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erritin is one of the most widely used

biomolecules for the preparation of

bioinspired nanomaterials.' > Ferritin
is a highly stable iron-storage protein with
an outer diameter of ~12 nm and a shell
thickness of ~2 nm. Itis produced by almost
all living organisms including bacteria, al-
gae, higher plants, and animals and acts as a
buffer against iron deficiency and iron over-
load in organisms. The ~8-nm-diameter-
sized cavity of ferritin has been used as a
nanoreactor, and its structural stability has
allowed ferritin to be used for the synthesis
of various nanostructured materials via ion
exchange and pyrolysis.*” Although exten-
sive studies involving ferritin have been
published, relatively little effort has been
put into investigating the electrical proper-
ties of ferritin or the design of ferritin-based
bioelectronics. Recently, Xu et al. has re-
ported measurement of the direct electrical
conductivity of a ferritin layer in dry form,®
as opposed to the more typical measure-
ments of the electrochemical redox reaction
of ferritin in aqueous solution using cyclic
voltammetry. We have focused on the pos-
sibility that a high density of Fe ions within
dried ferritin films may have resistance-
switching properties as a consequence of
the charge trap/release of Fe"/Fe" pairs in-
duced by externally applied voltage. This pos-
sibility is very significant because it would allow
a variety of proteins containing Fe"/Fe' redox
couples as well as ferritin to be employed as an
electrically active material for the resistive-
switching-based nonvolatile memory devices
applicable to mobile electronics.

To date, a variety of synthesized organic
nonvolatile memory devices that exhibit
excellent performance have been intro-
duced; in many cases, they have exhibited
write-once/read-many-times (WORM)-type
memory behavior without rewritable ON
and OFF states.”'® Recently, it was reported
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Electrochemical properties of redox proteins, which can cause the reversible changes in the
resistance according to their redox reactions in solution, are of the fundamental and practical
importance in bioelectrochemical applications. These redox properties often depend on the
chemical activity of transition metal ions as cofactors within the active sites of proteins. Here,
we demonstrate for the first time that the reversible resistance changes in dried protein films
based on ferritin nanoparticles can be caused by the externally applied voltage as a result of
charge trap/release of Fe"/Fe" redox couples. We also show that one ferritin nanoparticle of
about 12 nm size can be operated as a nanoscale-memory device, and furthermore the layer-
by-layer assembled protein multilayer devices can be extended to bioinspired electronics with
adjustable memory performance via molecular level manipulation.

KEYWORDS: layer-by-layer assembly - multilayers - ferritin - redox - nonvolatile
memory

that organic memory devices with reversi-
ble ON and OFF states as well as high mem-
ory performance could be prepared using a
spin-coated insulating organic matrix that
contains charge trap elements, such as gra-
phene or inorganic nanoparticles.'''?

In this study, we report for the first time

that the one protein nanoparticle for *Address correspondence to

nanoscale devices as well as protein-based
multilayers can be used as a nonvolatile
memory device and that its switching be-
havior originates from redox sites (i.e., ferri-
hydrite core) within the protein. Further-
more, it is demonstrated that the memory
performance of protein multilayers can be
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Figure 1. (A) QCM data of PAH/ferritin multilayers as a function of the layer number. (B) Film thicknesses of (PAH/
ferritin),=s,10, ana 15 Multilayers measured from cross-sectional SEM images after drying under vacuum. The insets show
cross-sectional SEM images of 5 and 15 bilayered films. (C) 3D AFM images of (PAH/ferritin);5s multilayers. Root-mean-square

surface roughness was measured to be about 1.2 nm.

significantly improved by layer-by-layer (LbL) multi-
layer design. For this investigation, multilayer films
composed of anionic ferritin and cationic poly-
(allylamine hydrochloride) (PAH) were deposited onto
Pt-coated substrates using the electrostatic LbL assem-
bly method.'*~23 Although a variety of methods (i.e.,
vacuum deposition®* sol—gel coating,?®> and spin-
coating®~'%%%) for preparing dry memory devices with
ON/OFF current ratio above ~10° and low operating
voltages of about 3 V have been introduced to date, a
LbL assembly method based on a solution dipping
process is quite useful for preparing electrical films
with tailored electrical properties and layer thickness as
well as various functional components on substrates of
different sizes and shape. The importance of our work
lies in the fact that electrochemical characteristic of
proteins can be extended to nonvolatile memory
properties, and furthermore protein films can be de-
signed as high-performance memory device via LbL
assembly manipulation. Therefore, we believe that our
approach using LbL assembly can provide a basis for
the development of a new field of study such as
nonvolatile memory related to a variety of protein-
based nanomaterials as well as ferritin.

RESULTS AND DISCUSSION

The isoelectric point of ferritin lies in the pH range
4.5—4.8:° therefore, ferritin exhibits an overall positive
charge at pH < 4.5 and an overall negative charge at
pH >5. In addition, the pK, (i.e., the pH value at which
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50% of a polymer's functional groups are ionized) of
PAH in bulk solution is approximately 9.2 These phe-
nomena indicate that ferritin and PAH can be used as
anionic and cationic species at pH 9, respectively. On
the basis of this electrostatic interaction, the quantita-
tive growth of multilayers was monitored by quartz
crystal microgravimetry (QCM). Figure TA shows the
frequency changes, —AF, and the mass changes of
adsorbed PAH and ferritin that result from an increas-
ing number of layers. The mass changes were calcu-
lated from the frequency changes (see Methods).
These QCM frequency (or mass) changes indicate that
regular multilayer film growth occurs when PAH and
ferritin are LbL-assembled from the deposition solu-
tions. The alternating deposition of PAH and ferritin
results in —AF of 21 & 5 (Am of ~366 ng-cm’z) and
63 & 4 Hz (Am of ~1106 ng-cm’z), respectively, per
layer. The thickness of (PAH/ferritin),, multilayers was
regularly increased from 0 to 107 nm with increasing
bilayer number (n) from 0 to 15 (Figure 1B). In this case,
the measured film thicknesses did not coincide with
ideal film thickness considering ~12 nm-sized ferritin
with about 1.20 g-cm 3 adsorbed PAH layer thickness
and bilayer number because the insufficient surface
coverage (~43%) of ferritin is caused by the electro-
static repulsion between the same charged ones.?®?°
This insufficient surface coverage was also confirmed
by AFM imaging of (PAH/ferritin);s multilayers with a
root-mean-square surface roughness of about 1.2 nm
(Figure 1C).
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Figure 2. (A) XPS spectrum of PAH/ferritin multilayers. (B) Cyclic voltammograms from PAH/ferritin multilayer-coated indium
tin oxide electrodes with an electrode area of 0.5 cm? in phosphate buffer solutions at pH 7 (potential sweep rates: 200, 150,
100, 50, and 20 mV-s "), and plots of anodic and cathodic peak currents vs potential sweep rates.

As confirmed from the X-ray photoelectron spec-
troscopy (XPS) pattern of PAH/ferritin multilayers, the
spectral shape and binding energies of the significant
peaks of Fe 2ps,, (710.3 eV) and Fe 2p,,, (723.5 eV)
were caused by the presence of ferrihydrite phosphate
within the core of ferritin (Figure 2A).3%3" Additionally,
these Fe ions give rise to the redox reaction of ferritin.
As shown in Figure 2B, the formed PAH/ferritin multi-
layers displayed typical electrochemical redox beha-
vior that originated from ferritin in pH 7.0 phosphate
buffer solution (PBS); increased scan rates resulted in
higher intensities of the redox peaks (i.e., the oxidation
peak at —0.15 V and the reduction peak at —0.27 V).
During the cyclic voltammetry (CV) scans, Fe'" atoms,
which compose ferrihydrite cores, were reduced to Fe"
during negative potential sweeps, and Fe'" was oxi-
dized to Fe" during positive potential sweeps. The
redox peak currents increase linearly with scan rate,
indicating that the electrochemical response is governed
by a charge-transfer mechanism.3%**> Additionally, the
iron uptake and release mechanism is caused by a Fe'"/
Fe' redox reaction in solution state because the solubility
of Fe" is higher than that of Fe"3** As a result, ferritin
multilayers with electrochemical redox reactions were
deposited onto substrates, and the layer thickness and
amount of adsorbed ferritin were precisely controlled.

We prepared nonvolatile memory devices com-
posed of (PAH/ferritin), multilayers deposited onto
Pt-coated Si substrates and Ag top electrodes with
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diameters of 100 um deposited onto the multilayer
films as shown in Scheme 1. In this case, PAH/ferritin
multilayer films were sufficiently dried under vacuum
to completely remove the residual water before the
deposition of Ag electrodes. Our strategy is based on
the possibility that the reversible resistance change of
a ferritin multilayer device can be controlled by the
charge trapping and release of Fe"/Fe" couples under
an externally applied voltage in an air environment.

The electrical measurements of nonvolatile memory
cells were performed using applied voltage in an air
atmosphere. In a typical bipolar switching measure-
ment that depends on voltage polarity, voltage sweeps
from —2.0Vto 2.0 V and back to —2.0 V were applied
with the current limited to 100 mA. The high-current
state (ON state) formed after the initial electroforming
stage (for a conductive path within multilayers) was
suddenly converted to a low-current state (RESET pro-
cess for OFF state) at +1.5 V when the reverse voltage
polarity was applied to the (PAH/ferritin),_s 115 multi-
layered devices. This low-current state (OFF state) was
maintained from +2.0 V to —1.5 V and then converted
to the high-current state at —1.5 V (SET process for ON
state). In addition, an increased number of bilayers (i.e.,
increased multilayer thickness) significantly lowered
the OFF current level because the increased film thick-
ness decreased the electric field level (Figure 3A). As a
result, the ON/OFF current ratio of these devices was
increased to ~10°.
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Scheme 1. Schematics for the Setup of PAH/Ferritin Multilayer-Based Nonvolatile Memory Devices

To further investigate the stability of the resistive
switching properties, cycling and retention time tests
of 15 bilayered PAH/ferritin film devices were per-
formed to determine their electrical stability in the
ON and OFF states using a reading voltage of +0.1 V
(Figure 3B and Q). In these cases, the ON and OFF states
were kept continuously stable during the repeated
cycling tests of approximately 300 cycles with a fast
switching speed of 100 ns and a test period of 10* s in
air. These reversible switching properties were still
maintained after one year (see Supporting Information,
Figure S1). Recently, solid electrolytes or transition
metal oxides sandwiched between an electrochem-
ically active Ag and an inert electrode have been
reported to exhibit resistive-switching behavior be-
cause of an electrochemical redox reaction based on
the high mobility of Ag ions.>® 38 Although Ag electro-
des were used as the top electrodes in our system, a
similar switching behavior was also observed with
electrochemically inert tungsten (W) top electrodes.
That is, the (PAH/ferritin);s multilayers sandwiched
between Pt (bottom) and W (top) electrodes exhibited
an ON/OFF ratio greater than 10%, which was similar to
that measured from multilayer devices with a Ag top
electrode. Additionally, the conventional polyelectro-
lyte multilayers composed of cationic PAH and an-
ionic poly(acrylic acid) (PAA) without charge trap sites
showed insulating characteristics without any switch-
ing memory (see Supporting Information, Figure S2).
Furthermore, the apoferritin-based multilayers (ie.,
(PAH/apoferritin);s) without Fe"/Fe" redox couples
did not exhibit the ON current state shown in the
(PAH/ferritin);5 film, and their conductivity level was
also lower than the OFF current level of the (PAH/
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ferritin), 5 film (see Supporting Information, Figure $3).2
These results evidently show that the films containing
no charge tap sites do not have reversible resistive
switching behavior, and furthermore the metal ion
diffusion of metal electrodes into the films has no
meaningful effect on the resistive switching behavior.

Although a variety of switching mechanisms for
resistive-switching memory devices have been re-
ported,’®*° %2 the memory effect in these devices
may be due to charge storage (low conductivity) and
release (high conductivity) within the charge-trap sites
such as the ferrihydrite core.?>**~* First, the negative
voltage sweep of devices from —2.0 to 0 V releases
the electrons from the redox sites (i.e., region (1) in
Figure 3A) and induces a highly conductive state. This
ON state is maintained until the electrons are partially
injected into the redox sites (i.e., (2)), and they are
trapped in redox sites until the voltage polarity is
reversed (i.e, (2) — (3)). However, after the reversal
of the voltage polarity, the conductive paths for elec-
trons in the PAH/ferritin multilayers are broken down,
which resulted in a decrease in conductivity that cor-
responds to the RESET process (i.e., switching from the
high-current to the low-current state). The OFF state
is maintained to approximately —1.5 V (i.e., region (4)).
However, an increase in the external electric field to
release the trapped electrons from within the redox
sites (i.e., region (4)) is thought to sharply increase the
conductivity at the SET voltage (i.e., Vsgr ~ —1.5 V for
the SET process).

The conduction mechanism of the PAH/ferritin mul-
tilayers was further investigated using the nonlinear
I—V characteristics plotted on a log—log scale for the
negative voltage sweep (i.e., from region (4) to region
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Figure 3. (A) I-V curves of (PAH/ferritin), multilayer devices with bilayer number (n) from n = 5 to 15. (B) Cycling
and (C) retention time tests of a 15-bilayered device measured at a switching speed of 100 ns at a reading voltage
of 0.1 V. Retention time stability after 1 year is expected from the slope of ON and OFF current state. (D) Linear fitting

for the |-V curve of a 15-bilayered device plotted on a log—log scale for the SET process during a negative voltage
sweep.
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Figure 4. |-V curve and CS-AFM images of (PAH/ferritin); multilayers in the ON (region 3) and OFF state (region 4) during
positive voltage sweep, and the ON (region 1) and OFF (region 2) state during negative voltage sweep, respectively. CS-AFM
images of multilayer devices were measured from the respective regions in the /I—V curve of a (PAH/ferritin); multilayer
device. The formation of conductive filamentary paths was confirmed by CS-AFM characterizations. In this case, an
electrochemically inert Pt tip was used as a top electrode instead of the Ag electrode. The formation and rupture of the
randomly distributed paths were observed after “SET” processes (i.e., switching from low-current (OFF) to high-current (ON)
state) and “RESET” (i.e., switching from high-current (ON) to low-current (OFF) state).

(1) in Figure 3A). Figure 3D shows that the /—V relation- local conduction path, such as a metallic filament
ship in the ON state of PAH/ferritin films clearly exhi- acting as a resistor with low resistivity. On the other hand,
bited ohmic conduction behavior with a slope of the fitting results for the OFF state showed a charge
1.02. In this case, ON current might flow through a transport behavior similar to that of space-charge-limited
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Figure 5. (A) Schematic and (B) I—V curve of one bare ferritin nanoparticle measured from CS-AFM with current compliance

of 2.1 uA.

conduction (SCLC) with a trap model.'®*#¢ The SCLC
model consists of an ohmic current region (/=< V) because
of thermally generated charge carriers, a Mott—Gurney
law region (also known as Child's law in solids) (/ o< V3,
and a region of sharp current increase. These phenomena
indicate that ferrihydrite cores of ferritin act as trap sites
that capture electrons injected from electrode and that
the electrons captured in the trap are easily emitted
under a high electric field (i.e., formation of local con-
ductive path as a result of charge release). The different
conduction behaviors in the ON and OFF states also
suggest that the high conductivity in the ON-state device
is a localized conducting effect rather than a homoge-
neously distributed one. The formation of localized con-
ductive filamentary paths was also confirmed using
current-sensing atomic force microscopy (CS-AFM) char-
acterizations (Figure 4). For the CS-AFM measurement, a
(PAH/ferritin); multilayer film was deposited onto Pt-
coated substrates, and then an electrochemically inert
Pt CS-AFM tip with contact area of about 30 nm was used
as a top electrode instead of a Ag electrode of 100 um
size. In this case, the formation and rupture of randomly
distributed paths were observed in ON (i., region (1) and
(3)) and OFF state (i.e., region (2) and (4)) measured from
the /-V curve of three-bilayered PAH/ferritin films.
Furthermore, the relatively low conductivity and high ope-
rating voltages shown in CS-AFM data compared to those
in Figure 3A are mainly caused by tip size and an addi-
tional energy barrier between films and tip electrode.
That is, for the measurement of the memory cell
shown in Figure 3A, the 100 um-sized electrodes were
used as a top electrode. On the other hand, the AFM tip
electrode has an electrical point source with an ex-
tremely small contact area of about 20—30 nm, causing
the increase of resistance. Furthermore, the surface
interfacial contamination on conducting AFM surfaces
may provide an additional energy barrier for the con-
tact resistance. Therefore, the current level of ON and
OFF states measured from the AFM tip electrode is
relatively low compared to that from the large-size
electrode of a memory cell. Additionally, considering

KO ET AL.

that the electron transport in organic materials con-
taining transition metal complexes is mainly caused by
an electron-hopping process,*’ this conductive path is
formed by electron hopping between charge trap sites.
Furthermore, we investigated the possibility that one
bare ferritin particle without any coated polyelectro-
lytes could operate as a nanoscale memory device
(Figure 5A). For this investigation, ferritin-coated sub-
strates were prepared onto a Pt-coated Si substrate
using ferritin solution with an extremely diluted con-
centration of 1 x 107° mg-mL™". In this case, the
nonvolatile memory properties of one ferritin particle
in an area of 70 x 70 nm? was measured using the
CS-AFM tip electrode with a current compliance of
2.1 uA. As shown in Figure 5B, one ferritin nanoparticle
displayed an ON/OFF current ratio of ~10°, inducing
the typical bipolar switching behavior (see also Sup-
porting Information, Figure S4).

To demonstrate the switching mechanism based on
the trap and release of charges, nonvolatile memory
properties have been investigated using kelvin force
microscopy (KFM) (Figure 6A). First,a 12 x 12 #mz area
of the multilayer film was scanned at +12 V to induce
charge trapping. Next, an 8 x 8 um? area was scanned
at —12 V to induce charge release. The charge-trap
operation was successively performed by scanning a
45 x 4.5 um? area with a + 12 V bias. A —12 V bias
was applied to a 1.5 x 1.5 um? area for the charge
release. In Figure 6A, the yellow region indicates the
charge-trap state, and the dark region corresponds to
the charge-release state. Consequently, the evident
contrast changes of the KFM image obtained from
charge trapping/releasing operations strongly support
our hypothesis that the nonvolatile memory effects of
our device originate from ferrihydrite of ferritin.

On the basis of these results, we have tried to im-
prove the memory performance of ferritin multilayer
devices by the further insertion of insulating layers of
about 2 nm thickness between ferrtin layers (i.e., (PAH/
ferritin/PAH/PAA) ). These films were thermally an-
nealed at 150 °C to completely remove the residual water
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Figure 6. (A) 3D KFM image of PAH/ferritin multilayers for the charge-trap/release operations. (B) Repeated /—V curves of

(PAH/ferritin/PAH/PAA);, multilayers.

with films. This LbL multilayer design effectively screened
the leakage current (particularly, OFF current level) in ON
and OFF current states, and as a result induced low power
consumption (Figure 6B). In this case, the (PAH/ferritin/
PAH/PAA);o multilayer device exhibited the higher ON/
OFF current ratio of ~10° and the low current level of ON
current level of 107* A and OFF current of 10" "'A at a
reading voltage of —0.1 V than those of PAH/ferritin
devices. The device performance shown in our approach
was comparable to those of previously reported in-
organic®>*” or organic memory devices®*® with high me-
mory performance. Considering that conventional vacu-
um deposition or spin-coating methods have much
difficulty in modulating electrical properties via molecu-
lar level manipulation, our approach is very effective for
preparing a high-performance memory device with a
facile solution process.

CONCLUSIONS

We have demonstrated for the first time that LbL-
assembled ferritin multilayers in a dry form exhibit

METHODS

Preparation of Multilayers. The concentration of ferritin (from
equine spleen, Aldrich), apoferritin (from equine spleen,
Aldrich), and PAH (M,, = 70000, Aldrich) solutions used for all
the experiments was 1 mg-mL™". The solution pH of ferritin and
PAH was adjusted to 9. In this case, ferritin was used as an
anionic component at pH 9, and on the other hand, PAH was
used as cationic components at pH 9. Pt-coated Si substrates
had an anionic surface by irradiating UV light. These substrates
were first dipped for 10 min in the cationic PAH solution,
washed twice by dipping in water for 1 min, and air-dried with
a gentle stream of nitrogen. Anionic ferritin was subsequently
deposited onto the PAH-coated substrates by using the same
adsorption, washing, and drying procedures as described
above. This process was repeated until the desired number of
layers was deposited. The resultant multilayer films were suffi-
ciently dried under vacuum conditions.

QCM Measurements. A QCM device (QCM200, SRS) was used
to investigate the mass of material deposited after each
adsorption step. The resonance frequency of the QCM electro-
des was ca. 5 MHz. The adsorbed mass of PAH and ferritin,
Am, can be calculated from the change in QCM frequency,
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the bistable electrical-switching behaviors that
can be used to create nonvolatile memory under
applied voltages. These phenomena were mainly
caused by the charge trap/release of the Fe"'/Fe"
redox couples within ferritin. Additionally, be-
cause Fe ions within ferritin can be easily replaced
by different kinds of transition metal ions using
their ion exchanging properties, our approach can
be applied to nonvolatile memory devices and
thereby allows a variety of charge trap elements.
In future publications, we will also show that a
variety of proteins (i.e, catalase, myoglobin, or
hemoglobin) as well as ferritin-containing Fe ions
can display the resistive switching properties and
their memory performance can be significantly
improved by LbL assembly manipulation such as
the insertion of insulating PEs. Therefore, we be-
lieve that our approach can be extended to bioin-
spired electronics requiring high performance via
a versatile surface chemistry, i.e, LbL assembly
process.

AF, according to the Sauerbrey equation: AF (Hz) = —56.6Am,,
where Am, is the mass change per quartz crystal unit area
in yg-cm’z.

Fabrication of Resistive Switching Memory Devices. All the samples
were prepared on Si substrates (2cm x 2 cm) with a SiO; layer of
about 100 nm thickness. A Ti layer of 20 nm thickness was then
deposited on the substrates, and the bottom electrode (Pt) was
subsequently deposited using a DC-magnetron sputtering
system. The (PAH/ferritin),, multilayer films were then formed
on the Pt-coated Si substrates. The resultant multilayer films
were dried for 4 h under vacuum conditions. After completely
removing residual moisture within the films, top electrodes with
100 um diameter were deposited onto the nanocomposite
films. To investigate the resistive switching behavior of LbL
multilayered devices, the current—voltage (/-V) curves were
measured by a semiconductor parametric analyzer (SPA, Agi-
lent 4155B) in air environment. The pulsed voltage duration
dependence of high- and low-current states was investigated
using a semiconductor parametric analyzer (HP 4155A) and
pulse generator (Agilent 81104A). In this case, the current
compliance was limited to 100 mA in order to prevent total
dielectric breakdown of the device from overcurrent. The high-
current state (ON state) formed after the initial electroforming
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process (i.e., current-limited electric breakdown step, which can
subsequently be switched between a conductive ON state and a
less conductive OFF state) with current compliance returned to
the low-current state (OFF state) with a sharp decrease in
current at approximately +1.5 V (ie., RESET voltage, Vreser)
during the voltage sweep from —2.0 to +2.0 V. After a reversal
of voltage polarity, this low-current state was maintained from
+2.0 to —1.5 V and then abruptly converted to high-current
state at —1.5 V. Although Ag electrodes were used as top elec-
trodes in these devices, a similar switching behavior was also
observed from Au, Pt, or W top electrodes. This indicates that the
Ag electrode itself has no significant effect on the resistive switch-
ing characteristics of LbL (PAH/ferritin),, multilayers.
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