
Photooxidative Polymerization of Pyrrole from Photosystem I
Proteins
Joshua M. Passantino, Alessia M. Williams, Marc A. Nabhan, David E. Cliffel, and G. Kane Jennings*

Cite This: ACS Appl. Polym. Mater. 2022, 4, 7852−7858 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The photosystem I (PSI) protein complex is
increasingly being utilized because of its robust photoelectrochem-
ical properties. The oxidative ability of the P700 reaction site of the
protein is less studied than the reductive capabilities of the FB
reaction site. As shown herein, the oxidation potential of P700 is
robust enough to initiate an oxidative polymerization of the redox
monomer, pyrrole. This manuscript reports the first photoactive
and conductive protein−polymer composite using extracted,
unmodified PSI protein to perform the polymerization process.
The polymerization technique consists of adding a monomer and a
dopant to a solution of PSI and illuminating the sample with
simulated sunlight. Successful polymerization of pyrrole from PSI is
confirmed by the combination of infrared spectroscopy, visual observation, thermogravimetric analysis, contact angle measurements,
and conductivity measurements. A stable composite between the protein and polymer is indicated by SDS−PAGE and is further
supported by photoelectrochemical properties that are opposite in current and potential from those of PSI alone.
KEYWORDS: biohybrid, conducting polymer, photopolymerization, photosystem I, polypyrrole, protein−polymer composite

■ INTRODUCTION
Protein−polymer composites are a class of biohybrid materials
that offer the combination of properties of both synthetic
polymers and biomolecules. These composites have been used
to advance research in a wide range of fields such as medicine,1

enzymatic performance,2 anti-fouling coatings,3 and catalysis.4

The fabrication approaches for these composites range from
protein encapsulation throughout a bulk polymer to cross-
linking proteins to polymer chains.5 The combination of
biomolecules and polymers can lead to biomaterials that are
economical, environmentally benign, and highly tunable.
Herein, we present a route for protein−polymer composites

in which we use a photoactive redox protein to polymerize an
electroactive monomer. The photosystem I (PSI) protein
complex is a vital membrane protein of photosynthesis, using
the energy from sunlight to transfer electrons across the
thylakoid membrane for the ultimate generation of NADH.
PSI achieves a nearly perfect quantum yield, driving more than
1 V of potential difference across the thylakoid membrane. PSI
has two redox active sites with reduction reactions occurring at
the iron−sulfur complex, the FB site, on the stromal tip of the
protein, and oxidations occurring at a special chlorophyll pair,
the P700 reaction site, located in the lumenal pocket.6 Many
researchers have shown that small redox molecules can be
photo-reduced and oxidized at the FB and P700 reaction sites,
respectively, of PSI to generate photocurrents on electro-
des.7−13 Here, we show that extracted, unmodified PSI can

oxidatively photopolymerize pyrrole to form a photoactive,
conductive PSI−polypyrrole composite. Oxidative polymer-
ization by a protein has been shown before. For example, Hira
and Payne showed that an iron-containing protein can
oxidatively polymerize 3,4-ethylene dioxythiophene (EDOT)
in a solution of polystyrene sulfonate (PSS) to form
PEDOT:PSS.14 An innovative aspect of our work herein is
that an appropriate electroactive monomer can be photo-
oxidatively polymerized by a photoactive redox protein.
Research on the integration of PSI with other materials has

mostly focused on improving the photoelectrochemical
performance of electrodes,12,13,15−17 as well as producing
hydrogen.18−20 The iron-containing protein complex has been
interfaced with conducting polymers in multiple ways,
including mixing PSI in a redox polymer,21 entrapping it in a
film during electropolymerization of a monomer,22 depositing
protein and polymer layer-by-layer,23 and growing a conduct-
ing polymer within a PSI film by a vapor-phase process.24 A
common constraint for PSI−polymer systems is the depend-
ence on mediated electron transfer to small redox species
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because of a lack of direct connection of the polymer to the
active sites for direct electron transfer.25−27 To achieve a more
direct connection, protein conjugates have been formed by
other groups using a modified protein complex with a
molecular wire connected to a catalyst or enzyme at the FB
site for applications such as hydrogen production.19,28 Such
protein modifications can amplify the cost and processing time
for producing these biohybrid materials. In most of this
research, there has been a focus on the overall photo-
electrochemical redox capabilities of PSI or the robust
reductive capability of the FB site.
The oxidative capabilities of the P700 site are also robust, and

the P700 site has potentials favorable to perform oxidative
polymerizations (300 mV vs Ag/AgCl),29 such as with Py, as
we describe here. This process is able to achieve composites of
Ppy and PSI that are capable of photoelectrochemistry and
photo-enhanced conductivity. This polymerization technique
is the first reported conductive, photoactive protein−polymer
composite where the polymer is formed by an unmodified
protein. This technique could be expanded by using other
monomers to tailor the composite functionality as well as other
photoactive proteins. The ability to create protein−polymer
composites to combine the photo-redox properties of PSI with

special properties of the polymer should facilitate the
generation of inexpensive, biohybrid solar conversion technol-
ogy.

■ RESULTS AND DISCUSSION
Visual Properties. The initial evidence of successful

polymerization of Py by PSI proteins was visual. The addition
of Py monomer with NaClO4 as an anionic dopant to a
dispersion of PSI followed by subsequent illumination of solar
light leads to the formation of dark green (characteristic color
of PPy)30 aggregates that eventually precipitate to the bottom
of the solution (Figure 1a). The aggregates become
increasingly darker with additional light exposure, and a darker
green solid approaches black in color after 30 h of solar
illumination. As controls, when exposed to simulated sunlight,
Py (alone) does not visibly change, and a PSI protein solution
becomes bleached by the UV radiation in the solar simulated
light. The polymerization also occurs in white light. NaClO4
was selected as a dopant for the polymer because of the large
anionic size, compared to other simple anions, and its lack of
reactivity with Py as compared to some other dopants that act
as chemical oxidizers. The purpose of the dopant is to facilitate

Figure 1. (a) Changes in visual solution properties over time after illumination. From left to right: PSI, Py monomer, PSI + Py monomer. (b)
Comparison of visible solution changes after 6 h of illumination or no light.

Figure 2. (a) FTIR spectra of Py and electropolymerized PPy film along with characteristic peaks, (b) PSI spectra and characteristic peaks, (c)
comparison of PPy grown by PSI to pure PPy and PSI spectra, and (d) result of spectral subtraction of pure components from the reaction product
compared to the pure component.
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polymerization and increase conductivity by distributing
charge throughout the polymer.
To confirm this was a light-dependent reaction, the same

experiment was carried out by illuminating monomer and
PSI−monomer solutions for 6 h whereas another set of
monomer and PSI−monomer solutions was left in the dark
(Figure 1b). The illuminated PSI−monomer solution yielded
the darker green aggregates, whereas the solutions in the dark
remained the same color as under the initial conditions. Red
light also triggered the formation of these aggregates, but the
solution exposed to the broad-spectrum light yielded dark
green aggregates significantly faster than the solution exposed
to red light.
Spectroscopic Characterization. ATR-FTIR analysis was

used to identify the composition of the products formed upon
illumination of PSI with Py monomer (Figure 2). After
illumination in broad-spectrum light, the solution was dialyzed
to remove unreacted Py, drop-cast onto a gold surface, rinsed
with water and then analyzed by FTIR. Figure 2a shows the
characteristic spectra for a film of pure electropolymerized PPy
with significant peaks at 1594 (N−H bending), 1462 (C�C
aromatic stretching), 1250 (C−N stretching), 1159 (C−N
stretching), 1074 (C−N stretching), and 942 (C−H sp2
bending) cm−1 that are broader and distinct from those
peaks of the Py monomer. Figure 2b shows the spectra of pure
PSI with peaks at 1627 (amide I), 1529 (amide II), 1448 (C−
H bending), 1391 (C−H bending), and 1239 (C−N
stretching) cm−1. Figure 2c shows the spectra for the reaction
product obtained by mixing PSI with monomer and
illuminating for 3 h. Most notably, the spectra for the reaction
product show similar peaks for both PPy (peaks below 1300)
and PSI (amide I and II peaks). Additionally, the valley
between the amide I and II peaks is higher than that for the
pure spectrum, suggesting growth of an aromatic N−H peak as
in the PPy spectra.
To compare the reaction product spectra to the two pure

components, each spectrum of the pure components was
subtracted from the spectrum of the reaction product (Figure
2d). After subtraction of the pure components, the character-
istic peaks for both PSI and PPy can be seen in the resultant
spectra. The PPy characteristic peaks at 1594, 1462, 1250,
1159, 1074, and 942 cm−1 are all prominent in the PSI-
subtracted spectrum, and there is no evidence of the monomer
peaks at 1663 (C�C stretching) cm−1 and 808 (C−H
bending) after spectral subtraction, indicating the successful
synthesis of PPy that is compositionally consistent with an
electropolymerized PPy film. The characteristic peaks for PSI
appear at 1627, 1529, 1448, 1391, and 1239 cm−1 and are all
prominent in the PPy-subtracted spectra with no peak shifting
or change in peak shape, suggesting that PSI is still present in
the product without degradation.31

Our hypothesis is that polymerization of Py is the result of
the photooxidative properties of the P700 reaction center of
PSI. As verification, a solution of chlorophyll a (Chl a) at a
concentration similar to that affixed to PSI in solution was
exposed to Py and NaClO4 as dopant and irradiated with solar
simulated light for 6 h. The PSI control exposed to the same
solution produced Ppy based on IR peaks similar to those
shown in Figure 2 whereas Chl a did not produce Ppy (Figure
S1). Thus, the protein’s photooxidative properties are essential
to the polymer formation. Figure 3 shows a schematic of the
proposed polymerization mechanism in which the P700 reaction

center photooxidizes Py and oligomers to initiate and
propagate the polymerization process.

Contact angles of films of pure PSI, pure PPy, and the PSI−
PPy reaction product were measured on gold substrates to
examine surface property changes. The solutions were dialyzed
to remove excess monomer before being drop-cast, and the
films were rinsed in distilled water to remove any excess buffer
and monomer, leaving only protein and polymer. The contact
angles show a significant decrease from 44 ± 3° for the PSI
films to 26 ± 7° for the PSI−PPy films whereas pure PPy films
exhibit a lower contact angle of 21 ± 7°. The decrease in
contact angle for the PSI−PPy films is consistent with a surface
that contains both PSI and PPy, supporting the successful
polymerization of Py by PSI.
SEM morphologies of powders of traditionally grown PPy

and the PSI−monomer reaction product are shown in Figure
4. The chemically synthesized PPy from the addition of
ferrocyanide as an oxidant shows a commonly reported
morphology of PPy nanoparticles that are coalesced to make
a large, networked structure.32−34 PPy electropolymerized on a
gold-coated surface shows similar morphology with connected
spherical nanoparticles (Figure S2). The PSI−PPy powder
shows a different morphology of solid platelet-like structures
instead of a connected nanoparticle network. The formation of
PPy platelets has been reported and is most commonly the
result of polymerization that is kinetically slower than the more
rapid oxidation with ferrocyanide or that by an applied
potential on an electrode.35−37 Additionally, other experiments
have shown that longer polymerization times lead to larger
nanoparticles with lower definition between each particle.38

Successful doping of the polymer with perchlorate ions is
confirmed by the presence of Cl in EDS spectra (Figure S3).

Properties of PSI−Ppy Composites. The insolubility of
Ppy and dialyzed PSI in not only water but also other solvents
precludes the use of many common techniques to probe the
chemical nature of the protein−polymer composite.39 As an
example, sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS−PAGE) shows that PSI is entrapped securely in
the composite, as neither the protein nor polymer enters the
gel, whereas protein that was physically mixed with pre-
synthesized Ppy shows bands consistent with PSI subunits
(Figure S4). That the SDS cannot break apart PSI and Ppy
interactions suggests strong physical or chemical interactions
between the protein and formed polymer.
Thermal properties of the PSI−PPy product were compared

to pure PSI films by thermogravimetric analysis (TGA). Figure
5 shows the TGA curves for PSI, PPy, and PSI−PPy after
holding at 100 °C for 30 min to evaporate residual water or

Figure 3. Proposed mechanism for the photooxidative polymerization
of Py by the P700 reaction center of PSI.
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monomer. The PPy and PSI−PPy samples lose mass at a
slower rate than that of PSI alone until 520 °C where PPy
begins to burn off. The similarity between the PPy and PSI−
PPy curves further supports the successful polymerization of
PPy by PSI. The PSI−PPy sample exhibits far more robust
thermal properties as compared to PSI alone. This trend holds
true if the PPy contribution is subtracted from PSI−PPy to
compare only the PSI contributions to the thermal properties
(Figure S5).
Electrochemical properties of the protein−polymer compo-

site were investigated by measuring the photopotential and
photocurrent of the cast films in an ascorbate (AscH):2,6-
dichlorophenolindophenol (DCPIP) redox mediator system
and comparing them to unmodified PSI films. Figure 6a shows
the average open-circuit potential (OCP) of seven independ-
ently prepared PSI and PSI−PPy multilayer films deposited on
gold, as well as the photopotential response of PSI deposited
atop a PPy film polymerized on gold via an applied potential.
Figure 6b shows the comparison of the magnitude of the
photopotential change by normalizing the potential at 20 s to 0
V. Figure 6c shows the comparison of photocurrents.
A PSI film on bare gold shows a dark OCP of around −59

mV, which is increased by 10 mV after 30 s of illumination.
The redox potential of PPy is known to be −200 mV vs Ag/
AgCl;40 therefore, PPy deposited onto a gold substrate should
lower the potential. Both bare gold and an independently
electropolymerized PPy film show no photoactivity (Figure
S6), so any change in Figure 6 results from the redox
properties of the protein. The PSI−PPy reaction product has a
dark OCP of −110 mV, and the potential decreases by 10 mV

after 30 s of illumination, the opposite potential change of PSI
alone. A decrease in photopotential indicates that there is an
increase in the ratio of reduced to oxidized species near the
electrode and an increase indicates the opposite. If the P700

Figure 4. SEM images of PPy (a−c) and PSI−PPy powders (d−f). Magnification increases from left to right.

Figure 5. TGA curves of PPy, PSI, and the PSI−PPy reaction
product. Samples were held at 100 °C for 30 min before 10 °C/min
ramp to 600 °C. The mass of the samples after the 30 min
temperature hold was 0.5, 8.7, and 8.5 mg for PSI, PPy, and PSI−PPy,
respectively.

Figure 6. OCP response to photo-illumination of films on gold in a
1:20 mM AscH:DCPIP mediator. Illumination begins at 20 s and
ends at 50 s and potentials are vs Ag/AgCl. Shaded regions are
indicative of standard deviation over seven samples. (a) Potential
response for pure PSI, PSI−monomer reaction product, and PSI
deposited on a PPy film, (b) OCP’s normalized to 0 V for response
magnitude comparison, and (c) photocurrent response for PSI and
PSI−PPy films held at the dark OCP.
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reaction center of the PSI protein is reduced directly by
electrons flowing from the electrode through Ppy, then the
composite film is able to more readily generate reduced species
to elevate this ratio and decrease the photopotential.
The photocurrent trends mirror the photopotential trends

where PSI generates 0.14 μA/cm2 of cathodic current and
PSI−PPy generates 0.23 μA/cm2 of anodic current. This
cathodic photocurrent for PSI alone in the AscH:DCPIP
couple has been attributed to the fast oxidation of DCPIPH2 at
the P700 site of PSI to yield an excess of oxidized species that
are readily reduced at the electrode.16 An anodic photocurrent
for PSI−PPy suggests that the presence of the polymer alters
the relative redox kinetics at the PSI active sites to increase the
ratio of reduced to oxidized species.
To investigate the connection between the protein and

polymer, PSI was deposited on top of an independently grown
PPy film. This film has a lower dark OCP of −156 mV because
of the presence of pure PPy on the electrode, but the potential
increases upon illumination, showing the same trend as PSI on
bare gold. Drop-casting PSI on top of a PPy film does not
result in direct interactions between the polymer and the P700
active site of the protein, so the electrochemical properties of
PSI remain the same as PSI on a metal electrode. This
important control further supports direct interactions between
the polymer and protein in the PSI−PPy composite because of
the opposite photoelectrochemical capabilities as compared to
PSI alone.
PPy is an intrinsically conducting material, and if sufficient

polymer is grown and connected to photoactive PSI, then the
resulting product should be a photoactive and conductive
composite. The conductivity of PPy and PSI−PPy reaction
product powders was measured by compressing the powders
between two metal electrodes (see Figure S7). The
conductivity was calculated using the following equation

=
·
h

R A (1)

where κ = electrical conductivity (S/cm), h = powder height
(cm), R = electrical resistance (Ω), and A = cross-sectional
area of powder (cm2).41 For simplicity of measurement and
because of the non-uniformity of particle sizes as shown in the
SEM images, the pellets were assumed to have no porosity due
to the compressive force, which artificially lowers the measured
conductivities.
The conductivity for pure PPy was measured to be 2.3 ×

10−4 ± 1.4 × 10−4 S/cm, similar to other PPy powder
conductivities in the literature, and the value was the same in
the light or in the dark.42 If the PSI−PPy powder is
photoactive, then there should be a difference in conductivity
when measured in darkess and under illumination. In the dark,
the conductivity was 1.93 × 10−5 ± 7.5 × 10−8 S/cm and in the
light it was 3.09 × 10−5 ± 1.8 × 10−6 S/cm, a 60% increase in
conductivity upon illumination. Due to the constraints of the
testing apparatus, the powders were illuminated only from the
side, leaving the majority of the cross sections of the pellets in
the dark, so the conductivity of the PSI−PPy powder should
be even higher under more complete illumination. The order
of magnitude decrease in conductivity compared to the pure
PPy is likely due to the insulating properties of the non-
electron conducting portions of PSI. The conductivity
measurements confirm that the conducting polymer was
grown and is interfaced with the PSI protein to form a
photoactive, conducting composite.

■ CONCLUSIONS
Pyrrole was successfully polymerized using the photooxidative
properties of PSI to form a photoactive and conductive PSI−
PPy composite. The polymerization occurs by mixing PSI with
both the Py monomer and a dopant and then illuminating the
solution to initiate the polymerization process. Growth of PPy
was confirmed by comparing the reaction product to both PSI
and independently polymerized samples through FTIR, TGA,
and contact angle measurements. TGA showed that the PSI−
PPy composite is more thermally robust than PSI alone and
acts similarly to pristine PPy. SEM images showed a platelet-
like morphology for the PSI−PPy particles and coalesced
nanoparticle morphology for electrochemically and chemically
grown polymer. Successful entrapment of PSI within the grown
PPy is supported by SDS−PAGE results showing that protein
within the composite does not migrate into the gel as
compared to protein that was mixed with the pre-synthesized
polymer. Additionally, the PSI−PPy composite alters the
photoelectrochemical properties as compared to pure PSI,
suggesting that the connected polymer can transfer electrons
directly to or from an electrode to the protein’s P700 site. The
composite was also measured to be conductive and photo-
active in solid-state systems, proving that conducting PPy was
grown and is well-connected to the PSI proteins.
This manuscript is the first report of polymerization by PSI

to form a protein−polymer composite. The resulting material
is both conductive and photoactive, enabling use in both
liquid- and solid-state solar conversion processes. Integrating
PSI into solid-state systems is notoriously difficult because of
connectivity issues between the protein and conducting
polymers, and the PSI−PPy composite can greatly mitigate
this issue. The capability of PSI to perform an oxidative
polymerization can be expanded to grow different polymers to
obtain new classes of protein−polymer composites with
unique photoelectrochemical properties through facile syn-
thesis methods.

■ MATERIALS AND METHODS
PSI Extraction. PSI was extracted from locally purchased spinach

following a procedure described in a previous work.43 In short, the
spinach was deveined, macerated, filtered, and then centrifuged at
8000g to isolate the thylakoid membranes. The supernatant was then
mixed with a surfactant (TritonX-100) to lyse the membranes before
a second centrifugation at 20,000g. A hydroxyapatite column was used
to isolate the PSI. The protein was dialyzed in a 1 to 4000 volume
ratio of deionized water for 24 h using a 10,000 MWCO dialysis
tubing to remove salts and surfactants.

Photopolymerization. Photopolymerization was carried out by
adding pyrrole monomer (Sigma-Aldrich) into a solution of ∼4 μM
PSI and 1.0 M NaClO4 to a concentration of 0.5 M pyrrole and
mixing with an ultrasonicator until all pyrrole was solubilized. The
mixture was then illuminated using a Newport xenon arc lamp solar
simulator, which emitted a light intensity of 330 mW/cm2.
Illumination times varied from 3 to 24 h, depending on the sample.
Every sample was dialyzed to remove unreacted monomer and excess
salt before characterization.

Characterization Methods. FTIR measurements were taken
with a Nicolet 6700 FTIR at 4 cm−1 resolution. To prepare samples
for FTIR, solutions were first dialyzed to remove excess monomer and
salt, drop-casted onto a gold surface, and rinsed in water before
measurements. Spectral subtraction was performed using OMNIC
Specta software. Samples for contact angle measurements were made
in the same manner and were measured with deionized water using a
manual Rame-Hart goniometer. SEM measurements were taken with
a Zeiss Merlin scanning electron microscope with an accelerating
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voltage of 2.00 kV. Samples were filtered through a 0.45 μM filter,
rinsed with water, and dried to form a powder that was imaged on a
gold substrate.

SDS−PAGE was performed on samples that were exposed to
illumination for 6 h. The samples were then concentrated in a 10K
MWCO Pierce concentrator. After concentration, the samples were
prepared as recommended by Invitrogen guidelines using a NuPAGE
10% Bis-Tris Gel.

For TGA measurements, samples were dialyzed and concentrated
after reaction in light and then 200 μL of the resulting solution was
vacuum-dried in a ceramic sample pan. The pan was then placed in an
STA-i 1000 thermogravimetric analyzer, and air was flowed through
the furnace. Samples were heated to 100 °C at a rate of 10 °C/min
and held for 30 min before a 10 °C/min ramp to 600 °C.

Electrochemical characterization was performed using a CH
Instruments CH660a workstation equipped with a Faraday cage.
Saturated Ag/AgCl was used as the reference electrode with a
platinum mesh counter electrode and 1 M KCl was used as the
electrolyte. Samples were drop-cast onto gold-coated silicon
substrates for measurements. Photopotential and photocurrent were
measured by 30 s of illumination using a 250 W cold light source
(Leica KL 2500 LCD), which emitted a light intensity of 80 mW/cm2

at a spectral range of 380−790 nm.
Conductivity was measured using a two-electrode experimental

setup (Figure S7) connected to a Gamry Reference 600 potentiostat.
The setup consists of a transparent glass tube with two stainless-steel
rods that fit snugly in the tube. Powder was placed between the rods
and an external force of 300 N was applied to the top electrode to
compress the powder. Samples were illuminated on one side of the
tube using the same lamp as was used in the electrochemical
measurements. The resistance across the powder and the compressed
powder height were measured to use in eq 1 to calculate conductivity.
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