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A B S T R A C T

This article reports that a metastructure of polypeptides with the bound water can have high and stable electron
conductivity without classic electron-conducting components. We used gelatin as the model protein since the
peptide chains contain numerous sites capable of forming hydrogen bonds with water molecules. The lack of
redox sites and the trace amounts of aromatic amino acids also eliminate the possibility that the electron transfer
is due to redox reactions or pi-stacking. Our Raman spectroscopy results show that the high electron-conductive
metastructure is composed of bound water and unwound gelatin polypeptides. Further removal of bound water
from the metastructure dramatically decreases the electron-conductivity, indicating that bound water is crucial
to connect the polypeptide chains for the electron-conductivity. In addition, the ability to switch between the
low-electron-conductive typical hydrogel state and the high-electron-conductive metastructure state of the ge-
latin hydrogel allows the gelatin hydrogel to exhibit rewritable nonvolatile resistive memory features. The high
ON/OFF current ratio of 105 at a low reading voltage of 0.09 V is superior to that of conventional nonvolatile
resistive memories by one order of magnitude. The discovered phenomenon of using bound water and flexible
polypeptide structure for long-distance electron transfer could provide a new direction for designing highly
biocompatible conducting materials or functional devices in bioelectronics.

1. Introduction

Finding ideal materials to bridge electronic devices and biological
systems is an important issue for various biomedical applications(Kim
et al., 2011; Kumari et al., 2017; Someya et al., 2016; Son et al., 2014).
The challenge mainly comes from that electronic devices use electrons
for the conduction, but biological systems usually function in an aqu-
eous environment which is thought to hinder effective long-distance
electron transfer. Although previous studies have reported that electron
can transfer in a protein molecule or a peptide backbone through
electron hopping (Morita and Kimura, 2003) or electron tunneling
(Antonello et al., 2003; Cordes and Giese, 2009; Gilbert Gatty et al.,
2015), the transfer is only limited in a single peptide or self-assembled
peptides with supramolecular ordering(Ing et al., 2018; Isied et al.,
1992; Watanabe et al., 2005). In this study, we demonstrate that a
gelatin hydrogel can become an electron-conductive resistor after the
unbound free water is removed and the bound water is maintained.

Gelatin is a protein derived from collagen and contains numerous
sites for water-mediated hydrogen bonding(de Wolf, 2003). These sites
allow gelatin polypeptides to form hydrogels with the collagen-like
triple-helical structure below the gelation temperature. When the

gelatin is heated above the gelation temperature, the triple helices
unwind into single strands. As a protein, it has been widely used in
biomedical applications due to its biocompatibility, biodegradability,
commercial availability, and relatively low cost(Choi et al., 1999;
Zhang et al., 2005). However, as a protein hydrogel with no redox sites
and only trace amounts of aromatic amino acids (de Wolf, 2003), it has
not been practically used for electron transfer or any electronic appli-
cations.

The switch from a typical hydrogel with low electron-conductivity
to a high electron-conductive resistor provides a possibility for the
material to have memory applications. Among various types of mem-
ories, the resistive-type memories consist of an active layer sandwiched
between two electrodes and can be fabricated into a three-dimensional
stacking structure to achieve data storage with a high density(Sharma,
2009). Nonvolatile resistive memory devices store and access in-
formation by encoding “0” and “1” based on the electrical bistability of
the active layer: the high (ON state) and low (OFF state) conductivity
response to an applied voltage(Ling et al., 2008; Sharma, 2009). This
type of memory demands a mechanism of repeatable switching between
different states, and they often rely on voltage or current for the re-
programmability(Heremans et al., 2010; Ling et al., 2008). Previous
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studies have tried to use bio-related materials for constructing memory
devices for bioapplications(Hosseini and Lee, 2015; Raeis-Hosseini and
Lee, 2016). However, the ON/OFF current ratio (102 to 103) and pas-
sable retention capability (≈104 s) are still low compared with typical
memory devices. In addition, the required reading voltage is usually in
the order of a few volts, which limits the applications in contacting live
creatures directly.

In this study, we found that protein-bound water can facilitate long-
distance electron transfer, and used the discovery to generate a non-
volatile memory. We used gelatin as the protein in this study since it
contains numerous sites capable of forming hydrogen bonds with water
molecules (de Wolf, 2003). Since previous studies have reported that
hydrogen bonds can transfer electrons (Meidanshahi et al., 2015;
Nishino et al., 2013), it is possible that the bound-water-mediated hy-
drogen bonds can transfer electron across different polypeptide chains.
In addition, since the electron transfer in biology is often attributed to
the existence of abundant aromatic amino acids, redox centers, or metal
ion complexes (Cordes and Giese, 2009; Isied et al., 1992), the lack of
these factors in gelatin also eliminates the possibility that the electron
transfer is due to pi-stacking or redox reactions. Our electrical char-
acteristic and Raman spectroscopy results show that the existence of the
bound water between the unwound gelatin polypeptide chains is crucial
for the effective electron transfer across the entire gel. In a typical wet
gel below the gelation temperature, bound water is primarily inside the
gelatin triple helices and cannot help connect different helices. The
dynamic free bulk water between different helices could also hinder the
electron transfer and therefore causes the low electron-conductivity.
The switch of the electron-conductivity based on the controllable
structural change and bound water connection allows us to operate a
gelatin memory device with a fundamentally different mechanism from
the existing resistive memories. In addition, the required reading vol-
tage is much lower than the one required by conventional nonvolatile
resistive memory devices, making it suitable for bio-applications re-
quiring low voltage operations.

2. Methods

2.1. Fabrication of a gelatin hydrogel device

A 10 wt% gelatin solution was obtained by dissolving an appro-
priate amount of Type B gelatin powder (Sigma-Aldrich) in 100mM
NaCl solution (pH 5.8) under gentle stirring for 2 h at 60 °C to generate
a homogeneous solution. The gelatin solution was spin-coated on an
indium tin oxide (ITO)-coated glass (7Ω, Ruilong-glass Co., Ltd.) with
the speed of 2000 rpm for 20 s. The ITO-coated glass was pretreated
with argon plasma (Harrick Plasma, Ithaca, NY) for 10min (Medium)
before the spin-coating. Gelatin thin films were then dried at 4 °C for
30min, followed by soaking in 100mM NaCl solution (pH 5.8) for
30min. To fabricate a gelatin hydrogel device for electrical measure-
ments, two gelatin-coated ITO glasses as working electrodes
(2× 2.5 cm2 in size) were sandwiched and fixed with clips (see
Fig. 1(d)).

2.2. Electrical performance measurements

A Keithley 2636B sourcemeter from TEKTRONIX, Inc. (Beaverton,
OR) was used to conduct all the electrical property measurements. The
steady current-voltage (I–V) characteristics were recorded as the cor-
responding steady current under each fixed reading voltage bias from
−0.09 V to +0.09 V. Capacitor and resistor behaviors were recorded as
the instantaneous current under a voltage sweep rate of 0.36 V/s. The
stability performance of the gelatin memory device was tested at the
reading voltage of +0.09 V. The devices were heated at 60 °C for
30 min in the heating process for writing and were cooled to ambient
temperature before performing the reading measurements. The erasing
process was completed by immersing the devices in 100 mM NaCl

solution (pH 5.8) for 30 min. All the measurements were conducted
under the environmental condition with a relative humidity of 40%. For
the control experiment with “no water loss,” parafilm was used to seal
the device to prevent water evaporation. For the control experiment
with “no temp. increase,” the device was kept at room temperature
during the water evaporation.

2.3. Raman spectroscopy study of water state and gelatin structure

The Raman spectroscopic measurements were carried out using an
inVia™ confocal Raman microscope (Renishaw, UK) equipped with a
HeeNe laser for 633 nm excitation. The average laser power was
14.1 mW, and the intensities were kept low to avoid any laser-induced
damage. Raman data were retrieved using Renishaw WiRE 5.0 soft-
ware. All spectra were smoothed, and the baselines were subtracted to
remove the background. The Raman spectra including gelatin and the
water OH-stretch region were normalized to attain the same intensity
for the CH-stretch band at 2950 cm−1, representing the gelatin amount
in the samples. The spectra including the amide band were normalized
to obtain the same intensity for the CH deformation band at 1450 cm−1.

3. Results and discussion

3.1. Electrical characteristics of a gelatin hydrogel

A typical wet gelatin hydrogel contains mobile electrolytes in the
liquid part and therefore acts as a capacitor after a voltage is applied.
Here, we discovered that a gelatin thin film switches from a capacitor to
a resistor with high conductivity when the water content of the gel is
reduced at a temperature above the gelation temperature (Tgel).
Fig. 1(a) shows the current response when we applied a voltage sweep
rate at 0.36 V/s between −0.09 V and +0.09 V. The voltage-sweep
current-voltage curve of a typical wet gelatin film (OFF state) demon-
strates a nearly ideal capacitor characteristic with a capacitance of
30.2 μF, which is similar to the behavior of pure liquid with no gelatin
(0.1M NaCl). On the other hand, the current measured after the water
content of the gel is reduced above Tgel (ON state) is proportional to the
instantaneous voltage, and the device acts as a resistor with a high
electron-conductivity of 6.8 ± 1.3 μS/cm (n= 3 independent sam-
ples), which is in the range of the conductivity of a semiconductor or
electrically conductive polymers (Kaur et al., 2015).

Fig. 1(b) further shows the steady current-voltage (I–V) character-
istics. Each point in Fig. 1(b) indicates the corresponding steady current
performance under the voltage bias from −0.09 V to +0.09 V. At
+0.09 V, the wet gelatin hydrogel (OFF state) has a low current value
of 4.28 × 10−9 A. After the heating/water loss process (ON state), the
current increases to 5.30× 10−4 A. The large current difference allows
it to become a memory device with an ON/OFF current ratio of
1.24×105. Different from the conventional memory devices requiring
at least several volts to write or erase (Heremans et al., 2010; Tan et al.,
2015), the writing process is completed through heating/water loss
process, and the erasing process is completed through the addition of
water, suggesting a unique way for data recording.

Note that the mobile electrolytes in the typical gelatin hydrogel can
cause the gel to have a large transient current due to the capacitor effect
at the beginning when we change the applied voltage (Fig. 1(c)). The
measured currents in Fig. 1(b) are not the beginning transient currents
caused by the capacitor effect but the steady currents, which are typi-
cally reached in 0.02 s every time when we change the applied voltage
(Fig. 1(c)). The steady current of the typical gelatin hydrogel is at nA
level, indicating very few electrons can move across the hydrogel layer.
In the ON state, a high steady current was observed from the beginning,
and no capacitor effect was observed, supporting that it acts as a re-
sistor.

Fig. 1(d) illustrates that the gelatin device is composed of a gelatin
hydrogel film with two ITO-coated substrates on the sides as the
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electrodes. In this study, the wet gelatin film has a thickness of 152 μm
and the dried gelatin film after the water loss has a thickness of 100 μm.
To examine whether the writing process through heating requires both
temperature increase and water loss as the two key factors for the
switching behavior of the memory device, we performed experiments
with temperature increase/no water loss, and water loss/no tempera-
ture increase. Neither case can cause the high electron-conductivity, as
shown in Table 1 (details in Supplementary material), suggesting that
both factors are important for the high electron-conductivity.

Fig. 1(e) illustrates our proposed mechanism of the memory char-
acteristic based on controlling the temperature and water content in

gelatin hydrogels. When the gelatin is heated above the gelation tem-
perature, the triple helices unwind into single strands. The free bulk
water can be easily removed while the water molecules bound to the
polypeptides are more difficult to be removed (Unal et al., 2014). When
the free bulk water (light blue dots) is removed, the single strands could
compact together, and the bound water (dark blue dots) on a poly-
peptide could form hydrogen bonds with neighboring polypeptide
chains. The water-mediated hydrogen bonds could help the inter-chain
electron transfer (yellow arrows), and the device switches to an ON
state with high electron-conductivity. Even if the temperature goes
back to a temperature below the gelation temperature, the situation
does not go back to the triple-helical state because the chain mobility is
low when the free bulk water content is low. Adding water at room
temperature (RT) can be an erasing step because the free bulk water
content is rebuilt and the mobility of polypeptide chains recovers. The
mobile polypeptide chains can quickly reform the preferred triple-helix
structure below the gelation temperature, switching the device back to
the OFF state with low electron-conductivity. More details will be dis-
cussed in the following section.

To investigate further the stability and durability of the gelatin
devices, we obtained the retention time and WRER

Fig. 1. (a) Voltage sweep to show the ca-
pacitor behavior at the OFF state and the
resistor behavior at the ON state of the ge-
latin film. The voltage sweep rate is at
0.36 V/s. Inset: close-up of the capacitor
behavior at the OFF state and the compar-
ison with the capacitor behavior of the used
solution (0.1 M NaCl) without gelatin. (b)
The current-voltage (I–V) characteristic of
the gelatin film, where the writing process
is conducted through heating/water loss.
(n = 3) (c) The current vs. time under a
+0.09 V reading voltage of the OFF and ON
states. The steady current versus the applied
voltage can be used to plot the steady cur-
rent-voltage characteristics in (b). (d)
Measurement setup. Two ITO electrodes
spin-coated with gelatin thin films are
sandwiched together. (e) Proposed me-
chanism for the writing and erasing pro-
cesses of the gelatin device. Free bulk water
(light blue dots) between the ploypeptide
chains could hinder the inter-chain electron
transfer. When the free bulk water is re-
moved above Tgel, the polypeptide strands
could compact together, and the bound
water (dark blue dots) on a polypeptide
could form stable hydrogen bonds with
neighboring polypeptide chains and could
help the inter-chain electron transfer
(yellow arrows).

Table 1
Electron-conductivity of the gelatin memory device with different writing
conditions.

Writing condition Conductivity (S·cm−1)

No temp. increase & No water loss (OFF) 5.6× 10−11 ± 0.7×10−11 (n= 3)
Temp. increase & Water loss (ON) 6.8× 10−6 ± 1.3× 10−6 (n= 3)
No temp. increase & Water loss 4.5× 10−11

Temp. increase & No water loss 5.2× 10−11

Fig. 2. The memory characteristics of the gelatin memory device. (a) The retention time curves. (b) The switching stability.
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(write–read–erase–reread) cycles as shown in Fig. 2. At +0.09 V, no
obvious current change is observed in both the ON and OFF state for at
least 5 days. Fig. 2(b) shows the currents in the ON and OFF states as a
function of the number of WRER cycles. Through the erasing process,
the memory device can be reset to the initial OFF state, and they can be
rewritten again into the ON state. No obvious current change is ob-
served in 5 WRER cycles. Unlike conventional organic resistor-type
memories (Heremans et al., 2010; Qian et al., 2016), the gelatin
memory device can retain the ON state for a long time, up to 5 days,
without providing any power supply. In addition, instead of applying a
voltage sweep, the erasing process is completed by increasing the water
content.

3.2. Switching mechanism through the gelatin polypeptide structural change
and the free bulk water content

Unlike traditional organic resistor-type memories, which store data
based on the switching of the high- and low-conductivity resistor states
(Duggal and Sun, 1998; Henisch and Smith, 1974; Kevorkian et al.,
1971; Ma et al., 2000; Szymanski et al., 1969), the gelatin thin film
switches between a capacitor state and a resistor state (Fig. 1(a)). The
OFF state is a typical wet hydrogel in which the electrolytes in the li-
quid part can move when a voltage is applied, and the hydrogel acts as
a capacitor; the ON state appears when most of the free bulk water is
removed after the hydrogel is heated above the gelation temperature,
and the hot-dried gel acts as a resistor with high electron-conductivity.

As shown on the right side of Fig. 3(a), the typical wet gelatin (OFF
state; RT-wet gelatin) adopts a triple-helix structure where the major
repeating amino acids (Gly–Pro–HyPro) have abundant sites to form
hydrogen bonds to maintain the triplets (Brodsky and Ramshaw, 1997;
Thakur et al., 2017). Although electrons could be transferred in a
polypeptide chain (Cordes and Giese, 2009; Isied et al., 1992), the free
bulk water molecules surrounding the triple helices act as an electron
insulator and prevent the electron transfer between different triple

helices, as shown in Fig. 3(d).
The triple-helix structure cannot be sustained when the gelatin is

heated over 30 °C and the triple helices unwind to single strands
(Gorgieva and Kokol, 2011; Te Nijenhuis, 1997). When free bulk water
loss occurs at the single-stranded state, the single strands become close
to each other and could form direct hydrogen bonding with each other
through the abundant glycine residues or form water-mediated hy-
drogen bonding through abundant proline/hydroxyproline residues30,
as illustrated in Fig. 3(b) (ON state; hot-dried gelatin). Because previous
studies have suggested that electrons can transfer across hydrogen
bonds (Meidanshahi et al., 2015; Nishino et al., 2013), the electrons
could transfer between the neighboring polypeptide chains through the
hydrogen bonds. Under an applied voltage for the reading process,
electrons could be conducted not only intramolecularly in a single
polypeptide chain but also intermolecularly between different poly-
peptide chains through the hydrogen bonds. Therefore, the bounded
metastructure could act as a resistor in which electrons can con-
tinuously transfer under an applied DC voltage.

In contrast, if free bulk water is maintained when the temperature is
above the gelation temperature (Fig. 3(c); hot-wet gelatin), the distance
between the polypeptide chains is far, and the dynamic free water be-
tween the chains hinders the electron transfer, resulting in poor elec-
tron-conductivity (Figure S1, cyan trace).

For the gelatin film that is dried under room temperature, the ge-
latin remains in its triple-helix structure (Fig. 3(e); RT-dried gelatin).
Although there is a lack of free water molecules, the performance re-
veals that the device did not switch to the high electron-conductivity
state (Figure S1, gray trace). The reason could be that the hydrogen-
bonding sites of gelatin polypeptides are used to form hydrogen bonds
within the helical structure. Few sites were left for the hydrogen bonds
between the triple helices to assist the inter-helix electron transfer and
therefore hindered the long-distance electron transfer across the entire
gel.

Fig. 3. (a) Proposed gelatin structural change with temperature and free bulk water content. The triple helices form below the gelation temperature and unwind
when heated above the gelation temperature (Tgel). The single chains or helices condense as free bulk water contents reduce. Insets of the above four different states:
(b) hot-dried state; (c) hot-wet state; (d) RT-wet state; and (d) RT-dried state.
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3.3. Raman spectroscopy to show abundant bound water and unwound
structure in the ON state

To support our proposed mechanism, we used Raman spectroscopy
to obtain structural information of the four different states of the gelatin
gel. Previous studies have used OH-stretch bands to study bound water
content in collagen (Cavatorta et al., 1976; Leikin et al., 1997; Unal
et al., 2014). Fig. 4(a) shows the Raman spectra covering the gelatin
characteristic peaks and water OH-stretch peaks, where the spectral
range of 2800–3000 cm−1 represents CH stretching in gelatin and the
range of 3200–3700 cm−1 represents OH stretching in water. All
spectra are scaled to obtain the same intensity of the CH-stretch band so
that the intensities of the OH-stretch band are normalized by the gelatin
amount. The two peaks at 3250 cm−1 and 3400 cm−1 in RT-wet gelatin
and hot-wet gelatin are associated with in-phase OH-stretch and OH-
stretch that lose the phase relationship (Sun, 2009). The intensities of
these two peaks decrease significantly in RT-dried gelatin and hot-dried
gelatin, indicating the loss of free bulk water after the dehydration
process. In the RT-dried gelatin and hot-dried gelatin, we observed two
peaks at 3320 cm−1 and 3450 cm−1 instead, which are considered as
the existence of tightly bound water (Cavatorta et al., 1976; Leikin
et al., 1997; Unal et al., 2014). This bound water could be the water
molecules that form hydrogen bonds with gelatin polypeptides. For the
RT-dried gelatin, the bound water could be the hydrogen-bonded water
molecules inside the triple helices. As shown in Fig. 4(b), the similar
intensities of the bound water peaks for the hot-dried gelatin compared
with those of the RT-dried gelatin suggest that similar amount of bound
water still exists after the triple helices unwind and many unwound
single strands could “connect” with each other through the bound
water.

To discriminate further the protein secondary structure of the RT-
dried and hot-dried states, we collected the Raman spectra covering the
protein amide region as shown in Fig. 4(c). In the Amide I spectrum
region (1500-1750 cm−1), the RT-dried gelatin has characteristic peaks
associated with both ordered and disordered secondary structures
(Devitt et al., 2018; Gullekson et al., 2011). On the other hand, the

peaks associated with the ordered secondary structure (1530-
1650 cm−1) (Devitt et al., 2018; Gullekson et al., 2011; Lefèvre et al.,
2007) disappear in the hot-dried gelatin. In addition, in the Amide III
spectrum region, the decreased intensity at 1268 cm−1 and the in-
creased intensity at 1245 cm−1 of the hot-dried gel compared with
those of the RT-dried gel also indicate the loss of triple-helix structure
(Dehring et al., 2006; Dong et al., 2004) in the hot-dried gelatin. These
results support that the hot-dried gelatin is in the single-stranded state
and bound water could “connect” the single strands to form a metas-
tructure to allow the long-distance electron transfer.

3.4. The importance of bound water for the inter-chain connection

Since gelatin contains no redox sites and the trace amounts of aro-
matic amino acids, which eliminate the possibility that the electron
transfer is due to redox reactions or pi-stacking, we believe that the
long-distance electron transfer is through hydrogen bonding which
electron transfer ability has been supported by many previous studies
(Meidanshahi et al., 2015; Nishino et al., 2013). The gelatin polypep-
tide chains could form hydrogen bonds with each other directly through
the abundant glycine residues or could form water-mediated hydrogen
bonds through abundant proline/hydroxyproline residues30, as illu-
strated in Fig. 3(b) (ON state; hot-dried gelatin). We think that the
hydrogen bonding mediated by the bound water could be the main
route for the electron transfer. The reason is that the direct hydrogen
bonding requires the glycine residues on the neighboring chains to be
close enough for a hydrogen bond to form (around 0.3 nm) (Jeffrey,
1997), and therefore there is less chance for the direct hydrogen
bonding between disordered polypeptide chains. Bound water mole-
cules could provide more flexibility in the distance and orientation for
the neighboring chains to be connected through hydrogen bonds.

To further demonstrate that bound water is crucial for connecting
the polypeptide chains for the electron transfer, we placed the ON-state
device under vacuum to further reduce the bound water content. Fig. 5
shows that the reduction of bound water content dramatically de-
creased the electron-conductivity, indicating that bound water is

Fig. 4. (a) Raman spectra of gelatin films in four different states covering gelatin and water OH-stretch regions, where the data were normalized based on the gelatin
CH-stretch intensity at 2950 cm−1. (b) Enlarged spectra of (a) to show the bound water peaks of RT-dried gelatin and hot-dried gelatin. (c) Raman spectra of RT-dried
gelatin and hot-dried gelatin in the Amide III and Amide I regions to reveal the secondary structure situations.
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crucial for the electron conduction.

3.5. Perspective of long-distance electron transfer in biological systems

Electron transfer through or between proteins plays important roles
in biology (Marcus and Sutin, 1985). However, the mechanisms are still
unclear, and the occurrence is often attributed to the existence of aro-
matic amino acids, redox centers, or metal ion complexes (Cordes and
Giese, 2009; Isied et al., 1992). In this study, we showed the occurrence
of electron transfer through water-mediated hydrogen bonds instead of
those classic electron-conducting components. Previous studies have
shown intramolecular electron transfer through hydrogen bonds in the
secondary structure of a protein or a polypeptide (Antonello et al.,
2003; del Mercato et al., 2007; Głowacki et al., 2013; Ing et al., 2018;
Morita and Kimura, 2003; Nadav, 2015) and intramolecular electron
transfer through the hydrogen bonds in DNA or some organic molecules
(Huang et al., 2010; Lin et al., 2005; Nishino et al., 2013). These reports
support that electron transfer can occur through hydrogen bonds. The
new perspective of this study is that biomolecules could also use the
hydrogen bonds mediated by bound water to transfer electrons. Brid-
ging the electron transfer by bound water could further facilitate ef-
fective electron transfer between donor-acceptor pairs that are not close
to each other in biomolecules or biomolecular complexes.

Note that although the conduction through proteins or hydrogen
bonds has been sometimes attributed to proton transfer (Chaplin, 2006;
Głowacki et al., 2013), our electrical characteristics of the ON state do
not show proton transfer characteristics. In the absence of redox reac-
tions to consume or generate protons at the electrodes, proton transfer
should cause the accumulation of proton toward the cathode. If proton
accumulates with time in our system, capacitor characteristics should
be observed in the voltage-sweep I-V curve, and the I-t curve should
decrease with time. However, we obtained a resistor-type voltage-
sweep I-V curve and a steady current in the I-t curve (Fig. 1(a)(c)),
indicating that electron transfer is the major cause for the high con-
ductivity in our case.

The electron transfer over hundreds of microns has been rarely re-
ported in aqueous biological systems probably because the electron
transfer could be confined in a certain structured biomolecular as-
sembly where hydrogen bonds or pi stacking can form. Free bulk water
between different structured biomolecular assemblies may hinder the
electron transfer between them. Although free bulk water can also form
hydrogen bonds with each other, the hydrogen bonds of dynamic free
water can rapidly rearrange in response to the changing conditions and
would not be suitable for steady electron transfer. In this study, we
removed free bulk water and therefore the stable bound water could
connect the polypeptide chains for the electron transfer across the en-
tire gel.

4. Conclusion

We discovered that gelatin polypeptides and the bound water can
form a metastructure with high electron-conductivity. We

demonstrated that a gelatin hydrogel which typically acts as a capacitor
can be switched to the high electron-conductive metastructure state if
the free bulk water content is reduced above its gelation temperature.
The bistable electrical switching characteristics with an ON/OFF cur-
rent ratio of 105 can be reached at a reading voltage of 0.09 V, which
performance is superior to that of conventional nonvolatile resistive
memories by one order of magnitude. Our Raman spectra data suggest
that the bound water connects unwound gelatin polypeptide chains to
allow the inter-chain electron transfer in the metastructure state. The
discovered phenomenon of using bound water for electron transfer and
the structural change of polypeptides for switchable and repro-
grammable conductivity provides a new direction for designing con-
ducting materials to bridge the interface of biology and electronics.

Associated content

Supplementary material. Data to show that both temperature in-
crease and water loss are required for switching the device to the ON
state.

Declaration of interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to in-
fluence the work reported in this paper.

CRediT authorship contribution statement

U-Ting Chiu: Methodology, Software, Validation, Formal analysis,
Investigation, Data curation, Writing - original draft, Visualization.
Ling Chao: Conceptualization, Methodology, Resources, Writing - re-
view & editing, Visualization, Supervision, Project administration,
Funding acquisition.

Acknowledgment

We thank National Taiwan University, Academia Sinica, and the
Ministry of Science and Technology in Taiwan for providing funding
support for this study (NTU-107L7844, AS-106-TP B04, and MOST 105-
2628-E-002-015-MY3).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bios.2019.04.012.

References

Antonello, S., Formaggio, F., Moretto, A., Toniolo, C., Maran, F., 2003. Anomalous dis-
tance dependence of electron transfer across peptide bridges. J. Am. Chem. Soc. 125
(10), 2874–2875.

Brodsky, B., Ramshaw, J.A., 1997. The collagen triple-helix structure. Matrix Biol. 15
(8–9), 545–554.

Fig. 5. The characteristics of the gelatin
memory device after the ON-state device was
further placed under vacuum to remove bound
water. (a) Raman spectra to show the bound
water content in the device with different time
durations under vacuum. (b) The corresponding
steady-state currents measured at 0.09 V (the
reading voltage in this study).

U.-T. Chiu and L. Chao Biosensors and Bioelectronics 136 (2019) 16–22

21



Cavatorta, F., Fontana, M.P., Vecli, A., 1976. Raman spectroscopy of protein–water in-
teractions in aqueous solutions. J. Chem. Phys. 65 (9), 3635–3640.

Chaplin, M., 2006. Do we underestimate the importance of water in cell biology? Nat.
Rev. Mol. Cell Biol. 7, 861.

Choi, Y.S., Hong, S.R., Lee, Y.M., Song, K.W., Park, M.H., Nam, Y.S., 1999. Study on
gelatin-containing artificial skin: I. Preparation and characteristics of novel gelatin-
alginate sponge. Biomaterials 20 (5), 409–417.

Cordes, M., Giese, B., 2009. Electron transfer in peptides and proteins. Chem. Soc. Rev. 38
(4), 892–901.

de Wolf, F.A., 2003. Chapter V collagen and gelatin. In: Aalbersberg, W.Y., Hamer, R.J.,
Jasperse, P., de Jongh, H.H.J., de Kruif, C.G., Walstra, P., de Wolf, F.A. (Eds.),
Progress in Biotechnology. Elsevier, pp. 133–218.

Dehring, K.A., Crane, N.J., Smukler, A.R., McHugh, J.B., Roessler, B.J., Morris, M.D.,
2006. Identifying chemical changes in subchondral bone taken from murine knee
joints using Raman spectroscopy. Appl. Spectrosc. 60 (10), 1134–1141.

del Mercato, L.L., Pompa, P.P., Maruccio, G., Torre, A.D., Sabella, S., Tamburro, A.M.,
Cingolani, R., Rinaldi, R., 2007. Charge transport and intrinsic fluorescence in
amyloid-like fibrils. Proc. Natl. Acad. Sci. Unit. States Am. 104 (46), 18019–18024.

Devitt, G., Howard, K., Mudher, A., Mahajan, S., 2018. Raman Spectroscopy: an emerging
tool in neurodegenerative disease research and diagnosis. ACS Chem. Neurosci. 9 (3),
404–420.

Dong, R., Yan, X., Pang, X., Liu, S., 2004. Temperature-dependent Raman spectra of
collagen and DNA. Spectrochim. Acta Mol. Biomol. Spectrosc. 60 (3), 557–561.

Duggal, A.R., Sun, F., 1998. The initiation of high current density switching in electrically
conductive polymer composite materials. J. Appl. Phys. 83 (4), 2046–2051.

Gilbert Gatty, M., Kahnt, A., Esdaile, L.J., Hutin, M., Anderson, H.L., Albinsson, B., 2015.
Hopping versus tunneling mechanism for long-range electron transfer in porphyrin
oligomer bridged donor–acceptor systems. J. Phys. Chem. B 119 (24), 7598–7611.

Głowacki, E.D., Irimia-Vladu, M., Bauer, S., Sariciftci, N.S., 2013. Hydrogen-bonds in
molecular solids–from biological systems to organic electronics. J. Mater. Chem. B 1
(31), 3742–3753.

Gorgieva, S., Kokol, V., 2011. Collagen-vs. gelatine-based biomaterials and their bio-
compatibility: review and perspectives. Biomaterials Applications for Nanomedicine.
InTech.

Gullekson, C., Lucas, L., Hewitt, K., Kreplak, L., 2011. Surface-sensitive Raman spectro-
scopy of collagen I fibrils. Biophys. J. 100 (7), 1837–1845.

Henisch, H., Smith, W., 1974. Switching in organic polymer films. Appl. Phys. Lett. 24
(12), 589–591.

Heremans, P., Gelinck, G.H., Muller, R., Baeg, K.-J., Kim, D.-Y., Noh, Y.-Y., 2010. Polymer
and organic nonvolatile memory devices. Chem. Mater. 23 (3), 341–358.

Hosseini, N.R., Lee, J.S., 2015. Biocompatible and flexible chitosan‐based resistive
switching memory with magnesium electrodes. Adv. Funct. Mater. 25 (35),
5586–5592.

Huang, S., Chang, S., He, J., Zhang, P., Liang, F., Tuchband, M., Li, S., Lindsay, S., 2010.
Recognition tunneling measurement of the conductance of DNA bases embedded in
self-assembled monolayers. J. Phys. Chem. C 114 (48), 20443–20448.

Ing, N.L., Spencer, R.K., Luong, S.H., Nguyen, H.D., Hochbaum, A.I., 2018. Electronic
conductivity in biomimetic α-helical peptide nanofibers and gels. ACS Nano 12 (3),
2652–2661.

Isied, S.S., Ogawa, M.Y., Wishart, J.F., 1992. Peptide-mediated intramolecular electron
transfer: long-range distance dependence. Chem. Rev. 92 (3), 381–394.

Jeffrey, G.A., 1997. An Introduction to Hydrogen Bonding. Oxford University Press.
Kaur, G., Adhikari, R., Cass, P., Bown, M., Gunatillake, P., 2015. Electrically conductive

polymers and composites for biomedical applications. RSC Adv. 5 (47),
37553–37567.

Kevorkian, J., Labes, M., Larson, D., Wu, D., 1971. Bistable switching in organic thin
films. Discuss. Faraday Soc. 51, 139–143.

Kim, D.-H., Lu, N., Ma, R., Kim, Y.-S., Kim, R.-H., Wang, S., Wu, J., Won, S.M., Tao, H.,

Islam, A., 2011. Epidermal electronics. Science 333 (6044), 838–843.
Kumari, P., Mathew, L., Syal, P., 2017. Increasing trend of wearables and multimodal

interface for human activity monitoring: a review. Biosens. Bioelectron. 90, 298–307.
Lefèvre, T., Rousseau, M.-E., Pézolet, M., 2007. Protein secondary structure and or-

ientation in silk as revealed by Raman spectromicroscopy. Biophys. J. 92 (8),
2885–2895.

Leikin, S., Parsegian, V., Yang, W.-H., Walrafen, G., 1997. Raman spectral evidence for
hydration forces between collagen triple helices. Proc. Natl. Acad. Sci. Unit. States
Am. 94 (21), 11312–11317.

Lin, J., Balabin, I.A., Beratan, D.N., 2005. The nature of aqueous tunneling pathways
between electron-transfer proteins. Science 310 (5752), 1311–1313.

Ling, Q.-D., Liaw, D.-J., Zhu, C., Chan, D.S.-H., Kang, E.-T., Neoh, K.-G., 2008. Polymer
electronic memories: materials, devices and mechanisms. Prog. Polym. Sci. 33 (10),
917–978.

Ma, D., Aguiar, M., Freire, J.A., Hümmelgen, I.A., 2000. Organic reversible switching
devices for memory applications. Adv. Mater. 12 (14), 1063–1066.

Marcus, R.A., Sutin, N., 1985. Electron transfers in chemistry and biology. Biochim.
Biophys. Acta Rev. Bioenerg. 811 (3), 265–322.

Meidanshahi, R.V., Mazinani, S.K., Mujica, V., Tarakeshwar, P., 2015. Electronic trans-
port across hydrogen bonds in organic electronics. Int. J. Nanotechnol. 12 (3–4),
297–312.

Morita, T., Kimura, S., 2003. Long-range electron transfer over 4 nm governed by an
inelastic hopping mechanism in self-assembled monolayers of helical peptides. J. Am.
Chem. Soc. 125 (29), 8732–8733.

Nadav, A., 2015. Electron transfer across helical peptides. ChemPlusChem 80 (7),
1075–1095.

Nishino, T., Hayashi, N., Bui, P.T., 2013. Direct measurement of electron transfer through
a hydrogen bond between single molecules. J. Am. Chem. Soc. 135 (12), 4592–4595.

Qian, K., Nguyen, V.C., Chen, T., Lee, P.S., 2016. Novel concepts in functional resistive
switching memories. J. Mater. Chem. C 4 (41), 9637–9645.

Raeis-Hosseini, N., Lee, J.S., 2016. Controlling the resistive switching behavior in starch-
based flexible biomemristors. ACS Appl. Mater. Interfaces 8 (11), 7326–7332.

Sharma, A.K., 2009. Advanced Semiconductor Memories: Architectures, Designs, and
Applications. Wiley-IEEE Press.

Someya, T., Bao, Z., Malliaras, G.G., 2016. The rise of plastic bioelectronics. Nature 540,
379–385.

Son, D., Lee, J., Qiao, S., Ghaffari, R., Kim, J., Lee, J.E., Song, C., Kim, S.J., Lee, D.J., Jun,
S.W., 2014. Multifunctional wearable devices for diagnosis and therapy of movement
disorders. Nat. Nanotechnol. 9 (5), 397.

Sun, Q., 2009. The Raman OH stretching bands of liquid water. Vib. Spectrosc. 51 (2),
213–217.

Szymanski, A., Larson, D., Labes, M., 1969. A temperature‐independent conducting state
in tetracene thin film. Appl. Phys. Lett. 14 (3), 88–90.

Tan, C., Liu, Z., Huang, W., Zhang, H., 2015. Non-volatile resistive memory devices based
on solution-processed ultrathin two-dimensional nanomaterials. Chem. Soc. Rev. 44
(9), 2615–2628.

Te Nijenhuis, K., 1997. Gelatin. Springer.
Thakur, S., Govender, P.P., Mamo, M.A., Tamulevicius, S., Thakur, V.K., 2017. Recent

progress in gelatin hydrogel nanocomposites for water purification and beyond.
Vacuum 146, 396–408.

Unal, M., Yang, S., Akkus, O., 2014. Molecular spectroscopic identification of the water
compartments in bone. Bone 67, 228–236.

Watanabe, J., Morita, T., Kimura, S., 2005. Effects of dipole moment, linkers, and chro-
mophores at side chains on long-range electron transfer through helical peptides. J.
Phys. Chem. B 109 (30), 14416–14425.

Zhang, Y., Ouyang, H., Lim, C.T., Ramakrishna, S., Huang, Z.M., 2005. Electrospinning of
gelatin fibers and gelatin/PCL composite fibrous scaffolds. J. Biomed. Mater. Res. B
Appl. Biomater. 72 (1), 156–165.

U.-T. Chiu and L. Chao Biosensors and Bioelectronics 136 (2019) 16–22

22


