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Catechol-based materials possess diverse properties that are especially well-suitable for redox-based
bioelectronics. Previous top-down, systems-level property measurements have shown that catechol-
polysaccharide films (e.g., catechol-chitosan films) are redox-active and allow electrons to flow through
the catechol/quinone moieties via thermodynamically-constrained redox reactions. Here, we report that
catechol-chitosan films are also photothermally responsive and enable near infrared (NIR) radiation to
be transduced into heat. When we simultaneously stimulated catechol-chitosan films with NIR and
redox inputs, times-series measurements showed that the responses were reversible and largely
independent. Fundamentally, these top-down measurements suggest that the flow of energy through
catechol-based materials via the redox-based molecular modality and the electromagnetic-based
optical modality can be independent. Practically, this work further illustrates the potential of catecholic
materials for bridging bio-device communication because it enables communication through both
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Introduction

Catecholic materials offer diverse functional properties in biol-
ogy (e.g., melanins') and technology (e.g., polydopamines®™*).
Recently, various natural and synthetically-fabricated catechol-
based materials have been shown by top-down systems-level
measurements to be redox-active and can be repeatedly oxidized
and reduced.”” Some of the functional properties of catechol
materials have been shown to depend on their redox-activities
(ie., reactive oxygen species generation'®’® and radical
scavenging’*™®) or their redox-state (e.g., metal chelation'”'®).
However for other properties, an association with redox-activity
is less clear.'*' Specifically, various catecholic materials
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short-range redox modalities and long-range electromagnetic modalities.

show strong photothermal heating upon near infrared (NIR)
irradiation,”*® yet it is not always clear if the responses to
optical and redox stimuli are independent. Scheme 1 illustrates
the NIR-induced excitation of electrons and the redox-based
transfer of electrons, and the question in this study is whether
the response to inputs from these orthogonal modalities can be
independent.

Our focus is redox-active catechol-polysaccharide films that
are being investigated for applications in molecular electronics
(e.g., molecular memory***°) and biomaterials (e.g., antimicrobial
dressings''). Here, we report that top-down property measure-
ments indicate that catechol-chitosan films possess photothermal
properties and the response of these films to simultaneous redox
and NIR stimulation appears to be independent. As discussed, we
believe the independence of the opto-redox responses suggests
that catechol moieties can facilitate biodevice communication by
enabling the flow of energy and information through orthogonal
information processing modalities.

Results and discussion

To detect photothermal effects, we first cast chitosan films on
glass slides and patterned these transparent chitosan films
with catechol dots (2 mm diameter) as illustrated in Fig. 1a.
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Scheme 1 Electrons can be excited by electromagnetic energy and can be
transferred through energetically favorable molecular-based reduction—
oxidation (redox) reactions.

These dots were fabricated by immersing the films in a catechol
solution (10 mM in 0.1 M, pH 7.0 phosphate buffer) positioning
an electrode “pen” above the film and inducing oxidative grafting
by applying an anodic voltage (+0.5 V vs. Ag|AgCl for varying
times up to 10 minutes) to generate patterns with varying extents
of modification as measured by Qr,p, (O = [idr).* Fig. S1 and

(a) Patterning mechanism and samples’ image
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the associated text of the ESIf provide a brief summary of
chemical evidence for the oxidative grafting of catechol to
chitosan films.*'? These films were rinsed, air-dried, wet with
a small amount of water (100 puL) and then irradiated by a NIR
laser (808 nm; 0.75 W cm™ ). The temperature of these patterned
films was measured using a thermal imaging camera (emissivity:
0.95) and the thermograms are shown in Fig. 1b and Fig. S2 of
ESL.¥ The maximum temperature in the patterned region was
determined and plotted as a function of irradiation time in
Fig. 1c. These results show that irradiation of the patterned
catechol resulted in a more rapid increase in temperature (vs.
the control unpatterned film). Further, Fig. 1c shows that pat-
terned films fabricated with increasing amounts of catechol (i.e.,
higher Qf,p,) show higher asymptotic temperatures. The effect of
catechol modification on the film’s photothermal properties is
summarized in Fig. 1d. In summary, these initial studies indicate
that catechol confers photothermal properties to chitosan
hydrogels.

In a second experiment, we electrofabricated catechol-modified
chitosan films using the two steps illustrated in Fig. 2a. In this
case, a chitosan film was first deposited on the transparent circular
gold electrode (4 mm diameter) by immersing the electrode
in a chitosan solution (1.5 w/v%; pH 5.5) and imposing a
cathodic voltage (—1.0 V vs. Ag|AgCl for 15 minutes). Next the

(b) Images of sample under irradiation
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Fig. 1 Photothermal properties of patterned catechol films. (a) Catechol dots (2 mm diameter) were electrochemically ‘'written” onto cast chitosan films.
(b) The temperature during NIR irradiation was determined by thermal imaging. (c) The increase of temperature (measured as maximum temperature) of
the patterned regions during laser irradiation (808 nm; 0.75 W cm™2; data represent mean values & SD (n = 3)). (d) Patterned catechols show a thermal
effect which is linearly correlated to the catechol modification where ATsn, is the temperature difference between 0 and 5 min. [Note: "mC" is an

abbreviation for millicoulomb.].
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Fig. 2 Photothermal properties of catechol-chitosan coated electrodes. (a) Catechol-chitosan films are electrofabricated on transparent gold electrodes
(4 mm diameter). (b) UV-Vis spectra of coated-electrodes with different extents of catechol modification (spectra were corrected from the blank signal of
uncoated electrode). (c) Optical images and thermogram of film-coated electrode. (d) Maximum temperatures of the coated electrodes (808 nm laser;
0.75 W cm~2; data represent mean values + SD (n = 3)). (e) Catechol coatings show a thermal effect which is quasi-linearly correlated to extent of catechol
modification (ATzmin is the temperature difference between 0 and 3 min). [Note: "mC" is an abbreviation for millicoulomb.].

chitosan-coated electrode was immersed in a catechol solution
(10 mM) and an anodic voltage was applied (+0.6 V vs. Ag|AgCl
for varying times up to 3 minutes). These film-coated electrodes
were rinsed, immersed in phosphate buffer, and the UV-Vis-
NIR spectra was collected. Fig. 2b shows a featureless, broad-
band absorbance that extends into the NIR region. In addition,
Fig. 2b shows higher UV-Vis-NIR absorption for the film fabri-
cated with a higher extent of catechol modification.

These electrofabricated films were then dried in air, wet with
a small amount of water (50 pL), and irradiated by a NIR laser
(808 nm; 0.75 W cm™?). The temperature of the irradiated film-
coated electrodes was measured using the IR camera and the
thermograms are shown in Fig. 2c and Fig. S3 of ESLf
Temperature-time plots in Fig. 2d show a temperature rise for
the control chitosan-coated gold electrode which is consistent
with photothermal properties of this electrode’s gold and
carbon regions (note: the concentric carbon black rings that
are visible in the electrodes of Fig. 2c are typically used as
counter electrodes, but were not used in our study).** Never-
theless, electrodes coated with catechol-chitosan films show a
larger increase in temperature and this increase was greater for
films fabricated with higher extents of catechol modification.
The summary plot in Fig. 2e shows the correlation between the
temperature rise (AT) and catechol modification (Qg,p), and
these results further demonstrate the photothermal properties
of the catechol-chitosan films.

The top-down experimental method to measure redox-
activities is illustrated in Fig. 3a, which shows how two mediators

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

and an oscillating voltage are imposed to sequentially exchange
electrons with the grafted catechol moieties. The Ru(NH;)eCls
(Ru**) mediator transfers electrons from the electrode to the film
by a reductive redox-cycling mechanism, while the ferrocene
dimethanol (Fc) mediator transfers electrons from the film to
the electrode by an oxidative redox-cycling mechanism (note: the
quinone and catechol moieties in Fig. 3a suggest putative oxi-
dized and reduced molecular structures although the underlying
chemistry may be more complex and heterogeneous). Fig. 3b
shows cyclic voltammograms of catechol (24 mC)-chitosan coated
electrode in 0.1 M phosphate buffer with and without mediators
(1 mM Ru** and 1 mM Fc). In the absence of mediators,
negligible currents are observed indicating the catechol-
chitosan films are non-conducting. In the presence of the two
mediators, amplified and partially-rectified currents are observed
which is explained by redox-cycling of the two mediators between
the electrode and film’s catechol moieties. These results demon-
strate that catechol films are redox active but non-conducting.
To simultaneously impose both redox and NIR stimuli,
Fig. 3c shows we irradiated the electrode during redox-
probing time-series measurements. Data from these redox-
probing studies can be represented as time-series of input
voltages and output currents. The data for the first 5 redox-
probing cycles in Fig. 3d illustrate such time-series data in the
absence of irradiation (laser off). The amplified currents for the
electrode coated with the catechol-chitosan film (vs. control
electrode coated with only chitosan) provide evidence that the
catechol-coated electrodes possess redox-activity. The apparent
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(d) Input-output responses
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Fig. 3 Simultaneous stimulation of films by redox-probing and NIR irradiation. (a) Catechol films are redox-active as evidenced by their ability to
undergo redox-cycling reactions with the diffusible mediators Ru(NHz)sCls (Ru**) and ferrocene dimethanol (Fc). (b) Cyclic voltammograms for the
catechol (24 mC)-chitosan coated electrode show the film is redox active but non-conducting. (c) Experimental approach to simultaneously stimulate
film-coated electrodes with redox inputs and NIR irradiation (outputs monitored electrochemically and by a thermal imaging camera). (d) Times-series
data show the imposed voltage input and observed output current responses: the amplified peak currents for the catechol-chitosan (vs. chitosan) films
provides evidence of redox-activity; the steady output response provides evidence that the redox-activities are reversible; and the small change in output
currents upon NIR irradiation provides initial evidence that the responses to redox and NIR inputs can be independent.

steady (i.e., time-invariant) output currents provide evidence
that the catechol moieties are reversibly redox-active and can
be repeatedly oxidized and reduced through redox-cycling.
Comparison of the bottom two output current plots show that
films fabricated with higher extents of catechol modification
have larger peak currents which is consistent with the expecta-
tion that redox activities are correlated to the extent of catechol
modification.

To detect interactions between redox and NIR stimulation,
we simultaneously irradiated the catechol-coated electrode
while redox-probing with an imposed oscillating input voltage.
As illustrated in Fig. 3d, we started by redox-probing in the
absence of NIR irradiation and after 5 cycles we began irradiation

Mater. Chem. Front.

with 808 nm laser at a power density of 0.5 W cm™ 2. The results
in the bottom two plots show a gradual increase in output
currents during these 5 cycles and the temperatures listed above
the output curves were measured during the 4th cycle for the
catechol-chitosan coated electrodes. This procedure of increasing
irradiation power measuring output currents for 5 cycles and
measuring temperature was repeated for three additional powers
(1, 1.5 and 1.75 W em™?). In each case, both the oxidative and
reductive output currents increased. Finally, we turned off the
laser and redox-probed the film for an additional 10 cycles and
observed both the output currents and temperature (measured
during the 9th cycle) returned toward the pre-irradiation values.
[Notes: (i) these results show reversibility in the short-term while

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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long-term stability tests were not performed; and (ii) Fig. S4 of the
ESIf shows analysis of the time-series charge (Q = [idr) which
often provides a more sensitive means to detect subtle changes in
output response.] Overall, the results in Fig. 3d indicate that NIR
irradiation has a comparatively small effect on the catechol-films’
redox-activities and this effect is reversible (i.e., the redox activity
is nearly the same before and after irradiation). Potentially, the
small enhancement in output currents observed upon irradiation
could be the result of thermal heating (and not photo-induced
electron transfer).

In addition to representing time-series data as input-output
curves, it is common to represent such systems-level measure-
ments as phase-plane plots where time is not explicitly shown.
Such phase-plane plots in electrochemistry are cyclic voltam-
mograms (CVs). Fig. 4a shows the CV-representation for the
data from the 4th cycle for each of the 5-cycle redox-probing
tests at different irradiation powers for a catechol-chitosan
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coated electrode (Cat-24 mC). [Summaries of the data for
electrodes coated with the control chitosan and catechol-
chitosan (Cat-8 mC) films are provided in Fig. S5 of ESIt].
These CV waveforms show higher peak currents (ipa and ipc)
upon NIR-irradiation and the peak currents were higher with
higher irradiation powers. Further, these CVs show the voltage
difference between peak currents (AE) becomes somewhat
smaller when the films were irradiated with higher powers.
Otherwise, the waveforms do not show qualitative changes that
might be expected if NIR irradiation induced new electron
transfer processes. Potentially, the observed quantitative
changes in waveform may have resulted from thermal heating
effects on physicochemical processes (e.g., mediator diffusion)
unrelated to photo-induced electron transfer.

To investigate the thermal effects, we performed equivalent
redox-probing ‘“‘control” measurements at different temperatures.
Specifically, the electrochemical cell was placed in an incubator at

(b) CVs measured in incubator
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Fig. 4 Cyclic voltammogram (CV) analysis that suggests the observed effects of NIR-irradiation may be due to photothermal heating. (a) Measurements
for catechol (24 mC)-chitosan coated electrode that was simultaneously stimulated by redox-probing and NIR-irradiation (same data as in Fig. 3d).
(b) Measurements for the same film that was stimulated by redox-probing at elevated temperatures (without NIR-irradiation). (c) Both experiments show
large and similar increases in current amplitude Ai for the film that was NIR-irradiated or heated. (d) Both experiments show small and similar decreases in

AE for the film that was NIR-irradiated or heated.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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three different temperatures (22, 34 and 47 °C) that correspond to
those measured from the photothermal heating in Fig. 3d for
catechol-chitosan coated electrode (Cat-24 mC). We acknowledge
that these constant-temperature redox-probing experiments are
approximate controls: while they allow probing at the same bulk
temperatures observed during NIR-irradiation experiments,
they cannot recapitulate the spatial and temporal temperature
gradients that occur during photothermal heating. The CV
waveforms in Fig. 4b show the same qualitative features as
those in Fig. 4a, while the quantitative features (i.e., larger peak
currents or current amplitude Ai, and smaller AE values for
measurements at higher temperatures) are also similar to those
in Fig. 4a. Overall, the results from these control experiments
suggest that the increased currents observed in Fig. 4a may be
mostly due to photothermal heating and not photochemically-
induced electron transfer reactions.

Fig. 4c and d summarize the quantitative changes in peak
currents (or Ai) and AE values respectively, for the experiments
from Fig. 4a (simultaneous redox-probing and NIR-irradiation)
and Fig. 4b (redox-probing at elevated temperatures). As dis-
cussed, the current amplitude Ai increases and the AE
decreases with either NIR-irradiation or thermal heating. As
shown, both the magnitudes and trends for these changes in Ai
and AE were similar between the two experiments which
further suggests the observed changes upon NIR-irradiation
may be due to thermal heating on physicochemical processes
(e.g., mediator diffusion®*). In summary, the observed changes
in the redox-activities of the catechol-modified chitosan films
upon NIR irradiation are reversible and appear to be primarily
the result of reversible photothermal heating (and not photo-
induced electron transfer).

Conclusions

In conclusion, our top-down property measurements indicate
that catechol-chitosan films are photothermally active, and that
their response to NIR stimuli is reversible and largely independent
of the reversible responses to redox inputs. From a fundamental
perspective, this result suggests that energy (and information) can
“flow” through catecholic materials via independent molecularly-
based redox modality and electromagnetically-based optical
modality. However, there are three important caveats when using
these top-down property measurements to provide bottom-up
(molecular level) mechanistic explanations. First, it is possible that
our electrochemical measurements are insufficiently sensitive to
detect optoredox coupling between NIR-induced electron-
excitation and mediator-induced electron-transfer. Second, it is
possible that opto-redox coupling is not observed under the con-
ditions used simply because NIR irradiation likely leads to modest
excitation and redox-probing with dilute mediators may limit
interactions with an excited state. Finally, it is possible that the
observed opto-redox independence is the result of chemical hetero-
geneities within the catechol-grafted film: specifically, it is possible
that the moieties responsible for photoexcitation are distinct and
separated from the moieties responsible for redox activities.

Mater. Chem. Front.
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We envision that the practical implications of this work are
for redox-based bioelectronics. As mentioned, catechols are
emerging as important circuit elements because they possess
various molecular electronic properties. In particular, redox-active
catechol materials can amplify, rectify, and gate redox-based
currents®” as well as serve as molecular memory devices.>*>> As
illustrated in Fig. 1a, such catechols can be patterned onto flexible
and sustainable polysaccharide matrices: the pattern of the
covalently-grafted catechols serve as a permanent memory while
the redox-activity of the patterned catechol serves as a “volatile”
two-state (oxidized and reduced) short-term memory. Previous
studies showed that this shortterm memory can be ‘“read”
optically based on catechol’s redox-state-dependent absorbance
in the visible region (480 nm),”® and this optical reading enables
convenient cell-phone imaging to access biologically-relevant
redox-based chemical information.*® The results from the current
study indicate that the long term memory (i.e., the pattern) can
also be read optically and non-destructively using radiation from a
different region of the electromagnetic spectrum (808 nm). In
addition to reading (ie., sensing), we envision that catechol’s
photothermal properties could provide a simple means for actua-
tion just as its redox properties have been used for biological
actuation.'™” Overall, we believe these results expand the mole-
cular electronic properties of catechol-based materials to enable
communication through both short-range redox modalities and
long-range electromagnetic modalities.

Materials and methods
Materials

Chitosan, hydrochloric acid, sodium hydroxide, catechol,
Ru(NH;3)sCl; and 1,1-ferrocene dimethanol were purchased
from Sigma-Aldrich. All reagents were used as received without
further purification. All solutions were prepared using Milli-
pore water (>18 MQ). The solution of mediators (1 mM
Ru(NH;3)6Cl; and 1 mM 1,1-Ferrocenedimethanol) was prepared
in 0.1 M phosphate buffer (pH 7.0).

Instrumentation

The electrochemical cell consisted of a counter electrode made
of 0.3 mm platinum wire, a Ag|AgCl reference electrode, and a
screen-printed gold transparent (4 mm diameter; from Metrohm)
working electrode. All electrochemical measurements and elec-
trofabrication were carried out using potentiostat (CHI 760E, CH
Instruments). Infrared diode laser at 808 nm (MDL-N-808, CNI
Lasers) was used for the irradiation experiments. Laser power
meter (FieldMate, Coherent) was used for the laser irradiation
calibration, with the power density normalized by the surface
area of laser spot. Thermal imaging camera (FLIR E40, Teledyne
FLIR) was used for the temperature measurements in
NIR irradiation experiments. Cell-phone (Galaxy S10, Samsung)
camera was used for optical imaging. Incubator (Classic C24,
New Brunswick) was used for the elevated temperature experi-
ments with temperature calibrated by a mercury thermometer.
The UV-Vis-NIR absorption was collected using a spectrophot-
ometer (Evolution 60, Thermo Scientific).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Patterning of catechol on chitosan film

A chitosan solution (1.5% w/v) was prepared by dissolving chit-
osan with 1 M hydrochloric acid until final pH 5.5. This chitosan
solution (100 pL) was cast onto a microscope circular cover glass
(18 mm diameter) and left to dry overnight. The dried film was
neutralized by immersing in a 1 M sodium hydroxide solution for
1 hour and rinsed thoroughly with water to form a hydrogel film.
This chitosan film (with glass) was then immersed in a 10 mM
catechol solution (in 0.1 M phosphate buffer, pH 7.0), and a
standard gold electrode (2 mm diameter) was directly placed
above the film for catechol patterning as illustrated in Fig. 1a.
An anodic potential (0.5 V vs. Ag|AgCl) was applied to the gold
electrode until a desired (0.5, 1, 2 and 4 mC) charge was achieved.

Electro-fabrication of catechol film

The two electro-fabrication steps were both carried out using
the three-electrode system (transparent gold working electrode)
as illustrated in Fig. 2a. The electrodes were immersed in the
chitosan solution (1.5% w/v, pH 5.5), and a cathodic potential
(—1.0 V vs. Ag|AgCl) was applied for 15 minutes to electro-
deposit chitosan. Then, the chitosan hydrogel film coated elec-
trode was removed from chitosan solution and rinsed with water.
This electrode coated with the chitosan film served as an
experimental control. To generate a catechol-chitosan film in
the second step, the chitosan film coated electrode was immersed
into a 10 mM catechol solution (in 0.1 M phosphate buffer), and
an anodic potential (+0.6 V vs. Ag|AgCl) was applied to the
electrode until a desired charge (8 or 24 mC) was achieved.
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