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Abstract

Biomacromolecules often possess information to self-assemble through low energy competing
interactions which can make self-assembly responsive to environmental cues and can also confer
dynamic properties. Here, we coupled self-assembling systems to create biofunctional multilayer
films that can be cued to disassemble through either molecular or electrical signals. To create
functional multilayers, we: (i) electrodeposited the pH-responsive self-assembling
aminopolysaccharide chitosan, (ii) allowed the lectin Concanavalin A (ConA) to bind to the
chitosan-coated electrode (presumably through electrostatic interactions), (iii) performed layer-by-
layer self-assembly by sequential contacting with glycogen and ConA, and (iv) conferred
biological (i.e., enzymatic) function by assembling glycoprotein (i.e., enzymes) to the ConA-
terminated multilayer. Because the ConA tetramer dissociates at low pH, this multilayer can be
triggered to disassemble by acidification. We demonstrate two approaches to induce acidification:
(i) glucose oxidase can induce multilayer disassembly in response to molecular cues, and (ii)
anodic reactions can induce multilayer disassembly in response to electrical cues.
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INTRODUCTION

Complex material systems in biology are often held together through a large number of low
energy, noncovalent, and, in some cases, biospecific interactions. To create such material
systems, in biology, biomacromolecules that possess the intrinsic information needed for
bottom-up self-assembly are often enlisted.12 These same biological materials and
mechanisms are often enlisted to create hierarchical structures ex vivo3~> and to confer
useful biological functions to these structures.5-13 In addition, when material systems are
held together by low energy and reversible interaction mechanisms, they often possess
dynamic capabilities to heal, respond, and reconfigure.14-19 Here, we report the coupling of
independent self-assembly mechanisms to create a dynamically responsive film that can be
cued to disassemble through externally applied molecular or electrical inputs.

Some stimuli-responsive self-assembling biopolymers can be triggered by electrical inputs
to deposit on the surface of an electrode, and often such electrodeposition processes are
simple, rapid, reagentless, and highly controllable.2%21 One of the best understood
biopolymer electrodeposition processes is the cathodic deposition of the pH-responsive
aminopolysaccharide chitosan. At low pH (usually pH < 6), the amine groups of chitosan are
protonated making chitosan soluble in agqueous solution.22 Upon raising the pH, the amine
groups become deprotonated, the chitosan chains lose their charge, and can self-assemble
into a hydrogel network. These pH-responsive gel-forming properties enable chitosan to be
electrodeposited at a cathode surface. Specifically, when a cathodic potential is applied to an
electrode that is immersed in acidic chitosan solution, electrolytic reactions yield a high pH
region which can trigger the localized self-assembly of chitosan on the electrode surface.
Chitosan’s electrodeposition confers spatiotemporal selectivity and quantitative control to
self-assembly (i.e., chitosan can electrodeposit on a patterned electrode with the electrode-
specific dimensions in response to electrode imposed electrical signals).2324 Importantly,
chitosan-coated electrodes present surface-exposed amine groups that can engage in
additional interactions (e.g., electrostatic and/or covalent) for further assembly. As illustrated
in Scheme 1a, we use electrodeposition as the first self-assembly step for fabricating
multilayer films.

Another convenient aqueous-based method to self-assemble biopolymer films involves
layer-by-layer (LbL) methods that can enlist various physical interaction mechanisms and
provide a gentle and versatile means to construct multilayer architectures. We fabricate
multilayer films using LbL self-assembly and biospecific interactions between the lectin
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Concanavalin A (ConA) and the polysaccharide glycogen (a branched polymer of glucose).
25,26 To fabricate this multilayer, ConA is first coated onto the electrodeposited chitosan film
through nonspecific and presumably electrostatic binding interactions, then multilayers can
be generated by sequentially contacting with solutions of glycogen and ConA. Importantly,
ConA contains four sites for binding sugars that include D-glucose and D-mannose, which
enables it to serve as a protein-based physical cross-linking agent for the ConA-glycogen
multilayers. Also it is important that ConA can bind to glycoproteins with certain glycan
structures?”:28 (e.g., enzymes and glycosylated monoclonal antibodies, mAbs), and this
enables these self-assembled films to be biofunctionalized.

To create dynamically responsive assemblies, in biology, noncovalent mechanisms that can
be reversed by changes in environmental parameters are often enlisted, and one of the most
important triggering parameters is pH. For instance, a virus’ infection cycle often involves
pH-triggered assembly and disassembly of the coat protein,2®-31 while technological efforts
to target nanoparticle-based therapeutics often aim to exploit the pH differences associated
with the different stages of endosomal uptake.32:33 Additionally, the binding affinity of
glycosylated antibodies can be pH dependent, facilitating their purification and detection.34
In our case, the assembled ConA-glycogen multilayer is pH-responsive and disassembles at
low pH as the ConA tetramer dissociates into dimers3®=37 (note that electrodeposited
chitosan will also redissolve at low pH but more slowly). Importantly, various mechanisms
exist to transduce alternative cues into the pH changes that can trigger localized disassembly.
As illustrated by Scheme 1b, we demonstrate two separate mechanisms to transduce external
cues into the pH signals required to trigger ConA-glycogen disassembly: (a) an enzyme that
can transduce a molecular signal (i.e., glucose) into H* is assembled on the film, allowing
film disassembly to be cued by a molecular input, and (b) an electrical signal can be
imposed to the underlying electrode to locally generate H*, allowing film disassembly to be
cued by an electrical input.38-41 Potentially, film disassembly can also be monitored
electronically either by detecting changes in structure (e.g., by electrochemical impedance
spectroscopy) or function if the function involves the generation of redox-active products
(e.9., H20Oy). Thus, we report the coupling of biological mechanisms to self-assemble a
multilayer film capable of molecularly specific enzyme-mediated disassembly or capable of
disassembling in response to device-convenient electrical inputs.

MATERIALS AND METHODS

Materials

The following materials were purchased from Sigma-Aldrich: chitosan from crab shells
(85% deacetlylation), D-(+)-glucose (=99.5%), glucose oxidase (GOXx) from Aspergillus
niger, Concanavalin A (ConA) from Canavalia ensiformis, FITC conjugate (FITC-ConA),
2,2’ -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and hydrogen peroxide
solution. Concanavalin A was purchased from Santa Cruz. Glycogen was purchased from
Acros. Horseradish Peroxidase (HRP) was purchased from Shanghai Yuanju Biotech. Gold-
coated quartz crystal (QSX338, Au with Ti adhesion layer) was purchased from
NanoScience Instrument. The pH indicator (Metacresol Purple Sodium Salt) was purchased
from TCI.
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Chitosan Electrodeposition—1% chitosan solution was first prepared by slowly
dissolving chitosan flakes in diluted HCI after which the pH was adjusted to 5.5 by 1 M
NaOH. A gold or platinum electrode was partially immersed into the chitosan solution as the
working electrode, with a Pt wire serving as a counter electrode. Chitosan electrodeposition
was performed for 5 min at a constant current density of 4 A-m~2. The resultant chitosan-
coated electrode was rinsed extensively with water and Tris-HCI buffer (100 mM. pH 8.0).
To fabricate a free-standing chitosan film, the deposition time was extended to 10 min and
the chitosan-coated electrode was exposed to NaOH solution (100 mM) for 30 min after
which the chitosan film could be peeled off from the electrode.

LbL Self-Assembly—The chitosan-coated electrode was sequentially contacted with
solutions containing ConA and glycogen alternatively each for 30 min (2 mg/mL, in 100
mM Tris-HCI buffer at pH 8.0). After each assembly, three sequential washes by Tris-HCI
buffer (each for 5 min) were preformed to remove loosely bound molecules. After several
repeated adsorption steps, the multilayer film was obtained and denoted as Chit-(ConA/
Gly),ConA, where nrepresents the number of multilayers. For the fluorescence study,
FITC-labeled ConA was used. To biofunctionalize film with enzymes, Chit-(ConA/
Gly)ConA coated electrode was incubated with solution containing GOx or HRP (5
mg/mL, in 200 mM Tris-HCI buffer at pH 8.0) for 1 h, followed by rinsing with Tris-HCI
buffer.

EQCM Monitoring of Assembly—The electrodeposition and LbL self-assembly
processes were monitored by EQCM-D (Q-Sense E4, Sweden). A typical three-electrode
setup was employed with a gold-coated quartz crystal as a sensor and the working electrode,
an Ag/AgCl electrode as the reference electrode, and a Pt wire as the counter electrode. The
measurement was conducted at 25 °C. To ensure relatively rigid and thin adhered film
fabrication, a 10-fold diluted chitosan solution (0.1%, pH 5.5) was used, and a cathodic
voltage of —1.2 V was applied for 1 min, followed by alternate assembly of ConA, glycogen,
and GOx layers. Buffer rinsing was performed for 5-10 min after each assembly step.

Electrochemical Impedance Measurement—The impedance measurements were
performed by a CHI16273c electrochemical analyzer (CH Instruments) and a typical three-
electrode system, where the film-coated or bare standard gold electrode was used as the
working electrode, an Ag/AgCl electrode was the reference electrode, and a Pt wire was the
counter electrode. The measurements after the formation of each layer were performed in
phosphate buffered solution (100 mM, pH 7.4) containing 0.5 mM KsFe(CN)g/K4Fe(CN)g
over a frequency range of 100 kHz to 1 Hz with an amplitude of 5 mV at the potential of
+0.2 V vs Ag/AgCl. The data are represented in the complex plane; Nyquist plots (Z” vs Z”,
Z” = imaginary impedance and Z” = real impedance).

Electrochemical Detection of GOx and Monitoring of Disassembly—The
function of GOx was examined electrochemically by the electrochemical oxidation of H,O»
generated in a GOx-catalyzed reaction. The electrochemical measurements were performed
by current—time (/- measurements using a CHI6273c electrochemical analyzer (CH
Instruments) and a typical three-electrode system, where the film-coated electrode was used
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as the working electrode, an Ag/AgClI electrode was the reference electrode, and a Pt wire
was the counter electrode. Initially, the three electrodes were immersed in 5 mL of
phosphate buffer (10 mM, pH 7.4, containing 100 mM Na,SOy4 to ensure electrical
conductivity) under gentle stirring while the electrode was biased to +0.7 V and the current
output was monitored. Aliquots (10 L) of a concentrated glucose solution (500 mg/mL)
were intermittently added to the solution to increase the glucose concentration by 1 mM.

To monitor disassembly of the GOx-functionalized film in response to high levels of
glucose, 50 gL of 500 mg/mL glucose was added and the stirring was suspended to allow
accumulation of H* on the electrode. After 90 min, the electrodes were rinsed, added to a
fresh buffer solution, biased to +0.7 V, and exposed to glucose again in order to detect a loss
of GOx function and demonstrate disassembly.

To induce and monitor disassembly of film cued by electrical signal, the electrode was
biased to +1.5 V for 10 min without stirring. Subsequently, the electrodes were rinsed, added
to a fresh buffer solution, biased to +0.7 V, and exposed to glucose again to demonstrate
disassembly.

Characterization of Dual-Enzyme Activity—~For film functionalized by both GOx and
horseradish peroxidase (HRP), the dual-enzyme activity was characterized by the GOx-
catalyzed oxidation of glucose with the generation of H,0O, that serves as the cosubstrate for
the subsequent HRP-catalyzed conversion of reduced ABTS (ABTSRed) into the dark green
oxidation product ABTSOX. Experimentally, the film-coated electrode or the free-standing
multilayer film was incubated in solution containing H,05 (0.01%) and ABTSRed (5 mM)
for 4 h followed by imaging.

Physical Evidence for Film Assembly

Figure 1a shows the films were prepared by (i) electrodepositing the chitosan through a
cathodic neutralization mechanism,2442 (ii) contacting the chitosan-coated electrode with a
buffered solution (pH 8.0) containing ConA (pl 4.5-5.5) to allow this protein to bind
through nonspecific (presumably electrostatic) interactions,224344and (iii) sequentially
contacting the film with glycogen and ConA solutions to enable biospecific layer-by-layer
(LbL) self-assembly.#>-48 This assembled film is denoted as Chit-(ConA/Gly) ,ConA, where
nrepresents the number of ConA and glycogen bilayers. In initial studies, we
biofunctionalized the films using the glycoprotein glucose oxidase (GOXx) which assembles
through the same biospecific ConA-sugar interactions,*9-54 and this film is denoted as Chit-
(ConA/Gly) ConA/GOX.

In initial studies, FITC-labeled ConA (FITC-ConA) was employed to visualize assembly
and demonstrate that films could be assembled onto a patterned electrode with spatial
selectivity. Specifically, the initial electrodeposition step confers spatial selectivity as this
deposited chitosan film serves as a “template” for subsequent binding of the ConA protein®®
and further LbL self-assembly steps. The images in Figure 1b show that fluorescence was
only observed on the electrode addresses and the fluorescence intensity progressively

Biomacromolecules. Author manuscript; available in PMC 2020 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 6

increased with each additional assembled bilayer. We have previously demonstrated that
chitosan electroassembly can be spatially selective;24 this image indicates that the
electrodeposited chitosan film serves as a “template” to confer spatial selectivity to the
subsequent ConA-glycogen LbL self-assembly. These results provide initial visual evidence
that LbL self-assembly can be coupled with electrodeposition for spatially controllable self-
assembly.

Physical evidence for the self-assembly and functionalization of our films is provided by in
situ electrochemical quartz crystal microbalance (EQCM) measurements. This technique
allows the simultaneous application of an electrical stimulus and the monitoring of film
formation on the surface of a gold electrode. In this experiment, the gold-coated QCM
crystal was immersed in a chitosan solution (0.1%, pH 5.5) and a cathodic voltage (1.2 V, 60
s) was applied. As shown by the inset in Figure 1b, a rapid decrease in frequency was
observed upon the application of voltage, indicating electrodeposition of chitosan. After this
brief electrodeposition step, the chitosan-coated crystal was thoroughly rinsed with Tris-HCI
(pH 8.0) buffer and then sequentially contacted with ConA, glycogen, and glucose oxidase
(GOx). With each contacting step, a decrease in frequency was observed which is consistent
with the sequential assembly of each layer.3” The multiple curves in Figure 1b are data
collected at different overtones (7= 3, 5, 7), and the spreading of frequency shift at different
overtones indicates that the formed multilayers are rather soft.>® Because of the significant
viscoelastic nature of the assembled films, it may not be accurate to quantify the mass of
each layer using the Sauerbrey equation.>® Nevertheless, the EQCM results demonstrate
qualitatively the stepwise LbL self-assembly of multilayers onto electrodeposited chitosan.

Additional physical evidence for the sequential self-assembly and functionalization of our
films is provided by electrochemical impedance spectroscopy (EIS) using Fe(CN)g3 /4~ as a
redox-specific probe. In this experiment, the electrode surface was contacted with a solution
containing Fe(CN)g3~/4~ and probed by imposing small oscillating voltages, measuring the
response currents, and determining the impedance. The frequency dependence of this
impedance reveals the electrical behavior of the electrode interface due to diffusion, double-
layer charging, resistance of the solution (Rs), and charge transfer (R.;).°"~59 Especially, the
faradaic impedance spectroscopy techniques using the redox probe (Fe(CN)g3~4") can
sensitively monitor the change of charge transfer resistance (/) dependent on the surface
charge developed by the layer-by-layer formation. Figure 1d shows the Nyquist plots of a
standard gold electrode after different number of layers had been assembled. The Nyquist
plots of the bare electrode and electrode with electrodeposited chitosan were found to be
nearly linear, indicating that the transfer of charges was unhindered.60 After the ConA layer
had been assembled on the electrode, the Nyquist analysis shows a semicircular shape at low
frequency which indicates that this added ConA layer hinders the diffusion of Fe(CN)g3~/4-
to the electrode surface.>’-61-63 With each subsequent assembly step, Figure 1d shows that
the semicircle diameter of the Nyquist plot increases indicating increasing charge transfer
resistance (Ry).5762-64 Thus, these impedance measurements further demonstrate the
coupling of electrodeposition and LbL for multilayer film assembly.

Biomacromolecules. Author manuscript; available in PMC 2020 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal. Page 7

Assembling Biological Function to Multilayer Film

In our initial studies, we conferred biological function to our assembled film by allowing the
biospecific binding of GOx to ConA, and we demonstrate this biofunction using
electrochemical analysis. As illustrated in Figure 2a, we started with a standard gold
electrode and assembled a chitosan and ConA/Gly multilayer with ConA as the outermost
layer (Chit-(ConA/Gly)3ConA). We then incubated this film-coated electrode with a GOx
solution (5 mg/mL) for 1 h. After thoroughly rinsing the functionalized film, the activity of
GOx was measured electrochemically as illustrated by the reactions in Figure 2b.
Specifically, the GOx-catalyzed oxidation of glucose generates a redox-active product
(H205) that can be detected electrochemically. Experimentally, we used a three-electrode
system with the GOx-functionalized electrode serving as the working electrode. To evaluate
the GOx-function, we applied a constant anodic potential (+ 0.7 V) and then sequentially
introduced aliquots of a concentrated glucose solution (500 mM) to achieve the stepwise
increases in the solution’s glucose concentration. As shown by Figure 2c, the output
oxidation current showed a rapid increase upon the addition of each glucose aliquot, while
the standard curve shows good linearity between output current and glucose concentration
(inset plot in Figure 2c). As a control, we assembled a multilayer that lacked GOx on an
electrode and observed no appreciable change in output current in response to the addition of
glucose. The results in Figure 2 indicate that the assembled GOx confers enzymatic function
to the film assembly.

Next, Figure 3a shows the assembly of films biofunctionalized by the sequential biospecific
assembly of two glycosylated enzymes: GOx and horseradish peroxidase (HRP).85-68 Like
GOx, HRP is a glycosylated protein that can be assembled onto the film by binding to the
sugar-binding sites on ConA. The functions of GOx and HRP were examined by the classic
cascade reactions shown in Figure 3b.89-71 In this reaction cascade, GOx catalyzes the
oxidation of glucose to produce H,05, which is then used by HRP to oxidize 2,2"-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTSRed, colorless) into ABTSOX (green).
Experimentally, we first electrodeposited a chitosan film, peeled it from the electrode, 273
and sequentially contacted this film with solutions of ConA, glycogen, and finally, GOx and
HRP (5 mg/mL). (Note that the sequence used to assemble GOx and HRP did not affect the
results.) After thoroughly rinsing the film, it was incubated (4 h) in a solution containing
glucose (5 mM) and ABTSRed (5 mM). The leftmost image in Figure 3¢ shows that the film
assembled with both GOx and HRP was observed to be dark green, presumably because
ABTSOX diffuses into and is bound to the multilayer film. The middle image in Figure 3c
shows results for a control Chit-(ConA/Gly)3ConA/HRP film that lacks GOx: in this control,
the film was tested by incubation in a solution containing H,0O, (0.01%) and ABTSRed. As
expected, this control film also became green upon incubation with H,O,. In contrast, the
rightmost image shows that when such a GOx-free Chit-(ConA/Gly)3ConA/HRP film was
incubated with glucose and ABTSRed, it remained colorless. These results demonstrate that
both enzymes were successfully assembled into the multilayer assembly to confer dual
enzymatic function.
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Molecular and Electrical Cuing of Multilayer Disassembly

As illustrated in Scheme 1b, under neutral conditions, ConA is a tetrameric protein with four
sugar-binding sites which enables it to cross-link glycogen chains and also couple
glycosylated proteins to the multilayer film. Under acidic conditions, the ConA tetramer is
dissociated into dimers and acidification (pH < 5.5) has been used to trigger disassembly of
ConA-based multilayers.#”:7475> Here, we demonstrate that this pH-triggered film
disassembly can be cued by independent acidification mechanisms to either confer
molecular specificity to disassembly or to enable electrical inputs to cue film disassembly.

Molecular cuing of disassembly can be achieved by incorporating an acid-generating
enzyme into the multilayer, and GOXx serves as a simple model enzyme. To demonstrate this
concept, we assembled a Chit-(ConA/Gly)3ConA/GOx onto a standard gold electrode and
monitored the film’s function electrochemically. The “input” plots in Figure 4a show that in
this experiment, the electrode was biased to a constant anodic voltage (+0.7 V) to allow the
detection of the H,O, product, and the film was exposed to varying glucose “input”
concentrations. Figure 4a shows that when the multilayer was exposed to increasing but low
glucose concentrations (1-5 mM), the anodic “output” current was observed to
progressively increase, consistent with the film performing a sensor function (i.e., glucose
measurement). When the multilayer was exposed to a higher glucose concentration (25
mM), the current was observed to undergo a significant transient increase followed by a
decrease to zero. (We should note that very high glucose concentrations of ~125 mM can
disassemble these multilayers through competitive binding of glucose to the ConA sugar-
binding sites.3”) The response observed in Figure 4a is consistent with the disassembly of
the multilayer and loss of localized H,O, generation at the electrode surface. To further
demonstrate this loss of function, the electrode was added to a fresh buffer solution and
exposed to low levels of glucose (1-5 mM), yet Figure 4a shows that no appreciable current
output was observed.

To provide evidence that acidification triggered the multilayer disassembly, we prepared a
separate Chit-(ConA/Gly)3ConA/GOx film. This film was fabricated by first
electrodepositing chitosan, peeling the chitosan from the electrode, and sequentially
contacting it with the various solutions. This “free-standing” Chit-(ConA/Gly)3ConA/GOx
film was placed in phosphate-buffered (10 mM, pH 7.4) glucose solutions with the
metacresol purple sodium salt pH indicator dye. As illustrated in Figure 4b, this pH indicator
shows purple under neutral conditions and yellow under acidic conditions. When a low
concentration of glucose (5 mM) was added to the solution and the film was incubated for 1
h, and the upper image in Figure 4b shows that the film remained intact and the buffer
solution remained neutral. Subsequently, an aliquot of concentrated glucose solution was
added to increase the glucose concentration to 25 mM. After incubating for 1 h, the lower
image in Figure 4b shows the solution had been acidified and the film dissolved. This
observation supports the conclusion that glucose cues multilayer disassembly through an
acidification mechanism.

Electrical cuing of disassembly is enabled by the anodic electrolysis of water. To
demonstrate this concept, a Chit-(ConA/Gly)3ConA/GOx film was assembled onto a
standard electrode. As shown by the schemes and “input” plots in Figure 5a, the electrode
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was first biased to a low anodic voltage (+ 0.7 V) to detect GOx function (e.g., the glucose-
dependent generation of H,0,). The “output” plot in Figure 5a shows that at this low initial
voltage, the addition of glucose aliquots resulted in stepwise increases in oxidation currents
consistent with GOx sensing function. Next, the input oxidative voltage was increased (+ 1.5
V) to initiate a H*-generating electrolysis reaction (i.e., to trigger disassembly). The output
plot shows that at this high voltage, a sharp 200-fold increase in oxidation current is drawn
consistent with water electrolysis. Finally, the electrode was transferred to a fresh buffer
solution; the input plots show that a lower oxidative input voltage was imposed (+ 0.7 V)
and aliquots of glucose were added (1-5 mM). No appreciable output currents were
observed under these conditions indicating that the multilayer had disassembled in response
to the high imposed oxidative voltage.

Independent evidence for electrically cued multilayer disassembly was provided in Figure
5b. To better visualize the film, the Pt electrode assembled with Chit-(ConA/
Gly)3ConA/GOx/HRP was incubated in ABTS (5 mM) and glucose (5 mM) solution for 4 h,
and the film turned dark green (upper image in Figure 5b) because of the dual-enzyme
reactions illustrated in Figure 5b. Next, the electrode was biased to an anodic voltage of +1.5
V for 10 min. As shown by the lower image in Figure 5b, the film dissolved as indicated by
the color loss on the electrode. This result further supports the conclusion that the assembled
multilayer can be disassembled in response to the electrical inputs.

CONCLUSIONS

In this work, we coupled electrodeposition and biospecific self-assembly mechanisms to
create a biofunctional multilayer film. Electrodeposition of the pH-responsive self-
assembling aminopolysaccharide chitosan provides the advantages of spatiotemporal and
quantitative control of film fabrication. The ConA lectin can undergo biospecific and
multivalent interactions which enable the layer-by-layer assembly of a glycogen-ConA
multilayer and further allows protein-coupling to confer biofunctionality (e.g., for
biosensing) through binding of a protein’s sugar moieties. One significant advantage of this
biobased film fabrication approach is that by enlisting the intrinsic self-assembling
capabilities of these biopolymers, film fabrication can be achieved simply and without the
need for reactive reagents or complex instrumentation. This assembly approach may also be
generic since various biological polymers can be electrodeposited’®.77 and diverse LbL
mechanisms exist for multilayer assembly.>%78.79 For instance, the electrodeposition of
alginate’” may enable extension to methods that require the initial film to be negatively
charged (vs chitosan’s positive charge), while alternative lectins may confer different
specificities for binding proteins with different glycanpatterns. Thus, this biopolymer-based
self-assembling approach provides a biologically compatible, environmentally friendly, and
sustainable route for the fabrication of functional films.

The hierarchical assembly of these films through reversible, noncovalent interactions enables
these films to be cued to disassemble by external stimuli. In particular, glycogen-ConA
multilayers disassemble under low pH conditions. We show that this low pH stimuli can be
generated using an enzymatic reaction (i.e., the enzymatic oxidation of glucose) which
provides the opportunity to confer molecular specificity to film disassembly. Further, we
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show that anodic electrolytic reactions can trigger disassembly which provides a mechanism
for disassembly to be cued by device-convenient electrical inputs. Thus, the assembly of
hierarchical structures through reversible noncovalent interactions provides the opportunity
to create dynamically responsive materials that could be useful for a range of emerging
applications.80-82

It is interesting to note an important difference between stable assemblies and dynamically
responsive assemblies. In particular, dynamically responsive assemblies are designed to be
unstable (or responsive) to a specific condition—in our case, to a low pH. One concern is that
dynamically responsive materials will be susceptible to adventitious cues that could trigger
responses. For instance, a sample with a very low pH or a high sugar concentration could
trigger disassembly of our films. In fact, previous studies have shown that very high glucose
levels (125 mM) or lower concentrations of methyl-a-D-mannopyranoside (5 mM) can
compete for ConA binding and thus trigger ConA-glycogen disassembly. A second concern
is that dynamically responsive assemblies will respond to local conditions that may vary
considerably from conditions in the bulk. In our case, the enzyme- and electrode-induced
acid were generated locally. While the images in Figures 4 and 5 demonstrate that the films
in our study were completely disassembled (i.e., dissolved), such disassembly may be
impeded under conditions of high buffering or significant mixing that may suppress a local
decrease in pH. Thus, it may be necessary to tailor dynamically responsive assemblies (e.g.,
GOx levels) for specific applications.
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(a) Coupling Self-assembly and Biofunctionalization
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Physical evidence for coupling of electro-induced self-assembly and LbL self-assembly. (a)
Schematic illustrating the experimental procedures. (b) Fluorescence images of film
fabricated with FITC-ConA indicate that electrodeposited chitosan serves as a template to
enable spatially controllable LbL self-assembly. (¢) E-QCM measurements demonstrate the
electrodeposition of chitosan (inset) and LbL self-assembly of ConA, glycogen, and GOx.
(d) The Nyquist plot indicates increasing impedance with the assembly of each additional
glycogen-ConA layer and the final GOx layer.
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(a) Biofunctionalization with GOx (b) Reactions in Electrochemical Detection of GOx
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(c) Electrochemical Detection of GOx
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Figure 2.
Characterization of GOx biofunction. (a) Scheme illustrating the assembly of GOx to film

through the binding between ConA and GOx glycan chains. (b) Electrochemical detection of
GOx via GOx-catalyzed glucose oxidation and the subsequent electrochemical oxidation of
H»0, product.(c) Scheme and plots showing quantitative response in current output for
glucose input with varying concentration and the inset showing corresponding standard
curve.
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(a) Biofunctionalization with GOx and HRP (b) Reactions to Detect Dual-enzyme functions
GOx-catalyzed reaction:
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(c) Optical Characterization of Assembled GOx and HRP
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Figure 3.
Characterization of GOx and HRP biofunction. (a) Scheme illustrating the sequential

assembly of GOx and HRP to film. (b) Detection of dual-enzyme functions via the GOx-
catalyzed glucose oxidation and the subsequent HRP-catalyzed generation of dark green
ABTSOX, (c) When film containing both GOx and HRP was treated with glucose and
ABTSRed the film was observed to be dark green due to generation of ABTSO (left); the
same color was observed for film containing only HRP with the treatment of H,O, and
ABTSRed (middle). However, in the absence of H,0,, the film was colorless (right).
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(a) Electrochemical Characterization of Glucose-responsive film (b) pH-mediated Glucose-responsiveness
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Figure 4.

Molecular Cuing of Disassembly. (a) The film-coated electrode was biased to a constant
anodic voltage (+ 0.7 V) and first exposed to low levels of glucose (1-5 mM) to detect GOx
activity and then exposed to high levels of glucose (25 mM) to cue the disassembly. No
significant current output was observed when the film was exposed to low-level glucose
again, indicating disassembly of film in response to high-level glucose. (b) The color change
of the pH indicator dye and dissolution of the film under high-level glucose concentrations
indicates that acidification is responsible for film disassembly.
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(a) Electrochemical Characterization of Electrical-responsive film
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(b) Optical Characterization of
Electrical Responsiveness
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Figureb5.

Electrical Cuing of Disassembly. (a) The GOx sensing function was first evaluated

electrochemically using a low oxidative voltage (+0.7 V), and then disassembly was cued
using a higher oxidative voltage (+ 1.5 V). Afterward, the GOx function was tested again

and no appreciable current out was observed, indicating disassembly of film. (b) Film
containing GOx and HRP was observed to be dark green in the presence of glucose and
ABTSRed, The color was lost after the application of an oxidative voltage (+ 1.5 V)
indicating that film disassembly was cued by the electrical signal.
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(a) Coupling Self-Assembly (b) Acid-Induced Disassembly
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Scheme 1.
(a) Multilayer Film Fabricated by Coupling Two Self-Assembly Mechanisms:

Electrodeposition of Chitosan and LbL Self-Assembly of ConA, Glycogen, and
Glycoproteins; (b) Glucose and Electrical Signals Transduced into pH Changes to Cue the
Disassembly of Films
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