various
substrates. BSA has no prosthetic groups and no relation
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to charge-transfer processes. As expected, CytC showed be-
havior similar to that of EMF, but the registered electrical
conductivity was orders of magnitude lower, and the sub-
terahertz (below 100 GHz) Debye relaxation of water was
somewhat weaker [48]. In BSA, on the contrary, neither a
Drude-like response nor Debye relaxation could be observed
[48]. Nevertheless, it has not been investigated how water af-
fects conductivity in these materials or if the aqueous cations
influence charge transport mechanisms. Continuing a series
of studies on EMF, CytC, and BSA dielectric properties, this
work focuses on the relationship between the spectroscopic
signatures of aqueous protonic species in these materials and
their charge transport characteristics. We utilize infrared spec-
troscopy, which is a well-proven tool for studying protein
systems [52,53].

Unveiling the mechanism of charge transport and the
nature of charge carriers is a fundamental problem in
condensed-matter physics. It is not easy to cover the entire
range of specific issues related to this field. However, the
present work highlights to the interested reader at least the
key points, and for a deeper acquaintance, one can refer to the
more specialized literature. In general, the problems of deter-
mining the charge transport mechanism and the type of charge
carriers are interrelated, regardless of whether a particular
material is a bio-organic or a classical solid state. Ideally, the
researcher should measure the material’s conductivity values
over as broad temperature and frequency ranges as possible
[54,55]. In case the conductivity component is associated
with ionic charge carriers, the data on electrical impedance
spectroscopy (EIS), pulsed-field gradient nuclear magnetic re-
laxation (PFG NMR), quasielastic neutron scattering (QENS),
and, of course, Hall effect measurements will also be essential
and quite affordable. An experimenter working with a bio-
organic system faces a series of additional problems, which
are specific for such objects:

(1) Relatively low conductivity makes standard techniques
like Hall effect measurements inapplicable for most types of
biomaterials.

(2) Series of phase transitions can lead to qualitative
change of the conductivity mechanism. The corresponding
restriction of the temperature range between specific temper-
atures can make it impossible to identify the charge transport
mechanism reliably. For example, one can encounter serious
difficulties determining the dimensionality n of hopping con-
ductivity, whose temperature dependence is given as σDC ∝
T

1
n+1 [56].
(3) Bio-organic materials cannot be heated significantly

above room temperature without irreversible decomposition.
(4) The presence of water can crucially affect various

properties of bio-organic materials, including electrical con-
ductivity. Therefore, performing good experiments requires
precisely controlling the water content in a sample.

As a result, one usually is forced to deal with limited,
sometimes too general information, like whether the material
contains free carriers or not. Also, the typical spectroscopic
signature of free-carrier response, the dispersionless real part
σ ′ of AC conductivity [49], provides no information about
the origin and type of charge carriers. EIS can determine
the number of types of charge carriers, in some cases be-
ing, however, unable to identify their origin [57]. The use

of EIS for studies of hydrated S. oneidensis single extra-
cellular filament can be found in Ref. [28]. QENS [58],
PFG NMR [59,60], μSR (muon spin relaxation) [29,61],
and AC/DC measurements with contacts made of proton-
conducting material like palladium hydride PdHx [62,63]
provide essential information about proton-based diffusion–
relaxation–mobility–conductivity in the material. Using these
techniques, in a reasonably large number of cases, especially
when protons and electrons are the main charge carriers,
one can estimate the ratio of corresponding contributions. It
should be noted that applying a four-contact scheme to de-
termine the material’s conductivity (Van der Pauw approach)
is mandatory when one deals with macroscopic flat samples,
like pressed pellets studied by us [48]. An example of the
natural pigment melanin shows that the results of two- and
four-contact measurements can be fundamentally different
and lead to entirely divergent conclusions [64]. When the sam-
ple has nanoscale dimensions (single bio-organic molecule or
bacterial nanofilament), the Van der Pauw scheme application
becomes impossible. In this case, one has to deal with many
related problems. The top methods in this area came from
molecular electronics and are well described in a recent re-
view [65]. They include chemical modification of the material
aimed at making covalent bonding with a conductive probe
of the tunnel or atomic force microscope. However, if there
is a solid need to exclude chemical modification of nanosize
samples, some novel approaches from green lithography may
help. The recently developed chitosan-based technique [66]
made it available to perform conductivity measurements of
metastable supramolecular bio-organic objects like individual
brain microtubules without apparent chemical modifications.

II. EXPERIMENT SECTION

A. Samples

The S. oneidensis MR-1 strain was obtained in Research
Institute for Genetics and Selection of Industrial Microor-
ganisms and then its extracellular matrix and filaments were
isolated as described in previous work [47,48]. Bovine serum
albumin was purchased from Amresco (code 0332), and CytC
was purchased from Sigma-Aldrich (code C3131). The EMF,
CytC, and BSA samples were lyophilized powders pressed
into pellets or prepared as thin films on polyethylene with a
diameter of 1 cm and a thickness of 100–150 μm for films
and 1 mm for pellets. For hydration control, all the samples
were kept inside sealed jars above saturated salt solutions until
reaching a weight that did not change with time. Thermo-
gravimetry and element analysis were used to characterize the
samples.

B. Experiment equipment

Fourier-transform infrared spectrometer Vertex 80V,
Bruker, was used to study infrared vibrational modes of EMF,
CytC, and BSA samples in the frequency range from 100 to
8000 cm−1. For the low-temperature measurements down to
5 K, a helium flow cryostat was used. To obtain information
about highly absorbing regions of the spectra, the transmission
coefficient data were supplemented by the measurements in
reflection mode. Reflection data were also helpful while fitting
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FIG. 1. Terahertz-infrared spectra of transmission and reflection
coefficients of EMF, CytC, and BSA samples measured at 300 K.
Solid black lines show least-square fitting results as described in the
text.

the spectral regions near polyethylene absorption bands. Both
transmittance and reflectance spectra of all three samples were
processed with a least-square method using the Lorentz model
to describe every absorption line:

ε∗(ν) = ε′ + iε′′ = f
(
ν2

0 − ν2
) + iν0γ

,

where ε* is complex dielectric permittivity with its real ε´
and imaginary ε" parts, ν0 is the frequency, f = �εν2

0 is
the oscillator strength, and γ is the damping factor. Such
analysis of the spectra with numerous independent absorption
resonances is a typical procedure in spectroscopic studies that
allows extracting parameters of each resonance.

III. RESULTS

The infrared transmittance and reflectance spectra of EMF,
CytC, and BSA measured at room temperature (T = 300 K)
are shown in Fig. 1 with fitting results. In the frequency ranges
where other research groups have previously published the
data, our results on CytC and BSA coincide with the literature
parameters. For instance, the spectrum of CytC shows charac-
teristic bands of amide I at frequencies close to 1650 cm–1 and
amide II band and antisymmetric stretching vibrations line
of COO– group near 1550 cm–1 [52,67–70]. Spectral features
that correspond to amide I (1660 cm–1), amide II (1540 cm–1),
N-H stretching (3320 cm−1, 3063 cm–1), and COO– stretching
(1398 cm–1) vibrations [71] are revealed in the spectra of
BSA.

We have already published the characteristics of EMF,
CytC, and BSA absorption lines with resonance frequen-

cies located in the midinfrared spectral region (from 1000
to 6000 cm−1) [47]. In that work, we focused on studying
the relationship between spectral signatures of low-frequency
conductivity and the terahertz (infrared) response of bound
water molecules. The other midinfrared absorption bands have
not been analyzed, and no far-infrared data were included
in the publication. Still, while the analysis of every single
infrared absorption line is beyond the scope of the present
paper, some far- and midinfrared bands discussed below are
of greater interest for the understanding of charge transport
mechanism and bound water properties in bacterial filaments
and proteins.

For example, these include the absorption peak near
530 cm–1, associated with the hydronium response. Hydro-
nium, or the oxonium ion H3O+, which is formed as a
result of water molecule protonation, has a few infrared fea-
tures including ν2 vibration-inversion mode, or the so-called
umbrella mode, with two bands: 1+–0– transition at fre-
quencies 511–560 cm–1 and 1––0+ transition at frequencies
954–1075 cm−1 [72]. The pronounced peak observed in the
infrared spectra of EMF at 532 cm–1 highly likely corresponds
to the 1+–0– band. One can also see the same peak (at a
frequency 531 cm–1), but of lower intensity in the spectrum of
CytC. For BSA, there is an absorption line at 525 cm–1 whose
oscillator strength is orders of magnitude weaker (see Table I).
As for the 1−–0+ band, there are peaks of similar intensity
at 1067, 1029, and 1041 cm–1 for EMF, CytC, and BSA,
respectively, each again with significantly smaller strength.
However, a reliable determination of these lines’ precise ori-
gin is complicated by the proximity of other vibrations, such
as νas(OHO) of Zundel ion [73,74] or protein NH3

+ rocking
vibrations [52].

According to Stoyanov et al. [75], there is another charac-
teristic group of absorption bands of hydronium ion, which
includes δas(H3O+) that is located at 1597–1710 cm–1 and
associated with H3O+ bending, and ν1(A1) + ν3(E ) that forms
a broad and intense band at 2536–3010 cm–1 and is referred
to the O-H stretching vibrations. The latter might have mani-
fested themselves in the transmissivity spectrum of EMF as
a broad and intense band at 2776 cm–1, and in CytC and
BSA spectra, as weaker bands at 2742 cm–1. Analysis of the
origin of the peak at 1650–1660 cm–1 is more difficult because
of the pronounced absorption due to amide I vibration at
∼1650 cm–1, which is characteristic of most proteins [53]. At
low temperatures, the described peaks freeze out, correspond-
ing to the freezing of bound water in the samples (Fig. 2).

Another aqueous cation that can participate in proton trans-
port processes in materials that are organic and inorganic
proton conductors is the Zundel ion, H5O2

+. However, the
discernment of its infrared absorption lines is still a matter
of debate, since it is complicated by numerous overlaps with
proteins and the Zundel ion lines [76]. The Zundel ion is
formed as a cluster of two water molecules with a proton
distributed between them and forming short, strong, low-
barrier (SSLB) H bonding with water O atoms [35,36,77–80].
The presence of Zundel ion in hydration networks within a
condensed material shows up as a group of infrared bands as-
sociated with O–H+–O group vibrations: the most intense one
at 1000–1160 cm−1 corresponding to νas(OHO) mode; well-
defined bands at 1672–1700 and 860–995 cm–1; weak bands
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TABLE I. The parameters of infrared absorption lines from the transmissivity spectra of EMF, CytC, and BSA with their possible
assignments; ν is resonance frequency, γ is damping, and f is oscillator strength.

EMF CytC BSA

511–560 cm–1 ν = 532 cm−1 ν = 531 cm−1 ν = 525 cm−1

1+–0– transition in ν2 vibration-inversion mode in (H3O+) [72] γ = 94 cm–1 γ = 111 cm–1 γ = 88 cm–1

f = 8390 cm–2 f = 914 cm–2 f = 92 cm–2

860–995 cm–1 ν = 932 cm–1 ν = 936 cm–1 ν = 937 cm–1

O–H+–O group vibrations in H5O+
2 [74] γ = 54 cm–1 γ = 100 cm–1 γ = 152 cm–1

f = 827 cm–2 f = 925 cm–2 f = 892 cm–2

954–1075 cm–1 ν = 1067 cm–1 ν = 1029 cm–1 ν = 1041 cm–1

1––0+ transition in (H3O+) ν2 vibration-inversion mode [72] γ = 85 cm–1 γ = 109 cm–1 γ = 66 cm–1

f = 9778 cm–2 f = 2049 cm–2 f = 314 cm–2

1000–1160 cm–1 ν = 1124 cm–1 ν = 1105 cm–1 ν = 1105 cm–1

νas(OHO) in H5O+
2 [73,74] γ = 76 cm–1 γ = 74 cm–1 γ = 104 cm–1

f = 2768 cm–2 f = 1607 cm–2 f = 1442 cm–2

1225–1255 cm–1 ν = 1238 cm–1 ν = 1244 cm–1 ν = 1251 cm–1

Amide III β sheet γ = 110 cm–1 γ = 84 cm–1 γ = 117 cm–1

1255–1294 cm–1 f = 6386 cm–2 f = 2570 cm–2 f = 1991 cm–2

Amide III random coil [84]
1292–1312 cm–1 ν = 1313 cm–1 ν = 1308 cm–1 ν = 1308 cm–1

Amide III [84] γ = 64 cm–1 γ = 95 cm–1 γ = 116 cm–1

f = 2518 cm–2 f = 1940 cm–2 f = 1207 cm–2

1403–1481 cm–1 ν = 1402 cm–1 ν = 1392 cm–1 ν = 1398 cm–1

Amide III [84] γ = 97 cm–1 γ = 124 cm–1 γ = 108 cm–1

f = 14 286 cm–2 f = 3375 cm–2 f = 2253 cm–2

1597 1710 cm–1 ν = 1650 cm−1 ν = 1662 cm–1 ν = 1662 cm–1

Amide I [53] γ = 22 cm–1 γ = 176 cm–1 γ = 80 cm–1

f = 29 804 cm–2 f = 6389 cm–2 f = 3234 cm–2

∼1750 cm–1 ν = 1740 cm–1 ν = 1757 cm–1 ν = 1744 cm–1

Shared proton bend in H5O+
2 [82] γ = 43 cm–1 γ = 15 cm–1 γ = 85 cm–1

Flanking waters in H5O+
2 [76,81] f = 303 cm–2 f = 72 cm–2 f = 81 cm–2

2536 3010 cm–1 ν = 2776 cm–1 ν = 2742 cm–1 ν = 2742 cm–1

O-H stretching in (H3O+) [75,81] γ = 384 cm–1 γ = 618 cm–1 γ = 539 cm–1

f = 29 174 cm–2 f = 23 013 cm–2 f = 9673 cm–2

∼3200 cm–1 ν = 3195 cm–1 ν = 3201 cm–1 ν = 3201 cm–1

Stretching vibrations of flanking waters in H5O+
2 [81,82] γ = 137 cm–1 γ = 109 cm–1 γ = 102 cm–1

f = 3594 cm–2 f = 382 cm–2 f = 768 cm–2

FIG. 2. Terahertz-infrared spectra of real parts of EMF, CytC,
and BSA dielectric permittivity measured at 300 K (solid lines) and
5 K (dashed lines).

at 1292–1312 and 1403–1481 cm–1 due to the out-of- and in-
plane deformations, γ (OHO) and δ(OHO), respectively. The
most important feature is the νas(OHO) band at ∼1000 cm–1

arising from SSLB H bond [34,73,74]. Also reported are
the features at 1760 and 3200 cm–1, related to bending and
stretching vibrations of flanking water molecules, respectively
[81–83]. The bands at ∼930, ∼1750, and 3200 cm–1 can be
observed in the spectra of all three materials.

As for the other infrared absorption lines meeting the
frequency requirements, one should treat them with caution.
There are explicit bands at 1124 cm–1 in spectra of EMF and at
1105 cm–1 in spectra of CytC and BSA, which might be a re-
sult of the above-mentioned νas(OHO) vibrations. It should be
noted that NH+

3 rocking vibrations of amino acids’ side chains
are located nearby at frequencies ∼1160 and ∼1100 cm–1

[52]. However, the content of amino acid lysine, which con-
tributes to these oscillations, is lower in EMF proteins MtrC,
MtrB, MtrA, and OmcA than in CytC or BSA. This does
not correlate with the corresponding peaks’ intensities: the
oscillator strength of the band at 1124 cm–1 in EMF is almost
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FIG. 3. Infrared spectra of the imaginary part of dielectric per-
mittivity of EMF, CytC, and BSA measured at T = 300 K.

twice as large as the one of the bands at 1105 cm–1 in CytC
and BSA. Shifts of lines positions of a few cm−1 for differ-
ent biomaterials might indicate different coupling strengths
of aqueous cations with the molecular environment in these
materials.

Nonetheless, it is necessary to emphasize that H5O2
+

νas(OHO) vibration and H3O+ ν2 vibration-inversion bands
are still quite hard to discern because of their proximity.
The differentiation problem remains the same at higher fre-
quencies, where the region of interest for studying aqueous
cations’ response overlaps with the regions of infrared activity
of protein residues. The Zundel ion γ (OHO) and δ(OHO)
weak vibrations can hardly be observed in our samples due
to proteins’ amide III vibrational bands at 1295–1320 cm–1 (α
helix) and multiple lines of amino acid side chains within the
range 1375–1480 cm–1 [53,84]. The line at 1672–1700 cm–1

could also be a part of a complex absorption landscape in that
spectral region, together with the δas(H3O+) band of hydro-
nium, but discerning them from amide I band is also fraught
with difficulties. The same applies to H3O+ umbrella bending
mode at 1250 cm–1 [76] and amide III β-sheet and random
coil bands, at 1225–1255 and 1255–1294 cm–1, respectively
[84].

All the above-mentioned absorption lines with their param-
eters and possible origin are summarized in Table I.

IV. DISCUSSION

Considering the data of Table I and Figs. 3 and 4, one
can see that the absorption bands related to the response
of hydronium ion (or Eigen ion regarded as hydronium ion
bound by three molecules of water via hydrogen bonds) are
markedly more intense in EMF than in CytC and even more
so than in BSA. The same is true for almost all the bands
related to the Zundel ion vibrations, with the latter being
orders of magnitude less intense in EMF than the bands de-
tected for hydronium. Assuming that the molar absorption
coefficient of the hydronium and Zundel ions is approximately
the same in all three protein systems, we come to the fol-
lowing conclusions. First, the content of hydronium ions is
reduced significantly in CytC compared to EMF, and it is
even smaller in BSA. Second, the amount of H3O+ cations
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FIG. 4. Terahertz-infrared spectra of imaginary parts of dielec-
tric permittivity of EMF, CytC, and BSA samples measured at 300
and 5 K. “Debye” indicates the subterahertz part of the spectra where
a Debye-type relaxational response of bound water is detected in the
spectra of EMF and CytC. In the infrared range, frequency intervals
are indicated where translational (T) and librational (L) vibrations of
H2O molecules are observed.

in EMF prevails over that of H5O2
+. One notes the curious

correlation with the results of our previous studies [48], where
we have observed free-carrier (Drude-like) conductivity in
EMF to be orders of magnitude greater than that in CytC,
and no delocalized charge carriers to be present in the BSA
samples despite being equal with CytC hydration level. The
rise of conductivity values correlated with the strengthening
of response due to bound water absorption of the samples
in the subterahertz range (Fig. 4). The situation prompts us
to consider the current knowledge about the relation between
the concentration ratio H3O+/H5O2

+ and the level of proton
conductivity in well-studied systems. Solid heteropolyacids
can be taken as the first example. Among them, the Keggin-
type 12 tungstophosphoric acid (TPA, H3PW12O40 × H2On,
where 0 � n � 24 is a controllable parameter) is of particular
interest due to its chemical stability and the strongest acidity,
and, as a consequence, well-studied structure and electrical
conductivity at different levels of hydration. In this system,
proton mobility negatively correlates with the prevalence of
H5O2

+ cation among the other hydrated proton forms [38].
Dissipation of H5O2

+ due to increase or decrease of water
concentration leads to the formation of labile hydronium or
Eigen cations. The interested reader can get acquainted with
detailed studies of this issue utilizing QENS [85,86], NMR
[38,39,41–43,87], and other techniques [44,88] in the corre-
sponding references.

The second example is the so-called floating water bridge
observed when a high (∼ kV cm−1) potential difference is
applied between two beakers of any polar liquid with low
conductivity [89–91]. Induced by the field, the liquid jumps
to the edges of the beakers and forms a free-hanging elastic
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flow connecting the two volumes. The effect was first reported
by Sir William Armstrong in 1893 but forgotten for several
decades [92]. However, in recent years, it has been studied
in detail by several groups that have been able to identify
several remarkable features of the phenomenon. Teschke et al.
demonstrated that the Raman spectrum of the bridge could be
modeled by a superposition of Zundel and Eigen cations spec-
tra [93]. Zundel-like contribution prevailed at a voltage of 6.3
kV. As the applied voltage increased, the Eigen-like spectral
contribution added to the overall spectral feature. There is no
surprise since Zundel cation is the simplest stable proton hy-
drate [35]. High concentrations of (H3O+) are achievable only
under special conditions, i.e., high concentration of a strong
acid and low water concentration [35,78]. Otherwise, the
equilibrium H3O+ + H2O →← H5O2

+ is strongly shifted to the
right. Higher voltages lead to the faster synthesis of protons on
the anode and, consequently, to the local insufficiency of water
molecules needed to hydrate hydronium cations into Zundel
cations. In this way, the relations between conductivity and the
prevalence of Zundel cation are similar in the floating bridge,
variously hydrated TPA, and the studied proteins. In another
study, Teschke et al. [94] demonstrated that the increase of
voltage-dependent proton current in the bridge corresponds to
the growth of the intensity of water molecular translational
vibrations. Again, as in EMF and CytC, the increased inten-
sity of translations corresponds to greater conductivity values
measured in the radiofrequency range.

The physics behind the floating water bridge phenomenol-
ogy is still a matter of intensive study. However, important
strides have been made recently in developing the general
theory of the phenomenon. The enhanced mobility of pro-
tons in the bridge is associated with the formation of proton
channels [95]. The latter is supposed to be caused by the sym-
metry breaking of the water structure revealed by the applied
electrical field. Namely, water is prone to topological changes
[96]. The presence of a high electric field as a mandatory
condition for higher charge mobility was articulated more than
60 years ago [97]. Neither molecular dynamics simulations
nor electrohydrodynamic flow simulations are sufficient to ex-
plain various microscopic effects observed in the experiments
[95,98,99]. To solve the problem, Fuchs et al., in their recent
article [91], appeal to the terms of Landau’s theory of phase
transitions and persuasively represent the floating bridge as
an example of a dynamic second-order phase transition. The
interested reader should refer to this remarkable series of
works.

Are those high electric fields needed for the floating
bridges relevant to biological systems? Yes, they are. Cel-
lular power stations, i.e., mitochondria, responsible for the
synthesis of adenosine triphosphate (ATP) during oxidative
phosphorylation, support electrochemical transmembrane po-
tentials with values up to 150 millivolts per 5 nanometers,
i.e., 3 × 107 V/m. Previously, it was thought that the electro-
static field that arises at the inner mitochondrial membrane
is effectively shielded and does not penetrate over long dis-
tances deep into the cytosol. The development of nanosized
supramolecular voltmeters [100] demonstrated that high elec-
trical fields, sufficient for establishing a floating water bridge
on a macroscopic level, are found in the whole cytosol. In
mitochondria, the transmembrane hydrodynamics may play

an important role for ATP synthase molecular machine, which
probably functions as a watermill utilizing the flow of the
field-accelerated proton cations to synthesize ATP. Unfortu-
nately, the structure of the pathway the protons take through
the membrane domain of ATP synthase is known presently
with low spatial resolution, of only 4 Å [101,102]. For this
reason, we cannot judge confidently in what form the proton
(H+ or H3O+) enters the enzyme and performs its function,
or, in other words, whether the hydronium cation decays into
the water molecule and a proton in the membrane domain or
not.

There exist limited data on water dynamics in the first
hydration layer of the mitochondrial membrane. However, we
know that mobile proton species in the intermembrane space
of mitochondria can be divided into two main types even at
the current level of our knowledge. The first type is associated
with the mechanism of localized coupling of respiration and
phosphorylation postulated by Williams in 1961 [103]. These
charges are less hydrated, coupled with the membrane surface,
and are directly consumed for ATP synthesis [104]. Due to
their relative thermodynamic instability, these charges can be
extracted into the bulk phase in intermembrane space utilizing
catalysts like 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) [105]. The specific uncouplers with hydropho-
bic anchors can selectively transfer them back into the
mitochondrial matrix and uncouple the inner mitochondrial
membrane [106]. We tend to associate these membrane
interfacial protons with hydronium cations due to interfa-
cial localization and additional free energy compared to the
charges in the bulk phase. The second type of proton species
are those in the bulk phase; these are, presumably, more stable
and less mobile Zundel-like cations.

CytC and EMF contain membrane and membrane-
associated proteins responsible for the corresponding cellular
energetics, which includes electron transport and support
of transmembrane electrochemical proton potential. There-
fore, similar spectral features observed in these materials and
the efficient proton conductors like TPA and floating bridge
are no surprise. Moreover, theoretical electrohydrodynamic
approaches developed to explain the floating bridge phe-
nomenon may bring insights to understanding the functioning
of ATP-synthase and the whole supercomplex of membrane
enzymes forming the oxidative phosphorylation machinery
(so-called OXPHOS). We may suppose that enhanced dielec-
tric contribution of translational vibrations of water molecules
even without strong external electrostatic fields observed in
membrane and membrane-associated proteins in CytC and
EMF features the preformation of interfacial water that can
promote enhanced proton transportation. In some cases, ATP
synthase can also be located at the external membrane of S.
oneidensis [107].

It is important to add that experimental detection of aque-
ous cations in the samples may be regarded as evidence of the
excess protons present within the bulk of the material. How-
ever, bound water itself and bound aqueous proton cations
do not necessarily indicate the availability of effective proton
transport. For example, there is a transfer of water molecules
in the aquaporin channel. Still, the electrostatic barrier does
not allow hydronium ions to move into the channel from
the outside, and protons do not enter the cell [108]. Another
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structural prerequisite for the lack of charge transport may be
the failure of the hydration network to cross the percolation
threshold, for example, due to the shape of the protein surface.
Significant differences in the conductivity values in EMF,
CytC, and BSA can be due to the different structures of these
biomaterials. Percolation water networks inside them can be
organized in different ways. The absence of the Debye con-
tribution in the subterahertz part of the spectrum in the case
of BSA suggests that water, at formally equal concentrations
in BSA and CytC, is more strongly bound in BSA molecular
environment. Hydration networks in BSA might not over-
come the percolation threshold required for proton transport
over relatively long distances. We also see that the librational
modes in the BSA spectra have a larger dielectric contribu-
tion than the translational ones. Bound water is in a more
localized state, and no free-carrier conductivity is observed
[48].

Although we do not know which structures water forms
in our samples, and the terahertz-infrared dielectric response
of the hydration shell is almost impossible to measure, there
still exist some clues to understand how water layers are orga-
nized. In the spectra of all the three samples in Fig. 4, a broad
and intense band at 50 cm–1 is observed. There are hypotheses
about its origin, including relating this band to long-range
protein vibrations [109], or to the O-O-O bending mode of
polygonal water clusters, which often form at the surfaces and
in the voids of different proteins [31,110]. However, the pre-
cise determination of this band nature requires more research.

The presence of hydronium ions is usually directly re-
lated to excess protons in the system. Therefore, the signs of
hydronium and other aqueous cations found in the studied bio-
materials can indirectly indicate the type of charge transport
there. Yet when talking about aqueous cations, it is essential
to keep in mind that they are difficult to distinguish from one
another, and the research on aqueous protons in condensed
media is far from complete. We regard the prevalence of aque-
ous translations in THz/FIR (far-infrared) range as a stronger
argument towards excess of mobile protons in EMF and CytC
than features of intramolecular vibrations attributed to H3O+
and H5O2

+ detected at higher frequencies.
It is also important to note that neutral and slightly

acidic pH values keep CytC positively charged (pICytC above
9.5) and BSA negatively charged (pIBSA below 5.2) [111].
Thus, CytC from industrial packaging should be a com-
plex cation (alkylammonium/imidazole–guanidine), binding
hydroxyls and freeing proton cations in water. BSA is an
anion (with sodium counterions in our case [48]) and should
accept protons from water producing hydroxyls. The latter
can partially explain an excess of aqueous proton cations in
the case of CytC sample. In its turn, EMF should represent
a complex of many proteins with isoelectric points lying in a
range from about 8.5 for CymA to about 4.5 for MtrB. Since
EMF contained more water and the ratio between its protein
components remained unknown, it is more logical to regard
it as a separate case and do not include CytC and BSA in
comparison [48].

Interestingly, the NMR data for CytC and BSA [112,113]
demonstrate some interrelationship with our results. Various

attempts to estimate rigidly bound waters per molecule gave
numbers from 25 to 60 for BSA [113,114] and from 2 to 4 for
CytC [112,115]. It means that the same hydration levels lead
to quite different ratios between strongly bound and relatively
free water molecules for these two systems. BSA has a more
developed surface with cavities in which water should persist
in a more fixed state. Indirectly we observed another possible
consequence of this effect in specific heat as a feature near
170 K [48], where the caged water may freeze.

V. CONCLUSION

In this paper, another attempt was made to illustrate the
effect of bound water and aqueous cations on charge transport
in three biological systems: S. oneidensis MR-1 extracellular
matrix and filaments, and proteins cytochrome c and bovine
serum albumin. Spectral signatures of H3O+ and H5O2

+
species observed in the samples’ infrared transmittance and
reflectance spectra indicate the presence of aqueous proton
cations in all three materials. The characteristics of aqueous
cations absorption bands allow us to judge with a considerable
degree of certainty that the excess protons’ content is much
higher in EMF samples than in CytC and is the lowest in
BSA, which correlates with the electrical conductivity values
in these materials. The free-carrier conductivity in EMF was
observed to be orders of magnitude greater than in CytC,
but no evidence of charge transport was detected in BSA.
Such correlation in the behavior of delocalized charge carriers
and the presence of aqueous cations suggests that aqueous
proton cations are the main charge carriers within the studied
biological materials. Finally, the presence of these cations’
absorption lines in the infrared spectra of biological materials
might potentially serve as an additional sign of their ability
to transport electrical charge. Some of the frequently used
spectral signatures of excess protons in materials do not work
well in proteins because of the proximity of the intense contri-
butions of vibrational protein residues, such as amide bands.
However, infrared lines at 530 and ∼1000 cm–1, together with
the Debye subterahertz relaxation and translational vibrations
at 200 cm–1, can be considered as a good indicator of the
presence of proton transport in the biomaterials EMF and
CytC, as confirmed by the correlations discussed in this work.
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