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ABSTRACT: Photosystem I (PSI), a naturally abundant multi-
subunit protein complex known for its ability to harvest solar
energy and transform it into chemical energy in photosynthesis, is
mixed with an intrinsically conducting polymer (ICP) poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) to
deposit well-mixed thin films via spin coating from aqueous
solution. This process enables uniform, reproducible, and rapid
film formation in which the composition and thickness of
composite films can be readily tuned up to a few hundred
nanometers. We assess the size distributions of the system in
solution as well as the composition, thickness, conductivity,
scalability, and photoactivity of the resulting biohybrid PSI−
polymer films. The combination of the protein and ICP yields
increased photocurrents and turnover numbers when compared to single-component films of the protein or ICP alone to reveal a
synergistic combination of film components. Based on photocurrents and turnover numbers, the efficiency of integrating the protein
with the polymer is highest at low PSI loadings where protein−polymer interactions are maximized.
KEYWORDS: biohybrid, photoactive thin films, spin coating, photosystem I, PEDOT:PSS, solar-energy conversion, composite films,
photoelectrochemical devices

■ INTRODUCTION
Nature utilizes the sun through photosynthetic organisms that
harvest solar energy and transform CO2 into O2 and
carbohydrates through evolutionarily adapted protein com-
plexes.1 Photosystem I (PSI) is one such protein complex
within the thylakoid membranes of chloroplasts. As a
photoactive protein with nearly perfect quantum yield, PSI
excels in absorbing photons and using their energy to
translocate electrons from a chlorophyll a dimer, P700, to P700*
that readily donates an electron through a series of cofactors to
an iron−sulfur complex known as FB.

2 Through this process,
PSI produces the greatest reducing potential in nature (−580
mV vs SHE at the FB site) with a redox potential of 1.1 V
across the protein complex and an electron transfer turnover
rate of 50 e− s−1 PSI−1 in vivo.1,3,4

PSI’s vast availability, ease of extraction, compatibility with
multiple organic compounds, and aptness to genetic engineer-
ing have all contributed to the surging interest in integrating
this protein into a variety of energy conversion technologies in
both wet and dry systems.5 In these systems, PSI is often
incorporated with other materials such as conducting polymers
to facilitate electron transfer and elevate performance of the
biohybrid film. Our aim in this study is to develop a rapid and
straightforward process to prepare well-mixed PSI-conducting
polymer composite films and to investigate the effect of PSI

loading on photoelectrochemical properties. To be compatible
with PSI, an interfacing material must maintain the stability
and biofunctionality of the protein complex. Finding an
appropriate PSI-conducting polymer mixture has far-reaching
effects on the resulting biohybrid devices, and many aspects of
the synthetic material must be considered to yield a successful
polymer−protein coupling. Some of the factors of the polymer
to consider are its redox potential, aqueous-phase solubility,
chemical structure and functional groups, the type and density
of its surface charges, and its conformational flexibility.6 Once
compatibility between the polymer and PSI has been
confirmed, a wet-based or a solid-state system can be explored
by using the well-mixed system.
A variety of conducting polymers are manufactured at an

industrial level and are suitable for photovoltaic applications.
PEDOT:PSS particularly stands out within this group as the
most popular commercial polymer used in thermoelectric
devices and photovoltaic cells,7 and it offers multiple
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advantages to pair with PSI for the preparation of biohybrid
films. First, this widely studied ICP is considered water-soluble
due to the presence of the polyanion (PSS) and can be easily
incorporated into aqueous solutions that we use to process
PSI.8 Second, PEDOT:PSS has a flexible positively charged
PEDOT-rich inner core and a negatively charged PSS outer
shell that could interact well with the amphipathic PSI protein
inducing high likelihood for favorable electrostatic interac-
tions.9 Third, this p-doped polymer is a hole conductor with
redox potential favorable to both P700 and FB active sites of
PSI.10,11 Fourth, PEDOT:PSS assists in extracellular electron
transfer when combined with the cyanobacterium Synecho-
cystis sp, emphasizing the ability of PEDOT:PSS to
accommodate certain biological organisms and to maximize
electrocatalytic reactions within a photoactive film.12 Lastly,
our group has identified strong electrostatic interactions
between PSI and PEDOT:PSS where the protein adsorbs
rapidly and with ease at the polymer’s interface, and vice versa,
to enable layer-by-layer (LbL) assemblies.13 This strong
coupling of PSI with PEDOT:PSS at interfaces suggests that
these interactions can be driven in solution to disperse the
protein complex.
PSI films have been predominantly deposited via drop

casting, a facile and simple deposition method that deposits all
the solution-based protein into the film and conserves the
activity of PSI.14 However, drop casted films are nonuniform,
and the layers produced can be spatially inconsistent. In
particular, the coffee-ring effect is omnipresent in this
technique, causing an increase in thickness at the film
boundaries.15 We and others have used self-assembly to
produce PSI films that are generally limited to (sub)monolayer
amounts.16,17 As another form of self-assembly, the LbL
deposition method used by Wolfe et al. has proven successful
in depositing up to 9-layer pairs of PSI and PEDOT:PSS with
highly reproducible thicknesses, high loadings of PSI, and
improved electron collection rate when compared to drop
casted films.13 However, each layer pair requires a 45 min
timespan for deposition, with the resulting 80 nm thick, 9-
layer-pair film requiring several hours to prepare. In contrast,
spin coating is done on the order of 1 min and results in much
thicker films, retaining a higher total loading of material at the
surface of the electrode, in a much shorter timespan.
We herein report mixing PSI and PEDOT:PSS in solution

and then spin coating the combined matrix for the
straightforward fabrication of conductive composite poly-
mer−protein films. Spin coating excels where drop casting,
layer-by-layer deposition, and self-assembly lag by promoting
uniformity and allowing for a tunable control of film thickness
from tens to several hundred nanometers, providing a reliable
and rapid alternative for our applications of interest.
Uniformity is important in thin-film formation so that the
thin film in the device can operate similarly in the 2D plane
with consistent conductivity, composition, and thickness.
However, membrane proteins are difficult to spin coat from
pure aqueous solutions, forming thin and nonuniform deposits,
even on treated and highly functionalized surfaces, as shown in
Figure S1, and they typically require stabilizing molecules or
cross-linkers in solution.18 To overcome these challenges,
mixing the protein in a supporting medium with the aim to
increase overall viscosity and improve component affinity to
the substrate is a valid pursuit. Here, we have selected
PEDOT:PSS, which we hypothesize would interact well with
PSI, replace some of the interactions between the protein and

its surfactant (TX-100), and help the aqueous mixture to
interact well with the substrate to prevent excessive spin-off.
Others have examined PSI and PEDOT:PSS in layered devices
but not in the mixed manner achieved here. For example,
Kazemzadeh et al.19 immobilized PSI in a solid-state
photovoltaic cell by depositing a distinct layer of PEDOT:PSS
followed by PSI. In their device fabrication, PSI and
PEDOT:PSS were spin coated separately for less than 10 s,
but the amount of PSI retained in the layered structure was not
reported.
In this work, we spin coat composite PSI films for the first

time, and we examine the effects of PSI loading in the film by
mixing PEDOT:PSS and PSI in solution at different
percentages ranging from 0 to 70 wt % PSI in the solute
(PSI+PEDOT:PSS). These thin films are easily fabricated,
retain the two key components, and are electrically conductive.
We control the thickness and achieve uniformity for the spin
coated films by exploring the different aspects that impact the
well-mixed nature and topology of the films. By understanding
interactions of PSI with PEDOT:PSS in solution, we can
achieve conductive, well-mixed, and uniform films via spin
coating.

■ MATERIALS AND METHODS
Materials. PSI was extracted from organic spinach purchased at a

local grocery store. Triton X-100 surfactant, 1.1 wt % PEDOT:PSS in
water (surfactant-free, high conductivity grade), (3-aminopropyl)-
trimethoxysilane, and 2-aminoethanethiol (AET) were purchased
from MilliporeSigma. Silicon (100) wafers were purchased from WRS
materials. Chromium-coated tungsten rods were purchased from R.D.
Mathis. Gold shot (99.99% purity) was obtained from J&J Materials.
Spectrum Laboratories regenerated dialysis membrane tubing (6000
to 8000 Da MWCO) was obtained from Fisher Scientific.
PSI Extraction. PSI was extracted from spinach following steps

described in a previous work.17 In summary, spinach was deveined,
macerated, filtered, and then centrifuged at 8000g. The supernatant
was then stabilized with a surfactant (Triton X-100) before a second
centrifugation at 20000g. The resulting solution was passed through a
hydroxyapatite column as the last step in isolating PSI.
Preparation of Gold Substrates. The gold substrates were

prepared following a previously described method where silicon
wafers are rinsed with deionized water and ethanol and then dried in a
nitrogen stream.20 Chromium (100 Å) and gold (1250 Å) were
evaporated onto the processed silicon wafers at a rate of 2 Å/s or less.
The evaporation was performed in a diffusion pumped chamber at a
base pressure of 4 × 10−6 Torr. The wafers were then cut into 1.5 cm
× 2.5 cm samples after evaporation. Self-assembled monolayers
(SAMs) on gold surfaces were prepared by submerging the gold
substrate into a 1 mM ethanolic solution of 2-aminoethanethiol
(AET) for ∼1 h, followed by rinsing with ethanol and drying in a N2
stream.
Preparation of Glass Substrates. Microscope slides were

cleaned with water and ethanol, before soaking in a 70% v/v
H2SO4 and 30% v/v H2O2 (piranha solution) for 30 min to
hydroxylate the surface (warning: the mixture reacts violently with
organic matter�handle with extreme caution!). After piranha treat-
ment, glass substrates were rinsed with water (thoroughly), then
ethanol, and finally toluene. The substrates were then immersed in a
solution of 600 μL of (3-aminopropyl)trimethoxysilane and 30 mL of
anhydrous toluene for 30 min to obtain an amine-terminated primer
on the surface of the glass. Spin coating was then used to deposit films
at different PSI−PEDOT:PSS ratios onto the amine-terminated
surface.
Spin Coating. Gold electrodes were removed from the AET

solution, rinsed in ethanol, and dried under a stream of nitrogen.
Extracted PSI (stabilized by TX-100) and PEDOT:PSS stock solution
were mixed at different weight proportions as shown in Table S1
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(Supporting Information). The mixtures were sonicated for 10 min to
improve dispersibility and allow for PSI−PEDOT:PSS interactions to
replace PSI−TX-100 interactions. Generally, 500 μL of this solution
was dropped onto a rotating, SAM-treated gold substrate (∼2 cm2 in
area) until solvent is completely evaporated. The substrate was
rotated at speeds ranging from 500 to 4000 rpm for different times
(∼1−2 min) to produce the composite film. A KW-4A spin coater
purchased from Setcas LLC was used for all spin coating purposes.
Characterization. Infrared spectra were analyzed by attenuated

total reflectance Fourier transform infrared (ATR-FTIR) spectrosco-
py using a Thermo Nicolet 6700 FT-IR spectrometer equipped with a
liquid-nitrogen-cooled mercury−cadmium−telluride (MCT) detector
and a Smart iTR ATR attachment with a diamond crystal plate. The
spectra were collected in the region of 4000−700 cm−1 over 256 scans
at 2 cm−1 resolution and processed using OMNIC software. The
inherent diamond crystal in the FT-IR exposed to open air was used
as the background for all data collection.

Scanning electron microscopy (SEM) images of PEDOT:PSS, 10
wt % PSI composite, and PSI films were taken using a Hitachi S-4200
SEM at an accelerating voltage of 2 kV. The PEDOT:PSS and 10 wt
% PSI films were spin coated at 1250 rpm. The PSI film was drop
casted and sputtered with gold for 20 s due to the insulating nature of
the protein.

Profilometry was applied to study the roughness/uniformity of the
produced films. Profilometric thickness was determined using a
Veesco Dektak 150 stylus profilometer. Measurements were
performed over 4000 μm using a stylus with a 12.5 μm radius,
applying 2.0 mg force, and employing a hills-and-valleys detection
mode.

Ellipsometric measurements were obtained on a JA Woollam Co.
M-2000VI variable angle spectroscopic ellipsometer with WVASE32
software for modeling. Each sample was measured at two incident
angles of 60° and 70° using a 632 nm HeNe laser. Film thickness was
fitted from these measurements by using a B-spline fitting model atop
a gold substrate.

Zeta sizing was used to determine the size distributions of PSI and
PEDOT:PSS in the aqueous phase. A Malvern Panalytical Zeta Sizer
Ultra was used to determine hydrodynamic diameters for different
mixtures of particles in solution using multi-angle dynamic light
scattering (MADLS). Measurements were taken at 25 °C with water
as the dispersant. PSI was measured at a refractive index of 1.45 and
an absorbance of 0.37, whereas PEDOT:PSS was measured at a
refractive index of 1.40 and an absorbance of 0.90. To maintain
similar concentrations and solution volumes, a PEDOT:PSS stock
solution was diluted 80-fold prior to the MADLS analysis to a final
concentration of 0.14 mg/mL, and 10 wt % PSI solution was diluted

Figure 1. (a) FTIR/ATR spectroscopy of films with different ratios of PSI to PEDOT:PSS in solution revealing the retention of the spin coated
material into the films, with the numbers above each graph representing the various ratios with spectra offset vertically for clarity. As the percent of
PSI increases, the ratio of Amide I peak to all other PEDOT:PSS peaks increases. (∗) Peak due to TX-100. (b) Plot of the ratio of area under the
curve at the amide I peak (1660 cm−1) to the area under the curve of three PEDOT:PSS peaks (1010, 1416, and 1526 cm−1) vs the ratio of PSI to
PEDOT:PSS in solution. At a given PSI to PEDOT:PSS ratio, error bars represent standard deviations based on three measurements. The inset
shows the near linearity of the data in the low PSI to PEDOT:PSS range.
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50-fold for a final concentration of 0.14 mg/mL PEDOT:PSS and
0.014 mg/mL PSI.

An Ossila four-point probe system (product T2001A3-UK) was
used to measure the conductive properties of films made on surface-
treated glass. The measurements were recorded at 128 samples per
point, a current of 1 μA, and a maximum voltage of 5 V. The applied
current resulted in a total of 10 repeat values of sheet resistance,
resistivity, and conductivity for each sample with the averages and
standard deviations of three data sets as the reported results.

Photochronoamperometry (PCA) was performed using a three-
electrode assembly and a CH660a potentiostat (CH Instruments,
Austin, TX) equipped with a Faraday cage. Gold coated with the thin
film served as the working electrode, Ag/AgCl was used as the
reference electrode, and a platinum mesh served as the counter
electrode. A cold light source (Leica KL 2500 LCD), which emitted a
light intensity of 100 mW/cm2 at a spectral range of 380−790 nm,
was used during the 20 s light exposures. The photoelectrochemically
active area during experiments was constrained to 0.27 cm2. For the
composite films, the open circuit potential (OCP) was first measured
in the dark, and then the recorded value was applied to the film during
the PCA data collection. Applying the OCP value quantified in the
dark allows the background current to begin around zero, phasing out
the inherent potential differential in the system and attributing any
further change in current during the 20 s illumination period to
reactions within the film and at the electrode surface. All PCA
measurements were performed using a redox electrolyte containing
100 μM potassium hexacyanoferrate(II) trihydrate K4[Fe(CN)6]·
3H2O, 100 μM potassium hexacyanoferrate(III) K3[Fe(CN)6], and
100 mM KCl.

■ RESULTS AND DISCUSSION
IR Spectroscopy. Prior to deposition, PSI and PE-

DOT:PSS were mixed to produce solutions with protein to
polymer ratios ranging from 0.1 to 2.3 on a mass basis. Table
S1 outlines the different weight percentages, ratios, and
component concentrations of the resulting mixtures. PSI
solutions were not dialyzed to remove TX-100 surfactant, and
the mixtures of PSI and PEDOT:PSS were spin coated in the
presence of TX-100 to produce uniform films. He et al. and
Thomas et al. have previously shown that the spin coating of
PEDOT:PSS is improved by mixing it with TX-100, which
serves as a wetting agent to improve the wettability of the ICP
on the substrate.21,22 Here, spin coating in the absence of TX-
100 hindered the mixing and produced films that were less
uniform than those produced in its presence.
IR spectroscopy was used to determine the composition of

the composite films produced by spin coating at a spin rate of
1500 rpm onto gold substrates prefunctionalized with a SAM
prepared from AET. Figure 1a shows the IR spectra of the
composite films and assigns key peaks to their molecular
contributions. The different components present in the films
(PSI, PEDOT:PSS, and TX-100) exhibit multiple peaks
between 1000 and 1800 cm−1. Composite films prepared at
different ratios of PSI to PEDOT:PSS were observed to have
different ratios of absorbances of key peaks.
The top spectrum of Figure 1a is a result of a drop casted

film from a solution of PSI and TX-100. Drop casting was
necessary to achieve a PSI control here because spin coating of
the pure protein results in a very thin film that yields poor
signal-to-noise in the IR spectrum. The presence of PSI in the
drop casted film is consistent with the observation of Amide I
and II peaks representing protein C�O and N−H/C−N
vibrational modes at ∼1660 and 1552 cm−1, respectively.23−25

TX-100 is present in the PSI film as a broad peak centered
around 1110 cm−1 which is assigned to the antisymmetric
vibrational mode of the C−O−C group.26 The bottom IR

spectrum in Figure 1a is spin coated PEDOT:PSS. The
presence of PSS in that film is consistent with two peaks
relating to S�O stretching of sulfonate bonds at around 1010
and 1040 cm−1. PEDOT is evident from the inter-ring
stretching at 1526 cm−1 and from the C−C or C�C quinoidal
structure of thiophene at 1328 cm−1.27,28 Figure S2 helps to
identify PEDOT from PSS peaks where IR spectra of both
sodium PSS and PEDOT:PSS are plotted on the same scale.
The peak at 1416 cm−1 is believed to be a combination
resulting from PEDOT and PSS and is attributed to CH2
bonds of a cyclic structure that are near an oxygen atom.29

For the other three spectra at solution ratios of 0.010, 0.11,
and 0.25 PSI to PEDOT:PSS, we trace characteristic
absorbances for both PSI and PEDOT:PSS, supporting the
presence of these two components in the resulting film. The
relative absorbance of the Amide I band of PSI at 1660 cm−1

increases relative to those attributed to PEDOT:PSS as the
solution-phase ratio increases. The presence of TX-100,
however, is less apparent in the film, as most of it spins off
during the deposition process. Because PEDOT:PSS contains
both negative and positive surface charges as well as
hydrophobic patches that could interact well with the charged
regions and hydrophobic belt of PSI, respectively, the polymer
likely exchanges with the surfactant to replace its interactions
with the protein during the process of liquid mixing and
sonication, rendering the latter mostly unbound and easy to
spin off the surface with the unretained aqueous phase.
Apparently, TX-100 exhibits weaker attractions toward the PSI
protein than does PEDOT:PSS. This result illustrates the
favorable interactions between the polymer and the protein,
which allows for bypassing of the dialysis process for PSI
deposition. Figure 1a then confirms the presence of spin
coated material in the film, that the change of compositions in
the liquid phase are fairly translated to the solid phase, and that
favorable interactions are present between PSI and PE-
DOT:PSS.
To quantify how the PSI to PEDOT:PSS ratio in the spin

coated films trends with that in solution, an FTIR/ATR peak
analysis was used to compare the different characteristic peaks
for these solutions made at different compositions. Figure 1b is
a plot of the ratios of areas of the Amide I peak for PSI at 1660
cm−1 to three different peaks, namely, those for the CH2 bonds
in the cyclic structures near an oxygen atom peak for
PEDOT:PSS at 1416 cm−1, the PSS S�O stretching of
sulfonate bonds at around 1010 cm−1, and the PEDOT inter-
ring stretching at 1526 cm−1. Figure 1b reflects a positive
correlation between the amount of PSI in solution and its IR
absorbance within the film. At low PSI to PEDOT:PSS ratios
(up to 0.11), we observe a nearly linear trend in accordance
with Beer−Lambert’s law stating that absorbance scales linearly
with material concentration. The proportion factors between
the three data points at a given concentration in the dilute PSI
system are constant, meaning that there is no specific
enrichment or depletion of PEDOT, PSS, or PSI within the
film at the 0.01 to 0.11 PSI to PEDOT:PSS range and that the
concentration of PSI is increasing proportionally in the film
relative to the solution-phase concentrations. At higher
protein-to-polymer ratios, the peak ratios increase nonlinearly,
indicating that PSI is preferentially retained within the film,
which is consistent with the presence of larger protein
aggregates. At lower PSI concentrations, the film mainly
consists of a large network of intertwined polymer chains that
are sufficiently abundant to interact more favorably with and
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stabilize individual PSI proteins that no longer require the
stabilization by TX-100. As the concentration of PEDOT:PSS
decreases, the protein favors its own intermolecular inter-
actions over the ones provided by PEDOT:PSS, creating
multimolecular structures that agglomerate in the absence of
TX-100. These multiprotein structures likely become en-
trapped within the PEDOT:PSS matrix rather than the larger
matrix stabilizing single proteins, subsequently increasing the
final concentration of the protein in the film and allowing the
aggregates to be entrapped in the solid state.
SEM Imaging. We used SEM to characterize the

morphology of a PEDOT:PSS film, a 10 wt % PSI composite
film, and a pure PSI film as shown in Figures 2a, 2b, and 2c,
respectively. Spin coating pristine PEDOT:PSS results in

uniform films with little to no features in the surface
morphology (Figure 2a). PSI alone yields a much different
film (Figure 2c) than that of the polymer, with the SEM image
showing a porous film across the entire scanned distance.
When mixed at 10 wt % PSI, the resulting composite film
exhibits a morphology that most closely resembles that of
pristine PEDOT:PSS (Figure 2b). This composite film is thus
mostly PEDOT:PSS with PSI proteins entrapped within the
polymer matrix. Figure 2b shows no indications of a phase-
separated system and provides further support that PSI and
PEDOT:PSS are well-mixed at 10 wt % PSI.
Profilometry. Profilometry was applied to study the

thickness and uniformity of the polymer−protein hybrid
films and compare two deposition techniques: drop casting
and spin coating. Figure 3a represents profilometry measure-
ments across 1.5 mm of both films that are 10 wt % PSI. The
PSI-containing solution was diluted 10-fold in DI water prior
to the drop casting process to obtain a film with thickness on a
similar scale as that for the film deposited via spin coating. For
the drop casting, an electrochemical mask was used to maintain
the liquid solution, and the water was removed by evaporation
for ∼1 h to obtain the desired solid film.
Spin coating yields a film with a controllable thickness of

∼250 nm produced at 1250 rpm that is more uniform than
that from drop casting. A uniform film is advantageous in most
applications, including photoelectrochemical cells and devices.
As shown in Figure 3a, the drop casted film exhibits the classic
coffee-ring effect where the edges of the film are much thicker
than is its center. Also, the spin coated film was fabricated in
only 1 min, as compared to 1 h for the drop casted film, cutting
the deposition time by 60-fold. In addition, spin coating avoids
the use of a hydrophobic mask that sometimes limits the
surface area of the deposited film and exacerbates the coffee-
ring effect. Lastly, films produced by spin coating are much
thinner (generally 100−300 nm) than the drop casted films,
which can exceed 1000 nm. Thus, a key drawback of the lower
roughness and superior uniformity is that spin coating results
in a thinner film with a much greater loss of material. For spin
coating, ∼130 μL/cm2 of the initial, concentrated 0.11 PSI to
PEDOT:PSS solution is dispensed, whereas only ∼19 μL/cm2

of that solution is used for drop casting. Typical spin coating
processes utilize only 2%−5% of the material dispensed onto
the substrate while the remaining 95%−98% is spun off into
the spin coater bowl and lost as waste.30 Given the ease of
extraction and vast abundance of PSI and the low cost of the
PEDOT:PSS, this disadvantage is far from detrimental.
A key feature of spin coating is the ability to adjust the film

thickness by simply changing the spin speed. Fine tuning the
thickness of the resulting thin films is paramount because the
thickness dictates the total loading of the PSI and PEDOT:PSS
components. Here, we emphasize how spin coating can
drastically change the thickness of the film by controlling a
single parameter, the spin speed, a simple tuning ability that
most other deposition methods do not offer. Figure 3b shows
how slight modifications in the spin speed can greatly affect the
thickness of the film, and it also highlights the ability to obtain
more uniform films than in drop casting (Figure 3a), which
would enable the resulting photoelectrochemical device to
operate more predictably. For this sample at 10 wt % PSI in
the solution solute, we obtain an average roughness of about
10 nm and spatially consistent films over the entire linear scan.
By equating centrifugal forces to viscous forces in the
cylindrical radial momentum equation for flow of viscous

Figure 2. SEM images of (a) pristine PEDOT:PSS, (b) 10 wt % PSI,
and (c) pristine PSI films. The morphology of the 10 wt % PSI film
more closely resembles that of pristine PEDOT:PSS.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.2c02126
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acsapm.2c02126?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c02126?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c02126?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c02126?fig=fig2&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c02126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


liquid on a rotating disk, we can estimate the expected
thickness of a spin coated film. Based on equations derived by
Meyerhofer,31 assuming that the liquid of interest behaves as a

Newtonian fluid, shear resistance is applicable only in the
horizontal direction, and spin-off is dominant over solvent
evaporation, the expected thickness of a spin coated film is

Ä
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C k
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0 0

0
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where C0 is the initial concentration of solute, k is a constant
specific to the coating solvent, ω is the angular velocity, and ν0
is the kinematic viscosity of the solution dispensed. The
general correlation predicts that the final film thickness (hf) of
a film is proportional to 1 , meaning that a film spun at a

speed 4 times greater than its counterpart would be half as
thick. Profilometry was used to measure the thickness and
uniformity of the produced films, which exhibit roughness on
the order of ∼10 nm. Figure 3c shows the effect of spin speed
on the average profilometric thickness of films made at 10 wt %
PSI in solution for a scanned distance of 4 mm. The film
thickness diminishes from an average of 513 nm at 500 rpm to
an average value of 83 nm at 4000 rpm. The collected data are
compared to the predictive model in eq 1 where a
proportionality factor (C) accounts for all parameters other
than spin speed and is solved by using MATLAB’s curve fitting
tool. The predicted correlation follows the general trend of the
actual measured thickness, but its accuracy is limited by the
fact that the thicknesses of the resulting films depend on
parameters such as solvent viscosity, vapor pressure, temper-
ature, and local humidity that are not accounted for in eq 1.32

To obtain a better fit of the data, another model was employed
where both the proportionality constant (C1) and the power of
the angular velocity (x) are determined as

h C x
f 1= (2)

For the best fit model, we found that film thickness scales best
with ω−0.85, demonstrating a higher negative dependence of
film thickness on spin speed than eq 1 predicts. The stronger
negative dependence on spin speed is not likely due to non-
Newtonian effects because the fabricated films are uniform.33

Such a higher negative dependence on spin speed up to −1
occurs for systems with limited evaporative effects.34 Solvent-
evaporation effects are known to have a significant impact on
the final thickness of a spin coated film.35 The solvent being
used, in this case water, is less volatile than most organic
solvents that are commonly used in spin coating. Thus, the
empirical data are best fitted to the ω−0.85 model, reinforcing
the negative relationship between spin speed and film
thickness.
Given that different applications require different film

thicknesses, we explored multistep spin coating of composite
films atop each other at a speed of 1500 rpm. We observed that
achieving more than two continuous and rapid depositions via
spin coating poses a challenge but allowing the film to air-dry
for a few minutes between depositions grants a successful
layering of four depositions as shown in Figure S3. The
thickness increases in a nearly linear fashion with each
deposition step and, for the system and speed specified,
increases from ∼100 nm to a final thickness of ∼400 nm,
indicating another tunable element of the spin coating
deposition technique.
Substrate Scale-Up. Spin coating was also explored for

large substrate accommodation and scalability. We were able to
successfully spin coat the composite film on a ∼44 cm2 wafer,

Figure 3. (a) Profiles representing the thickness of the deposited layer
from a 10 wt % PSI solution via spin coating or drop casting with the
scanned distance starting near the edges of the films. The same
solution was diluted 10-fold prior to drop casting. (b) Profiles of
composite PSI−PEDOT:PSS films at 10 wt % PSI in solution, where
film thickness is inversely correlated to spin speed. (c) Average film
thickness at different speeds for various composite films made at 10
wt % PSI. The black dotted line in which thickness varies as 1/2 is
the result of the analysis of transport phenomena in a spin coating
process, while the orange dotted line corresponding to a dependence
of ω−0.85 is the best fit model for all data points. Error bars show the
expected range for the average film thickness over the spread of the
scanned distance.
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enabling larger scale deposition of these composite films.
Figure 4 shows the resulting large wafer that is covered by the
PSI−PEDOT:PSS coating where 2 mL of the 10 wt % PSI (in
solute) solution was dispensed over the AET/Au substrate at
1500 rpm. Ellipsometric measurements at 15 different
locations on the sample, where streaking is not prominent as
it is in some areas toward the edges, all indicate values of ∼100
nm for the film, with the average over the entire measured area
being 107 nm with a standard deviation of only 8 nm. Thus,
large-scale (substrate area >25 cm2) PSI−PEDOT:PSS
composite films of the order of hundreds of nanometers can
be quickly and easily produced while retaining photoactivity of
the protein.
Polymer−Protein Size Distributions and Interfacial

Interactions. To better understand the interactions present in
the protein−polymer solution that is being spin coated, we
investigated the size distribution of each component, as well as
a 10 wt % PSI mixture, using multi-angle dynamic light
scattering (MADLS). The size distribution of PSI will depend
on the extraction procedure, namely, what surfactant is being
used, as different surfactants (for example, ionic vs nonionic)
based on their charge and size have an effect on the protein’s
size in solution.36 The size of the polymer will depend more on
the procedure in which it was synthesized, which affects its
molecular weight, conductivity grade, and concentration in
solution,37 with Namkoong et al. reporting PEDOT:PSS
having a nanoscale size smaller than 100 nm.38 Boekema et

al. looked at the crystal structure of PSI from spinach
identifying its dimensions to 16 × 12 nm2.39 TX-100 alone
has been reported to have a radius of gyration ∼4 nm while
forming micelles that vary from 4 to 7 nm in size depending on
its concentration in solution. Thus, PSI stabilized by TX-100
surfactant is expected to have a size distribution that is a
combination of both components.40,41 Based on published
procedures and to exclude any large aggregates or impurities
from distorting the size data, the PEDOT:PSS stock solution
was filtered with a 0.45 μm cellulose filter, and extracted PSI
solutions were filtered with a 0.22 μm cellulose filter. MADLS
results are shown in Figure 5 where PSI, with the TX-100
surfactant shell, mainly exhibited a hydrodynamic diameter
(dh) size distribution centered at ∼19 nm with its resulting
curve reflecting a narrow distribution around that value with
some larger trace aggregates around 125 nm. Filtered
PEDOT:PSS is more polydisperse as it exhibits multiple
peaks in its size distribution. PEDOT:PSS is found to be
mostly present at ∼22 nm, but also at sizes centered around
125 and 370 nm. In these polydisperse solutions, larger
particles scatter more light, as shown in Figure S4.
The polydisperse size distribution for the combination of

10% PSI reflects a mixed system where PSI and PEDOT:PSS
achieve favorable interactions. When PSI and PEDOT:PSS are
mixed, the primary peak for 10 wt % PSI shifts to a higher dh
than that of PSI alone, appearing at ∼25 nm in Figure 5. This
larger hydrodynamic radius is not consistent with two distinct

Figure 4. A composite film made from 10 wt % PSI in solution on an ∼44 cm2 gold substrate at 1500 rpm spin speed and the corresponding
thicknesses measured at different locations of the film. A penny is used for scale.

Figure 5. Size distribution by % volume of PSI, PEDOT:PSS, and a 10% PSI solution showing the hydrodynamic diameter of the particles.
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populations of PSI+TX-100 and PEDOT:PSS. In this mixture,
TX-100 interactions are greatly depleted as indicated by the IR
spectra of the films in Figure 1a. The resulting favorable PSI−
PEDOT:PSS interactions are attributed to some of the flexible
chains of the polymer electrostatically stabilizing the protein.
The stabilizing interactions are sufficient to enable successful
spin coating of a membrane protein in a thin film, while ridding
it of its surfactant.
Film Conductivity Measured Using a Four-Point

Probe. A four-point probe was used to measure conductivity
values of films of PSI−PEDOT:PSS spin coated at different
compositions on silane-functionalized glass. The conductivity
of the composite film is highly dependent on the conductivity
of PEDOT:PSS, the only conducting component in these films.
We purchased a high conductivity grade of PEDOT:PSS to
overcome the inherent bulky and resistive nature of the protein
that would tend to hinder the movement of electrons within
the film. Table 1 shows the conductivities and resistances of
films tested right after deposition and compares results with
those that were treated in a vacuum oven at 50 °C for 1 h.

All films containing the two components at the ratios
prepared reveal conductive behavior. As expected, PSI alone is
not conductive. Exposing the protein−polymer mixture to mild
temperatures that do not cause PSI denaturation allows for
additional water to evaporate from the film, causing the
conductivity to increase and the sheet resistance to decrease,
but films were still conductive as deposited. The more PSI in
the film, the less conductive the film becomes, so there is a
trade-off between conductivity and photoactivity within these
films. The conductivity for a ∼100 nm thin film drops from 2.5
to 0.4 S/m as the ratio of PSI to polymer is increased from 0 to
0.11. Even at a ratio of 0.01, there is an ∼20% and ∼40%
decrease in conductivity from a pure PEDOT:PSS film with
and without annealing, respectively, suggesting good mixing of
the components in the film. If the two components were
phase-separated within the film at such low protein loading, the
conductivity is expected to be much closer to that of the more
conductive component, PEDOT:PSS. For example, a phase-
separated film at a ratio of 0.01 would have been expected to
yield a conductivity that is ∼99% of the conductivity of pristine
PEDOT:PSS, rather than the much lower observed con-
ductivity.42 Pal et al. made similar conclusions regarding
mixing in composite films containing a sericin protein
photoresist and PEDOT:PSS.43 These conductivity results
show that the composite film is conductive and support that
PSI is well distributed in the film. The effect of annealing is
also highlighted here, where nanostructural modifications in
crystalline ordering, size expansion of PEDOT:PSS, and PSS
chain rearrangements can all have an overall effect on
improving the conductivity of the ICP.44,45

Photochronoamperometric (PCA) Measurements.
PCA measurements were used to investigate the photo-
electrochemical properties of the composite protein−polymer
films and to understand their photoactive nature with respect
to PSI loading. PCA measurements were performed in a
solution of the ferricyanide (Fe(CN)63−)/ferrocyanide (Fe-
(CN)64−) redox couple that has a redox potential of E0′ = 0.2
V vs Ag/AgCl, which is favorable to transfer electrons with
PSI.46 Figure 6a shows PCA curves for the PSI−PEDOT:PSS
thin films initially in the dark for 20 s and then under a white
light intensity of 100 mW/cm2. The film of pure PEDOT:PSS
does not exhibit a photocurrent, but all films containing PSI
show significant photocurrents with the highest peak density of
∼0.7 μA/cm2 for the film with the ratio of 0.11 PSI to
PEDOT:PSS. To normalize the current density to the level of
each protein in the film on average, the turnover number

( )mol
s mol

e

PSI· was calculated (eq 3)

i
C F

TN PCA

PSI
=

(3)

where ( )iPCA
A

cm2 is the pseudo-steady state current measured

from the PCA runs, ( )CPSI
mol

cm
PSI
2 is the areal concentration of

PSI in the solid film (sample calculations shown in the

Supporting Information), and F ( )C
mole

is Faraday’s constant.

Increases in TN reflect more efficient utilization of the proteins
within a given system. Figure 6b displays turnover numbers at
different PSI loadings with sample calculations shown for drop
casted and spin coated films in the Supporting Information.
The highest turnover number is 4.8 e−/s for the 1 wt % PSI
film, which is the most dilute PSI film prepared. After
entrapping PSI within the conducting polymer polyaniline in a
solid-state system, Gizzie et al.47 showed large effects on
photocurrent at dilute PSI concentrations, suggesting that a
high ratio of polymer to protein achieves effective interfacial
areas for direct electron transfer (DET). Moreover, Figure 6b
shows that the PSI−PEDOT:PSS composite films exhibit
dramatically higher TNs than that of pure PSI (9.8 × 10−3

mole−/s·molPSI), even though PEDOT:PSS alone does not
exhibit any photoactivity. The TN also decreases with
increased PSI loading, reflecting the lower conductivity of
the composite film when the concentration of PSI increases
within the film (Table 1). This increase in PSI loading occurs
concurrently with more PSI−PSI interactions and thereby
fewer interactions of individual proteins with polymer,
following the same trend as PSI enrichment within the film
(Figure 1b) at higher protein-to-polymer ratios. The enhance-
ment of TN at low PSI loading suggests that DET occurs in
the system, with the mechanism shown in Figure 6c to explain
the observed anodic current in Figure 6a. Here, the gold
substrate is held at the OCP of ∼+0.2 V vs Ag/AgCl (∼+0.4 V
vs NHE) measured in the dark, pushing electrons from the
redox mediators toward the working electrode (WE).
PEDOT:PSS behaves as a semiconductor, receiving the
photoexcited electrons from PSI through its conduction band
and channeling these electrons toward the WE. Thus, the PCA
results shown here further reinforce the presence of strong
PSI/PEDOT:PSS interactions that support DET in the
composite film.

Table 1. Conductivity of Films Spin Coated on Silane-
Treated Glass at Different PSI−PEDOT:PSS Loadings in
Solution, with and without Heating at 50 °C for 1 h

conductivity (S/m)

PSI to PEDOT:PSS ratio as cast annealed

0 1.8 ± 0.1 2.5 ± 0.2
0.010 1.1 ± 0.2 2.0 ± 0.1
0.053 0.43 ± 0.02 0.87 ± 0.05
0.11 0.20 ± 0.01 0.43 ± 0.09
PSI only 0 0
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The effect of film thickness on photocurrent for a given PSI
to PEDOT:PSS ratio was investigated to better understand the
electrode/active layer interface. Composite films at 0.11 PSI to
PEDOT:PSS, given their high photoactivity and reproduci-
bility, were deposited on gold substrates at different
thicknesses by altering spin speed and volume dispensed in
the spin coating process. Figure 6d shows that the photo-
current density increases with thickness until it reaches an
asymptotic value of ∼0.7 μA/cm2 at thicknesses nearing and
greater than ∼140 nm. Such a limiting thickness could be
related to restricted light penetration due to the high optical
density and opaque nature of PEDOT:PSS stock solution or
charge recombination. However, UV−vis data in Figure S5
show that light passes through the entirety of a 10% PSI
composite film that is ∼865 nm thick with recorded %
transmittance as high as 46% and 65% for the two chlorophyll
a characteristic peaks at 675 and 440 nm, respectively. Thus,
light penetration is not a limiting factor for the photoactivity of
the composite films. Therefore, charge recombination is a
more probable scenario in limiting photocurrents of thicker
films. Given the mechanism proposed in Figure 6c, the
oxidized mediator (Fe(CN)63−) or the oxidized PSI active site
(P700+) could capture electrons routed from PSI through
PEDOT:PSS, causing a hole−electron recombination effect.
PEDOT:PSS has previously been shown to enhance current
for ferricyanide/ferrocyanide redox reactions, suggesting the
polymer’s aptness to exchange electrons with the mediator.48

For thicker films, the longer time scale and the greater distance
through the composite film that photogenerated electrons
must travel to reach the electrode allow a greater probability of

these recombination events to limit the current. For thinner
films and for the bottom ∼140 nm of any film, this time scale
for electron transfer is sufficiently fast that photocurrent
increases with thickness. Therefore, an optimal thickness of
∼140 nm is recommended for highest photoactivity and
minimal material usage for composite films fabricated from
solutions with 10 wt % PSI and 90 wt % PEDOT:PSS in the
solute.

■ CONCLUSION
PEDOT:PSS, an intrinsically conductive polymer, can be
incorporated with PSI proteins in aqueous solution to enable
the spin coating of uniform, conductive, and photoactive PSI−
PEDOT:PSS composite films. The spin coated protein−
polymer films are far more uniform as compared to films
obtained by drop casting, although loss of components by spin-
off is pronounced. The spin coating process can be easily tuned
to generate these biohybrid composite films with different
thicknesses on the order of hundreds of nanometers, and the
process can be scaled up to at least ∼44 cm2 to prepare
uniform composite films over large areas. At low PSI loadings,
MADLS, IR, four-point probe, and PCA all suggest favorable
interactions between PSI and PEDOT:PSS at the molecular
level, as the polymer replaces interactions between PSI and
TX-100 to stabilize individual proteins in the composite film
and to yield enhanced conductivities and photoelectrochemical
currents. As a measure of efficient integration of PSI within the
film, the TN is well above 1 e−/s for 1, 5, and 10 wt % PSI but
decreases at higher protein loadings. Higher PSI concen-

Figure 6. (a) PCA measurements of films of similar thicknesses of ∼150 nm, but with different PSI and PEDOT:PSS loadings, measured in
ferricyanide (Fe(CN)63−)/ferrocyanide (Fe(CN)64−) mediator solutions. The legend represents the wt % of PSI in solution. (b) Semilog plot of
the turnover number for the PCA measurements from (a) along with additional data points for spin coated (1−40% PSI) and drop casted (70−
100% PSI) films. (c) Schematic of the proposed electron transfer mechanism between the redox mediator, the composite film, and the gold
substrate, neglecting recombination effects that are more likely to dominate at greater film thicknesses. (d) Steady-state current density of films
made from 0.11 PSI to PEDOT:PSS solutions at different thicknesses (by varying spin speed) and measured in ferricyanide (Fe(CN)63−)/
ferrocyanide (Fe(CN)64−) mediator solutions. Error bars represent the inherent standard error in PCA measurements.
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trations in solution resulted in a disproportionately higher
enrichment of the protein within the composite films,
consistent with protein aggregation and leading to less uniform
films with lower photoelectrochemical performance. These
results reveal the importance of high film conductivity and high
interfacial area between individual proteins and ICP, which are
both enhanced at low PSI loadings. We conclude that these
scalable, conductive, and photoactive PEDOT:PSS−PSI
composite films prepared by spin coating from aqueous
solution show potential for the design and fabrication of
photoelectrochemical devices.
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