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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a conducting polymer used in
regenerative medicine, solar energy conversion, OLEDs, and biological sensing. PEDOT:PSS can be
synthesized with a wide range of biomolecular oxidants including hemoglobin, catalase, horseradish
peroxidase, soybean peroxidase, and laccase. Unfortunately heme proteins have been found to degrade
during polymer synthesis, limiting their utility. We show that the peroxidase substrate, 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS), inhibits heme degradation during hemoglobin-mediated
synthesis of PEDOT:PSS, measured by fluorescence emission. Four-point probe measurements show
that films of PEDOT:PSS are more conductive when synthesized in the presence of ABTS.
Characterization of the resulting PEDOT:PSS films using visible and near IR spectroscopy shows that
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Introduction

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) is a conductive polymer'™ that is transparent,** biologically
compatible,*® and water soluble® allowing its use in antistatic
agents," light-emitting diodes,*™*® solar cells, biological
sensing,*** and regenerative medicine.”** Standard oxidative
polymerizations of 3,4-ethylenedioxythiophene (EDOT) typically
use small molecule iron compounds combined with an oxidant,
such as sodium persulfate.” This synthetic route produces a pris-
tine polymer with relatively low conductivity (<1 S ecm™"),"* that is
then doped for higher-conductivity applications.”*?* Alternatively
PEDOT:PSS can be synthesized with biomolecules.”**" Other
conductive polymers such as polyaniline®*** and polyphenols®**¢
have also been polymerized using biomolecular oxidants.
Biomolecular synthesis utilizes the naturally occurring struc-
tural diversity of biomolecules to tune polymer properties and
could allow for more environmentally friendly reaction condi-
tions.>**'*7* Most biomolecules used for polymerization contain
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further enhanced (31 S cm™) when an iron chelator, EDTA, is used in combination with ABTS.

iron in a heme complex and are combined with hydrogen
peroxide as an oxidant. Examples include catalase,* cytochrome
¢,*® hemoglobin," horseradish peroxidase,*” and soybean perox-
idase.*®**>* Non-heme biomolecules used for synthesis include
laccase* and transferrin.*® As this list makes clear, enzymatic
activity is not required for polymerization.*” The acidic condi-
tions required for PEDOT:PSS synthesis (pH 1-2) means most
biomolecules will be denatured.> A notable exception is laccase,
which can enzymatically polymerize PEDOT:PSS under more
mild conditions (pH 3.5).** Additionally, soybean peroxidase can
enzymatically polymerize PEDOT:PSS at a pH of 5. In this case,
however, terthiophene was added to the reaction as a radical
initiator.** Biomolecular synthesis of PEDOT:PSS results in
conductivities ranging from 1 x 107> S cm ™" (catalase) to 2.8 S
cm ' (hemoglobin).**** A critical factor for heme proteins used in
PEDOT:PSS synthesis is the relative concentration of heme-
bound iron compared to unbound, free, iron.* Heme iron,
combined with hydrogen peroxide, generates a highly conductive
polymer dominated by bipolarons.** While free iron, also
combined with hydrogen peroxide, generates a weakly conduc-
tive polymer dominated by polarons.>»* Iron chelators, such as
ethylenediaminetetraacetic acid (EDTA), can be used to prevent
unbound iron from participating in the synthesis.*” For this
reason, the addition of EDTA during hemoglobin mediated
PEDOT:PSS polymerizations leads to a significant conductivity
enhancement from 2.8 Scm™ ' t0 19.5 S cm ™ "%

The balance of free iron versus heme iron is largely deter-
mined by the reaction of hydrogen peroxide with heme iron.**
Biomolecular oxidants require hydrogen peroxide for synthesis,
but hydrogen peroxide also causes the degradation of the heme
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group and the release of free iron.***®* While EDTA inhibits free
iron from synthesizing PEDOT:PSS, it does not prevent the
degradation of the heme group. We hypothesized that the
conductivity of hemoglobin synthesized PEDOT:PSS would be
enhanced by inhibiting heme degradation with 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), a peroxidase
substrate.*®7:49:%

In this work we show that polymerization of PEDOT:PSS in the
presence of ABTS inhibits heme degradation and significantly
enhances conductivity. When ABTS is combined with EDTA
during synthesis, we observe further enhancement of polymer
conductivity to 31 S em™'. To our knowledge, this represents
a record conductivity for undoped PEDOT:PSS. We then investi-
gate the underlying mechanism of this enhancement. We use
visible and near IR spectroscopy to characterize the resulting
PEDOT:PSS films. We find that the suppression of heme degra-
dation by ABTS leads to bipolaron-dominated PEDOT:PSS.

PEDOT:PSS was synthesized by combining hemoglobin (4.8 uM
by heme concentration), EDOT (50 mM) and PSS (25 mM, by
monomer concentration) in an HCI-KCI buffer (pH 1.15) while
stirring. The reaction was initiated by the addition of H,0, (20
mM). The reaction was allowed to proceed for three hours followed
by dialysis. For full experimental details, please see the ESLf

The combination of hemoglobin with hydrogen peroxide
results in the degradation of the heme group and the release of
free iron.*** In the context of hemoglobin-mediated synthesis of
PEDOT:PSS, this leads to a less conductive polymer dominated by
polarons.* The peroxidase substrate, ABTS, however, inhibits the
degradation of hemoglobin at neutral pHs.******° If heme
degradation is inhibited under our reaction conditions (pH =
1.15), then the addition of ABTS during synthesis will enhance
PEDOT:PSS conductivity. As a control, we synthesized hemo-
globin without ABTS and used four point probe measurements to
determine its conductivity (0.81 S cm™", Fig. 1).

Next we synthesized PEDOT:PSS in the presence of ABTS. We
found that 0.4 mM ABTS (Fig. S1, ESI{) led to the most prom-
ising polymer with a threefold conductivity enhancement to 2.6
S em™! (Fig. 1). This finding is consistent with our hypothesis
that ABTS inhibits heme degradation during PEDOT:PSS
synthesis. This is expected to increase conductivity for two
reasons. First, in the absence of ABTS, the degradation of
hemoglobin by hydrogen peroxide will result in a continual
decrease in oxidant concentration, lowering yield and
decreasing the final PEDOT:PSS ratio. The ratio of conductive
PEDOT to insulating PSS critically determines the final
conductivity of the resulting polymer films.>*** Second, the
degradation of hemoglobin results in the release of free iron, as
discussed above. Any PEDOT oxidized by free iron and hydrogen
peroxide is expected to have low conductivity (~10~7 S cm™').*

The conductivity of the polymer synthesized with hemoglobin
and ABTS is relatively high for undoped PEDOT:PSS, but it
remains lower than the previously reported combination of
hemoglobin with EDTA (19.5 S cm™").* The present synthesis was
done under slightly different conditions including a lower
hemoglobin concentration, a lower hydrogen peroxide concen-
tration, and a shorter reaction duration. Both the lower concen-
tration of hemoglobin and the shorter reaction time will lower the
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Fig.1 Conductivity of PEDOT:PSS polymerized by hemoglobin alone
(control) or combined with ABTS, EDTA, or both ABTS and EDTA, as
determined by four-point probe. The film thicknesses of each polymer
were 2.40 £ 0.17 um, 1.83 £ 0.17 um, 4.53 £ 0.89 um and 2.83 + 0.24
um, respectively. The error bars represent the standard error of
a minimum of 10 measurements across 3 films.

final yield of PEDOT. Since the PSS template is already polymer-
ized (MW = 70 000 kDa), this will lower the PEDOT:PSS ratio. As
described above, this is expected to lower conductivity.>>** For
comparison with the previous result, we synthesized PEDOT:PSS
with hemoglobin and EDTA under our reaction conditions. The
resulting polymer has a conductivity of 3.06 S cm ™", similar to the
polymerization in the presence of ABTS (Fig. 1).

While ABTS may prevent the release of free iron from the
heme group, it does not prevent trace iron from participating in
the polymerization. For this reason we polymerized PEDOT:PSS
with hemoglobin in the presence of both ABTS and EDTA in the
same polymerization. PEDOT:PSS synthesized under these
conditions shows a conductivity of 31 S ecm™ . This represents
a 50% increase over the highest conductivity previously ob-
tained from biomolecular synthesis and, to our knowledge,
represents a record conductivity for undoped PEDOT:PSS.**

Besides the previously mentioned EDTA and hemoglobin
polymerization, the next highest conductivity reported for
undoped PEDOT:PSS is 10 S cm ™ *.%? For this synthesis, Qi, et al.
formed an emulsion of EDOT in PSS. This allowed more EDOT
to be dissolved in an aqueous solution and ultimately led to
a higher PEDOT:PSS ratio. Investigations by Aleshin, et al. re-
ported a conductivity of 20 S ecm™ . In this case, however,
commercial PEDOT:PSS was cast from low concentration HCI. It
is well known that HCI, as well as other acids, are effective post-
polymerization treatments to enhance the conductivity of
PEDOT:PSS.**** Indeed films of PEDOT:PSS doped by acid can
achieve conductivities as high as 4000 S cm™*.27® While films
treated with organic solvents reach 1100 S cm ' For
a comprehensive discussion of PEDOT:PSS conductivity
enhancements see the review by Shi, et al.*® Importantly, ABTS
and EDTA do not alter PEDOT:PSS after polymerization, rather

This journal is © The Royal Society of Chemistry 2017
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they optimize the oxidant used for polymerization. We are
directly producing highly conductive PEDOT:PSS in a one-step,
aqueous reaction.

Previous work has shown that PEDOT:PSS oxidized by heme
iron results in a higher bipolaron to polaron ratio compared to
PEDOT:PSS oxidized with free iron.***“* If ABTS limits heme
degradation, we should see an increase in the bipolaron to
polaron ratio. Polarons in PEDOT:PSS produce an absorption at
~800 nm while bipolarons in PEDOT:PSS absorb at
~3000 nm.>>**” To compare the bipolaron to polaron ratio, we
characterized each polymer with visible and near IR spectroscopy
from 350 nm to 2500 nm in a single spectra (Fig. 2a). These
measurements were taken on polymer films cast on glass, as the
water in aqueous solutions of PEDOT:PSS absorbs strongly in the
IR.*® The measured film thicknesses of each polymer blend varied
from 2 pm (hemoglobin alone) to 4 um (hemoglobin and ABTS).
For this reason, the absorbance at 800 nm was used to normalize
each spectrum. This normalization allows us to compare the
bipolaron to polaron ratio, but not absolute absorption. The
control, synthesized using only hemoglobin, shows the lowest
absorption at 2500 nm relative to the absorption at 800 nm
(Fig. 2b). This indicates that the bipolaron to polaron ratio is the
lowest for the control. The absorbance at 2500 nm, and hence the
bipolaron to polar ratio, increases for PEDOT:PSS polymerized in
the presence of ABTS or EDTA. The combination of ABTS and
EDTA leads to the highest bipolaron to polaron absorption ratio.
Since heme iron is expected to produce a bipolaron rich polymer,
these observations are consistent with our hypothesis that ABTS
inhibits heme degradation.*® To ensure this change is due to an
interaction between heme and ABTS, we polymerized PEDOT:PSS
with FeCl; in the presence of ABTS. No significant change in the
visible and near IR spectra was observed (Fig. S2, ESIf).

The impact of EDTA on the near IR absorbance is similar to
ABTS, but for a different reason. EDTA removes free iron, while
ABTS preserves more heme iron. Both effects lead to a bipolaron
rich polymer. A detailed discussion of the impact of EDTA on the
biomolecular synthesis of PEDOT:PSS has been published
previously.** Additionally, we find that higher bipolaron absorp-
tion in the near IR correlates with greater polymer conductivity.
This suggests that the increased conductivity may arise in part
due to an increase in oxidation state of the polymer.

It is well known that ABTS inhibits heme degradation at
physiological pHs.****>* To confirm this inhibition also occurs
under our reaction conditions of pH 1.15, we directly monitored
the impact of ABTS on the reaction of hemoglobin with hydrogen
peroxide. The absorption of ABTS prevents monitoring heme
degradation by UV-Vis spectroscopy due to spectral overlap
(Fig. S3, ESIt). Fortunately, the degradation products from the
reaction of hydrogen peroxide with hemoglobin are fluores-
cent."*"” Although the chemical identity of these products is
unclear, fluorescence has been used previously to observe the
impact of ABTS on heme degradation.*®** Hemoglobin was
incubated with hydrogen peroxide in HCI-KCI (pH 1.15) for 60
minutes and then an emission scan was collected (excite:
320 nm, Fig. 3a). The fluorescence intensity of the heme degra-
dation products is observed as a broad peak centered at 445 nm.
In the absence of hemoglobin or H,0,, no peak is observed at

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Representative visible and near IR spectra of PEDOT:PSS
polymerized by hemoglobin alone (control, black), in the presence of
ABTS (red), EDTA (blue), and both ABTS and EDTA (green). (b) The ratio
of absorbance at 2500 nm to 800 nm of PEDOT:PSS polymerized by
hemoglobin alone (control), in the presence of ABTS, EDTA, and both
ABTS and EDTA. Error bars represent the standard error of three
separate polymerizations under each condition.

445 nm (Fig. S4, ESIT). Previous investigations, at neutral pH,
show an emission peak at a slightly higher wavelength of
465 nm.">" This shift is likely due to the change in pH which can
alter the wavelength of fluorescence emission.*® The fluorescence
intensity at 445 nm is significantly reduced in the presence of
ABTS indicating heme degradation is suppressed.

We then monitored the increase in fluorescence emission
overtime at 445 nm (Fig. 3b). The fluorescence increases grad-
ually overtime both with and without ABTS. The data imply
heme degradation is reduced by ABTS, but not inhibited
entirely. The initial (¢ = 0) high intensity of fluorescence in the
presence of ABTS is from a fluorescence peak at 470 nm due to
ABTS itself.®® This peak is no longer significant after 10 minutes
of exposure to hydrogen peroxide (Fig. S57).

RSC Aadv., 2017, 7, 1201712021 | 12019
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Fig. 3 Fluorescence emission of hemoglobin combined with
hydrogen peroxide at pH 1.15 (excite: 325 nm). (a) Representative
fluorescence emission spectra of hemoglobin 60 minutes after
exposure to hydrogen peroxide in the presence (red) and absence
(black) of ABTS. (b) Kinetic plot of fluorescence emission intensity in
the presence (red) and absence (black) of ABTS (emit: 445 nm). The
initial (t = 0) high intensity of fluorescence in the presence of ABTS is
from a fluorescence peak at 470 nm due to ABTS itself.¢° This peak is
no longer significant after 10 minutes of exposure to hydrogen
peroxide (Fig. S5t).

To understand the mechanism by which ABTS inhibits heme
degradation, it is important to consider the interaction of
hydrogen peroxide and acid denatured hemoglobin. Under our
reaction conditions, hemoglobin possesses ferrous iron
(Fe(u)).***** When hydrogen peroxide reacts with ferrous
hemoglobin, it can generate ferrylhemoglobin (Fe(iv)=0).** The
subsequent reaction of ferrylhemoglobin with another equivalent
of hydrogen peroxide, produces superoxide and methemoglobin
(Fe(ur)).*® Superoxide then degrades the heme group and releases
free iron. ABTS inhibits this degradation by reducing ferrylhe-
moglobin to methemoglobin.*® Methemoglobin can still react
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with another equivalent of hydrogen peroxide, but in this case, it
produces the radical oxoferrylhemoglobin (*Fe(v)=0). Hydrogen
peroxide reacting oxoferrylhemoglobin still produces methemo-
globin but with oxygen, instead of superoxide. In this way, ABTS
protects hemoglobin from degradation. For more details on this
process see the work by Nagababu, et al.*®

Conclusions

We have demonstrated that ABTS can be used in hemoglobin-
mediated PEDOT:PSS synthesis to enhance polymer conduc-
tivity (Fig. 1). When EDTA is also added during synthesis, the
conductivity is further enhanced to 31 S cm ™. These increases
in conductivity are correlated with an increased bipolaron to
polaron absorption ratio in the near IR (Fig. 2). This suggests
the conductivity is enhanced due to an increase in PEDOT:PSS
oxidation state. Finally, we confirmed that ABTS inhibits heme
degradation under our acidic reaction conditions (Fig. 3). These
experiments confirm our hypothesis that inhibiting heme
degradation during PEDOT:PSS synthesis increases polymer
conductivity. This work highlights the importance of under-
standing the underlying mechanistic details of biomolecular
polymer synthesis to synthesize high conductivity PEDOT:PSS
in a one-step, aqueous reaction.
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