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a b s t r a c t

In this article, an outline of the different parameters (for example, temperature, metal core reconstitu-
tion, compressive pressure) that control solid-state electron transport through the iron-storage protein
ferritin, in monolayer and multilayer form, is presented. It is shown, primarily by using the local probe
measurement methods like scanning tunnelling microscopy/spectroscopy and current sensing atomic
force microscopy/spectroscopy that ferritin is a potentially versatile bioelectronic material since its
electron transport properties can be controlled by various simple means and its film structure can be
largely tailored as per need.
1. Introduction

1.1. Metalloproteins for molecular bioelectronics

Molecular bioelectronics is a rapidly growing interdisciplin-
ary field that aims for incorporation of biomaterials in electronic
devices so that useful electronic behaviour based on natural
biological functions, such as binding, catalysis, recognition, self-
assembly and electron transfer, combined with the processing
power of modern microelectronics can be generated for real-
ization of devices like biosensors, bio-fuel cells, bio-computers
etc. [1–6]. The molecular building blocks of life, e.g., proteins,
nucleic acids, are examples of biomaterials that possess unique
nanoscale properties as determined by their structure, size, unique
folding pattern and electronic charge distribution. In case of
proteins, the structural features like the polypeptide chain; its
higher order secondary structure like α-helix and β-sheet, and
the tertiary structure, which is formed due to folding of the sec-
ondary structure, all actively contribute to the electron transport
capacity of proteins. Such capacity can particularly be enhanced
via multiple aromatic residues having conjugated unsaturated
bonds and metal-containing cofactors [7].

Amongst all protein types, the metalloproteins offer several
advantages as far as controlled construction of a tunnel junc-
tion is concerned. First, the metalloproteins are naturally capable
of electron transfer due to their specific design that facilitates
electron tunnelling. Second, the metal centre in a number of
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metalloproteins can be substituted with other metals with negli-
gible change in the protein structure. Third, the metal centres in
many metalloproteins are redox-active that means a possibility
for switching the electronic state of the molecule (i.e., changing
the oxidation state of the metal centre) by applying a ‘‘gating’’
potential. Fourth and finally, the metalloproteins exhibit interfa-
cial recognition characteristics that may be optimized through,
for example, genetic engineering, and used in ‘‘programmed as-
sembly’’, which is a key component in ‘‘bottom-up’’ approach for
device fabrication. Therefore, for construction of a stable tunnel
junction in the solid-state metal–insulator–metal (M–I–M) con-
figuration, the redox metalloproteins can potentially be attractive
candidates because of their intrinsic capability of transferring
single electrons over long distances (10–20 Åin solution) in a
fast and directional manner [1]. There are reports that suggest
that proteins in the solid state (where only structured water is
retained) pass orders of magnitude higher currents than saturated
molecules with comparable thickness [8]. Previously, it has been
observed that the electrical conductivities of azurin and bacte-
riorhodopsin are nearly comparable to that of the conjugated
molecules (‘‘wires’’) [9]. Ferritin, the protein of interest in our
work, is an important example of redox-active metalloprotein
that is universally present in almost every living being, playing
a crucial role in iron storage and maintaining the physiologically
relevant iron balance.

Ferritin is a natural nanoparticle as the core is about 8 nm
in size, which is encapsulated by a spherical protein shell of the
diameter ∼12 nm [10]. It’s core–shell structure is unique, having
multiple channels in the shell for movement of electrons and
Fe2+ions [11] from the outside to the core or vice versa (Fig. 1).
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Fig. 1. X-ray crystallographic structures of (a) holoferritin (the surface cysteine
residues are highlighted in yellow), (b) a schematic diagram of holoferritin
showing the centrally located iron core, (c) a schematic diagram of apoferritin,
which is devoid of the metal core. In (b) and (c), the locations of the four 3-fold
channels in between the shell structures are shown. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Naturally occurring holoferritin contains iron core inside the hol-
low sphere in form of oxide. Apoferritin is the iron-free form of
ferritin. The mineral core of mammalian holoferritin constitutes
of ferrihydrite phosphate (FeOOH)8(FeOPO3H2), accommodating
up to few thousand iron atoms in the core. The electron transfer
capacity of the ferritin protein has been exemplified by electro-
chemical measurements that are indicative of electron transfer
to and from the mineral core [12]. Importantly, the holoferritin’s
ferrihydrite core can act like a semiconductor [13], which is
conducive for application in bioelectronics. It has been shown
recently that the electronic property of ferritin can be tuned [14,
15] by core modification using different metals [16], which is
potentially useful for band gap engineering. Ferritin has been
treated as an insulator–conductor composite as the core mod-
ification results in change in the overall electronic state of the
protein [14]. In a recent report from our group, we have shown
that the electron transport ability of ferritin protein is not re-
stricted in nm length scale of the monolayer configuration, but
can sustain above the micron length scale as exemplified using
a purely protein-based ferritin multilayer configuration, which is
an electronically homogeneous 3D bio-electronic material having
wide band gap semiconducting property [17]. The ferritin mul-
tilayer formation with retained electron transport ability could
be crucial for device fabrication, especially where the bottom-
up approach of nanotechnology is applied. Since integration of
ferritin onto a range of substrate like gold [18–20], HOPG [18],
silicon [14,17], ITO [21] has been made possible using the deposi-
tion techniques like chemisorption via gold-thiol [14,15] linkages,
electrolytic deposition [22], spin coating [18] and the electrostatic
adsorption [17], a versatile use of the ferritin multilayer is pos-
sible. A clear advantage of using such films is that the ferritin
film is quite stable in solid-state ambient condition for up to
180 days [17]. The differently iron-loaded ferritins have been
used for fabrication of devices like nano-battery [23] and memory
device [24], although their real-life use has not been validated.
The negative differential resistance (NDR) behaviour [25] of the
ferritin protein further drives for bio-electronic switch applica-
tion. In this perspective article, the solid-state electron transport
capacity of ferritin under different conditions will be presented.

1.2. Fabrication of ferritin-containing junction using the local probe
approach

A variety of strategies can be used to connect metallopro-
teins with an underlying metallic substrate, provided that the
redox-active region of the biomolecule and the metallic substrate
are closely and appropriately positioned for efficient electronic
communication. Linking redox proteins to the electrodes with
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preserved functionality, so that fast electron transport between
the biological component and the electrode can take place, is of
fundamental importance in design of bio-nanodevices. Proteins
may adopt random and undesirable orientations as they directly
adsorb on solid surfaces through hydrophobic or electrostatic
interactions (physisorption), and may even denature because of
multiple contacts with the surface, thus compromising with their
intrinsic electron transfer capability [26]. As an alternative, elec-
trodes can be modified with a layer of organic molecules, for
example, alkane thiol or other thiol-terminated chains, prior to
protein deposition [27,28]. For miniaturization of bioelectronic
devices to the nanoscale dimension, ‘function-preserved’ integra-
tion of proteins onto a solid substrate is a crucial step. In this
direction, a number of successful attempts have been made by
our group where a ferritin layer was integrated in a conventional
metal–insulator–metal (M–I–M) configuration [14,15,17,18,25].
Although the redox metalloproteins are not truly insulator as they
exhibit semiconducting behaviour at least over a few nanometre
length scale, but the conductivity of protein is not as high as
the typical inorganic semiconductors or the conducting polymers.
This could be due to very low free carrier concentration and
high band gap energy (2–4 eV) of most of the proteins. In our
recent work [17], it has been shown that holoferritin multilayer
is a wide band gap (∼2 eV) semiconducting material with bulk
semiconducting characteristic beyond 45 nm dimension. So, it
is not incorrect to propose that a protein in the solid state is
a feebly conducting material — an intermediate between an
insulator and a typical semiconductor. For these reasons, the
proteins have been used in the M–I–M configuration in many
studies so far [8,14,15,17,18,25,29], and we have also applied
the M–I–M configuration for studying electron transport in the
ferritin protein.

The M–I–M configuration was set up using mostly the lo-
cal probe approach (scanning tunnelling spectroscopy or STS,
and current sensing atomic force spectroscopy or CSAFS). The
advantage of using such approach in bioelectronics is that the
imaging probe can be used as an electrode to perform electronic
analyses at the single molecule (or few molecules) level. Also,
the local probe methods [30,31] suitably fit into the length scale
(few nm) over which molecular bioelectronics operates. Because
metalloproteins are capable of long-range (∼10–20 Å) electron
transfer and a recent report even suggests that solid-state elec-
tron transport measurements across the protein complexes yield
measurable currents over electrode separations of up to ∼100
Å [32], these proteins are ideal candidates to be fitted inside
the tunnel gap between the two electrodes of M–I–M config-
uration. Since in STS the change in tunnel current is probed
versus tip-sample bias generating an I-V curve, or tunnelling
conductance is measured, where the tunnel current is sensed
from only a narrow region (∼5 Å) of the surface, STS can offer
nanoscale local information. This is quite different in comparison
to the other surface spectroscopy techniques, for example, surface
photovoltage spectroscopy, since the latter offer averaged infor-
mation from a larger surface area. STS provides the possibility for
probing the local electronic structure of metals, semiconductors,
and thin insulators on a scale unobtainable with other spectro-
scopic methods. Additionally, topographic and spectroscopic data
can be recorded simultaneously when used in combination with
scanning tunnelling microscopy or STM. STM and STS do not
require the probe to be in contact with the surface of interest
since the tunnel current can traverse an insulating gap in the M–
I–M configuration. The current sensing atomic force microscopy
or CSAFM is a popular variation of AFM [31] used for performing
topography imaging and current imaging simultaneously. In a
typical CSAFM configuration, the metal–molecule–metal junction
is created using the CSAFM tip and the underlying substrate as



the two electrodes across which a certain bias is applied. CSAFM
offers an advantage over STM that in CSAFM the tip position can
be decoupled from the bias and the current through the molecule
of interest. This ability of CSAFM provides the opportunity to
acquire current–voltage data with tip feedback engaged and at a
quantifiable force [33]. In the corresponding spectroscopy mode,
i.e., CSAFS, a controlled tip-sample separation can be maintained
by applying a contact force of specific value. Under very low
contact force (< 10 nN) operation, a tip-sample tunnel gap can
be maintained in the CSAFS configuration. Under this low contact
force regime, the CSAFS data could be equivalent as STS data and
one can obtain an idea of conduction band (CB) and valence band
(VB) in terms of local density of states (LDOS) of the sample sur-
face [14,34,35]. In the low contact force regime, a few angstrom
tip-sample separation is maintained, so that the probe experi-
ences repulsive force against the surface, so this is still under
the AFM contact mode operation. Under this low contact force
regime, truly electrical contact (ohmic contact) is not possible,
while a suitable condition for electron tunnelling in the CSAFS
setup can be achieved [14,35–37]. But in case of ambient STM,
maintaining a controlled tip-sample separation as a function of
tunnel current set point is difficult especially for proteins and
other biological samples. Furthermore, in STM configuration, the
small tip-sample tunnel gap introduces very high vacuum (or air)
giga-ohm resistance that can interfere with the transport study.
The CSAFS setup can eliminate this vacuum resistance since a
stable electrical contact can be made between the conductive
AFM tip and the sample. In the CSAFS configuration, under high
contact force ( > 30 nN), a stable tip-sample ohmic contact can
be maintained which is suitable for measurement of local probe
DC conductivity.

2. Tunable electron transport in ferritin

Xu et al. first reported the electrical conductivity measure-
ments on single holo- and apoferritin molecules in isolated state
and in film state on gold surface by conductive probe AFM (CP-
AFM) [19]. Their measurements revealed that holoferritin is 5–15
times more conductive than apoferritin. In our laboratory, STM
visualization of holoferritin and apoferritin molecules in single
isolated state (Fig. 2a, b) and in the form of a film (Fig. 2c,
d) on gold(111) surface was carried out under ambient con-
dition in constant current and constant height mode [20]. In
the previous STM reports on ferritin proteins, no clear image of
the protein molecules was presented, where it was even men-
tioned that imaging apoferritin by STM is not possible, because
of the low conductivity of the protein [38]. However, in our
case, the observation was in contrary to these previous reports.
This initial success in electronically addressing ferritin proteins
prompted us to develop strategies for controlling the electron
transport capacity of ferritins, which is crucial for developing a
bioelectronics-based device where ferritin proteins are used as
components.

In all our studies on the ferritin protein, we used the concept
of energy band, rather than HOMO-LUMO energy levels. In case
of small molecules such as organic molecules, small pi-conjugated
systems etc. where the interactions between few atomic orbitals
lead to the formation of discrete allowed electronic energy lev-
els (molecular orbitals), HOMO-LUMO states are relevant. But
in case of protein molecules, aperiodic polypeptide chains are
present [39], which contain a large number of atoms like those
in a giant molecular crystal. So, the enormous number of atomic
orbitals interact together to form a large number of closely spaced
molecular orbitals, which can further merge together to form
protein energy bands [40,41]. In fact, there have been several re-
ports on ferritin where the term ‘band gap’ has been used for the
3

Fig. 2. STM height images for isolated (a) holoferritin and (b) apoferritin
molecules on gold(111) surface. STM height images of (c) holoferritin film and
(d) apoferritin film on gold(111) and corresponding current (I) vs. voltage (V)
curves (e, f), at 25 oC. STM height images of (g) holoferritin film and (h)
apoferritin film on gold(111) and corresponding current (I) vs. voltage (V) curves
(i, j), at 40 oC. Bias 0.8–1.0 V on the tip, tunnel current 200 pA, scale bar 20 nm
(Fig. 2a, c, d, g, h) and 50 nm (Fig. 2b).
Source: This figure is adopted from Ref. [20].

ferritin system [42,43]. We propose that a ferritin-like big protein
in a thin film configuration should be characterized by the energy



band structure and not the HOMO-LUMO energy levels. In our
entire work, we have studied different ferritin protein films, both
in monolayer and multilayer forms, but not at the truly single
molecule level, even though local probe method was applied. This
is because the probe (especially the CSAFS case) has probed few
molecules at a time, but not one molecule, due to the consid-
erably large tip width. Furthermore, ferritin is a core–shell type
nanoscale object, where the core is either natural (holoferritin)
or modified by laboratory synthesis. The core modification can
change the overall electronic structure of ferritin which is evident
from the differential conductance plot of ferritin films [14] and
from the UV–Vis absorption spectra in terms of Tauc-plot-derived
optical band gap. In the ferritin protein, the metal-containing core
is encapsulated by a polypeptide shell. Here, we can make an
analogy with the percolation behaviour of conductor–insulator
composites [44]. If some conducting material is inserted into
the solid matrix of an insulating material, after some critical
conducting filler concentration the insulator starts to conduct and
behaves as a conductor–insulator composite. Similarly, pure apo
form of ferritin could be treated as an insulator and the metal
core as the conducting filler. It could be possible for all types
of ferritin that the number of metal atoms (few hundreds to
4500 per ferritin molecule) inside the metal core could reach the
critical conducting filler concentration which is responsible for
the comparable order of sensed current under the given voltage
sweep for the reconstituted ferritins including holoferritin.

2.1. Heat-induced enhancement of electron transport through fer-
ritin

From the STS measurements performed at different tempera-
tures (25 to 40 ◦C) on the ferritin film prepared onto gold(111)
surface using 10–20 pM ferritin solution, we found that while no
band gap was observed for the metallic gold, which is indicative
of ohmic conduction, well-defined electronic band gaps were ob-
served for both holoferritin (−0.5 to 0.5 V) and apoferritin (−0.56
to 0.91 V) (Fig. 2e, f) at 25 ◦C. A narrower band gap was observed
in case of holoferritin compared to apoferritin probably because
of holoferritin’s electronically conducting iron core. By fitting to
the Fowler–Nordheim (FN) tunnelling model1 of the form I(V) =

AV2 exp(−B/V), the average B value for apoferritin was found
to be 3.84 times higher than the B value for holoferritin [20]
which signifies higher conductivity of holoferritin. The STS-based
B value calculation as in our case [20] was found to differ to some
extent from the CSAFS-based measurement that was previously
reported [19]. In STS configuration, the net tunnelling distance
is greater than that in the CSAFS configuration. This is because
in the STS configuration, the tip-sample separation is the added
tunnelling barrier with the ferritin protein length whereas the
ferritin protein diameter is the only tunnelling barrier for CSAFS
setup. According to the basic principle of STS, the tip-sample sep-
aration has to be adjusted in order to reach the set point tunnel
current, depending on the available local density of state of the
protein surface. Therefore, it is obvious that the tip-sample sep-
aration should be somewhat different for apo- and holoferritin.
But the order of tip-sample separation (few angstrom) should
be negligibly small with respect to the ferritin protein diameter

1 Fowler–Nordheim (FN) tunnelling (tunnelling emission or field emission)
theory is a commonly used model to describe electron tunnelling from a metal’s
Fermi energy over a barrier into an adjacent insulator. FN tunnelling was initially
used to explain the phenomenon of the extraction of electrons from cold metals
in intense electric field in air or in vacuum environments. Later it was modified
to explain electron tunnelling across the metal–insulator interface [45]. We
considered the FN tunnelling model since it is applicable when the applied
voltage is larger than the barrier height [19].
4

(∼12 nm). Hence, the overall tunnelling distance (including fer-
ritin) would be quite similar for both apo- and holoferritin. That
the quantitative comparison of B value of apo- and holoferritin
differs from the B values that were CSAFS-derived [19] could be
due to the presence of an air tunnel gap between the tip and the
sample and to some extent the available LDOS on protein film.
The low LDOS of the apoferritin surface (high energy band gap)
could be related to the comparatively high B value (∼4 times)
with respect to holoferritin unlike the previous report [19].

The I–V experiments on ferritin films (Fig. 2c, d, g, h) starting
from 25 ◦C to the near-physiological temperature of 40 ◦C for
both holo- and apoferritin revealed a decrease in the band gap
values (Fig. 2e, f, i, j) with increasing temperature that could
be due to gradual increase in conduction through the protein
shell with increasing temperature. At 40 ◦C, the I–V response of
holoferritin displayed ‘zero’ band gap (indicative of near-metallic
behaviour), while apoferritin showed a reduced band gap (Fig. 2i,
j). These findings clearly indicate that electron transport capacity
of ferritin protein can be controlled by application of heat.

2.2. Tuning ferritin electronic band gap via metal-core-reconstitution
strategy

Further strategies for band gap tuning involved introduction of
different biocompatible metals, namely, manganese, cobalt and
copper, within the apoferritin nano cavity [15,46,47]. The aver-
aged I–V plots for Mn(III)-ferritin, Co(III)-ferritin, Cu(II)-ferritin
along with holo-ferritin and apoferritin, were distinctly different
from each other (Fig. 3a), and the current values at a high bias
voltage (at about 0.9 V) could be clearly discriminated (Fig. 3b)
[15]. The band gap values were found to follow the order
apoferritin > Mn(III)-ferritin > holoferritin > Co(III)-ferritin >

Cu(II)-ferritin (Fig. 3c) that is found to be correlative to the order
for the electrical conductivities of the corresponding free metals.
The correlation is clearly observed also in the current values
obtained at the higher voltages (the case of 0.9 V in Fig. 3b). These
observations indicate the formation of a valence band–conduction
band overlapped zone inside the protein core similar to the bulk
metal. In fact, one previous report on Co(III)-ferritin proposed ex-
istence of ‘‘metallic bonds’’ [48] within the metallic nanocore. Our
overall conclusion is that by using the metal-core-reconstitution
strategy, one can tune the ferritin band gap by pre-selection
of the metals. Using the metal-core reconstitution strategy, one
can therefore tune the ferritin band gap by pre-selection of the
metals.

From the inductively coupled plasma (ICP) measurements,
we found that 450, 360, and 220 atoms were incorporated per
Mn(III)-ferritin, Co(III)-ferritin, and Cu(II)-ferritin molecule, re-
spectively [15]. Surprisingly, in spite of a substantial difference
in the metal content between holoferritin (∼4500 Fe atoms) and
the reconstituted ferritins (∼200–450 metal atoms), the amount
of metal content did not affect the order of conductivities of the
five ferritins [15]. In a separate study on differently iron-loaded
ferritins, we observed that the extent of iron loading did not
significantly influence the I–V characteristic [49], probably due
to the different crystalline states of the iron cores. These obser-
vations indicate that the effective conductivity depends more on
the electronic nature of the metal core and the least on the degree
of metal uptake.

2.3. Controlling electron transport in ferritins by compressive pres-
sure

Another factor that could clearly control electron transport
through ferritins was found to be compressive pressure as applied
using the current sensing atomic force spectroscopy (CSAFS)



Fig. 3. (a) Overlay of current (I) vs. voltage (V) curves for the bias range ±2.0 V. Magnified view of the band gap region is shown in the inset figure. (b) Plots
of current (I) values against applied voltage (V) for all the five proteins examined. As the voltage increases the difference in magnitude of current values becomes
more prominent. (c) Band gap energy values estimated for the five ferritin systems. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
Source: This figure is adopted from Ref. [15].
Fig. 4. (a) Overlay of averaged I–V responses using current sensing AFS for the
minimum applied force values (17–20 nN), and the typical surface coverage of
ferritin as applied in the CSAFS experiments (2.4 µm x 2.4 µm scan area) (inset).
(b) Semilog plots of resistance (R) against applied force at low potential (0.1 V).
Source: This figure is adopted from Ref. [18].

probe (Fig. 4) [18]. Our CSAFS results revealed that by apply-
ing compressional force, in varying degrees (17–66 nN), the
degree of electron transport through ferritins could be varied
(Fig. 4b). The capacity of electron transport could be increased
with greater amount of force applied or for application of force
over longer time. This compression-induced enhancement of
the electron transport capacity could be due to compression of
the protein polypeptide part since such compression effectively
reduces the atom-to-atom distances and therefore increases the
electron transport rate. Our CSAFS experiments also revealed
from the resistance versus force plots (Fig. 4b) that the resistance
values of Mn-, holo-, Co-, and Cu-ferritins at almost any specific
force value correspond to the order for the free metal electrical
conductivities [18].

The reversibility of the I–V profiles was checked, and it was
revealed that the I–V behaviour was more or less reversible in
the lower force regime of 20–35 nN unlike the higher force
regime ( > 60 nN). At a critical pressure, the protein molecules
may undergo a certain degree of loss of structure, though not
totally unfolded. A significant contribution comes from defor-
mation of the protein polypeptide part, which is supported by
the general observation of force-induced band gap modifications,
including the case of apoferritin. The atomic packing density of
the protein matrix could increase upon increasing pressure [50],
inducing better electronic coupling between the different re-
gions of the protein polypeptide shell. One notable point is, the
mechanical properties of each ferritin system could however
be different from each other, and the proteins might not be
uniformly compressible [51].

Therefore, we further explored an approach to find a correla-
tion between the mechanical properties of ferritins with variable
iron content against a range of applied force (by nano-indentation
force curve analysis) and its electrical response under pressure
5

stimulation (by CSAFS) at nanoscale [49]. This information could
be particularly important for assessing mechanical stability of
the ferritin films in a bio-nano device platform. We found that
the Young’s modulus values of the ferritin proteins in a film are
directly linked to the iron content of the individual ferritin type.
A correlation existed between the iron content of the ferritins
and the current values observed above 0.7 V bias voltage under
a compressional force of ∼66 nN. It is possible that at the higher
voltages the iron atoms residing deeper inside the ferritin core
could be accessed, whereas the iron atoms present at the inner
wall of the polypeptide shell made a general contribution to the
electronic conductivity of ferritin [49].

It is known from pioneering studies of Frisbie lab [52], that in-
creasing the compressional load should increase the tip-molecule
contact area and compress the molecule, making the tunnelling
barrier thinner. Therefore, at higher applied mechanical loads (66
nN), the number of participating ferritin molecules in electron
tunnelling would increase and differential mechanical properties
of ferritins will play an important role. Frisbie lab also reported
that during I–V measurements, a small ‘‘electrostatic load’’ on
the junction is applied in addition to the mechanical load by the
cantilever [52]. This electrostatic force is due to the attraction
between the tip and substrate as the voltage on the tip is in-
creased. According to their estimation, at 1 V applied tip bias,
the calculated electrostatic load is ∼1 nN which results in a 3%
change in the junction contact area, and thus a small change in
resistance. If we count on this, at bias 0.7 V and above, a small
increase in contact area will lead to a decrease in junction resis-
tance and better discrimination between the differently loaded
ferritin could be possible.

2.4. The ‘‘ON’’-‘‘OFF’’ electronic behaviour in ferritins

Realization of useful ‘‘ON’’-‘‘OFF’’ behaviour under junction-
assembled condition has been observed only in a handful of
proteins, namely, azurin, cytochrome c, bacteriorhodopsin [36,
53,54], so far. This ‘‘ON’’-‘‘OFF’’ behaviour is typically shown in
the I–V response curve having negative differential resistance
(NDR) peak characteristics, that is, a sharp decrease in current
with progressively increasing voltage and vice-versa. We could
observe such NDR characteristics in the I–V response of ferritin
proteins assembled in the M–I–M configuration using STS [25].
Holoferritin revealed two current maxima corresponding to NDR
at −1.4 V and 1.3 V in the negative and positive voltage regions,
respectively, whereas, apoferritin was NDR-inactive (Fig. 5). It is
plausible that resonant tunnelling is the most probable reason
behind observation of NDR in ferritins [25]. Some local density
of states of holoferritin were also observed to be missing in
both the valence band (VB) and the conduction band (CB) in
the differential conductance spectra. This is the reason when the



Fig. 5. Overlay of STS-derived current (I) vs. voltage (V) curves for holoferritin
(blue line) with NDR zones (green lines) and apoferritin (red line) devoid of
NDR. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
Source: This figure is adopted from Ref. [25].

tip electronic state and the molecular density of states (DOS)
of ferritins enter in complete resonance, the tunnel current can
reach its maximum value, and when the Fermi level of the STM
tip gets aligned with the DOS missing regions of the CB of the
ferritin layer in negative voltage or the DOS missing valence band
region gets aligned with just above the Fermi level of the STM tip
in the positive voltage, an off-resonance condition results leading
to NDR (Fig. 6). Different alignments of the local density of states
of ferritin layer and bias-dependent tip electronic state diagrams
explain the resonant tunnelling condition which corresponds to
the high tunnel current (appearance as a NDR peak current). The
DOS missing regions could be treated as the forbidden energy
levels of the ferritin layer that led to the off-resonance condition
which corresponds to the NDR valley current. The DOS missing
region was absent for apoferritin which explains the non-NDR I–
V characteristics of the apoferritin layer. We observed significant
variation in NDR peak position and NDR peak–valley ratio for a
particular ferritin layer that could be influenced by the defects
generated during SAM formation, chemical inhomogeneities on
the ferritin surface due to different amino acid arrangements, and
also positioning of the protein molecule in different orientations
under the tip when anchored via one or more of the available
surface-exposed cysteine thiols. Due to the similar reason we
observed tunnel current variation under the same voltage sweep.
In addition, some influence of the underlying substrate via large
(∼2 nm diameter) voids between the closely packed ferritin
proteins in the monolayer arrangement [17] could be present. As
a result, we observed ∼70% NDR along with significant number of
non-NDR curves. The observation of NDR in ferritins indicate that
ferritins are suitable for use in bioelectronic devices where ‘‘ON’’-
‘‘OFF’’ signal generation is required. As the negative resistance
produces power, the ferritin proteins are attractive candidates for
power generation too.

2.5. Long-range electron transport through ferritins

In the earlier sections, we presented the findings where the
ferritin proteins are assembled in monolayer form. The obser-
vation of electronic accessibility of the ferritin monolayer un-
der different experimental configurations and on different sub-
strates [14,18,20,24] prompted us to further explore the long-
range electron transport ability inside a ferritin multilayer film
in order to assess if it will be suitable for use as a 3D electronic
material. The ferritin multilayer was prepared on silicon using
6

Fig. 6. (A) Non-zero Vapp results in zero tunnel current at the sweep voltage
inside the ferritin band gap region, (B) high tunnel current from STM tip to
conduction band of ferritin in the negative voltage region, (C) decreased tunnel
current (negative voltage NDR zone) at the higher negative voltage, (D) high
tunnel current from the valence band of ferritin to STM tip at positive voltage
region, and (E) the decreased tunnel current (positive voltage NDR zone) at the
higher positive voltage.
Source: This figure is adopted from Ref. [25].



Fig. 7. (a) A schematic representation of layer-by-layer ferritin multilayer construction on silicon, (b) AFM topography image of the holoferritin tetra-layer surface,
(c) work function values for different ferritin multilayer surfaces as determined by Kelvin probe force microscopy (KPFM), (d) vertical current–voltage response by
C-AFS study, (e) lateral current–voltage response by interdigitated electrode-based pico-ammeter study.
Source: This figure is adopted from Ref. [17].
the layer-by-layer (LbL) electrostatic adsorption of successive
cationized ferritin and native ferritin (negatively charged) layers
[Fig. 7a] [17], leading to a uniformly dense ferritin coverage
[Fig. 7b]. This method is economical, time-effective, and advan-
tageous over the other methods like spin-coating, electrolytic
deposition etc. From the Kelvin probe force microscopy (KPFM)
analysis, this ferritin multilayer was found to be a stratified struc-
ture and an electronically homogeneous medium [Fig. 7c] without
developing a junction potential between any two adjacent layers,
probably because no intermediate junction of other materials
was present between the protein layers [17]. We employed two
parallel approaches of electron transport measurements across
the multilayer (vertical measurement) using CSAFS and along the
multilayer (lateral measurement) using interdigitated electrode-
based measurement. A significant level of current (nA level) was
observed up to the tetralayer (which offers ∼30 nm long trans-
port route) using the CSAFS configuration, with transport band
gap values 1.8–2.0 eV for the different layers [Fig. 7d] [17]. On
the contrary, no significant electron transport could be detected
in apoferritin even for the bilayer configuration. In case of current
measurement along the ferritin multilayer surface within a lateral
length scale of 40 µm using an interdigitated electrode-based
system [17], we found that the holoferritin multilayer sensed
current in µA order [Fig. 7e]. The order of current was found to
be 103 times higher in case of the holoferritin multilayer than
the apoferritin multilayer. In case of the interdigitated electrode-
based lateral current measurement, we were able to establish a
stable large micron size contact area between the ferritin mul-
tilayer and the gold electrode, unlike in case of the local probe
configuration. As a result, the contact resistance could be reduced
significantly in the interdigitated configuration compared to the
vertical current measurement by local probe configuration. The
current detected in the interdigitated configuration was at the
nA level in case of both the bare interdigitated electrode device
and the six layer apoferritin-modified electrode device, while
the holoferritin multilayer (with iron core) sensed current in µA
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order under the experimental voltage (0–3 V) sweep condition.
In case of the vertical current measurement using local probe
CSAFS configuration, as the conductive probe dimension is small
(∼20 nm diameter) and the substrate is semiconducting silicon,
very high contact resistance (for tip-sample contact) in the order
of giga-ohm [14] results for sensing current within the nA limit
and the bias of ± 3V applied. We could obtain successful I–
V responses from the holoferritin multilayer up to only four
layers using the CSAFS setup. This could be because holoferritin
exhibits low carrier concentration at room temperature [14], and
therefore high medium resistance towards current, leading to
insignificant current-voltage response (within our experimental
bias range ± 3 volt) beyond the tetralayer (∼30 nm) thick.

3. Mechanism of electron transport in ferritins

Since the central cavity of holoferritin contains few thousands
of iron atoms and the size of ferritin is ∼12 nm, single-step
direct tunnelling would be unlikely for ferritin. Moreover, in case
of the vertical electron transport measurement on the ferritin
multilayer, we did not find any significant change in the I–V
response for the tetralayer compared to the monolayer [Fig. 7d].
Since the tunnelling current should be a function of transport
length, the observation of thickness independent I–V response
[Fig. 7d] indicates that purely coherent tunnelling mechanism
is highly improbable. The observation of temperature-induced
electron transport through ferritin [20] probably indicates that
the electron transport mechanism could be based on hopping
mechanism. The observation of long-range electron transport in
ferritin multilayer over few tens of nm to few tens of micrometre
strengthens the prospect of hopping mechanism, where the pres-
ence of a large number of different hopping sites, for example,
different polar groups, aromatic amino acid residues, and the
‘charge trap/release FeIII/FeII sites’ (within the ferrihydrite core),
could play an important role [17]. Previously, long-range electron
transport was reported in case of a 60 nm long route of azurin



layer [55] and a 100 nm long route of ferritin-PAH layers [56]. Our
observation of electron transport over a micron order length scale
through ferritin multilayer (using interdigitated electrode config-
uration) is probably the longest transport length scale reported
so far.

We further found that both the vertical electron transport
measurement and the lateral I–V measurement indicate bulk
semiconducting behaviour of the holoferritin multilayer [17]. In
case of holoferritin, apoferritin, and three metal-core-
reconstituted ferritins, i.e., Mn-, Ni-, and Au-ferritin, we found
that all the five ferritins showed statistically distinct transport
band gap values, varying between 0.8–2.6 eV, and that the esti-
mated band gaps were comparable with the optical band gaps
as calculated from Tauc plot using solution phase UV–visible
spectrophotometry [14]. The three metal-core-reconstituted fer-
ritins appeared to be n-type doped semiconductor, holoferritin
as lightly doped p-type semiconductor and apoferritin as intrinsic
semiconductor [Fig. 8] [14]. So generally, ferritin can be described
as a conductor–insulator composite, where, the conducting filler
inside the polypeptide shell (which is insulating) could be re-
lated with the percolation behaviour of a conductor–insulator
composite [44]. As a result, the interaction between the metal
core and the polypeptide shell could lead to a change in the
overall electronic structure of the material, which is reflected in
the surface density of states of the different ferritin SAMs [14]. It
was clearly observed from the optical band gap values that the
electronic confinement (‘Z’ direction across the multilayer) inside
holoferritin occurs up to the sixth-layer configuration [Fig. 9].
Anything beyond the sixth layer holoferritin multilayer could
therefore be considered as bulk ferritin material. Since such ob-
servation was not made in case of apoferritin, we propose that the
ferric oxy-hydroxide core of holoferritin could be responsible for
such confinement effect. Overall, the holoferritin multilayer could
be considered as a wide band gap, indirect type semiconducting
biomaterial and apoferritin as a near-insulating material with
direct band gap characteristics [17]. Electronic confinement inside
a biomaterial was not reported earlier. Also, the unusually long
exciton radius of 45 nm for the holoferritin multilayer is the
longest exciton radius reported for a biomaterial so far, and is
one of the longest exciton radius reported in general compared
to the most of the inorganic/organic nano-crystals (εr ∼10 nm).
The observed high exciton radius could also be related to a facile
hopping mechanism in ferritin protein.

We propose that the electron transport mechanism for fer-
ritin protein is electrode-independent. Although different elec-
trodes such as gold, HOPG and silicon were used for the trans-
port measurements, we could successfully study electron trans-
port by local probe configuration on all these substrates. In all
cases, be it gold or HOPG or silicon, ferritin proteins exhibited
semiconductor-like behaviour with well-defined band gaps. In
most cases, we observed symmetrical I–V responses (with respect
to both positive and negative bias) simply by choosing the two
terminal metal electrodes where the electrode materials have
comparable work functions [57,58], where the work function of
the substrate material should be close to the work function of
the conducting AFM tip (within about 0.5 eV). In our local probe
configuration, the work function of the conductive platinum-
coated AFM tip is ∼4.9 eV which is close to the work function
of gold substrate (Φ ∼5.1 eV) or HOPG (Φ ∼4.6 eV) and also
silicon substrate (Φ ∼4.3 eV) [17]. So, in our local probe CSAFS
setup, any substrate material can be used whose work function
is close to the work function of the conducting AFM tip. Such
flexibility in electrode choice means application of the ferritin
protein in a wide range of experimental setups for studying
electron transport.
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Fig. 8. Schematic band diagram of different types of ferritin thin films on silicon.
The dotted Fermi energy level assumes to be aligning at 0 volt.
Source: This figure is adopted from Ref. [14].

4. Present perspective and future developments

In our works, both the ferritin monolayer and multilayer have
been used where a number of results have indicated the potential
of ferritin as novel type of bioelectronic material. In the earlier
work by Xu et al. [19], only the difference between holo- and
apoferritin, as far as their electron transport characteristics are
concerned, was presented. However, no concept and ability of
tuning their electron transport properties by varying tempera-
ture, applying pressure, and by metal-core-reconstitution, and
other useful features like NDR, and long-range electron trans-
port through the multilayer were included in that study and in
developing future materials. We have shown that different bio-
compatible metal-core-reconstituted ferritins exhibit a range of
band gap values (2.6–0.8 eV) with different doping states which
is useful in synthetic band gap engineering and future materials
for molecular electronics-based devices. Further, we have later
shown an exceptionally high exciton Bohr radius of ∼45 nm in
case of the bulk dimension of the ferritin multilayer. Importantly,
the electronic confinement and the longest excitonic Bohr radius
is the first report so far in case of any biomaterial.

We believe that the ability to synthesize artificial minerals
inside the ferritin protein [16,46,47,59] with tunable electronic
band gaps [15,43], either using one type of metal or a bi- or mul-
timetallic arrangement [60], can expand the utility of ferritins in
novel bioelectronics applications. If transition metal oxide cores
can be synthesized inside ferritin, which are considered to be
Mott insulators (a class of insulators that can become a conductor
by changing parameters like composition, pressure, strain, volt-
age, or magnetic field), then these reconstituted ferritins could
be the building blocks for unconventional, nanoscale field-effect
transistors, switches, and memory devices [61,62]. In addition,
ferritin’s functional integrity remains intact upon binding onto
an affordable substrate like silicon that means that ferritin-based
applications in electronics should be cost-effective [14]. In our
study, a high percentage of NDR was observed [25] which is a
positive step towards obtaining utilizable electronic signals from
metalloproteins. This could be useful for developing potential
molecular switches, where ON–OFF signal generation and sig-
nal amplification are required. Further, utility of ferritin as 3D
electronic circuit material needs to be explored since the ferritin
multilayer can be treated as a unique, purely proteinaceous, semi-
conducting material, where electronic z-confinement has been
shown inside the holoferritin multilayer with a high exciton
radius (∼45 nm) [17]. Although ferritins are robust proteins, it is
also necessary to assess the shelf life of ferritins to see whether
these are stable enough in the device-integrated form. Till now,



Fig. 9. (a) Electronic z-confinement inside holoferritin multilayer; (b) Absence of electronic z-confinement inside apoferritin multilayer unlike holoferritin.
Source: These figures are adopted from Ref. [17].
a shelf-life of up to 180 days for the holoferritin multilayer has
been observed [17], which is encouraging for future ferritin-based
applications in bioelectronics.
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