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Electrical /[Spectroscopic Stability of Conducting and

Biodegradable Graft-Copolymer

Arud Clayton Da Silva,* Vitor Hugo Paschoal, Mauro Carlos Costa Ribeiro,

and Susana Inés Cdrdoba de Torresi*

Development of conductive and biodegradable graft-copolymers is decisive
for applied electrical biointerfaces. However, to make significant breakthrough
in bioelectronics, addressing changing properties while degrading is essential.
Herein, the conductive and biodegradable poly(3,4-ethylenedioxythiophene)
and poly(D,L-lactic acid) copolymer (PEDOT-co-PDLLA) submitted to 35 days
of degradation in either deionized water or phosphate-buffered saline (PBS) is
reported. Cyclic voltammetry, electrochemical impedance spectroscopy, and
Raman microspectroscopy are used to correlate the electrical stability with
molecular/structural changes during the degradation process. Two different
proportions 1:05 (higher PEDOT content) and 1:50 (lower PEDOT content) are
evaluated. The PEDOT-co-PDLLA 1:05 presents stable charge storage
capacitance (CSC) in PBS for 35 days. PEDOT-co-PDLLA 1:50 shows an
enhanced CSC when freshly prepared. However, it promptly loses its
capacitance. Raman spectroscopy demonstrates that 1:05 as-prepared shows
mostly neutral state. Nonetheless, after 35 days of degradation, both
graft-copolymers show similar spectra, with contributions of oxidized states.
Although the increase in oxidized states moieties should improve the
conductivity, its dependence on interconnectivity and its relevance to
remaining electronically stable, intrinsically related to
conductive/biodegradable proportions in as-prepared graft-copolymer are
demonstrated. This work contributes to a better understanding of the
electrical stability of graft-copolymers for designing smart devices in
bioelectronics applications.

1. Introduction

Electrically conductive biomaterials with
suitable physical/biological properties of
tissues are highly desired for bioelectron-
ics technologies.'™ In this context, con-
ducting polymers (CPs) appear with a great
potential for designing a whole new gen-
eration of soft biointerfaces.>®! The idea
of applying CPs as biomaterial by strate-
gically linking conductive to biodegrad-
able blocks that offer momentaneous elec-
trical property is fascinating. After their
use, these materials completely disappear
(via macrophages) without significant dam-
age to the organism, showing tremen-
dous potential in the biomedical field.l”*#!
Later, novel biomaterials based on block-
copolymers, mainly based on polyaniline
(PANI), have rapidly risen.>?°) Many suc-
cessful approaches to obtaining such a con-
ductive and biodegradable block-copolymer
were achieved. However, the conductivity
of PANI is intrinsically related to its acid-
ity or doping with acid molecules,?1-3] a
challenging condition when working under
physiological conditions, which results in
its electrical behavior being compromised,
limiting its applications. In addition, issues
with biocompatibility have been explored
as antimicrobial, antibacterial, and antiox-
idant activity.?2) As an alternative to
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enhance biocompatibility, several materials appear with great po-
tential for application, such as poly(3,4-ethylenedioxythiophene)
(PEDOT)[3*%8] and inert carbonaceous materials in composites
(e.g., carbon nanotubes and graphene).?#1]

Although the development of conductive and biodegradable
graft-copolymers is not entirely new, it has recently been hugely
increasing.[*>*’] However, novel graft-copolymers studies are
typically focused on physical-chemical characterization instead
of advancing on biomedical applications.[**-7] A critical factor in
advancing its applications in biomedical or even point-of-care ap-
plications is to understand its stability and the degradation mech-
anisms since graft-copolymers are usually referred to as erodible
or bioerodible, i.e., they become soluble in physiological media
through the biological action, given that the conductive moiety is
not degradable by itself. Thus, it often remains the pure CPs, lim-
iting applications for implantable bioelectronics. In 2011, Jang
and colleagues investigated cellular uptake and cytotoxicity of CP
nanospheres (~22 nm) toward mouse macrophage RAW 264.7
and rat pheochromocytoma PC-12 cells and found that all were
internalized via phagocytosis and endocytosis.®]

In previous work, we demonstrated the design of a con-
ducting and “partially” biodegradable graft-copolymer based on
PEDOT-co-PDLLA (poly(D,L-lactic acid)). Different strategies for
modification of macromonomer (EDOT-PDLLA), achieving dif-
ferent conductivities and biodegradability (hydrolytically) were
proposed.’%! Afterward, it was also demonstrated that mate-
rials with different proportions from EDOT to EDOT-PDLLA
were conductive, biodegradable (enzymatically), and showed
good biocompatibility for embryonic stem cells with great poten-
tial induce neuronal differentiation.[®®) The synthetic approach
uses an organic media with inorganic oxidant salt (ammo-
nium persulfate) in suspension, resulting in an organic frac-
tion containing soluble PEDOT-PDLLA and an insoluble pure
PEDOT which is discarded. Characterization of these materi-
als suggested that the PEDOT oligomers were obtained and
that, therefore, they could be easily eliminated from the body
via macrophages.>®%!] Recently, Mecerreyes and colleagues have
demonstrated an optimization for 3D printing by direct ink writ-
ing the PEDOT-polylactic acid and PEDOT-poly e-caprolactone
graft-copolymer.[6263]

The electrical stability of PEDOT polymers was investigated
mainly using the commercially available suspensions of PEDOT
and poly(styrenesulfonate) (PEDOT:PSS).376465] In addition, ad-
ditives such as surfactants, acid treatment, ionic liquids, or or-
ganic molecules were also demonstrated to enhance the electri-
cal properties of PEDOT.[¢*-%1 On the one hand, such approaches
can work quite well outside bioelectronics applications (i.e., solar
cells devices or organic transistors), on the other hand, they could
hardly be translated due to the lack of biocompatibility. Focusing
on the electrical stability for bioelectronics, Green and colleagues
investigated the adhesion to substrates and conductivity for dif-
ferent dopants of PEDOT over Pt electrodes.[”’! Moreover, Mawad
and colleagues demonstrated the electrical stability of PANI in
phosphate-buffered saline (PBS) for 14 days, aiming for cardiac
models.”!]

The development of novel methodologies to accurately deter-
mine the electrical stability of conductive graft-copolymer is still
desired. Here, we report the electrical/spectroscopic stability of
the graft-copolymer while degrading by using electrochemical
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techniques and Raman spectroscopy mapping. In addition, two
different proportions of PEDOT to PDLLA were investigated.
Combining electrical and vibrational information makes it possi-
ble to access the structural changes and correlate them with the
electroactivity of the PEDOT while degrading.

2. Results

2.1. Degradation Essay

The degradation tests of the graft-copolymers were already re-
ported following standardized protocols for biomaterials in the
presence and absence of enzymes.[>>®] However, herein a dis-
tinct degradation experiment was designed to avoid adding ex-
ogenous chemicals (e.g., buffers or antibiotics) to characterize the
remaining graft-copolymer film with minimal modifications.

Figure 1 shows pictures representing the physical aspects of
the PEDOT-co-PDLLA films before (Figure 1a) and after (Fig-
ure 1b) 35 days of degradation by the weight loss method. The
PEDOT-co-PDLLA films in the proportions of 1:05 and 1:50 pre-
sented 60.4 + 13.1% and 91.4 + 0.8% weight loss after 35 days of
degradation in deionized water, respectively. In a previous study,
the hydrolytic degradation (in PBS) resulted in ~20% and 80%
weight loss after 35 and 120 days, respectively.>®! Thus, it is possi-
ble to identify the difference between a buffered and unbuffered
medium since, in the latter condition, the acidity can build up
and promote faster hydrolysis. It is noteworthy that, in the pres-
ence of the PBS, the pH does not decrease beyond 7.2 for the
most degraded conditions (Supporting Information Figure S1).
Additionally, the enzymatic degradation (using Proteinase K) re-
sulted in 29-46% weight loss after 35 days.l°! The highlight of
Figure 1a represents the graft-copolymer film at the initial state
(left), where it is possible to see a somewhat homogenous film of
the copolymer, which was obtained over a glass substrate with the
as-prepared chemical structure of the graft-copolymer shown in
the left panel of Figure 1c. In the degraded stage (highlighted in
Figure 1b), the remaining mass is mainly composed of insoluble
grains of degraded PEDOT moieties. The PDLLA moiety is hy-
drolyzed by water, and its oligomers go to the aqueous solution,
with its chemical structure shown in the right panel of Figure 1c.
The same experiments were done in parallel over a glassy carbon
electrode (GCE) for electrochemical measurements (Figure 1d).
We used PBS (pH = 7.4) as a degradation medium and support-
ing electrolyte for the electrochemical experiments to mimic an
environment without much pH change, like physiological con-
ditions. It is critically important to avoid a rash acidic condition
once acid treatment is well known to enhance PEDOT electronic
property.[| Therefore, we have added a counter electrode (plat-
inum coil) and reference (Ag/AgCl/KCl saturated) and promoted
electrochemical experiments while the graft-copolymer was de-
grading (Figure 1d). Afterward, the GCE was removed from the
degrading solution and submitted to Raman spectroscopy shortly
after the electrochemical experiments (Figure 1e).

The remaining solid from the degradation process of the graft-
copolymer PEDOT-co-PDLLA is not characterizable by traditional
methods (e.g., gel permeation chromatography (GPC) or matrix-
assisted laser desorption ionization-time-of-flight mass spec-
trometry) due to its insolubility in most common solvents. There-
fore, we have analyzed the soluble portion by high-performance

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 1. Degradation essay and characterization methods. a) Photographs of the PEDOT-co-PDLLA films before degradation and b) after 35 days of
degradation essay. c) Schematic representation with structural changes in graft-copolymer in the process of degradation, produced over glass vials in
deionized water. In parallel, thin PEDOT-co-PDLLA films were produced over glassy carbon electrodes (GCE) and incubated in PBS (pH = 7.4). d) The
graft-copolymer produced over GCE was connected to potentiostat/galvonostat and electrochemical characterizations were investigated. e) At the same
time, the PEDOT-co-PDLLA films were removed from degradation solution and submitted to Raman spectroscopic characterization. More samples were
prepared over ITO-covered glass and submitted to Raman microscopy mapping before and after 35 days of degradation essay.

liquid chromatography mass spectrometry (HPLC-MS) and 'H
NMR (Supporting Information Figures S2 and S3). We identified
that the degraded PDLLA composition is poly (D, L-lactic acid)
oligomers with pH ~4.0, as already demonstrated.””>~7>] Addition-
ally, the soluble extracts were cultivated with keratinocytes (Ha-
CaT) cells for 24 h (Supporting Information Figure S4). We have
observed that up to 10% v/v dilution, this extract remains bio-
compatible (superior to 70% viability), and its lethal dose (LD50)
is superior to 15% v/v. The remaining solid of the graft-copolymer
films deposited on indium-tin oxide-covered glass (ITO) were
characterized by Raman spectroscopy (which will be discussed
further ahead) and UV-vis absorption spectroscopy with the re-
sults shown in Supporting Information Figure S5. The UV-vis
spectra present absorptions through the whole spectrum, espe-
cially at low wavelengths. This absorption likely is associated
with its dark color (dark blue/black), and it is noteworthy that

Macromol. Chem. Phys. 2022, 2200275 2200275 (3 of 12)

the higher the PEDOT content, the darker the color aspect of
the film.

2.2. Electrochemical Stability

The electrical performance of conductive biomaterial is very de-
pendent on several parameters such as media (electrolyte) and
previous treatments (e.g., temperature, solvents, or pH), among
others. Figure 2a shows atomic force microscopy (AFM) images
of PEDOT-co-PDLLA films i) 1:05 and ii) 1:50, evidencing its
surface roughness. From surface analysis, we obtained for 50
X 50 pm? and 10 x 10 pm? images the root-mean-square aver-
age of height deviation (R,) and the arithmetic average of the
absolute values of height deviations (R,) (Supporting Informa-
tion Table T1). It can be observed that both surfaces present

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 2. Physical and electrochemical characterizations. a) Atomic force microscopy (AFM) images 50 x 50 um? of the PEDOT-co-PDLLA films i) 1:05
and ii) 1:50 with amplification for 10 x 10 um? 3D AFM images. b) 10th CV scan of PEDOT-co-PDLLA i) 1:05 and ii) 1:50 while degrading with bare GCE
(black, dotted) in PBS solution (pH = 7.4), respectively. c) CSC for each interface while degrading, calculated from CV. d) Nyquist plot of PEDOT-co-
PDLLA i) 1:05 and ii) 1:50 thin films freshly prepared (red) and after 35 days of degradation (green) with bare GCE as control (black) recorded in PBS

(pH = 7.4) at OCP condition, respectively.

similar roughness for the larger sampled areas (50 x 50 pm?).
However, for the smaller areas (10 x 10 pm?), the PEDOT-co-
PDLLA 1:05 is rougher than 1:50, with more grains over the sur-
face. Likely, 1:05 is more conductive and has more well-doped
grains.’® The intrinsic conductivity of the PEDOT-co-PDLLA
1:05 and 1:50 graft-copolymers were 5.35 X 10~ and 4.19 X
1078 S cm™, respectively.®”! Figure 2b-i,ii shows the 10th cy-
cle of cyclic voltammetry (CV) scan of PEDOT-co-PDLLA 1:05
and 1:50 films in PBS. The PEDOT-co-PDLLA 1:05 presents a
capacitive behavior, clearly superior to the GCE control surface,
slightly increasing while degrading. The slight increase in ca-
pacitance suggests the PEDOT is getting more doped while de-

Macromol. Chem. Phys. 2022, 2200275 2200275 (4 of 12)

grading. The PEDOT-co-PDLLA 1:50 also presents a capacitive
behavior. However, its capacitance is superior only when freshly
prepared. After 7 days, the current is lower than the GCE con-
trol surface. Figure 2c shows the CSC calculated from the 10th
cycle of CV in PBS. The PEDOT-co-PDLLA 1:05 is electrically
stable during 35 days of degradation in PBS solution, while
1:50 only presents significantly higher CSC when freshly pre-
pared. The graft-copolymer of PEDOT-co-PDLLA 1:05 (higher
PEDOT content) presents a long-term electrical stability in PBS
for 35 days. The rapid decrease in the CSC for the PEDOT-co-
PDLLA 1:50 is likely due to the faster degradation and loss of the
interconnectivity.

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Before performing the electrochemical impedance spec-
troscopy (EIS) experiments, the interfaces’ open circuit poten-
tial (OCP) was measured for at least 30 min (Supporting In-
formation Table T2). We observed that the OCP before and af-
ter 35 days of degradation increased by +80 mV for PEDOT-co-
PDLLA 1:05. However, the OCP did not significantly change for
the 1:50 copolymer. Additionally, the OCP after degradation does
not reach the value of the bare GCE surface. It suggests that the
PEDOT remaining over the surface still affects OCP and the elec-
trical behavior of the interface. Supporting Information Figure S6
shows CVs of PEDOT-co-PDLLA with highlighted points of OCP
and +0.4 potential where EIS was carried out.

The Nyquist plot for the PEDOT-co-PDLLA graft-copolymers
in PBS for i) 1:05 and ii) 1:50, respectively, are evidenced in Fig-
ure 2d. Figure 2d-i shows that the capacitance component (at low
frequency, 0.1 Hz) when freshly prepared (green) is lower than
the GCE interface. Also, the capacitance component significantly
increases after 35 degradation days (red). Finally, the resistance
component (inset) increases after the degradation period. It sug-
gests that the PEDOT structure is doped with the degradation
process, agreeing with CV (Figure 2b-i). Figure 2d-ii shows that
the PEDOT-co-PDLLA 1:50 slightly increases the capacitance and
decreases resistance (inset). The Bode plot demonstrated that for
1:05, the total impedance decreases from 295 to 154 and 37 kQ
cm? at 0.1 Hz when compared to control. While for 1:50, the to-
tal impedance slightly decreases from 137 to 124 and 93 kQ cm?
in the low-frequency region (Supporting Information Figure S7).
The decrease in total impedance means the interface is more con-
ductive than the control. It suggests the remaining PEDOT still
improves the conductivity of the GCE electrode, even after the
degradation. An EIS measurement at a different potential than
the OCP (in this case +0.4 V) was also tested and is shown in
Supporting Information Figure S8. The +0.4 V was chosen be-
cause it is inside the electrochemical window of PEDOT, where it
shows a capacitive behavior (Supporting Information Figure S5).
The results at +0.4 V are similar to the above discussed, agreeing
with the OCP measurement.

It was not possible to obtain an equivalent electrochemical
circuit using the EIS spectra in PBS. Thus, CV and EIS experi-
ments were also carried out in the presence of the redox couple
[Fe(CN)¢]*~/[Fe(CN)¢]>~ as an electrochemical probe (Figure 3).
Figure 3a-i shows the CV voltammogram of the control, pristine
(day 0), and degraded (day 35) PEDOT-co-PDLLA 1:05. The day 0
sample presents a lower current and slightly higher peak separa-
tion (160 mV), while the 35-day sample reaches a higher current
and lower peak separation (88 mV). Likely, the remaining PE-
DOT is still electroactive and well-doped after degradation time.
Figure 3a-ii shows that the 1:50 graft-copolymer presents similar
performance: lower current and higher peak separation (144 mV)
at day 0, but higher current and lower peak separation (110 mV)
after 35 days of degradation.

Figure 3b-i,ii shows the Nyquist plot for the graft-copolymers
before and after degradation. Both present similar resistance to
the GCE control surface (black and red) at day 0. However, the re-
sistance significantly increases after the degradation (green). We
further analyzed these data using the redox probe and fitted it
with the Randles circuit (Figure 3c), for which the y? values were
very close to zero (~0.0030), which strongly suggests an excellent
data fitting to the equivalent electrochemical circuit model. The

Macromol. Chem. Phys. 2022, 2200275 2200275 (5 0f12)
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Warburg coefficient was omitted since it is related to the diffusion
coefficient of the redox probe. Figure 3d shows a table summariz-
ing the relevant parameters obtained from EIS experiments with
the electrochemical probe.

The value of Ry (solution resistance) did not significantly
change between measurements once the PBS was renewed for
every measurement. However, R.; (charge-transfer resistance)
significantly increased 2.5 times with degradation time for both
graft-copolymers. Additionally, it is possible to see that a (de-
viation from ideal capacitive behavior) is slightly lower for the
1:50 sample, likely because it is more resistive than 1:05 (i.e.,
less conductive). In either case, the a values being close to
1 evidence that both graft-copolymers have significant capac-
itive behavior, in agreement with previous observations. The
capacitance of PEDOT-co-PDLLA 1:05 and 1:50 decreased by
33% and 36% with the degradation process, respectively. Af-
ter 35 days of degradation of 1:05 graft-copolymer, the result-
ing higher capacitance agrees with CSC values obtained in PBS
(Figure 2c).

2.3. Spectroscopic Stability

For CPs, Raman spectroscopy is a powerful tool to access struc-
tural changes only in the conductive component once typically,
CPs have larger cross-sections or could even have their intensity
enhanced by the Raman resonance effect.l””-7° This point is fur-
ther illustrated by comparing the calculated nonresonant cross-
sections of a two and four-unit EDOT oligomer to a three-unit
PDLLA oligomer, shown in Supporting Information Figure S9.
Thus, we will focus on the spectroscopic changes occurring on
PEDOT in this work.

Figure 4a evidences a schematic representation of the Ra-
man microscope mapping through the PEDOT-co-PDLLA graft-
copolymer films. Here, we prepared samples either over GCE
(same samples of the electrochemical experiments) or ITO-
covered glass (specifically prepared for Raman microspec-
troscopy). Figure 4b shows an optical image of the PEDOT-co-
PDLLA 1:05 film overlaid with chemical mapping of the most
intense band at 1433 cm™!. The Raman spectra of the PEDOT-
co-PDLLA films deposited over GCE (GCE/PEDOT-co-PDLLA)
in pristine (as-synthesized, top) and degraded (for 35 days, bot-
tom) are shown in Figure 4c. From our calculations, in agree-
ment with previous results from the literature, it is promptly ob-
served that the pristine PEDOT only show very few Raman active
modes (blue line) with very high cross-sections in the range of
1400-1600 cm™! and others with low cross-sections in the range
0f 200-1400 cm~1.[8% Other features, precisely down to 500 cm™1,
may be related to the presence of the oxidized species (polaronic
or bipolaronic, red and purple lines).

Figure 4d shows the normal modes’ displacement vectors with
the highest cross-sections for the i) pristine and ii and iii) oxidized
PEDOT chains. As observed in the case of oxidized chains, both
modes are related to deformations along the bonded thiophene
rings in the oligomer’s plane and the hydrogen atoms out of this
plane. Regardless of the sample, an overall trend can be observed
concerning sample degradation: the most intense bands become
sharper and shift to a similar wavenumber (%1429 cm™). Mainly,
this frequency shift is very sensible for the 1:05 sample (less than

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 3. Electrochemical characterization with redox probe. a) 10th CV scan in [Fe(CN)¢]*~/[Fe(CN)¢]*~ 10 X 10~3 m solution for PEDOT-co-PDLLA i)
1:05 and ii) 1:50. Inset for highlighted oxidation peak shifts electric potentials. b) Nyquist plot of films freshly prepared (red) and after 35 of degradation
(green) with bare GCE (black), data (scatter/line), and fitted data (dotted line in dark color) recorded in [Fe(CN)4]2*/[Fe(CN)¢]** 10 x 1073 m solution for
PEDOT-co-PDLLA i) 1:05 and ii) 1:50, respectively. c) Representation scheme of fitted circuit model which describes the graft-copolymer interface in the
presence of [Fe(CN)¢]*~/[Fe(CN)g]>~. d) EIS parameters using [Fe(CN)g]*~/[Fe(CN)¢]3~ as redox probe, where R represents the resistance of solution,
Rey is the resistance in charge-transfer of the iron complex, CPE is the constant phase element (for inhomogenous or imperfect capacitance), Yy is the
admittance, « is the deviation from ideal capacitive behavior, a):;ax is the frequency where the imaginary component is higher, and C is the capacitance
of the hydrogel. The fitted models also have a Warburg coefficient in series with Ry, but it is not represented because it is related to diffusion coefficient

of iron complex ions.

2 cm™') and much more prominent in the case of the 1:50 sample
(=5 cm™).

Based on our quantum chemical calculations for [EDOT];,"*
(n =0, 4 or, 12, Figure 4c), we can infer that every sample has
a different ratio between neutral and polaronic oligomers. Addi-
tionally, only small amounts of bipolaronic (overoxidized species)
are present since its high Raman cross-section (even larger than
that of neutral [EDOT],,) would allow their detection very easily.
Thus, these results suggest the doping of the copolymers with
degradation, associated with the frequency shift of the most in-
tense band to lower frequencies. This behavior corresponds to
an average trend of these samples over the GCE electrode, which

Macromol. Chem. Phys. 2022, 2200275 2200275 (6 of 12)

provides a coarse view of these systems. We can further explore
these trends for PEDOT-co-PDLLA graft-copolymers using Ra-
man microscopy and chemometrics.

Specifically, PCA (principal component analysis) was applied
to analyze the Raman microspectroscopy results. Figure 4e shows
the principal components of PCA of the Raman mappings (each
point corresponds to a single spectrum obtained during the map-
ping) of the pristine and degraded samples and their loadings.
Both degraded samples (blue and red circles for 1:05 and 1:50,
respectively) show similar clustering. The pristine 1:05 and 1:50
(shown as gray squares and circles, respectively) are dispersed
around PC1, with the first in the direction of negative PC2 val-
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Figure 4. Raman spectroscopic characterizations. a) Schematic representation of the Raman microscope mapping through the graft-copolymer film
over a conductive substrate (GCE or ITO). b) Optical image of PEDOT-co-PDLLA 1:05 pristine with chemical mapping obtained scanning the intense
band 1433 cm™'. ¢) Experimental Raman spectra of the GCE/PEDOT-co-PDLLA 1:05 (left) and 1:50 (right) pristine (top) and degraded (bottom). The
calculated Raman cross-sections are shown in blue (neutral), red (oxidized), and purple (overoxidized). The curves are shown as Lorentzian band shapes
of half-width at half-maximum of 2 cm™" and the cross-section of the overoxidized species was divided by a factor of ten, all to improve visualization. d)
Illustration of the normal mode displacement coordinates for the Raman active modes of the highest cross-section on six/eight middle units of a 12 unit
long EDOT chain: i) neutral, ii) 2+ (or polaronic or oxidized), iii) 4+ (or bipolaronic or overoxidized). e) PC2 versus PC1 scores for the ITO/PEDOT-co-
PDLLA samples: red and blue circles for the degraded 1:50 and 1:05 and gray circles and squares for the pristine samples. f) Loadings with experimental

spectra for i) PC1 and ii) PC2.

ues and the latter spread around zero. The loadings for PC1 and
PC2 are shown in Figure 4f-,ii, with those related to PC1 re-
sembling the spectra GCE/PEDOT-co-PDLLA 1:05, shown in Fig-
ure 4c. Thus, positive values for this PC1 are related to measure-
ments across the ITO electrodes where PEDOT grains were mea-
sured. The clustering observed in Figure 4c makes it possible to
identify that all degraded samples show more features related to
oxidized PEDOT. Except for the pristine ITO/PEDOT-co-PDLLA
1:50 sample, only a few points are observed at positive PC1 val-
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ues (likely due to a low proportion of PEDOT). The observation
of a single (sharp) peak as in the PC2, on the other hand, resem-
bles the spectra shown in Figure 4c (top-left) for the degraded
sample of ratio 1:05. These results point to a scenario where
the degraded samples are alike, showing more significant contri-
butions of oxidized PEDOT species (mostly polaronic). Further-
more, the dispersion of the samples along PC1 and PC2 in con-
trast to their pristine counterparts (1:05 is mainly clustered at the
fourth quadrant, and 1:50 is principally clustered around 0 for the
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Figure 5. Electroactivity versus molecular aspects. a) Schematic representation of the PEDOT-co-PDLLA (1:05) graft-copolymer film as prepared with
mostly neutral structure (benzoid) and enhanced electroactivity. b) Schematic representation of the PEDOT-co-PDLLA (1:50) graft-copolymer film as pre-
pared with mostly doped structure (quinoid) and enhanced electroactivity. c) Schematic representation of the PEDOT-co-PDLLA (1:05) graft-copolymer
film after the degradation period with mostly doped structure (quinoid) and still electroactive. d) Schematic representation of the PEDOT-co-PDLLA
(1:50) graft-copolymer film after the degradation period with mostly doped structure (quinoid), but no longer electroactive.

PC2 axis) shows an increase in heterogeneity of the samples after
degradation.

3. Discussion

There has been massive development in studies regarding the
CPs and smart materials derived in the past decades. Initially,
it resulted in many works seeking the highest conductivity pos-
sible, aiming for electronics applications. It positively impacted
several areas, such as light-emitting diodes, field-effect transis-
tors, and solar cells.”?] Unfortunately, the same strategy was ap-
plied in conductive biomaterials for biomedical and bioelectron-
ics applications, which resulted in materials that lacked biocom-
patibility. Once the enhanced conductivity of CPs strategy re-
quires treatment with typically hazardous chemicals (e.g., strong
acids, ionic liquids, polar organic solvents, or surfactants), it
indirectly creates an inverse relationship between conductivity
and biocompatibility. The view of these two properties as ad-
versarial led to experimental mistakes and misunderstandings
in the biomedical and bioelectronics field. For instance, aniline-
oligomers were first developed as block-copolymers for conduct-
ing and biodegradable copolymers.'* Electrochemical charac-
terizations were primarily performed using concentrated hy-
drochloric acid as an electrolyte and reported relatively high con-
ductivity values.[81-#3] Later, it was reported that the acidic doping
in polyaniline negatively impacted cells.®* It possibly resulted in
this type of conductive biomaterials being explored for potential
antibacterial properties.!®>#! In order to clarify some points in the
interface between electronics and the bioelectronics/biomedical
field, here we presented a protocol for investigating the electrical
and spectroscopic stability with experiments designed to mimic
physiological conditions.

Macromol. Chem. Phys. 2022, 2200275 2200275 (8 of 12)

Although the increasing amount of novel conductive biomate-
rials, the effects of conductivity/electroactivity when interfacing
living cells are not entirely resolved. Our research group devel-
oped the PEDOT-co-PDLLA graft-copolymers and reported the
conductivity of 5.35 x 10~ and 4.19 X 107% S cm™ for 1:05 and
1:50, respectively.l®)l Later, we investigated the effect of adhesion
proteins over this biointerface. We found that the copolymer with
lower conductivity had more homogenously dispersed charges
when the film was formed. It resulted in the adhesion of Fi-
bronectin proteins in an unfolded conformation.l’?! In another
study, we quantified Fibronectin’s adhesion and reported that fi-
broblasts’ adhesion was significantly improved when electrically
stimulated (+1 mV for 30 min).¥”] Later, we demonstrated that
capacitive electrical stimulation with an electrical field of 100 mV
mm~! for 2 h day~! for 21 days significantly promoted osteogenic
differentiation, remarkably better performance for higher PE-
DOT content.[®8) Herein, we aimed to investigate the electrical
stability of the graft-copolymers. Figure 5 summarizes our find-
ings, where the PEDOT-co-PDLLA 1:05 film remains connected
and electroactive with better doping after the degradation period
(Figure 5a,c). In the case of the 1:50 graft-copolymer, at a micro-
scopic level, associated with thin-film integrity and homogene-
ity, we observe a significant loss of its interconnectivity rapidly.
However, the PEDOT chains remain bound at a molecular level
and are mainly in a doped state (Figure 5b,d). Advances toward
the analysis of molecular-level analysis permitted an intriguing
effect of electron transport (conformation-dependent) in single
proteins (containing only simple amino acids without metallic
center) to be reported.[3-1]

Recently, Bao and colleagues reported an engineered enzyme
expressed in genetically targeted neurons able to synthesize con-
ducting polymers (polyaniline and PEDOT) inside tissues of
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living animals, evidencing that in low amounts, CPs can be
biocompatible.®?! This marks an important achievement for the
integration between living tissues and bioelectronics. Further-
more, it demonstrates the importance of advancing the studies
of interactions at the conductive biointerfaces at the nanoscale
and short-range for better bioelectronics system integration.

4. Conclusion

In the present work, we prepared conductive and biodegradable
PEDOT-co-PDLLA graft-copolymer films in two different propor-
tions (1:05 and 1:50), submitted them to degradation essays for
35 days and investigated their electrical and spectroscopic prop-
erties while degrading.

Using electrochemical methods, we found that the graft-
copolymer with higher PEDOT content (1:05) presented higher
capacitance and stability for the whole 35 days degradation pe-
riod. However, the lower PEDOT content (1:50) presented in-
creased capacitance only when freshly prepared, quickly losing
it when degrading. Using spectroscopic methods, we found that
the different materials became similar after the degradation pro-
cess, with PEDOT in a more oxidized state (more doped), in
agreement with electrochemical characterization for 1:05 graft-
copolymer remained electroactive. However, although the 1:50
copolymer presents the doped structure, the remaining PEDOT
is not enough to keep electroactive after 7 days of degradation.
Likely due to the loss of interconnectivity while degrading.

5. Experimental Section

The synthesis method was developed in previous work.[3%6093] Briefly,
the first synthesis step was to obtain an electroactive macromonomer
of EDOT-PDLLA. 3,6-Dimethyl-1,4-dioxane-2,5-dione (2.76 g, 20 mmol),
hydroxymethyl EDOT (100 mg, 0.6 mmol), and tin (I1)-2-ethylhexanoate
(0.016 mL, 0.05 mmol) were stirred at 110 °C with 7 mL of toluene for
24 h. The solvent was removed by distillation under reduced pressure (20
mBar, 60 °C). The obtained solid product was purified by recrystallization
with a (1:4) hexane/methanol mixture, separated by decantation and vac-
uum dried until constant mass. The yield obtained from this procedure
was 98%. The EDOT-PDLLA was used as a chemical control because it was
mainly formed by insulating PDLLA chains. "H NMR (500 MHz, CDCl,-
d). 5 = 1.48-1.83 (m, 3H), 3.80-3.90 (m, 2H), 4.07-4.13 (m, 1H), 4.21—
4.28 (m, 2H), 5.00-5.30 (m, TH), 6.35 (s, 2H) ppm. 3C NMR (500 MHz,
CDCl;-d). 6 = 16.7, 66.7, 69.0, 69.2, 72.5, 116.4, 129.0, 169.4 ppm. GPC
provided the M, of 3.8 kDa, M,, of 5.5 kDa, and polydispersity index of
1.5.

The second step was consisted of obtaining the conducting and degrad-
able copolymer of PEDOT-co-PDLLA. For this, 2.7 g of the macromonomer
of EDOT-PDLLA was dissolved in 17.5 mL of dried acetonitrile and
kept under magnetic stirring at 30 °C for 2 h. Subsequently, 3,4-
ethylenedioxythiphene (EDOT) (0.06 g, 0.42 mmol) and NH,S,03 (0.18 g,
0.8 mmol) were added to the reaction vessel to obtain the molar propor-
tion of 1:50 PEDOT:PDLLA, and kept under magnetic stirring at 30 °C for
24 h. After the reaction medium changed to dark blue, only the soluble
fraction was placed in another glass vessel and the solvent was removed
by distillation under reduced pressure (20 mBar, 60 °C), and the resultant
solid was PEDOT-co-PDLLA. The feed molar proportion of PEDOT:PDLLA
was 1:05 and 1:50, for which the actual molar proportion was 1:20 and
1:80 (determined by "H NMR), respectively. "H NMR (500 MHz, CDCl,-
d). 5 =1.48-1.83 (m, 3H), 3.80-3.90 (m, 2H), 4.07-4.13 (m, TH), 4.20 (s,
2H, CH, of thiophenes), 4.21-4.28 (m, 2H), 5.00-5.30 (m, TH), 6.32 (s,
2H) ppm. 13C NMR (500 MHz, CDCls-d). 6 = 16.7, 66.7, 69.0, 69.2, 72.5,
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99.0 (C-thiophene), 116.4, 129.0, 169.4 ppm. GPC provided for PEDOT-
co-PDLLA the M, of 16.6 kDa, M,, of 18.6 kDa, and polydispersity index of
1.12.

The graft-copolymers of PEDOT-co-PDLLA in proportion of 1:05 or 1:50
films were immobilized onto substrates (glass vials, ITO glass, or GCE).
Moreover, 20 mg mL~" solutions of each copolymer were prepared in chlo-
roform; then, 200 uL of each solution was slowly cast on the substrates
(either GCE or ITO glass) by using an Ossila spin-coater under constant
3000 rpm rotation. For the degradation assay, 5 mL of copolymers solu-
tion was placed in a vial 2 cm in diameter and dried, resulting in at least
100 mg of weighted mass. Each vial with copolymer film was weighed and
5 mL of deionized water (Milli-Q) was added. The vials were placed in a 37
°C shaker at a rotating speed of 60 rpm. Copolymer films were withdrawn
after 35 days and washed twice with deionized water. Films were dried in
an oven at 50 °C overnight and vacuum-dried for 2 days to remove mois-
ture. The experiments were performed in triplicate. Dry specimens were
weighed, and the mass loss was calculated by Equation (1)

Wo — W,
0

Degradation (%) = x 100 (M

where W, is the initial mass of the copolymers film and W, is the mass of
copolymers film after time ¢ (35 days).

HPLC coupled with MS was performed in CBM-20A (Shimadzu) cou-
pled with Amazon Speed ETD (Bruker) equipped with an ESI source and a
triple quadrupole mass spectrometer (Quatro Micro, Micromass). Mobile
phase A: ultrapure water + 0.1% acetic acid. Mobile phase B: acetonitrile.
Gradient: 0 to 60 min at constant 30% Eluent B. Column: Supelco Ascentis
C-18 (250 x 4.6 mm — 5 um). Flow: 1.0 mL min~". Column temperature:
25 °C. Detection: for MS scanning in negative mode, argon was used as
the drying (325 °C, 7 L min~") and nebulizer of 27 Psi.

TH NMR spectra were recorded on a Bruker Alll 500 MHz spectrometer
at 500 MHz. Chloroform-d (CDCl;) and deuterium oxide (D,O) were used
as a solvent, and tetramethylsilane served as an internal standard.

Electrochemical experiments were performed using a multipotentiostat
Autolab M101 (Metrohm), controlled by NOVA 1.11 software. All experi-
ments were performed using four different GCE, a platinum sheet, and
Ag/AgCl/KCl (saturated), as working, counter, and reference electrodes,
respectively. For degradation, the electrodes with PEDOT-co-PDLLA films
were stored in a closed chamber containing Dulbecco’s PBS solution at
room temperature. Before measurements, the electrodes were rinsed with
water and placed in the electrochemical cell. CV experiments were per-
formed in either PBS (pH = 7.4) or [Fe(CN)¢]*~/[Fe(CN)g]*~ 10x 1073 m
solution at 10 mV s~! scan rate during 10 cycles every 7 days. CSC was
calculated by integrating the current for the time of CV. EIS was measured
over a 0.01 to 10° Hz frequency range and an amplitude of 10 mV at the
OCP and 0.4 V. The OCP was measured at least 30 min before each mea-
surement to reach the equilibrium of the interface. Double-layer capaci-
tance was calculated by Equation (2)

"

C= Q@)™ )

where Q is a pseudocapacitance value, a represents its deviation from
ideal capacitive behavior, w:;ax represents the frequency at which the imag-
inary component reaches a maximum.[%4-%€]

Raman measurements of each sample (pristine and degraded) were
obtained using a Renishaw inVia confocal microscope equipped with a
633 nm laser with maximum power at the output of 50 mW and 10
s long expositions. Two situations were considered during the spectro-
scopic characterization: in the first case, the thin films deposited over
GCE (GCE/PEDOT-co-PDLLA) were considered as reference, to assess the
samples’ vibrational features. The second case was related to the samples
deposited over an ITO substrate (ITO/ PEDOT-co-PDLLA), which would
more closely resemble the setup used for cell-growth experiments. The
samples in the first case were measured using a long-working-distance
20x objective and 1% of the output laser power. The samples deposited
over ITO substrates were mapped with long-working-distance of 20x and
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50x, using 1% and 0.5% of the output laser power, respectively, to infer
about the homogeneity of the films before and after degradation. For the
mappings done with the 20x objective, three distinct regions of 320 um x
240 um were sampled along the ITO substrate. For the case of the 50x
sample, a densely packed grid of points was sampled over a 90 um x
70 pum area. The spectra of the mappings were processed using Matlab
9.2.0.538062 (R2017a) and the PLS Toolbox 8.8.1 (2020) by Eigenvector
Research, Inc. Prior to the PCA all the mappings were analyzed simultane-
ously and were preprocessed using the Savitzky-Golay filter for smoothing
(5-point window) and their baseline was corrected using alternating-least-
square algorithm, and normalized by their maximum.

The analysis of the GCE/PEDOT-co-PDLLA samples was done with the
support of quantum chemical calculations. Since the Raman cross-section
of most PDLLA modes,’] (as well as SO,2~ counter ions) was very small
when compared to those of PEDOT (as shown in Supporting Information
Figure S9), only the former was considered in this work’s calculations.
The calculations were done using the Gaussian software package, version
09 (revision D.01)[%8] using the hybrid functional B3P86 and def2-TZVP
basis set. Oligomers of two, four, eight, and 12 units of EDOT were con-
sidered to show the shift of the thiophene ring deformation mode (shown
in Figure 4d-i) with respect to oligomer size, as shown in Supporting In-
formation Figure S10, granted that this system was usually observed in
chains ranging from 5 to 20 units.[%*%°] The obtained Raman frequencies
were convoluted to a Lorentzian function of half-width at half-maximum
of 2 cm™! for better visualization. Neutral and oxidized chains up to 33%
and 50% (for the N = 12) were considered to assess spectral signatures
of polaronic and bipolaronic species.[1°1]

Supporting Information

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