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defibrillators). Recent biological research 
has demonstrated that redox is an inde-
pendent biological-signaling modality.[1–8] 
This redox signaling modality is best 
understood in host–pathogen immune 
interactions where an oxidative burst gen-
erates a set of reactive species (e.g., reac-
tive oxygen species) that can sometimes 
be transduced into second messengers 
(i.e., reactive electrophiles)[4] and ulti-
mately alters biological function through 
post-translational protein modification 
(e.g., conversion of protein cysteine resi-
dues into disulfide crosslinks).[6] The func-
tions and the coding of information in this 
redox signaling modality[1] are distinctly 
different from the information coded in 
genes or in the action potentials of the 
ionic electrical modality. Since this redox 
modality involves the “flow” of electrons 
through oxidation–reduction reactions, it 
is accessible to appropriate electrochem-

ical measurement, and this provides new opportunities for bio-
device communication.[9–13]

Redox has similarities to the ionic electrical modality, how-
ever electrons are the charged species moving in the redox 
modality. Interestingly, while water is a conductor of ionic cur-
rents, it can be considered an “insulator” for the flow of elec-
trons since free electrons do not normally exist in aqueous 

S. Wu, Prof. X. Shi
School of Resource and Environmental Science
Hubei International Scientific and Technological Cooperation Base of 
Sustainable Resource and Energy
Hubei Engineering Center of Natural Polymers-Based Medical Materials
Hubei Biomass-Resource Chemistry and Environmental Biotechnology 
Key Laboratory
Wuhan University
Wuhan 430079, China
E-mail: shixw@whu.edu.cn
S. Wu, Dr. E. Kim, C.-y. Chen, J. Li, E. VanArsdale, Prof. W. E. Bentley, 
Prof. G. F. Payne
Institute for Bioscience and Biotechnology Research
University of Maryland
College Park, MD 20742, USA
E-mail: gpayne@umd.edu

A major goal of bioelectronics is to enlist the speed, precision, 
and computational power of electronics to observe and actuate 
biological systems. Achieving this goal significantly depends on 
the communication modality that connects electronic devices 
to the biological domain. In particular, devices that commu-
nicate through biology’s ionic electrical modality have been 
remarkably successful (e.g., electrocardiograms (EKGs) and 
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bioelectronics.
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solution. Thus, biology typically relies on diffusible reductants 
(e.g., ascorbate and NAD(P)H) and oxidants (e.g., O2 and reac-
tive oxygen species) to mediate electron “flow” through this 
redox modality. From a bioelectronics standpoint, both the 
ionic electrical and redox modalities are accessible to electrode 
measurement. For the ionic electrical modality, the electrode 
transduces electrical to ionic currents (often non-Faradaically). 
For the redox modality, the electrode exchanges electrons with 
diffusible redox mediators (primarily Faradaically). The “insu-
lating” properties of water and the intrinsic digital nature of 
redox-states (i.e., oxidized or reduced) suggest that it should 
be possible to create simple molecular memory devices based 
on the chemical storage and retrieval of electrons. Technologi-
cally, several mechanisms for molecular memory[14,15] are being 
investigated for bioelectronics.[16–19] Biology also uses various 
mechanisms: DNA stores information over evolutionary time 
scales; neuronal circuits emerge during learning to enable 
individual organisms to form long-term memories; and cat-
echolamine neurotransmitters appear integral to our working 
memory through mechanisms that are not yet fully under-
stood.[20–22] Here, we report a catechol-based hydrogel memory-
film that can be read through orthogonal optical and electrical 
methods.

Figure  1a shows that our memory-film is fabricated from 
two polysaccharides, chitosan and agarose, that can form a 
dual-responsive interpenetrating polymeric network. Due to its 
unique properties, this chitosan-agarose hydrogel has gained 
increasing attention in materials science.[23–28] The memory-film 
is formed by: (i) casting a blend of chitosan (1.5%) and agarose 
(1%) onto an indium tin oxide (ITO) electrode; and (ii) elec-
trochemically grafting catechol[29] by immersing the hydrogel 
coated electrode into a catechol solution (10 × 10−3 m catechol in 
phosphate buffer, pH 7.0) and applying an anodic voltage (1.2 V 
vs Ag/AgCl; various times up to 30 min) for a controlled charge 
transfer (Qfab = ∫idt). As illustrated in Figure 1a, we adapted the 
informal nomenclature that is commonly used in the literature 
to abbreviate chitosan (Chit) and distinguish its two states: the 
positively charged protonated state (Chit-H+) and the depro-
tonated neutral state (Chit0). As illustrated, we suggest that 
catechol grafting to Chit0 includes Schiff bases and Michael-
type adducts[29,30] although this chemistry is complex and may 
include other grafted moieties (see Supporting Information 
for additional fabrication details). It is important to note that 
Michael-type adducts refer to a broad class of chemical linkages 
that can in some cases be reversible:[31] however, for the qui-
none–amine Michael-type adducts used here, these linkages are 
generally believed to be stable.[32,33]

To demonstrate controllable fabrication, we prepared cat-
echol-modified Chit0/agarose films with differing Qfab values 
and then measured their UV–vis spectra. Figure  1b shows 
that films prepared without catechol modification (Qfab = 0) 
have little absorbance between 400 and 600 nm, while films 
with increasing extents of modification (i.e., increasing Qfab) 
show increasing absorbance. The inset in Figure  1b shows 
a nearly linear increase in the absorbance at 480  nm (A480) 
with Qfab with a stronger dependence for films containing 
chitosan, which is consistent with the greater reactivities of 
chitosan’s amino groups for catechol grafting. In summary, 
Figure  1b shows that anodic grafting allows Chit0/agarose 

films to be prepared with controlled amounts of catechol 
moieties.

Previous studies have shown that catechol-modified hydro-
gels[34,35] are redox-active but non-conducting, while Figure  1c 
suggests the grafted catechols possess two stable “memory” 
states: oxidized (Q) and reduced (QH2). Figure  1d illustrates 
that we can “write” to this memory (i.e., switch redox-state) 
through mediated electrochemistry. To switch this memory-
film to the reduced state, we impose a reducing voltage in the 
presence of the mediator Ru(NH3)6Cl3 (Ru3+; E0 = −0.2 V): this 
induces a reductive redox-cycling in which Ru3+ mediates the 
transfer of electrons from the electrode to the grafted o-quinone 
moieties. To switch this memory-film to the oxidized state, we 
impose an oxidizing voltage in the presence of the mediator fer-
rocene dimethanol (Fc; E0  =  +0.25  V): this induces an oxida-
tive redox-cycling in which Fc mediates the transfer of electrons 
from the grafted catechols to the electrode. Importantly, both 
the Ru3+ and Fc mediators can be present in the same solu-
tion while the imposed voltage controls if, and which, mediator 
engages in redox-cycling.[35,36]

Figure  1e shows that we can “read” the memory state non-
destructively by measuring the optical absorbance. Specifically, 
optical (i.e., UV–vis) absorbance is sensitive to chemical struc-
ture and we observed that the two redox states have character-
istic differences in absorbance. This is illustrated by an experi-
ment in which we fabricated a catechol-Chit0/agarose film 
(Qfab = 6 mC) on the ITO electrode, immersed this film-coated 
electrode in a solution containing both Ru3+ and Fc mediators 
(0.1  ×  10−3  m each), and switched the state several times. To 
switch the memory-film to its oxidized state (Q) we imposed 
an oxidizing voltage (+1.2  V, 15  min), and to switch it to its 
reduced state (QH2) we imposed a reducing voltage (−0.6  V, 
15 min). Figure 1e shows that the oxidized (Q) films repeatedly 
show higher absorbance compared to the reduced (QH2) films. 
The difference spectra (inset in Figure 1e) show an absorption 
band centered near 480 nm consistent with the molecular inter-
pretation of a Michael-type quinone adduct as suggested in 
Figure 1a.[37,38]

Spectroelectrochemical analysis was used to characterize 
the switching-dynamics of our memory-film (Qfab  = 6 mC). 
Experimentally, we immersed the film-coated ITO elec-
trode in a mediator solution (0.1  ×  10−3  m Fc, 0.1  ×  10−3  m 
Ru3+), imposed oscillating cyclic voltage (CV) inputs, and 
observed the electrochemical and optical output responses. 
The leftmost schematic in Figure  2a illustrates that at a 
high scan rate (500  mV  s−1), electron transfer at the elec-
trode is expected to be rapid, but the mediators would have 
little time to diffuse into the film to switch the redox-state 
of the grafted catechol/o-quinone moieties. As expected for 
this high-scan rate case, Figure  2a shows large output peak 
currents but small changes in A480. In contrast, the right-
most schematic in Figure 2a illustrates that at low scan rate 
(5 mV s−1), electron transfer at the electrode is expected to be 
slower and the mediators would have more time to diffuse 
deeper into the film to switch the redox-state of a larger frac-
tion of the catechol/o-quinone moieties. As expected for this 
low-scan rate case, the output peak currents are small while 
a large change in the A480 is observed. The middle column in 
Figure 2a shows that at an intermediate scan rate (50 mV s−1), 
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Figure 1. Fabrication and characterization of catechol-Chit0/agarose memory-film. a) Two stimuli-responsive gel-forming polysaccharides (agarose 
and chitosan) are cast onto an ITO electrode and catechol moieties are electrochemically grafted using controlled anodic charge (Qfab). b) Catechol 
grafting is controlled by charge transfer (Qfab = 0, 3, 9, 12, 21, and 30 mC) and is more efficient when chitosan is incorporated into the hydrogel. 
c) Catechol’s two stable redox states (Q and QH2) serve as the memory states. d) The catechol-Chit0/agarose memory-film is non-conducting and 
diffusible mediators are used to switch memory states through thermodynamically controlled redox-cycling reactions. e) The oxidized (Q) films 
repeatedly show higher absorbance compared to the reduced (QH2) films and the two memory states can be distinguished by differences in their 
optical absorbance at 480 nm (A480).
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Figure 2. Switching characteristics of catechol-Chit0/agarose memory-film (Qfab = 6 mC). a) Dynamic spectroelectrochemical analysis shows signifi-
cantly different optical and electrical output responses (note the large differences in x-axis scale). b) Changes in amplitudes for the optical (ΔA480) and 
current (Δipeak) responses are summarized (note: error bars are small relative to symbol size). c) Output charge transfer during the oxidation segment 
of the CV cycle (Qox) decreases with scan rate. d) Correlation between the optical (ΔA480) and electrical (Qox) output responses.
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the observed output currents and optical responses are also 
intermediate.

To quantify output-responses, Figure  2a shows that we 
defined amplitudes for: the electrical output as the change in 
peak current (Δipeak); and the optical output as the change in 
absorbance (ΔA480). Figure  2b shows a dramatic decrease in 
optical amplitude with scan rate, while the current amplitude 
increases monotonically with scan rate. This observation indi-
cates that our memory-film can be read by two modalities that 
offer markedly different dynamic sensitivities.

To further analyze the electrical output, we integrated the 
current to calculate the output charge transfer during the oxi-
dation segment of the CV cycle (Qox) as illustrated in the inset 
to Figure  2c. When the electrical output is expressed as Qox, 
Figure 2c shows a decrease with scan rate that is similar to the 

decrease observed with the change in optical amplitude. In fact, 
both ΔA480 and Qox are expected to reflect the total number of 
redox sites that are switched. Consistent with this expectation, 
Figure 2d shows a good correlation between the optical (ΔA480) 
and electrical (Qox) responses. From a device perspective, these 
results demonstrate that the independent electrical and optical 
measurements provide correlated information.

We performed an initial durability test by fabricating a 
memory-film (Qfab  = 15 mC) on a transparent ITO electrode 
and switching its state multiple times. Experimentally, this 
film-coated electrode was immersed in a phosphate buffered 
mediator solution (0.1  ×  10−3  m Fc, 0.1  ×  10−3  m Ru3+) and an 
oscillating cyclic voltage (CV) was imposed at 50 mV s−1 for 22 
cycles. Figure 3a shows a steady oscillating output response with 
large electrical and optical amplitudes (Δipeak = 38 ± 0.95 µA and 

Figure 3. Functional characteristics of the memory-film (Qfab = 15 mC). a) An initial durability test shows repeatable outputs over 22 cycles. b) The 
memory states are stable for at least 2 h under inert (N2) conditions but respond to biologically relevant redox contexts (exposure to air or ascorbic 
acid). c) The memory state can be switched through biological (i.e., enzymatic) mechanisms in a concentration-dependent manner.
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ΔA480 = 0.020 ± 0.00065). This result provides initial evidence for 
the stability of the redox memory mechanism.

There are two important features that are also illustrated in 
Figure  3a (see Figures S2–S4 of Supporting Information for 
further discussion). First, the amplitudes observed in Figure 3a 
are considerably larger than those observed in Figure 2b for the 
same scan rate (50 mV s−1). This difference occurs because the 
memory-films in Figure  3a were fabricated with a larger con-
tent of redox-active catechols (Qfab  = 15 vs 6 mC). Thus, the 
gain of the memory-film can be controlled during fabrication. 
Second, the black curves in Figure 3a show results for the same 
memory-film subjected to the same oscillating voltage inputs 
but in the absence of the Fc and Ru3+ mediators (note: the CV 
probing was performed first without mediators and then with 
mediators). The results show that in the absence of mediators, 
no changes in electrical or optical outputs are observed (i.e., the 
film’s redox-state is not being switched). This result indicates 
that the memory-films are redox-active but non-conducting 
(i.e., the imposed voltage is necessary, but not sufficient, for 
switching). The mediators are essential for switching as they 
serve as the diffusible electron shuttles that “connect” the elec-
trode to the memory-film, and the mediator’s E0 also serves to 
“gate” the voltage at which switching occurs.[36]

Next, we examined the ability to retain the redox-memory 
state and the context-dependence of memory retention. The 
upper schematic in Figure  3b illustrates that we first set the 
memory state electrochemically by imposing a constant voltage 
for 15 min in the presence of the Fc and Ru3+ mediators (−0.6 V 
was imposed to set the reduced state while +1.2 V was imposed 
to set the oxidized state). After setting the memory states, we 
tested the stability of these states by shutting off the power and 
optically observing the change in absorbance over time.

In the first test, we examined stability under inert condi-
tions by bubbling N2 through the mediator solution before 
setting the memory state, and then blanketing the solution 
with N2 when setting the memory and measuring its stability. 
The upper plot in Figure  3b shows that we initially set the 
film to its oxidized state and after shutting off the electrical 
input observed its absorbance decreased slowly over time. 
Next, the film was set to its reduced state and after shutting 
off the electrical input its absorbance was observed to increase 
slowly. Despite these slow changes, the oxidized and reduced 
states remain distinguishable over the 2-h test in this inert 
environment.

In the second test, we examined memory stability under 
biologically relevant oxidizing conditions (e.g., exposure to air) 
by transferring the film-coated electrode to an air-saturated 
mediator solution. The upper plot in Figure 3b shows that the 
absorbance of the initially oxidized state decreases slowly in the 
presence of air and this decay is similar to that observed with 
N2. In contrast, the absorbance of the initially reduced state 
increases sharply upon exposure to air which is consistent with 
the ability of O2 to accept electrons from the reduced catechol 
moieties.[39]

In the third test, we examined the memory stability under 
biologically relevant reducing conditions (e.g., ascorbic acid 
solution) by electrochemically setting the memory state, and 
then immediately transferring the film-coated electrodes to 
solutions containing ascorbic acid (note: N2 was bubbled 

through the ascorbic acid solutions prior to measurement and 
an N2 blanket was used during measurement). The bottom 
curve in Figure  3b shows that the absorbance of the initially 
reduced state is stabilized by ascorbic acid, while the absorb-
ance of the initially oxidized state decreases in the presence of 
ascorbic acid in a manner that can be described by a saturation 
model (see inset of Figure 3b and details of Figure S5a in Sup-
porting Information). These observations are consistent with 
the ability of the oxidized o-quinone moieties to accept elec-
trons from the biological reducing agent ascorbic acid.[39]

As suggested in Figure 3b, an important feature of catechol-
based molecular memory-film is its ability to be switched 
through biologically relevant mechanisms (i.e., biological oxi-
dants/reductants can write to this memory).[35] Such redox-
based biological communication is further illustrated by 
the experiment in Figure  3c which shows enzyme-catalyzed 
writing-to (i.e., switching-of) our memory-film. As illustrated, 
glucose dehydrogenase (GDH) was used to catalyze the transfer 
of electrons from glucose to NAD+ while the subsequent redox-
cycling of NADH serves to switch the film’s redox-state to its 
reduced (QH2) form.[11] Experimentally, we first electrochemi-
cally set the memory to its oxidized (Q) state as described in 
Figure  3b, and then immersed the film-coated electrode into 
solutions containing GDH, NAD+, and glucose. The two plots 
in Figure  3c show the absorbance decreased in a glucose-
dependent and NAD+-dependent manner. The insets sum-
marize the experimental results and their fits to a saturation 
models (see Figure S5 in Supporting Information). These plots 
demonstrate that the catechol memory can receive and record 
biologically relevant information (i.e., the presence and levels of 
glucose or NAD+).

In conclusion, we report a redox-based molecular mem-
ory-film that is easy to fabricate and employs an operation-
ally simple mechanism. From a memory perspective, the film 
appears durable and can be repeatedly switched, while the 
memory is stable for at least 2 h without the need for energy. 
From a measurement perspective, the memory can be observed 
through orthogonal optical and electrical modalities that are 
correlated but offer different sensitivities and dynamics. From a 
bioelectronics perspective, the memory can respond to biologi-
cally relevant redox contexts and engage biological redox-activ-
ities (e.g., enzyme-catalyzed redox reactions) through thermo-
dynamically controlled electron transfer reactions. Overall, this 
work further extends the functional possibilities of catechol-
based materials that are of increasing interest in biology (e.g., 
melanin[40–47]) and technology (e.g., polydopamine[48–51]).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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