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Abstract

Mixed ionic-electronic conductive polymers are gaining high momentum for several electronic
and bioelectronic applications. These polymers are composed of a synthetic conjugated
polymer for electronic conduction and a synthetic ionomer for the ionic one. Due to
environmental considerations, much effort is being utilized in replacing synthetic polymers
with biopolymers. However, to date, the only strategy for making mixed conductors with
biopolymers is to blend them with synthetic polymers. Here, we show that by targeting certain
amino acids of protein-based biopolymers, we can post-polymerization modify them with
naphthalenediimide (NDI), resulting in an improved electronic transport, which is in addition
to the native ionic transport of the biopolymers. We further show that by reducing the NDI
moieties we can reach conductivity values in the order of 40 mS-cm, though the NDI can re-
oxidize depending on the environment of the biopolymer. The abundant nature of the protein
building blocks together with the easy post-polymerization functionalization chemistry of the
NDI, which is very much different than any previous use of NDI in conductive polymers, is
making our new strategy for making mixed ionic-electronic conductive biopolymers highly

attractive.
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Introduction

The field of bioelectronics, and specifically, the utilization of organic conductive polymers for
the electrical interfacing with biological niches, a sub-field that is usually referred to as organic
bioelectronics, has emerged in recent two decades.!® Out of the many conductive polymers
that have been explored, we can consider PEDOT:PSS (Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate)) as the champion polymer being used in most of the state-of-the-art
bioelectronic devices. PEDOT:PSS is a mixed conductor, meaning it can support both
electronic transport due to the polymerized conjugated backbone of PEDOT as well as ionic
transport due to the sulfonated PSS ionomer. Nevertheless, PEDOT:PSS is a synthetic polymer,
and in recent years much work is being employed to replace synthetic polymers with more
environmentally friendly alternatives utilizing biological materials for the formation of
biopolymers. To date, mostly polysaccharides and proteins are being used for making large-
scale free-standing biopolymers from renewable sources,® and in this work context, capable to
mediate charges. Due to the relatively high water content within biopolymers, and the
abundance of side groups capable of participating in a hydrogen bond network, the formed
biopolymers are good candidates for ionic transport but not for electronic transport.” Some
studies have blended conductive polymers into biopolymers to enable electronic transport

across them,® ® but this approach is still relying on having a synthetic polymer in the material.

While considering biological systems, electron transport (ET) is mediated by proteins from the
nm-scale (such as in the photosystem or our aerobic respiration system) all the way to the
macroscale via bacterial nanowires.* 2 In all cases, small molecular cofactors, situated within
the proteins, are the electron mediators. Using this inspiration, two main approaches have been
used to acknowledge ET to macroscopic protein-based biopolymers. The first approach is by
genetic manipulation and fusing ET protein containing the cofactor to a structural forming
protein'® 4 or genetically decorating the protein with aromatic amino acids'® *® or gold
nanoparticles.!” The second (much simpler) approach is by non-covalent attaching electron
mediating cofactors to the protein composing the biopolymer, in a process referred to as
molecular doping. In this way, we have previously used protein-based biopolymers that were

formed by electrospinning the bovine serum albumin (BSA), and upon relying on the



extraordinary ability of the BSA protein to bind a variety of small molecules, we molecularly
doped them with the natural electron mediators of heme.!8 1 However, even at the maximum
doping density of the BSA mat,?° we could only reach conductivity values in the order of ~3
mS-cm™, which can be considered too low as an electronic conductor, whereas conductive

polymers exhibit conductivity of at least dozens of mS-cm™,

Here, we introduce a new strategy for enhancing the electronic transport across the electrospun
BSA biopolymers using a post-polymerization modification (PPM). Inspired by the role of n-
conjugated molecules in common synthetic conductive polymers,> we decided to use a
conjugated molecule for the chemical functionalization, for which we chose the
naphthalenediimide (NDI) molecule for the PPM. NDI is considered a promising n-type
semiconductor owing to its high electron affinity, good carrier mobility, and excellent thermal
and oxidative stability.?! To date, NDI was used for making conductive polymers only by
functionalizing it with other moieties, and usually thiophene-based moieties, to increase
conductivity.?>? In the context of biomaterials, NDI was used to functionalize amphiphile
peptides (pre-polymerization) to assist the self-assembly process.?” Here, we show for the first
time the PPM of a biopolymer, the BSA fibers within the mat, with native NDI monomers.
Importantly, we show that by reducing the NDI monomers and because of their oriented
assembly within the mat, we can reach conductivity values of ~40 mS-cm™. Notably, before
the PPM of the BSA mat with NDI, the mat is capable of transporting ions, and specifically
protons, along its fibrillar structure.?® 2 Hence, our new NDI-functionalized BSA mat is
considered a mixed ionic-electronic conductor. While the aim of this study is on the novel PPM
process of biopolymers with NDI that results in improved electronic processes, we foresee that
such biopolymers are good candidates for tissue engineering of electroactive tissues, as shown
for instance with synthetic polymers that were functionalized with conjugated oligomers.°
With that said, due to the physical nature of the BSA mat, being a free-standing fibrous mat
with high water content, the use of the BSA mat in ‘traditional’ bioelectronic devices for

biosensing applications in the form of thin film field effect transistors is not very viable.



Results and Discussions

NDI monomers were functionalized with the electrospun BSA biopolymer by a two-step
process (Figure 1). The first step concerns the making of the NDI monomer to be
functionalized into the BSA mat. In accordance with previous studies for making NDI
monomers,®" 32 this step involves the imidization of 1,4,5,8-naphthalenetetracarboxylic
dianhydride and ethylenediamine. Importantly, the *H-NMR (Figure S1), *C-NMR (Figure
S2), and mass spectrum (Figure S3) confirm the formation of the monomers and that no
polymerization of the monomers took place in this step. The next step was to attach the NDI
monomers to the BSA mat using EDC-NHS (1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide-N-hydroxysuccinimide) coupling to carboxylated amino
acids (Asp and Glu) within the mat. Following the formation of the NDI-functionalized BSA
mat, a clear color change of the mat was observed from a white mat to an orange one (Figure

1). The NDI-functionalized BSA mat was characterized by FTIR (Figure S4 and text within).



HNTY

fo) fo) fo) (0] N (0]
. HZN\/\NH Acetic acid . OO
2 80°C, 4 hrs
fo) (o) o) (0] N (0]
NDI
NH,
C'I'Iz CIHZ
c:o CH,
NH; NH c'::o
O__N__O OH
|
O:(I: 0|H NH/\
., e o= >
CH, ch, EDC+HOBT+DIPEA. O
M EtOH, rt, 48 hrs O
0~ °N" o
- .
NH, NH H
_ 2
U U - BSA Protein NH,

Figure 1. A schematic for the synthesis of the NDI-functionalized BSA mat, together with a
picture of the NDI-functionalized BSA mat (a 2x1 cm piece).

Next, we turned to scanning electron microscopy (SEM) measurements for observing the
change in the microstructure of the BSA mat upon NDI functionalization. Our SEM images
(Figures 2a-2c) indicate the formation of an aggregated structure of NDI molecules along the
fibers of the BSA mat following functionalization. This might indicate the presence of an
alternate ET pathway across the NDI molecules. It is known that the self-assembly of NDI-
based molecules influences its conducting properties, where high conductivity values suggest
a face-to-face packing of the NDI molecules and enhanced =-m overlap between the
naphthalene cores.® In addition, we observed a blue shift in the absorption spectrum of NDI

following its functionalization with BSA (Figure 2d), which suggests the formation of H-



aggregates®* * (face-to-face arrangement) of the NDI in the functionalized mat. According to
our observations, we can hypothesize here that the 1-D self-assembly of the NDI molecules on

the surface of the BSA fibers within the electrospun mat will facilitate long-range bulk

conductivity of the NDI-functionalized BSA mat, as schematically presented in Figure 2e.
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Figure 2. SEM images of (a) the BSA mat and (b) and (c) the NDI-functionalized BSA mat
at different magnifications. (d) UV-Vis absorption change between NDI (in EtOH) to the NDI-
functionalized BSA mat. () An illustration of the suggested hypothesis for the improved

electronic conduction across the NDI-functionalized BSA mat.

As stated, the native BSA mat is a proton conductor with a reported conductivity value of ~0.1
mS-cm1.28 2% 38 \We have used both ac-bias-driven impedance spectroscopy measurements
(Figure 3a) as well as dc-bias-driven current-voltage (I-V) measurements (Figure 3b) to
follow the macroscopic conductivity of the NDI-functionalized BSA mat in comparison to the

native unfunctionalized mat. As shown in the figures, both for the impedance measurements



(in the form of a Nyquist plot) and the I-V measurements, the NDI-functionalized BSA mat
has significantly less resistance than the native BSA mat. It is important here to stress that
Figure 3b is showing only the positive bias regime of the 1-V response in order to highlight the
differences between the BSA before and after the PPM, but since we have a symmetrical
electrode configuration also the I-V is symmetric for the negative bias regime (Figure S5). For
the impedance measurements, we used an equivalent circuit (inset, Figure 3a) to fit the results,
thus, we can extract the different electronic processes: R1 and R2 being the contact and bulk
resistance, respectively, the contact phase element (CPE) is representing the capacitance
developed as an electric double layer next to the electrode surface, and the restricted diffusion
element (M) is representing a deviation from an ideal Warburg element (the diffusion element).
Using R2 and the geometrical dimensions of the specific BSA mat used for each of our
repetitions, we calculated a conductivity (¢) value of 4.07+0.22 mS-cm™* for the NDI-
functionalized BSA mat compared to ~0.1 mS-cm ™ for the native BSA mat, meaning a 40-
folds increase in conductivity. In accordance with the dielectric electronic properties of the
BSA mat (before or after the PPM), the shape of the I-V is nonlinear, i.e., an increase in the
conductance (the derivative of the graph) as a function of bias. Accordingly, we have used the
extracted conductance from the low-bias regime of the 1-VV measurements to compare between
the samples, which resulted in a similar level of enhancement for the NDI-functionalized BSA
mat as observed with the impedance measurements. We attribute the enhanced conductivity of
the NDI-functionalized BSA mat to electronic transport, compared to the sole proton transport
in the native BSA mat. Temperature dependence measurements of the impedance spectrum
(Figure 3c) indicated that the conductance across the NDI-functionalized BSA mat is thermally
activated, with calculated activation energy (by fitting to an Arrhenius equation) of 0.26 eV

(Figure 3d).
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Figure 3. (a) Impedance measurement and (b) I-V measurement comparison between the BSA

mat and the NDI-functionalized BSA mat. The inset in (a) shows the equivalent circuit used

for fitting the data. (c) Temperature dependency of the measured impedance spectrum for the

NDI-functionalized BSA mat, and (d) the extracted activation energy by fitting to an Arrhenius

equation. N>3 for the number of different samples for each measurement.

Until now, we showed that the NDI-functionalized BSA mat exhibited a large increase in

conductivity, from 0.1 mS-cm™, which can be ascribed to ionic transport, to a value of 4

mS-cm ! due to the addition of electronic transport. Nonetheless, and as mentioned above, it is

still on the lower end compared to many of the common synthetic conductive polymers. As

shown for many conductive polymers (e.g., the mentioned PEDOT), electrochemically doping

the conjugated moiety can highly influence the ET across it.3"3 In a similar manner, the NDI



can be also electrochemically doped to increase the electronic transport across it.>* We
implemented this strategy to our NDI-functionalized BSA mat and we reduced the NDI
moieties using the common tetra-n-butylammonium fluoride (TBAF) reducing agent,***% by
placing the mat following the PPM process in the reducing agent solution (Figure 4a). Using
UV-Vis spectroscopy, we observed the disappearance of the absorption peak of the NDI
monomer at 340 nm and the formation of absorption bands above 400 nm (Figure 4b), thus
confirming the generation of NDI radical anions following TBAF reduction. We also
confirmed by FTIR that the TBAF treatment did not damage the BSA mat itself (Figure S4
and text within). After reducing with TBAF and washing with acetonitrile the NDI-
functionalized BSA mat, we found a further 10-folds increase in conductivity of the reduced
NDI-functionalized BSA mat to a value of 39.9+1.9 mS-cm™ (Figure 4c), which we ascribed
to the formation of free electrons upon reduction. Our control of placing the native BSA mat
in the same TBAF solution resulted in no significant change in conductivity (Figure S6), thus
proving that our observed increase in conductivity is indeed due to reducing NDI, and not
related to any change in the BSA mat. The temperature-dependence measurement of the
reduced NDI-functionalized BSA mat (Figure S7a) showed slightly lower activation energy

of 0.2 eV (Figure S7b) compared to the NDI-functionalized BSA mat before reduction.

To follow the development of the NDI radical anion as a function of time and concentration of
the reducing agent, we designed a series of reduction experiments involving placing the NDI-
functionalized BSA mat in varying amounts of TBAF, followed by measuring the conductivity
of the now reduced mat at different time points, up to 48 hours in the TBAF solution (Figure
4d). As shown in the figure, for all the different concentrations of TBAF, we reached maximum
conductivity after around 24 hours of the mat being in the TBAF solution. Furthermore, we see
that the more TBAF the higher resulted conductivity up to TBAF concentration of 100 mM in
which above this concentration, we did not observe a further increase in the measured

conductivity of the reduced NDI-functionalized BSA mat.
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Figure 4. (a) A schematic for the making of the redox NDI-functionalized BSA mat using

TBAF. (b) and (c) The change in UV-Vis absorption and measured impedance spectroscopy,

respectively, upon reducing the NDI-functionalized BSA mat using TBAF. The inset in (c) is

a zoom-in of the low resistance values. (d) and (e) The change in measured conductivity as a

function of time for reducing the NDI-functionalized BSA mat using different concentrations

of TBAF and the re-oxidation of the reduced NDI-functionalized BSA mat at different

environments, respectively (the shaded areas represent the error bars as calculated from the

standard deviation of the fitting results). N>3 for the number of different samples for each

measurement.



As common to many conductive polymers, the redox state of the conjugated moiety is highly
sensitive to the environment, hence placing the reduced or oxidized conductive polymer in a
different environment can lead to the loss of the extra charge, and thus loss of conductivity. To
probe the stability of the reduced state of the NDI, we have placed the reduced NDI-
functionalized BSA mat in three different environments: inert nitrogen, ambient air, and water,
while following the conductivity at different time points (Figure 4e). We observed that as long
as the NDI-functionalized BSA mat was in inert nitrogen conditions, it did not undergo any
loss in its conductivity. However, when the NDI-functionalized BSA mat was placed in
ambient conditions, it re-oxidized after around 8 hours. We further found that the redox state
of NDI is rapidly changing in water conditions, where we observed the re-oxidation of the
material taking place within an hour. Thus, if our strategy here for the formation of mixed
conductors will be employed in bioelectronics having an aqueous environment, a different

reduction approach should be invoked.
Conclusions

In summary, we have shown here that by a PPM process of a protein-based biopolymer, we
can use the NDI monomeric moiety for long-range electronic transport. This is in contrast to
all previous reports with the NDI moiety that used an additional synthetic conjugated system
for the formation of NDI-based polymers for gaining electronic transport. Moreover, the
electronic conductivities of the NDI-functionalized biopolymer, either before the reduction of
the NDI (~4 mS-cm™?) or after the reduction (~40 mS-cm™?), are on the higher end of
conductivity values compared to other NDI-based polymers.*? 43 4754 We attribute the high
conductivity of the NDI-functionalized BSA biopolymer to our chemical attachment strategy,
targeting the many carboxylic acid-containing residues on the surface of the protein composing
the biopolymer. As a result, we suggested that the NDI monomers adopt face-to-face packing
which promotes efficient electronic transport along the biopolymer. The biopolymer that was
used here is based on BSA electrospun mats that have proton conductivity in the order of 0.1
mS-cm ! in their native (unfunctionalized) state, thus the NDI-functionalized BSA mat can be

considered as a mixed ionic-electronic conductor. In addition to our strategy here, the use of



free-standing protein-based biopolymers for making mixed conductors is highly novel by itself.
Till now, the only strategy of gaining high electronic conductivity for protein-based
biopolymers was by blending common synthetic conductive polymer into the biopolymer. Our
work here is the first example of a biopolymer showing a mixed conductivity that is solely
based on natural proteins and their PPM. Moreover, the abundant and low-cost nature of the
BSA proteins and the straightforward and easy chemistry being used for the NDI
functionalization during the PPM process is making the NDI-functionalized BSA mat highly
attractive by itself. As discussed, we foresee the use of the BSA mat following PPM in
regenerative medicine type of applications (or any other application related to the seeding of
electroactive cells on a conductive scaffold), and less for biosensing applications that are based

on thin films transistor configurations.

Materials and Methods

Electrospinning of BSA mats: Bovine serum albumin (BSA) (MP Biomedicals) was
dissolved in 90% 2,2,2-trifluoroethanol (Apollo Scientific) to a final BSA concentration of
14% (weight/volume). After 12 hours, 5% (volume/volume) B-mercaptoethanol (Alfa Aesar)
was added into the solution. Electrospinning was performed in a custom-built system with a
grounded collector. A 15 kV bias was applied on a 24-gauge blunt needle with an injection rate

of 1.5 mL/h. The needle was fixed 12 cm above the collector.

Impedance measurements: Impedance measurements were carried out by using an MTZ-35
impedance/gain-phase analyzer (Bio-Logic). Mats were placed between finger electrodes with
an interelectrode distance of 2.5 mm. The finger electrodes were created by evaporating 200
nm Au on top of 40 nm Cr on a glass substrate through a shadow mask using a thermal
evaporator at a deposition rate of 2 A s™* under 5 x 1077 Torr at room temperature. The finger
electrodes were contacted by using a probe station micromanipulator. A 50-mV AC bias was
applied during the measurements without applying DC bias. A frequency range of 10 MHz to
10 Hz was used for the experiments. Temperature-dependent studies were performed using a

Peltier-containing probe station (INSTEC) in the range of 5°C to 25°C. The conductivity of the



mat was calculated using the following equation: G = cA/1, where G is the conductance, 6 is
the conductivity, A is the cross-sectional area of the mat (A = thickness of mat x width of the
mat), and | is the distance between two electrodes. The thickness of the measured BSA mat
was ~50 um and the dimension of the mats was around 1 x 0.5 cm. For each condition, at least
three different samples from different batches have been measured for calculating the standard

deviation of the fitting results.

Current-voltage measurements: Current-voltage measurements (I-V) were carried out by
using an Agilent B2912A Source Meter Unit. Interdigitated Au finger electrodes were
patterned onto the SiO> substrate via photolithography, using a chromium adhesive layer (3-5
nm think). The test pattern was characterized by a channel length (L) of 40 um and a channel
width (W) of 22400 um (W/L = 560). The BSA mats were placed on top of the interdigitated
Au electrodes for the 1-V measurements. The current was measured as a function of voltage
between 0 V and 1 V, with a scan rate of 100 mV s1. Similar number of samples have been

used in the 1-V measurements as mentioned for the impedance measurements.

Spectroscopy and microscopy measurements: NMR measurements were carried out using
400 MHz Bruker Advance Il spectrometer. The FTIR spectra were measured using a Bruker
Tensor 27 spectrometer equipped with an attenuated total reflectance (ATR). For each
measurement, the background was recorded and subtracted from the spectra. The absorption
spectra were recorded using a Cary 60 (Agilent) UV-vis spectrophotometer. Morphologies of

doped and non-doped BSA mats were characterized using FEI Quanta 200 E-SEM.

Supporting Information

Synthesis and Characterization: NMR, mass spectrum and FTIR; impedance measurement of

controls; and temperature-dependent impedance.
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