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Chapter I 

 

INTRODUCTION 

 

For billions of years, life on Earth has been sustained energetically by the Sun. 

Plants and other autotrophs rely on solar radiation for generating cellular energy, and in 

turn, these organisms become an energy source for higher organisms. While the Sun 

represents a seemingly infinite source of energy for life cycles, human societies have 

become increasingly dependent on non-renewable resources to meet growing electricity 

demands. Exponential world population growth has led to increased global energy 

demand and placed uncertainty in the future of non-renewable, status quo energy 

resources. This area of need was recognized by the U.S. Department of Energy and in 

2011 the SunShot Initiative was established with the direct goal of reducing the solar-to-

electricity costs to $0.09 kWh-1 for residential photovoltaics by 2020.1  

Since the onset of this undertaking, great strides have been made toward this goal; 

however, many challenges still exist. One such approach involves utilizing lower cost, 

environmentally benign materials for the construction of photovoltaic (PV) devices. 

Currently, silicon is the most widely used PV material, and although elementally 

abundant, the purification and fabrication of solar grade silicon wafers requires high 

energy input. This energy cost not only leads to increased financial burdens (and longer 

payoff times), but also relies on the consumption of fossil fuels for processing. To shift 

away from further fossil fuel dependence, new naturally abundant materials that require 
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minimal processing are necessary for creating low-cost solar energy conversion 

technologies.  

Nature provides invaluable insight for effective solar energy conversion. 

Photosynthesis is the complex biological process by which green plants and other 

autotrophs utilize sunlight to generate cellular energy. Conversion of solar radiation into 

chemical energy is powered by two key proteins, Photosystem II (PSII) and Photosystem 

I (PSI), that act in series as pseudo-biological photodiodes. Following billions of years of 

environmental stimuli, these two proteins are highly evolved to operate with internal 

quantum efficiencies near unity.2 Additionally, these proteins are conserved across many 

widely available green plant species, can be extracted using simple methods, and retain 

robust photoactivity ex vivo. For these reasons, the two supermolecular complexes have 

garnered much attention for use in bioderived photovoltaics.3–5 

Photosystem I is of particular interest due to its innate stability. Upon 

photoexcitation, an electron-hole pair forms within the protein, and through a series of 

internal electron transport steps, electrons are shuttled from the luminal to stromal side of 

the thylakoid membrane. Figure 1.1A presents a structure of PSI, with the relative 

positions of the cofactors involved in internal electron transport. 
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Figure 1.1. Structure and Energy Levels of Plant Photosystem I. The structure of PSI 
(PDB entry 2O01) is presented with approximate locations of internal redox mediators 
(A) along with the corresponding relative potential energies (B). 
 

The photoactivtation process is initiated upon photoabsorption through the 

antenna chlorophyll network. Excited state energy transfer occurs to generate an exciton 

at a “special-pair” chlorophyll dimer, denoted at P700, buried within the protein. From 

here, an electron-hole pair rapidly forms and the excited electron is transferred from 

P700* to the primary and secondary internal electron acceptors A0 and A1. Three iron-

sulfur clusters (Fx, FA, and FB) on the stromal side of the protein act as the terminal intra-

protein electron acceptors and mediate the donation of electrons to exogenous acceptors; 

in vivo this acceptor is the metalloprotein, ferrodoxin. 

PSI’s intrinsic ability to rapidly generate charge separation and induce charge 

migration allows this protein to act as a standalone photovoltaic device. Thus, extracted 

PSI may represent an ideal, abundant, and naturally occurring material that could replace 

many costly materials in traditional photovoltaic cells. Early PSI-based research focused 

on proof-of-concept studies to demonstrate the viability of PSI-sensitized metallic 

electrodes.6–10 Additionally, PSI has been explored as a photoabsorber to drive biological 

hydrogen generation.11–16 Continual development of PSI electrodes focused on the 
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construction of devices capable of generating an appreciable amount of photocurrent, and 

through the construction of thick PSI films,17,18 and use of semiconducting electrodes,19,20 

photocurrent output for biohybrid devices reached the µA cm-2 regime. 

Although PSI is intrinsically stable ex vivo, it is a highly optimized biomolecule 

with a very specific native function, which presents unique challenges in utilizing this 

protein outside of its native environment. Uniquely, the electron transport step from FB
- 

to an electrode surface is considered a rate-limiting slow step that ultimately restricts the 

efficiency of PSI-based photovoltaic devices. 

This dissertation presents several unique strategies to improve interfacial electron 

transport between protein and electrode. Chapter 3 presents the development of a novel 

class of polymer-protein composites that can be rapidly prepared in situ on an electrode 

surface. The conductive polymer in this work (polyaniline, PAni) can easily mediate 

electron transfer, while also providing a three dimensional protective scaffold for protein 

immobilization. Proof-of-concept work is presented for PAni-PSI composites on gold 

electrodes in which film preparation was optimization to yield robust, PSI-loaded, 

conductive polyaniline films that produce photocurrents densities over 5 µA cm-2. In 

Chapter 4, this novel polymer-protein composite material was applied to an energetically 

ideal semiconducting substrate, TiO2 (Chapter 4). Once PAni-PSI was deposited on TiO2, 

a metallic cathode was evaporated on the PAni-PSI side opposite the semiconductor to 

yield a simple, solid-state PSI-based photovoltaic device. This unique solid-state PSI 

device produced superior external quantum efficiency (0.009%) compared to previous 

PSI solid-state technologies. Additionally this device represents the current state-of-the-
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art for PSI solid-state photovoltaics in terms of device performance longevity, cost, and 

ease of fabrication.  

In addition to preparing composite materials to mediate the electron transfer 

between protein and electrode, there is also substantial interest in orienting the protein on 

electrode surfaces to uniformly direct charge transport across that interface. In vivo PSI is 

naturally oriented in the “upright” position, and the arrangement of its internal electron 

transport chain invariably directs electron transfer from lumen to stroma. However, once 

extracted from the thylakoid membrane for use in a semi-artificial biohybrid photovoltaic 

device, orientation control is lost. Thus, for oppositely oriented PSI supercomplexes at an 

electrode interface, charge separation occurs in opposite directions and the competing 

electrochemical reactions will yield a net electron transfer of zero, i.e. no photocurrent or 

photovoltage.  

Chapter 5 addresses this issue by introducing an in situ functionalization scheme 

to side-selectively modify the membrane bound protein with simple amino acid-specific 

chemistries. This strategy utilizes the intact lipid bilayer to restrict the transport of 

coupling reagents to the luminal side of PSI. In this work, a short-chain thiol was selected 

as the linker molecule to modify stromal-side lysine residues. Thiolation on a single side 

of PSI allows for exploitation of the high-affinity gold-thiol bond to direct self-assembly 

of PSI into “inverted” films on gold electrodes, with the stromal side FB cluster oriented 

at the electrode interface. Spectroscopic characterization revealed a large quantity of new 

thiols (ca. 40) introduced to the PSI supercomplex using this method. Additionally, self-

assembled films of modified PSI on gold electrodes produced approximately 3-fold more 

photocurrent than unmodified PSI films, indicating improved electronic interaction 
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between protein and electrode. Additional studies are ongoing to 1) characterize the 

spatial distribution of the protein modification sites and 2) analyze orientation uniformity 

of the modified PSI complexes following self-assembly.  

The highest reported photocurrent for PSI electrodes were achieved by LeBlanc et 

al. in 2012 with the introduction of p-doped silicon as the electrode material.19 However, 

this unique interface required a concentrated diffusional mediator solution, and thus did 

not represent a long-term solution for scalable PSI-based photovoltaics. Chapter 6 

addresses this fundamental restriction by using p-doped Si/PSI electrodes as the basis for 

fabricating solid-state photovoltaic devices. Here, emphasis is placed on developing the 

PSI/cathode interface with the ultimate goal of constructing an electron-mediating layer 

that can accept electrons from thick PSI multilayers and donate to the underlying 

conducting substrates.  

First, ZnO is presented as one such material that was deposited onto PSI 

multilayer films via Confined Plume Chemical Deposition. This process utilizes infrared 

laser pulses to decompose a ZnO precursor confined between the film and a glass slide 

without inducing damage to the underlying biological material. This novel photovoltaic 

device yielded a remarkable output of 127 µA cm-2, and with two distinct 

semiconductor/protein interfaces, represents the first device of its kind. Although this 

device was unique in its architecture and performance, the specialty equipment required 

to prepare the ZnO layers does not readily scale, which hinders further device 

development. For this reason, an alternative class of electron-transport materials is 

explored in Chapter 6 as interfacial layers between PSI and conductive anodes. 

Polyviologens are unique redox-active polymers that have been shown to accept electrons 
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from photoabsorbers such as quantum dots. Herein, poly(p-xylylviologen) (PxV) was 

synthesized, characterized, and deposited onto PSI multilayers on p-Si to act as a dry 

electron mediating film. Rudimentary solid-state p-Si/PSI/PxV/ITO devices were 

fabricated and tested to validate the role of the polymer in electron transport. Further 

optimization of this class of polymers will give way to improved efficiency in low-cost, 

large-scale PSI-based photovoltaics. 

One of the primary appeals of using PSI as the active component in solar cells is 

the low-cost and availability of the protein. Although major acheivements have been 

made in improving device efficiency through integration with more sophisticated 

materials, this also increases the relative cost basis of devices per cm2. Chapter 7 presents 

a facile streamlined extraction procedure that can be performed in a low resource 

environment, such as a rural classroom or geographic outpost away from an existing 

power grid. This extraction was developed to demand minimal laboratory expertise and 

require very modest scientific equipment. As described in this protocol, the entire 

extraction takes under 2 h and yields a sufficient quantity of photoactive PSI. Gel 

electrophoresis revealed that the rapid PSI extraction was successful, albeit with a 

sacrifice of total purity for ease and rapidity. This new protocol introduces new 

opportunities for extraction PSI for educational purposes, as well as creating modular kits 

for field deployment to prepare extremely low-cost solar cells to power small electronics. 

Finally, the improvement of electron transfer between enzymes and electrodes is 

explored for a different application: biosensors. Glucose oxidase is a widely used enzyme 

that is immobilized on an electrode for the amperometric detection of glucose in solution. 

Oxidase enzymes act by turning over their respective substrates, and then donating 
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electrons from the turnover to a secondary acceptor, via the enzymes’ bound 

FAD/FADH2 cofactors. In traditional enzymatic biosensors, electron mediation occurs 

via dissolved oxygen, which is detected amperometrically as peroxide at a platinum 

electrode. This oxygen-mediated system has significant drawbacks that limit their 

operation to select environments. Notably, these sensor types require large electrode bias 

(+0.6 V vs. Ag/AgCl) to oxidize peroxide, making them sensitive to redox-active 

interferents in complex biological media. These sensors rely on the presence of dissolved 

oxygen, which precludes their use in in vitro biological systems that seek to study cellular 

behavior in low-oxygen environments. To address these major drawbacks, Chapter 8 uses 

a class of redox-active, osmium-containing hydrogels that act as both an immobilization 

matrix for the enzyme, and mediate electron transfer from oxidase to the electrode 

surface. 

These redox polymers were used to prepare analyte-specific films with glucose, 

lactate, and glutamate oxidases on a screen printed electrode array for the independent, 

simultaneous detection of glucose, lactate, and glutamate. This multianalyte system is 

ideal for real-time analysis of flow-based, in vitro analyses, such as Organ-on-Chip 

platforms. The Os-polymers are capable of turning over these oxidase enzymes at a lower 

oxidation potential (+0.2 V) than traditional oxidase-based biosensors. This reduced 

electrode bias avoids oxidation of amperometric interferents present in complex media. 

Acetaminophen (APAP), with a redox potential of approximately 0.35 V vs. Ag/AgCl, is 

a model interferent for this study based on its clinical relevance, acute hepatotoxicity, and 

known redox activity. Here, individual sensors on a screen printed electrodes were 

modified with Os-polymer and either glucose oxidase, lactate oxidase, or glutamate 
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oxidase. These sensors were then validated via flow-based titrations using a series of 

calibrants containing increasing concentrations of glucose, lactate, and glutamate in 

buffer with a background of 10 mM APAP. The reduced dependence of these sensors on 

dissolved oxygen was also demonstrated by titration in air-saturated and oxygen-free 

buffer samples. These unique redox polymers have been utilized for the first time in a 

multianalyte platform, which is ideal for coupling with an Organ-on-Chip system or 

bioreactor for improved in vitro analyses. 
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Chapter 2 

 

EXPERIMENTAL METHODS 

 

General Protocol for Extraction of Photosystem I from Spinach 

Photosystem I was extracted from fresh spinach leaves using a protocol adapted 

from Reeves and Hall,21 with additional purification steps reported by Shiozawa and 

coworkers.22 In short, approximately 100 g of fresh spinach leaves (Spinacia Oleracea) 

were homogenized in a household blender along with 200 mL of chilled Grinding 

Medium (330 mM sorbitol, 10 mM sodium pyrophosphate, 4 mM calcium chloride, and 2 

mM ascorbic acid). This mixture was then coarsely filtered through 2 layers of 

cheesecloth, then 8 layers of cheesecloth. The filtered solution was then divided into 

centrifuge tubes, and spun at 8000 x g for 1 min to precipitate chloroplasts. Membranes 

were disrupted by resuspending the pellet in surfactant-rich media The resuspending 

medium was comprised of 50 mM HEPES pH = 7.6, 330 mM sorbitol, 2 mM EDTA, 1 

mM magnesium chloride, 1 mM manganese chloride, and 1% Triton X-100. Once 

resuspended, the solution was thoroughly mixed by vortexing to ensure that intact 

chloroplasts were ruptured, and the thylakoids within were fully lyzed.  

The solution of solubilized membrane components was then divided into 

centrifuge tubes and centrifuged again at 20,000 x g for 15 min. Following centrifugation, 

the supernatant containing solubilized PSI was separated from the pellet. This material 

was then loaded onto a chilled, water-jacketed hydroxylapatite column equilibrated with 

20 mM phosphate buffer (pH = 7.0). Separation was carried out on the crude extract by 
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continually washing with Column Buffer (20 mM phosphate buffer, pH = 7.0) to remove 

free pigments, excess surfactant, and other non-protein components, as PSI was retained 

on the stationary phase. Once thoroughly washed, purified PSI was eluted from the 

column using Elution Buffer (200 mM phosphate buffer, pH = 7.0, with 0.05% Triton X-

100). This eluent was collected and aliquoted into approximately one hundred 1 mL 

aliquots which were frozen and stored at -80 °C for later use.  

PSI samples collected using this method were characterized by Baba Assay.23 In 

this assay, the active P700 concentration is determined spectroscopically based on the 

absorbance difference in chemically oxidized and reduced PSI samples. The oxidized 

sample was prepared by combining 2275 µL of Baba Assay buffer (50 mM Tricine pH = 

7.8, 100 mM sorbitol, 10 mM sodium chloride, and 0.05% Triton X-100) with 100 µL of 

PSI stock, and 125 µL of 1 M ferricyanide. The reduced sample was prepared by 

combining 2275 µL of Baba Assay buffer with 100 µL of PSI, 5 µL of a reducing stock 

containing 500 mM sodium ascorbate and 5 mM dithiothreitol, and 120 µL of water. The 

differential absorbance spectrum between the two samples was collected from 650 – 750 

nm. The absorbance value at the peak near 700 nm (with respect to the isosbestic point at 

725 nm) was used along with the extinction coefficient of 64 mM-1cm-1, to calculate the 

active P700 concentration. 

Extraction PSI samples routinely produced P700 concentrations of approximately 

1 µM. Samples of this concentration were typically used without further concentration or 

dilution except where noted elsewhere. 
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Preparation of PSI Monolayer and Multilayer Films 

Prior to deposition of any PSI films, excess buffer salts and surfactants were 

removed by dialysis. Briefly, PSI samples were removed from the -80 °C freezer and 

quickly thawed. The defrosted stock samples (ca. 1-4 mL) were then dialyzed against 3 L 

of DI water using 10 kDa cutoff dialysis tubing. The dialysis proceeded for a minimum of 

18 h to ensure the removal of excess phosphate salts and surfactant. Once this process 

was completed, the dialyzed PSI solutions were used for deposition in variety of forms.  

For monolayer films of PSI, gold electrodes were first cleaned with Piranha (3:1 

sulfuric acid:hydrogen peroxide) to produce a pristine, hydroxyl terminated surface free 

of organic contaminants. The gold wafer electrodes (ca. 1 cm x 2 cm) were then placed 

upright in a 15 mL conical centrifuge tube such that the gold surface could not come into 

contact with the sidewalls of the vessel except at the very edges of the wafer. The 

dialyzed PSI solution was then added to the tube to cover the entire wafer. Using this 

method, the delicate gold surface was protected from abrasion via contact with the 

container, and the upright position of the substrate prevented large aggregates of protein 

from gravimetrically settling on the surface. PSI was left in the refrigerator to assemble 

onto the gold surface typically for 1-2 days to ensure total surface saturation. 

For PSI multilayer films, a vacuum assisted method described by Ciesielski et al. 

was utilized.18 Clean gold or silicon substrates, were first masked using electrochemical 

mask (Gamry Instruments) hole punched to yield an open area of 0.282 cm2. Masked 

substrates were placed into a vacuum desiccator, and then 50 µL of a dialyzed PSI 

solution was dropcast inside the substrate mask. The desiccator was capped, and vacuum 

was applied for approximately 15 minutes to remove the solvent. This process produced 



	
   13	
  

thin multilayer films of PSI, and the dropcast and evaporation steps were repeated as 

needed to achieve a film of desired thickness. 

Electrochemical Analysis of PSI Films 

Monolayer and multilayer films of PSI on Au or Au/Si wafer electrodes were 

analyzed using a homebuilt electrochemical cell. This acrylic cell featured a liquid 

reservoir (ca. 2 mL) with a bored hole on the side of the cell over which the wafer was 

placed. An O-ring was sandwiched between the cell opening and wafer to generated a 

liquid-tight seal. A clamp was used to secure the wafer tightly against the cell. In this 

apparatus, the electrodes were restricted to a working area of 0.2 cm2. The liquid 

reservoir was used to hold electrolyte mediator solutions for photoelectrochemical 

experiments. 

A CHI 660A potentiostat was used for all electrochemical analysis, except where 

noted otherwise. For the three-electrode setup, the PSI modified wafer was connected as 

the working electrode, a platinum mesh wire was defined as the counter electrode, and a 

Ag/AgCl electrode was used as the reference. For two-electrode experiments, the PSI 

modified electrode was assembled as the working electrode, and the counter and 

reference lead wires were connected to the opposing electrode in the device. 

In a traditional photochronoamperometric experiment, the current response over 

time under light and dark conditions was monitored. First, the open circuit potential 

(OCP) of the system was recorded in the dark for 60 s. The equilibrium dark OCP 

determined at the end of the 60 s trial, represents the external potential required to the 

negate any dark current flow in the device. In the subsequent photochronoamperometric 

experiment, the predetermined OCP was input as the working electrode bias. This ensures 
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that any current recorded during the illumination experiment is attributed only to 

photoactivated electron transfer events. In a typical photochronoamperometric 

experiment, the total experiment duration was set for 60 s, with a sampling frequency of 

10 s-1. During the first 20 s of the experiment, the sample was kept in the dark to establish 

a current baseline. At t = 20 s, the sample was illuminated for a duration of 20 s. Finally 

the sample returned to dark baseline when the lamp was turned off at t = 40 s, and 

remained in the dark for the remainder of the experiment. The reported photocurrent for 

each PSI electrode was determined by averaging the middle 20 data points from the 

steady-state region of the i-T curve. 
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Chapter 3 

 

ELECTROCHEMICAL PREPARATION OF PHOTOSYSTEM I–POLYANILINE 
COMPOSITE FILMS FOR BIOHYBRID SOLAR ENERGY CONVERSIONa 

 
 

Introduction 

Photosystem I (PSI) is one of the key enzymatic components of photosynthesis in 

green plants and other autotrophs. Billions of years of environmental stimuli have 

evolved this ~500 kDa protein supercomplex into nature’s most efficient photodiode, 

with in vivo charge separation efficiency near unity.24–26 Along with its vast natural 

abundance, ease of extraction, and robustness, PSI has attracted significant attention from 

researchers who aim to integrate the protein into highly efficient, biohybrid solar energy 

conversion devices.5,27 This field of research is based upon the need to construct 

biohybrid electrodes and ultimately stand-alone photovoltaic devices utilizing the 

biological material, PSI, as the principle photoactive component. As opposed to current, 

state-of-the-art photovoltaics such as semiconductor photodiodes or dye-sensitized solar 

cells, PSI-derived devices offer advantages such as low-cost, readily abundant materials, 

simple processing, and scalability. For these reasons, the PSI-based photovoltaics have 

been widely researched in recent decades as sustainable solar energy conversion 

alternatives to traditional solar avenues.  

Early work with PSI relied on solution-phase self-assembly of the protein on 

functionalized gold electrodes.6,28,29 In subsequent work, the manual drop casting of thick 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
a Portions of this chapter are taken in part from Gizzie, E. A.; LeBlanc, G.; Jennings, G. K.; Cliffel, D. E. 

Electrochemical Preparation of Photosystem I - Polyaniline Films Composite Films for Biohybrid 
Solar Energy Conversion. ACS Appl. Mater. Interfaces 2015, 7, 9328–9335. 
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protein films on gold substrates proved to significantly enhance the photocurrent yields of 

biohybrid PSI electrodes. By increasing the overall protein loading on the surface of the 

electrode, multilayer PSI assemblies on traditional electrode materials are capable of 

achieving photocurrent densities that are significantly larger than those observed from 

single PSI monolayers. Current densities for PSI multilayer assemblies are often observed 

in the µA cm-2 regime;17 however, performances are limited based on competing 

electrochemical processes introduced by the lack of orientation specificity associated 

with thick, drop cast films.30 Moving forward in the development of the “next-

generation” biohybrid photovoltaic materials, it is of extreme importance to improve the 

interfacial electron transfer pathways. Thus in this work, a photoactive composite 

material that fully incorporates PSI as its active component is constructed to facilitate the 

electron transfer from enzyme to electrode while circumventing the issues of poor 

electron transfer, aggregation and orientation. Improving the electron transfer pathways, 

from enzyme to electrode, is of extreme importance in development and further 

enhancement in biophotovoltaic devices. 

The concept of immobilizing Photosystem enzymes on polymer-functionalized 

electrodes has demonstrated improved electron transfer by directing electron flow from 

enzyme to electrode through the conductive film.31,32 Incorporating the protein into a 

redox-active polymer network has attracted significant attention, due not only to the 

improved electron transfer, but also the increased enzyme loading in the three 

dimensional network, de-emphasis on uniform protein orientation, and extension of 

enzyme lifetime.3 Redox-active hydrogels constructed from poly(N-vinylimidazole) 

backbones loaded with transition metal complexes (i.e. osmium-bis(2,2’-bipyridine)-
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dichloride) have been utilized for the immobilization of PSI,33 and also for PSII,34 with 

both cases producing photocurrent densities that greatly surpassed the previous 

performance of protein multilayers on gold. Loading hydrogels with transition metal 

complexes of osmium, ruthenium, or cobalt significantly enhances the electron diffusion 

coefficients through the film.35 However, metal coordination compounds (specifically 

that of osmium) are very costly to prepare and thus are not a viable solution for scalable 

biohybrid, solar energy technologies. Additionally, two recent publications have 

demonstrated the utility of polymer-immobilized PSI devices.36,37 However, in each case 

drawbacks exist from costly materials and/or extensive processing, thus these emerging 

technologies prohibitively lack scalability. In this work, carbon-based polymers are 

explored as conductive matrices for the immobilization of PSI, to expand upon recent 

advances in PSI composite materials. 

Aside from redox-active hydrogels, there exists a class of intrinsically conductive 

polymers, which are categorized by their π-conjugated backbones. Polyaniline (PAni) is 

one such material known specifically for its low-cost, high conductivity, environmental 

stability, and ease of electrochemical preparation under mild aqueous conditions.38 Other 

enzymes, such as glucose oxidase, have been successfully incorporated into electroactive 

polymers (via an electropolymerization mechanism) for use in highly specific 

biosensors.39,40 Thus we have theorized that entrapment of PSI within a conductive PAni 

network is possible by co-electropolymerization aided by hydrogen bonding between 

aniline oligomers and various amino acid side chains found on the surface of the PSI 

supercomplex. 
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In this work, composite PAni-PSI films were prepared via electropolymerization 

from a single solution containing both aniline and PSI. These composite films were then 

evaluated electrochemically to verify the entrapment of PSI in the PAni network, and the 

retention of enzymatic activity following the entrapment process. The optimized PAni-

PSI composites in this study produced external quantum efficiency near 0.005%, which is 

comparable to first generation PSI multilayers. However, these newly developed PAni-

PSI composites were 10-fold thinner and contained 70-fold less protein material than a 

traditional drop cast PSI multilayer film. Based on the successful incorporation of an 

active and functioning form of the protein supercomplex, the scope of this work extends 

far beyond the construction of photoactive composites for photovoltaic applications. To 

our knowledge this is the first instance of successful integration of very large (>500 kDa) 

biomolecules, specifically integral membrane proteins, into polymer films via a rapid, 

controllable, surfactant-stabilized co-electropolymerization from aqueous media. The 

applications of this processing extend into other arenas of bionanotechnology, 

biomaterials, and biosensing. 

Experimental 

Preparation of Photosystem I-Polyaniline Composites on Gold Electrodes 

For all electrochemical experiments, PAni and PAni-PSI composite films were 

deposited on 2 mm gold disk electrodes (area = 0.031 cm2), which were first polished 

using a series of alumina powder slurries from 1 to 0.05 micron in order to obtain a 

smooth electrode surface, which was confirmed with an optical microscope (Olympus 

BX41) at 500x magnification. After polishing, the electrodes were sonicated in distilled 

water for a minimum of 15 min to remove any alumina powder adsorbed on the gold 
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surface. Electropolymerization was performed using a CH Instruments 660A 

electrochemical workstation three-electrode set-up with a platinum mesh counter 

electrode and Ag/AgCl (3M KCl) reference electrode. 

For the evaluation of the polymerization time – photocurrent relationship, the 

PAni-PSI composite films were prepared in 1 M aniline (Fisher), 0.941 M HCl, 4 mM 

sodium phosphate, 0.3 µM PSI, and 0.01% (w/v) Triton X-100. The PAni control films 

were prepared in 1 M aniline, 0.941 M HCl, 4 mM sodium phosphate, and 0.01% (w/v) 

Triton X-100. At a fixed electropolymerization potential (+1.2 V vs. Ag/AgCl) the 

deposition time was modulated between 10-120 s, resulting in an array of film 

thicknesses.	
  	
  

For the PSI concentration study, electrodes were modified in an 

electropolymerization solution containing 1 M aniline, 0.941 M HCl, 4 mM sodium 

phosphate, and 0.01% Triton X-100. The concentration of PSI was varied between 0 – 

0.3 µM. Electropolymerization was carried out at +1.2 V (vs. Ag/AgCl) for a fixed 

deposition time of 40 s. 

For comparative purposes, PSI multilayer films were prepared. Using the 

previously published methods of Ciesielski et al,18 a single 60 µL aliquot of a 1.6 µM PSI 

solution was drop cast onto each gold electrode. The samples were then dried under 

vacuum at room temperature, leaving a thin PSI film approximately 200 nm in thickness. 

In order to evaluate the long-term stability of PAni-PSI films, three sample 

composite films were prepared potentiostatically, as described above, at +1.2 V vs. 

Ag/AgCl for 40 seconds. These films were prepared from a solution of 1 M aniline, 0.941 

M HCl, 0.3 µM PSI, 4 mM sodium phosphate, and 0.01% Triton X-100. Three traditional 
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PSI films (~200 nm thick) were also prepared, as described above, for comparison to the 

PAni-PSI composites in the long-term study.  

Film Characterization 

Scanning Electron Microscopy (SEM) images were collected with a Hitachi 

S4200 high-resolution scanning electron microscope. The film thickness of each sample 

was determined using stylus profilometry, where the average step height between the 

underlying gold and top layer of the PAni-PSI film was recorded using a Veeco Dektak™ 

150 stylus profilometer. 

Electrochemical Analysis 

The photoactivity of PAni controls, PAni-PSI composite films, and PSI 

multilayers were evaluated using photochronoamperometry with a CH Instruments 660A 

electrochemical workstation with a Faraday cage, equipped with a three electrode setup 

containing a platinum mesh counter electrode and Ag/AgCl (3M KCl) reference 

electrode. This three-electrode electrochemical setup allows for the evaluation of the 

anodic half-reaction occurring at the working electrode independent of the platinum mesh 

auxiliary (counter) electrode. 

Photochronoamperometry experiments were carried out in 100 mM KCl (Sigma-

Aldrich) with 5 mM sodium ascorbate (Sigma-Aldrich) as an electron donor and 250 µM 

2,6-dichlorophenolindophenol (DCPIP) (Sigma) to catalyze the turnover of the sodium 

ascorbate electrolyte. The potential of the working electrode was set to the measured dark 

open circuit potential. The current response was then measured upon illumination of the 

sample with a 250W light source equipped with a 633 nm high pass filter (Leica KL 2500 

LCD lamp). For each chronoamperometry trial, the reported steady state photocurrent 
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was sampled 10 seconds after initial illumination. External quantum efficiency was 

calculated for the best performing PAni-PSI composite films based on maximum 

photocurrent density. 

In the case of the long-term stability study, the photocurrent of each replicate 

was sampled daily over the course of three weeks in order to monitor the day-to-day 

change in photocurrent. 

Quantification of PSI in PAni Film 

PAni/PSI films were grown electrochemically at +1.2 V for 40 s on gold 

electrodes, from a solution of 1 M aniline, 0.941 M HCl, 0.3 µM PSI and 4 mM sodium 

phosphate. Pristine PAni films were grown in an identical manner, but in the absence of 

PSI. Following polymerization, films were dissolved in a minimal amount of 

concentrated nitric acid (Fisher, TraceMetal™ Grade), and then diluted to 5% nitric acid 

with 18.2 MΩ-cm deionized water. 

Samples were then analyzed for iron using a Perkin-Elmer Optima 7000 

Inductively Coupled Plasma Optical Emission Spectrometer, calibrated for iron emission 

at 238.204 nm. For quantification, a three-point calibration was constructed from Fe 

standards (SPEX CertiPrep) ranging from 0 – 50 ppb in 5% nitric acid. 

Results and Discussion 

To ensure that the PSI supercomplexes were entrapped and had retained 

photoactivity following electropolymerization, photochronoamperometry was performed. 

Figure 3.1A depicts a cross-section of the composite film containing entrapped PSI 

within the conductive polymer network. Figure 1B represents the typical photoresponse 

for a PAni-PSI composite film (shown in red) with an overlay for a PAni control film 
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(shown in blue). For comparison, a PSI multilayer film of comparable thickness was 

prepared (shown in orange). 

 

Figure 3.1. Schematic Cross-section of PAni-PSI film on Gold and Representative 
Photochromoampermetric Performance. A) Cross-section of a PAni-PSI composite 
film deposited onto a planar gold electrode, where sodium ascorbate (NaAsc) acts as a 
sacrificial electron donor. B) Sample current-time plots for a PAni-PSI composite film, 
PAni film containing no PSI, and a traditional PSI multilayer film of similar thickness 
(~180 nm). Electrochemical analyses were performed in aqueous media containing 5 mM 
sodium ascorbate, 250 µM DCPIP, and 100 mM KCl as supporting electrolyte. In every 
trial, each sample was held at its dark open circuit potential, and illuminated from 20-40 
s. 
 

The photocurrent density of 0.03 µA cm-2, produced by the traditional multilayer, 

pales in comparison to the PAni-PSI composite film. The PAni-PSI composite film yields 

a dramatic increase in photocurrent density over the multilayer assembly. 

Polyaniline has been studied in organic thin-film solar cells as a hole-conducting 

material,41 and the photoactivity observed in this study is in agreement with such 

behavior. The delocalized positive charges on the polymer backbone act as strong 

electron acceptors,42 thus requiring the rapid donation of electrons from another material 

(i.e. PSI or sodium ascorbate) to sustain steady photocurrent output in a photovoltaic 

device. 

In the PSI-loaded samples, illumination results in photoactivated charge 

separation at the internal P700 site, which drives an electron through the protein until it 
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reaches the iron-sulfur cluster located on the stromal side of PSI. This process is depicted 

in the potential energy diagram of Figure 3.2. 

 

Figure 3.2. Potential Energy Diagram of PAni-PSI Composite System on Gold. 
When illuminated, exciton formation and charge separation occur at the P700 site, from 
which the electron is passed via internal mediators until reaching the conductive PAni 
and subsequently the underlying gold anode. PSI cofactor energies were previously 
reported in Ref. 24 and the band energies of PAni were determined experimentally via 
voltammetry. 
 

To effectively prevent charge recombination within the protein, sodium 

ascorbate acts as a sacrificial electron donor by donating an electron to the P700+ hole. 

From the rapid decay in photocurrent occurring immediately after initial illumination 

(Figure 3.1B) it is clear that mediator diffusion is the limiting factor in this system. This 

rapid decay can be modeled as Cottrell-like behavior, resulting from a diffusion-limited 

system. From the reduced iron-sulfur cluster, FB
-, the electron is accepted by the PAni 

network and traverses through the film until it reaches the gold substrate electrode, 

resulting in an anodic photocurrent. The consistent polarity of the photocurrent between 

PSI-loaded films and PAni films indicates that the protein is acting synergistically with 
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the polymer network to create a photoactive, biohybrid composite film capable of 

producing a significant enhancement in photocurrent density. 

The process of electrochemical polymerization produces relatively smooth films, 

which can be characterized using Scanning Electron Microscopy (SEM). Images of a 

pristine PAni film and PSI-loaded PAni film are presented in Figure 3.3. As expected the 

pristine film is smooth and generally featureless, however under the same preparation 

conditions, the film prepared in the presence of solubilized PSI resulted in an observable 

increase in roughness based on the encapsulation of protein in the polymer network. 

 

Figure 3.3. Scanning Electron Micrographs of Pristine and PSI-loaded PAni Films. 
Pristine PAni (A) and PAni/PSI composite (B) films prepared via electrochemical 
polymerization of aniline in the presence of PSI. 
 

Present in the PAni/PSI film (Figure 3.3B), but not the pristine PAni (Figure 

3.3A) are a large number of bright clusters, attributed to the embedded PSI protein 

aggregates in the film. The incorporation of this iron-sulfur containing protein, into a 

conductive organic film has resulted in a larger quantity of reflected electrons observed 

by the SEM. The size of these clusters is approximately 50-500 nm. The dimensions of 

extracted PSI are predicted to be 8.5 nm x 12 nm as estimated by previous studies,43–45 

thus a small degree of protein aggregation has occurred during the entrapment process. 
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Due to the potentiostatic deposition method utilized in the preparation of these 

films, we can study the affect of film thickness on the total photocurrent output simply by 

modulating the polymerization time of the composite films. Figure 3.4 depicts this 

relationship as pristine PAni films (shown in blue) and PAni-PSI composite films (shown 

in red) were prepared using polymerization times ranging from 20-120 s. 

 

Figure 3.4. Polymerization Time – Photocurrent Relationship of PAni-PSI Films. 
Effect of polymerization time for PAni-PSI composites (red) and PAni control (blue) 
films. PAni-PSI films were prepared from a fixed PSI concentration of 0.3 µM. Each data 
point represents the average and standard error of six replicates sampled 10 s after initial 
red light illumination in an electrolyte solution of 100 mM KCl, 5 mM sodium ascorbate, 
and 250 µM DCPIP. 
 

As expected, an enhancement in observed photocurrent occurs as the 

polymerization time increases. Over the polymerization times of 10 – 30 seconds, 

photocurrent output is low, approximately 2 µA cm-2, and can be attributed to two key 

factors: the marginal optical absorbance of the thin film and the minimal quantity of 

entrapped PSI over the brief polymerization time. As polymerization time is increased to 

40 s the photocurrent output of the composite film increases dramatically to ~5 µA cm-2, 

indicating that (in comparison to the shorter polymerization times) either a larger quantity 
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of protein has been entrapped or the optical density of the film is increasing as a result of 

film growth. 

To better understand this system it becomes important to construct a model by 

which polymerization time affects the film thickness of PAni. A comprehensive study 

was performed to correlate polymerization time to a coupled film thickness. As presented 

in Figure 3.5 it can be observed that rapid film growth occurs linearly from 10-40 s until 

a terminal thickness of approximately 200 nm is reached.  

 

Figure 3.5. Polymerization Time – Film Thickness Relationship of PAni-PSI Films. 
Correlation of potentiostatic polymerization time and the subsequent film thickness of 
PAni-PSI films as determined by stylus profilometry. Each data point represents the 
average and standard error of three replicate samples at each deposition time.  
 

Over the 10 – 40 second span in Figure 3.5 we are able to utilize linear regression 

analysis to accurately construct a growth equation for PAni films, as depicted below in 

Equation 3.1, where t is the polymerization time in seconds. 

Film thickness (nm) = (5.2 ± 0.4)t – (32 ± 12) (3.1) 

The terminal thickness achieved for this system is attributed to several factors 

including the high monomer and surfactant concentrations in the polymerization solution. 

Alternatively, the adoption of potentiometric polymerization methods should allow for 

thicker PAni films, as previously demonstrated in several studies using a variety of 
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electrode materials.46,47 It is also worth noting that the time associated with PAni-PSI film 

preparation is significantly shorter than the methods previously used to prepare PSI films 

on solid substrates, which utilized a vacuum-assisted “drop-cast” method requiring at 

least 15 minutes of deposition time per ~400 nm layer of protein.18 

After analyzing the data for film thickness with polymerization time and 

photocurrent output with polymerization time, it becomes apparent that the photocurrent 

generation of these composites follows closely with the film growth mechanism of the 

PAni. This is particularly evident in low photocurrent density for the 10 – 30 second 

samples, and the plateau in photocurrent density of the thickest composite films prepared 

in this study, approaching the terminal 200 nm thickness. At times below 40 seconds, the 

preparation time is too short to entrap an appreciable amount of solubilized PSI, thus 

minimal currents are observed that barely outperform the PAni controls. However, 

beyond this 40-second threshold, films are considerably thicker and have more time to 

envelope the protein in this conductive network.  

After exploring the relationship between film thickness and polymerization time, 

the effect of PSI concentration present in the aniline solution during 

electropolymerization was optimized (Figure 3.6). For this experiment, a single 

deposition time was selected, 40 s (at +1.2 V vs. Ag/AgCl) corresponding to a film 

thickness of 185 ± 13 nm at each concentration of PSI. 
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Figure 3.6. Photocurrent Density of PAni-PSI Film Prepared with Varying PSI 
Concentrations. PAni-PSI composites were prepared from different solutions with 
varying concentrations of PSI. Each data point corresponds to the average and standard 
error of six replicates at each PSI concentration. 
 

A rise in photocurrent density occurs as the protein concentration in the 

deposition solution is increased until a maximum is reached at 0.1 µM PSI. Shortly after 

reaching that maximum, the net photocurrent response plateaus, which identifies that 

above this critical concentration threshold the PSI uptake does not increase. Specifically, 

beyond the 0.1 µM concentration threshold the photocurrent output is dictated by the 

time-dependent entrapment and film growth, but not the overall PSI concentration in the 

polymerization solution surrounding the electrode. 

After identifying the best performing PAni-PSI electrode optimized for film 

thickness and initial PSI concentration, the external quantum efficiency (EQE) of this 

film was explored. The EQE is a useful value for analyzing the performance of 

photoactive materials by directly correlating the electron generation (or current density) 

relative to photon flux incident on the substrate. In this case, we can determine the EQE 

for the best performing PAni-PSI film from the photocurrent output of 5.0 ± 0.9 µA cm-2 
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produced at a red light intensity of 189 mW cm-2. Using these parameters, external 

quantum efficiency was calculated, as shown below in Equation 3.2: 
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Where, e is the elementary charge and Eλ is the photon energy, at 633 nm. Thus 

the EQE for our films was calculated to be 0.0052 ± 0.0009%. Although, other devices 

have reported efficiencies approaching 0.1% by relying heavily on the photovoltaic 

properties of semiconducting substrates,20 the efficiency reported in the PAni-PSI film is 

comparable to the previously calculated values for thick PSI multilayer films on gold 

electrodes,18 while operating with a PAni-PSI active layer that is 10-fold thinner than a 

PSI multilayer film. 

Although the photocurrent output and efficiency produced in these newly 

developed PAni-PSI films fall short of the current benchmark performance of PSI 

multilayers on p-Si electrodes (approximately 200 µA cm-2 when normalized for mediator 

concentration),19 our method presents superior advantages in reduced cost and film 

preparation time. PAni-PSI films do not rely on expensive, high-purity silicon wafers or a 

thick protein layer of non-specifically bound PSI to generate photocurrent. In addition to 

providing a novel method for the assembly of large molecular weight proteins into 

conductive polymer films, we have now produced a new completely organic, composite 

material that can be interfaced with other electronic materials to create next generation 

solar devices that are low-cost, scalable, and stable. 

In addition to the electrochemical analyses presented above, it becomes 

necessary to analytically quantify the amount of protein entrapped during the 

electropolymerization process. Based on the known stoichiometric ratio of Fe atoms 
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(found in iron-sulfur clusters FX, FA, and FB) to PSI, inductively coupled plasma optical 

emission spectroscopy (ICP-OES) was able to correlate trace amounts of Fe entrapped in 

the PAni/PSI composite films to a PSI protein density in the film (Figure 3.7). In this 

study, the best performing PAni-PSI films, prepared from 40 s polymerization in a 

solution containing 0.3 µM PSI, were digested in nitric acid and analyzed for Fe content. 

 

Figure 3.7. PSI Density in PAni-PSI Composite Films. The atomic iron content of 
PAni-PSI (red) and pristine PAni control films (blue) were determined using ICP-OES. 
From the known stoichiometric ratio of Fe in each PSI supercomplex, the quantity of 
entrapped PSI was calculated. Error bars represent the standard error of three replicates. 
 

By quantifying the Fe content through its unique atomic emission, the 

stoichiometric ratio of Fe to PSI (12:1) was used to directly quantify the amount of PSI in 

each film. Further, using the film radius and thickness (185 nm), a cylindrical volume 

model was used to calculate a protein density in each film: 14.5 ± 2.7 nmol cm-3 for the 

PAni/PSI film, and 0.4 ± 0.7 nmol cm-3 for the pristine PAni film. For comparison, a 

well-packed traditional PSI multilayer film would produce a PSI density of 

approximately 1 µmol cm-3. Thus, with approximately 1.5% of the overall PSI content of 

a traditionally packed multilayer film, a PAni-PSI film produces significantly more 

photocurrent. This enhancement can be attributed largely to the vastly improved electron 

transport pathway from protein to electrode through the conductive PAni matrix. 
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With direct quantification of PSI present in the PAni-PSI composite films, we can 

now calculate the ensemble turnover of the enzyme within the film and ensure that 

appreciable activity of the enzyme is conserved. By treating our film as an enzymatic 

system, dictated by Michaelis-Menten kinetics,33 we may calculate turnover frequency, 

where kcat is defined as the maximum rate (photocurrent flux, C/s) contributed only from 

the PSI, divided by the quantity of PSI in the film (Equation 3.3).  

𝑘!"# =   
!!"#(! !  )

!"#$%&#$'  !"  !"#
  × !  !"!#$%&'  

!.!"#  !  !"!!"  !
   (3.3) 

Thus, using the known quantity of PSI entrapped in a typical film (as determined 

by Inductively Coupled Plasma – Optical Emission Spectroscopy, ICP-OES) and the 

photocurrent contribution from PSI in that film, turnover frequency was calculated to be 

1.4 ± 0.5 electrons s-1 PSI-1. This value is in good agreement with those determined by 

Manocchi et. al. in 2013,48 where PSI layers were deposited onto alkanethiol-modified 

gold electrodes for electrochemical analysis.  

In the case of traditional PSI films, on gold or p-doped silicon, the film durability 

is limited due to the fundamental nature of non-specific, electrostatic binding of protein 

on the electrode surface, thus creating a potential drawback of such devices. Here it is 

theorized that encapsulation of PSI within a conductive polymer network, as performed 

in this work, provides superior performance longevity in photocurrent output over time. 

To address the issue of long-term film stability, the photocurrent output of PAni-PSI 

composite films was evaluated over 16 days (Figure 3.8). The long-term performance of 

simple PSI multilayers and pristine PAni films were also tracked over the same time span 

as represented in Figure 3.8. 
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Figure 3.8. Long-term Performance of PAni-PSI Composite Films. Stability of PAni-
PSI composites (red), pristine PAni films (blue), and traditional PSI multilayer films 
(green), as tested once daily over a period of 16 days. Each point represents the average 
and standard error of three replicates of the respective sample type. 
 

From the initial sampling, the photocurrent density produced by the PSI-loaded 

PAni film (shown in red) was much higher than that generated by the PAni control films, 

or the traditional PSI multilayer films. The PAni-PSI composite film consistently yielded 

a steady photocurrent output, near 2 µA cm-2, although a drop in photocurrent occurred 

following the initial photoelectrochemical evaluation on day 0. The PAni control film 

(shown in blue) produced marginal photocurrents, approximately 1 µA cm-2 over the 

course of the trial, which was significantly lower than the PSI-loaded PAni film during 

this span. For the traditional PSI film, after initial exposure to aqueous media, the protein 

film begins to visually degrade, as is expected for a multilayer of electrostatically bound 

protein. The photocurrent density produced by the PSI multilayer samples (shown in 

green) was significantly lower than that produced by the PAni-PSI films and the PAni 

control. From the onset of the trial, the output of the PSI multilayer films bottomed out 

near 0.01 µA cm-2. In comparison to the traditional PSI multilayer film, the PAni-PSI 

composites still represents nearly a 200-fold improvement in photocurrent after three 
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weeks. This long-term performance indicates that polyaniline is an effective 

immobilization matrix for enhancing the lifetime of PSI biohybrid electrodes. 

Conclusions 

The PAni-PSI composite films prepared here introduce a rapid assembly method 

for integrating large molecular weight photoactive proteins into conductive polymer 

networks using mild electrochemical polymerization conditions without loss in enzymatic 

activity. A significant enhancement in photocurrent was observed for the PSI-loaded 

films over the PAni control films. The greatest enhancement was seen in the 185 nm 

thick PAni-PSI films prepared with 0.3 µM PSI in the polymerizations solution. These 

photocurrents (5.7 µA cm-2) represent a vast improvement over multilayer PSI films of 

comparable thickness while incorporating 1000-fold less protein material, and rapidly 

assembling on a much shorter time scale. This research presents future avenues for work 

that incorporates PSI into conductive polymer networks, including the use of alternative 

substrate materials in biohybrid photovoltaic devices. 
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Chapter 4 

 

BIOHYBRID SOLID-STATE PHOTOVOLTAICS DERIVED FROM PHOTOSYSTEM 
I-POLYANILINE COMPOSITESb 

 
 

Introduction 

The conversion of solar radiation into electricity has been integral in the effort to 

develop novel alternative energy solutions. Photosynthesis provides a uniquely efficient 

platform for the development of new solar energy conversion systems and has 

subsequently spawned a plethora of research strategies to develop bioinspired materials, 

catalysts, devices, and cell architectures to replicate the efficiency achieved in nature.4 

Alternatively, achievements have been made in directly extracting and utilizing the 

photoactive proteins that drive photosynthesis. Photosystem I (PSI) is a protein complex 

that, upon photoexcitation, generates an electron-hole pair with near unity quantum 

efficiency.49 Based on this remarkable efficiency and the unidirectional electron transport 

vector of PSI, it has attracted attention as a biomolecular photodiode to be used in the 

fabrication of biohybrid photovoltaic electrodes.3,5,27,50,51 

The development of plant based biohybrid electrodes was pioneered in the 

1980’s through the successful immobilization of photosynthetic components on 

electrodes. Agostiano et. al., in 1983, successfully immobilized PSII and PSI on platinum 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

bPortions of this chapter are taken in part from Gizzie, E. A.; Niezgoda, S. J.; Robinson, M. T.; Harris, A. 
G.; Kane Jennings, G.; Rosenthal, S. J.; Cliffel, D. E. Photosystem I-polyaniline/TiO2 Solid-State Solar 
Cells: Simple Devices for Biohybrid Solar Energy Conversion. Energy Environ. Sci. 2015, 8 (12), 3572–
3576. 
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as one of the first examples presenting the viability of a semi-artificial photosynthetic 

device.52 Additional pioneering work was achieved by Katz et. al. in which 

immobilization methods were developed for the covalent attachment and alignment of 

photosynthetic reaction centers on PtO,53 and later pyrolytic carbon,54 for directed 

electron transport from protein to electrode. In addition to this work, Greenbaum et. al. 

provided major breakthroughs with the chemical platinization of intact chloroplasts,55 and 

later with isolated PSI,43 for photodriven bio-hydrogen production. Based on these 

fundamental studies, subsequent decades of research have been dedicated to the creation 

of artificial photosynthetic devices and biohybrid electrodes as effective bio-derived solar 

energy conversion platforms. 

When incorporated into a traditional biohybrid electrode, photoexcitation of the 

bound antenna chlorophylls of PSI causes an excited state energy transfer, that results in 

electron hole pair formation at the “special pair” chlorophyll dimer (denoted as P700) 

located in the interior of the protein.56 Following charge dissociation, the excited electron 

is transported internally through a series of phylloquinone mediators until reaching the 

terminal [4Fe-4S] iron-sulfur clusters. At the final iron-sulfur cluster, FB, an electron of -

3.9 eV with respect to the vacuum level is accepted by an artificial electrochemical 

mediator, such as methyl viologen. Concurrent to this process, a hole is transported away 

from the oxidized P700+ center by an electrode to reduce the special pair and turn over 

the system for subsequent energy transfer.  

In previous generation PSI-based bioelectrodes, protein films were assembled 

onto metallic substrates in monolayer or multilayer forms acting as a photoactive material 

for direct photocurrent generation.6,18,48,57 These biohybrid electrodes were able to 
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produce photocurrent densities in the µA cm-2 regime when coupled with an appropriate 

diffusional redox mediator. Through the use of semiconductor electrodes, it has been 

shown that favorable electron transfer is produced by the alignment between energy 

bands of a carefully selected semiconductor and PSI. In 2012, both LeBlanc et al.19 and 

Mershin et al.,20 demonstrated this concept by producing PSI-loaded p-doped silicon and 

ZnO electrodes, respectively. Performance greatly surpassed that which was previously 

achievable on metallic electrodes in both studies. Recently, hematite has also 

demonstrated particular utility as a narrow band gap semiconducting electrode material in 

pseudo-dye sensitized solar cells with PSI.58 However, all of these devices have 

fundamental limitations, specifically the need for liquid diffusional mediators and the 

cost associated with the fabrication materials. 

To alleviate the need for liquid electrolytes, PSI-based solar energy conversion 

strategies have shifted toward the development of solid-state photovoltaics, and away 

from wet-cell PSI-based devices. The initial feasibility of solid-state PSI films was 

demonstrated through the preparation of protein films on gold electrodes that retained 

photoactivity and electrochemical response under dry conditions.9,29 In a study by 

Gordiichuk et al. in 2014, state-of-the-art solid-state biohybrid photovoltaic devices were 

prepared by assembling a monolayer of cyanobacterial PSI onto a TiO2 substrate and 

backing the device with a polytriarylamine hole-conducting layer and MoO3/Al 

cathode.36 Those devices presented a novel breakthrough, but were limited by extensive 

processing, air sensitivity, and costly materials. To further enhance the performance, 

sustainability, and scalability of PSI solid-state photovoltaics, we have developed a novel 

PSI solar cell utilizing a solid polyaniline-PSI composite material as the photosensitizing 
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layer on a TiO2 semiconductor anode and an evaporated Ag cathode. TiO2 on FTO-

coated glass was selected as the anodic material based on the favorable alignment of its 

conduction band with the terminal iron-sulfur cluster of PSI (Figure 4.1). Based on this 

energetic alignment, TiO2 has demonstrated particular utility in previous studies with PSI 

modified electrodes.20,59,60 Additionally, the low cost of TiO2, ease of preparation, and 

transparency in the visible spectrum make it an ideal electrode material. However, 

previous PSI-modified TiO2 electrodes, analogous to dye sensitized solar cells, are 

limited by the monolayer loading capacity of protein on the substrate.  

In this study, PSI was entrapped within an electropolymerized polyaniline (PAni) 

film grown directly on the TiO2 anode. This film deposition method creates a three-

dimensional network of protein enveloped within a conductive matrix with high electron 

transport kinetics from enzyme to electrode. The photosensitizing PAni-PSI layer was 

prepared potentiostatically from the electropolymerization of aniline in the presence of 

solubilized PSI, purified from spinach leaves. The evaporation of a metallic cathode on 

the PAni-PSI/TiO2 structure produced a low-cost solid-state photovoltaic device, 

prepared using facile methods with a bio-derived photoactive layer. 

 PAni has previously been shown to be an exceptional charge transfer material in 

redox mediated biohybrid cells.61 For these devices, HCl-doped, emeraldine salt PAni 

was prepared as the polymeric matrix for the PSI films on TiO2 due to its high 

conductivity and ease of preparation.42 As compared to other conductive polymers, PAni 

represents the superior material for protein entrapment using electrochemical 

polymerization. Aniline is water soluble unlike most other organic monomers that are 

capable of electropolymerization. This film preparation method allows the material to act 
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as a solid conductor for electron transport while also providing a three-dimensional 

network for increased PSI-loading and light adsorption. Active PSI is entrapped in the 

polyaniline film during electropolymerization as represented by a protein density of 

approximately 15 nmol cm-3 determined previously via ICP-OES.  

 
Figure 4.1. Energy Diagram of Solid-State PAni-PSI Photovoltaic Device. A) 
Energetic relationship between Photosystem I’s energy cofactors (P700 and FB), TiO2 
anode and silver cathode is presented. B) Schematic stack-up of the device. The silver 
cathode layer, PAni-PSI composite layer, and transparent TiO2 layer on FTO/glass are 
labeled. Additionally, illumination through the anodic layer is depicted. 
 

The energy diagram presented in Figure 4.1A shows the favorable energetic band 

alignment between the FB site of PSI and the conduction band of TiO2. The n-type 

anatase TiO2 accepts electrons from the PAni-PSI composite with its conduction band at 

approximately -4.2 eV.62 PAni plays a critical role in this device as it shuttles electrons 

from PSI to the anode through a chain hopping mechanism introduced by the mixed 

redox states of emeraldine salt polymer.63 From the cathodic side of the device, the 

evaporated silver layer accepts and transports holes away from the oxidized P700+ 

reaction center of the protein. In Figure 4.1B, a layered schematic is presented showing 

the complete device with silver cathode, PAni-PSI film, and transparent TiO2 layer on an 
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FTO/glass substrate. Due to the inverted architecture of this device, the PAni-PSI 

photoactive layer is illuminated through the transparent anode. 

Experimental 

TiO2 Electrode Preparation 

TiO2 substrates were prepared using a method adopted from a previously 

described protocol.64 FTO coated glass substrates were cleaned with three 20-minute 

sonication cycles in 3% Triton X-100 in DI-water, acetone, and isopropanol, respectively. 

Cleaned FTO substrates were placed in a 50 mM TiCl4 bath at 70 °C for 30 min. 

Following the bath, substrates were annealed in a tube furnace at 500 °C for 60 min. 

0.155 g commercial TiO2 paste (Dyesol 90-T) was diluted with 0.47 g ethanol and 

vortexed until fully dispersed. A spin coating procedure was then utilized in which 10 

drops of the diluted paste were applied to the TiCl4-treated FTO electrodes, while 

stationary, and allowed to spread. The electrode was then spun at 300 RPM for 5 seconds, 

followed by 1500 RPM for 45 seconds. After removing from the spin coater, an ethanol-

soaked cotton swap was used to clear a corner of TiO2 coating for an eventual contact to 

the underlying FTO. These electrodes were then placed on the center of a hotplate, set to 

390 °C, for 30 min. A final TiCl4 bath, identical to one previously mentioned, was used 

to treat the electrodes for 30 min at 70 °C. The electrodes were then washed thoroughly 

with DI water and dried under a stream of nitrogen. The samples were once again 

annealed with the same 500 °C tube furnace and stored for later use. 

PAni-PSI Film Deposition 

PAni-PSI films were prepared electrochemically from a single aqueous solution 

of 1 M aniline, 0.94 M HCl, 4 mM sodium phosphate, and 1.3 µM PSI. The stock 
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polymerization solution was prepared immediately before use. Using a CH Instruments 

660A potentiostat, potentiostatic polymerization was carried out at +6.5 V for 120 

seconds. In the three-electrode setup, the TiO2 substrate was set as the working electrode 

(area = 1.54 cm2) with a Pt mesh counter electrode and Ag/AgCl (3 M KCl) reference 

electrode. Following electrochemical film formation, the modified TiO2 substrates were 

rinsed with copious amounts of DI water and dried under a stream of nitrogen. 

Cathode Evaporation 

The PAni-PSI modified devices were then placed face down in a custom mask 

for cathode evaporation that yields 0.071 cm2 contact areas. The devices were loaded into 

an evaporator chamber of an Åmod deposition system (Ångstrom Engineering). Ag and 

Au deposition was achieved in a resistive evaporator chamber, while the Al deposition 

was performed with electron-beam ablation. For the Ag-only contacts, a 20 nm layer of 

Ag deposited at 0.2 Å/s was formed first, followed by a 280 nm Ag layer at 2.0 Å/s. For 

the Au contacts, a 20 nm layer of Au deposited at 0.2 Å/s was formed first, followed by a 

280 nm Ag layer at 2.0 Å/s. Al-only contacts, formed in the e-beam chamber, began with 

a 20 nm layer of Al deposited at 0.2 Å/s, followed by a 280 nm Al layer at 2.0 Å/s. 

Device Testing  

I-V data was measured in ambient air with a custom LabView program run 

through a Keithley 2400 source-meter. The solar spectrum at AM1.5 was provided by a 

SolarTech xenon solar simulator to within class A spectral matching (less than 25% 

spectral mismatch). The lamp was calibrated to 1-sun with an NREL certified 

photovoltaic standard. An aperture was used to ensure illumination of only the contact 
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being measured, while a multiplexer filtered all cathodic leads but that of the illuminated 

contact. 

Results and Discussion 

In order to enhance the photocurrent output of the solid-state device the active 

layer thickness was increased by modulating the polymerization time of the PAni-PSI 

film. With the increased polymerization time, films with higher optical density are 

observed, as depicted in Figure 4.2. 

 

Figure 4.2. Effect of Polymerization Time of Film Optical Density and Device 
Efficiency. Left)	
   Images of PAni-PSI films deposited on TiO2/FTO/glass substrates. 
Samples were prepared from potentiostatic polymerization at +6.5 V, for A) 90 s, B) 120 
s, and C) 240 s. Right) Photovoltaic efficiency of Ag/PAni-PSI/TiO2 devices prepared 
with active layer thicknesses polymerized for 90, 120, or 240 s.  
 

As observed in Fig. 4.2, the increasing film thickness that results from the 

increasing polymerization time, increases the device external quantum efficiency as a 

thicker light absorbing active layer (with more PSI) is produced. However, as the film 

thickness increases beyond 120 s, a diminishing efficiency is observed. Thus 120 s was 

used as the ideal polymerization time in this work.  

Using scanning electron microscopy (SEM) the device cross-section was imaged. 

Distinct layers were visually identified as the glass, FTO, TiO2, PAni-PSI, and silver 

components of the device (Figure 4.3).  
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Figure 4.3. Scanning Electron Micrograph Cross-section of Solid-State PAni-
PSI/TiO2 Device. A typical cross sectional image of a PAni-PSI solid-state device as 
imaged by Scanning Electron Microscopy. Glass, FTO, TiO2, PAni-PSI, and silver layers 
are labeled. Scale bar represents 1 µm. 
 

The PAni-PSI layer was approximated to be 350 nm. The TiO2 layer and FTO 

layer were determined to be 450 and 400 nm, respectively, which are consistent with the 

substrate preparation methods used in this study and elsewhere. The PAni-PSI active 

layer of 350 nm was prepared from 120 s of potentiostatic polymerization. A PAni-PSI 

composite layer of this thickness presumably reaches an optimum interplay between high 

optical density for maximum photon absorption while being thin enough to allow for 

efficient carrier diffusion in the film. Often observed in polymer-semiconductor devices 

with inverted architecture (similar to this device), a thick polymer active layer increases 

the hopping distance for holes to reach the cathode, thus diminishing photocurrent 

density and efficiency as the film thickness increases.65 

The composition of each device layer was confirmed using EDS elemental 

mapping (Figure 4.4) thus verifying the solid-state device architecture.  
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Figure 4.4. Energy Dispersive X-Ray Spectroscopy Elemental Maps of a Typical 
Ag/PAni-PSI/TiO2 Solid-State Device. A) Composite image of device, and elemental 
maps for B) silver, C) nitrogen, D) titanium, E) tin, and F) silicon. All scale bars 
represent 10 µm. 
 

The device architecture was confirmed through the use of SEM-EDS mapping. 

Figure 4.4B clearly presents silver, which represents the silver cathode of this solid-state 

device. Also shown Fig. 4.4C is a nitrogen-rich layer, corresponding to the presence of 

the nitrogen-containing polymer and the PSI protein. Below the PAni-PSI layer is the 

TiO2 layer and FTO layer shown in Fig. 4.4D and 4.4E, respectively. Finally, Fig. 4.4F 

presents a silicon-rich sample indicative of the thick borosilicate glass layer of the device. 

The Ag/PAni-PSI/TiO2 solid-state devices were evaluated under solar simulation 

conditions. I-V curves for typical devices are shown in Figure 4.5. For the PAni-PSI 

devices, typical short circuit current densities (JSC) of 72 µA cm-2 were observed. This 

average photocurrent density surpasses the previous state-of-the-art solid-state PSI 

photovoltaic device by nearly 250-fold.36  
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Figure 4.5. I-V Curves of Ag/PAni-PSI/TiO2 Solid-State Devices. Using AM1.5 solar 
simulation conditions, Ag/PAni-PSI/TiO2 and Ag/PAni/TiO2 devices were tested. 
 

In addition to the large photocurrent densities, the use of silver cathodes 

consistently produces open-circuit voltages (VOC) of approximately 300 mV. As 

expected, the PAni-only devices (shown in blue) performed poorly, relative to the PSI-

loaded devices. The photocurrent densities, open circuit potentials, and efficiencies of the 

PAni-only control devices were approximately 3-fold smaller than the PAni-PSI devices. 

Table 4.1 summarizes the performance metrics of JSC, VOC, fill factor, and external 

quantum efficiency (EQE) for the Ag/PAni-PSI/TiO2 and Ag/PAni-only/TiO2 devices. 

In order to validate the role of PSI in the solid-state devices, action spectra 

relating the illumination wavelength to quantum efficiency were collected for PAni-PSI 

and PAni-only solid-state devices. Using a Fianium Supercontinuum™ laser source, a 

Active Layer Type Current Density, 
JSC (µA cm-2) 

Open Circuit Potential, 
VOC (V) Fill Factor External Quantum 

Efficiency (%) 

PAni-PSI 
(n = 13) 72 ± 3 0.299 ± 0.004 0.420 ± 0.007 0.0091 ± 0.0006 

PAni-only 
(n = 16) 21 ± 7 0.100 ± 0.003 0.19 ± 0.05 0.0022 ± 0.0009 
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Ag/PAni-PSI/TiO2 device was illuminated using monochromatic wavelengths raging 

from 383.5 – 740 nm, while I-V curves were collected at each wavelength selection. 

Internal Quantum Efficiency (IQE%) was calculated using Equation 4.1: 

𝐼𝑄𝐸% =   
!"##$%&   !    !.!""  ×  !"

!"!!

!"#
!  !"#
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  𝑥  100  (4.1) 

 
Where θλ is the ratio of photons absorbed by the PAni-PSI film at the wavelength, 

λ, determined by the absorbance (Aλ) using the relationship, θλ = 1 – 10-A. P is the power 

of the laser in Watts at that specific wavelength, and Eλ is the energy of each photon at 

the same wavelength. 

	
    

Figure 4.6. Action Spectra of Ag/PAni-PSI/TiO2 and Ag/PAni/TiO2 Devices. Internal 
Quantum Efficiencies for selected wavelength ranging from 400 – 700 nm are presented 
for PAni-PSI (black) and PAni-only control (blue) films. Comparatively, the normalized 
absorption spectrum for PSI is presented in green. 
 

As observed in the action spectrum, a localized quantum efficiency minimum is 

found at between 550-625 nm, as is intrinsic of the poor absorption coefficient of PSI’s 

antenna chlorophyll network in that range. Local IQE% maxima are observed near the 

680 and 430 nm excitation wavelengths corresponding to the Qy transition and Soret band 

of Chlorophyll a/b. Thus indicating both the presence of PSI in the PAni-PSI solid-state 

films, and its active role in the sensitization and generation of charge separation in the 
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device. A representative absorption spectrum for spinach PSI is presented in Figure 4.6 

(shown in green). For clarity, the spectrum was normalized to the IQE% curve near 430 

nm. As expected, the quantum efficiency of the PSI-loaded device correlates directly with 

the absorption spectrum of PSI’s chlorophyll antenna, and thus indicates PSI’s role in 

charge separation in these solid-state devices. 

To better corroborate the band alignment predictions of this novel PSI-composite 

solid-state device, the metallic cathode material was altered. With all other components 

of the device kept constant, devices were prepared with an evaporated metal of lower or 

higher work function than silver. It was hypothesized that gold, with a work function of -

5.1 eV, would perform poorly as a cathodic material because it is energetically lower than 

the P700/P700+ redox site of PSI, thus making it unable to accept holes from the oxidized 

protein. An evaporated aluminum cathode should produce significantly less photocurrent 

than silver because the work function of Al (-4.08 eV) is higher than the conduction band 

of TiO2. This energetic mismatch will favor electron-hole pair recombination in the PAni 

matrix, over the effective charge separation and migration pathway through the entrapped 

PSI. The comparison of silver, gold, and aluminum as cathode materials in PAni-

PSI/TiO2 devices is presented in Fig. 4.7.  
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Figure 4.7. Comparison of PAni-PSI/TiO2 Devices with Ag, Au, and Al Cathodes. 
Performance of Ag, Au, and Al as evaporated cathodes in PAni-PSI/TiO2 solid-state 
devices. For clarity, each metric was normalized to the highest performing electrode 
material. Error bars represent the standard error of a minimum of 4 replicates. 
 

As predicted, the use of silver as the cathode material resulted in	
   the highest 

photocurrents, open-circuit voltages, and efficiencies based on its favorable energy 

alignment with PSI and TiO2.  

In addition to the performance of this solid-state biophotovoltaic, there are 

superior advantages over previous PSI devices in cost and long-term stability. The utility 

of Ag/PAni-PSI/TiO2 devices has been demonstrated here by the simple design, wide 

availability of PSI from spinach and other plants,66 and low-cost device fabrication. More 

importantly, the stability of this device for long-term performance under real world 

conditions has proven great utility. By co-depositing PAni and PSI, the conductive 

polymer advantageously serves as a stabilizing matrix for the entrapped PSI. Operational 

stability is demonstrated in Fig. 4.8 where the performance of Ag/PAni-PSI/TiO2 devices 

was monitored over the course of three days with 12-hour periods of light and dark.  
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Figure 4.8. Longevity Study of Ag/PAni-PSI/TiO2 Device. Performance of a typical 
solid-state PAni-PSI/TiO2 device was evaluated under 12-hour light and dark cycles for 
three days. Shaded gray bars represent periods in which the sample was not illuminated. 
 

This light cycling was intended to mimic the solar cycle found in Nature. In this 

three-day study, the photocurrent output did not decline between the 12-hour illumination 

periods nor intraday for the duration of the study. This indicates the viability of PSI-

based solid-state devices in real world settings. Additionally, the long-term storage 

stability of Ag/PAni-PSI/TiO2 devices was evaluated by sampling power curves daily 

over the course of 20 days and stored under open-air conditions at approximately 20 °C, 

when not in use. These devices retained greater than 85% of original photocurrent output 

over the course of the 20 days, which effectively demonstrates the robustness of the 

PAni-PSI film as an active layer in solid-state solar energy conversion devices, and 

presents the feasibility of further development of bio-derived solid-state photovoltaics 

from low-cost materials. 

Conclusions 

Using facile and low-cost preparation methods, the photosynthetic protein, PSI, 

has been successfully incorporated into a conductive polyaniline network for direct 

photocurrent generation. Through electrochemical polymerization, this organic, bio-
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derived active layer was grown directly off of transparent TiO2 electrodes. These 

photoactive electrodes were then completed with the evaporated metallic cathodes to 

yield stand-alone solid-state photovoltaics. Solar-simulated I-V analysis revealed that 

these devices yielded average photocurrent densities of 72 µA cm-2, with an approximate 

open-circuit voltage of 300 mV, and an external quantum efficiency approaching 0.01%. 

This performance greatly exceeds the current state-of-the-art in PSI-derived solid-state 

photovoltaics by nearly 250-fold in photocurrent output, while also being lower in cost 

and more stable than previous PSI devices. The novel PAni-PSI/TiO2 devices represent a 

major advancement in the field of biohybrid solar energy conversion based on their 

performance, simple cell design, low-cost fabrication materials, facile preparation 

methods, and operational longevity. 
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Chapter 5 

 

IN SITU CHEMICAL MODIFICATION OF THYLAKOID-BOUND PHOTOSYSTEM 
I FOR THE PREPARATION OF ORIENTED PROTEIN FILMS ON ELECTRODE 

SURFACES  
 
 

Introduction 
 

In its native environment, Photosystem I operates by sequentially absorbing 

incident radiation, forming an exciton, dissociating the electron-hole pair, and then 

migrating those charges in opposite directions. PSI unequivocally shuttles electrons from 

lumen to stromal with in vivo efficiency near unity.2 The direction of electron flow is 

dictated by the intrinsic protein structure, which features an organized chain of internal 

cofactors that move electrons spatially and energetically through a series of small steps. 

This energy cascade originates with electron hole-pair formation at the P700 “special 

pair” from which an electron is donated to a primary chlorophyll-based acceptor, denoted 

as A0. Subsequently, a phylloquinone analog, denoted as A1, serves as secondary 

acceptor, which ultimately donates electrons to the Fx, FA, and FB [4Fe-4S] redox clusters 

on the stromal side.56 PSI acts in series with other transmembrane proteins to drive 

photosynthesis and is thus highly dependent on unidirectional orientation. In Nature, PSI 

spans the thylakoid membrane, with iron-sulfur clusters exposed on the stromal-side of 

the lipid bilayer where it can be accessed by water-soluble ferrodoxin to mediate electron 

transfer to later steps of photosynthesis.  

However, upon removal of PSI from the thylakoid membrane during protein 

extraction, control of in vivo orientation is lost. It is postulated that oppositely oriented 

supercomplexes in close proximity to one another will produce zero net photocurrent and 
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photovoltage.67 When considering next-generation PSI-based biohybrid photovoltaics, it 

becomes essential to uniformly orient proteins in films on electrode surfaces to maximize 

photoperformance. When immobilized within the thylakoid membrane, the iron-sulfur 

clusters of PSI are bound to the PsaC subunit, located on the stromal side of the lipid 

bilayer;26 by standard convention this orientation is denoted as “upright.” Thus, when 

extracted and immobilized on an electrode, a PSI complex with the P700 special pair 

closest to the electrode surface is in the upright orientation. This is depicted in Figure 5.1. 

Conversely an “inverted” PSI complex is immobilized with its FB site closest to the 

electrode, and P700 site opposite the electrode. 

 

Figure 5.1. Competing Electrochemical Processes Derived from Oppositely Oriented 
Photosystem I Complexes. For a randomly assembled monolayer on an electrode, the 
most likely orientations of PSI are presented with their accompanying electron transport 
vectors: an upright (left) orientation with its P700 special pair in proximity to the 
electrode interface, and inverted (right) with its reduced iron-sulfur cluster closest to the 
electrode. 
 

Previous work was successful in mitigating the competing electrochemical 

reactions introduced by oppositely oriented proteins through the use of semiconductor 
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electrodes. It was demonstrated by the Carmeli research group that semiconductor 

electrodes are capable of directing electron flow in a PSI device, and that this flow could 

be modulated by shifting the Fermi energy by introducing a p- or n-type dopant in 

GaAs.68,69 Mitigation of the negative effects from random protein orientation was best 

demonstrated by LeBlanc et al. in 2012 when p-doped silicon was used as the underlying 

electrode for a PSI device.19 In this device type, the valence band of the semiconductor 

was capable of donating electrons to the oxidized P700+ special pair for PSI complexes 

found in the “upright” orientation. However, based on the Fermi energy of the p-doped 

silicon, the underlying material was incapable of accepting electrons from any PSI 

complexes present in the “inverted” orientation with their FB clusters adjacent to the 

protein/Si interface. Thus, only “upright” PSI complexes in the multilayer contributed to 

the total electrode photocurrent, and oppositely oriented proteins did not. Although this 

device type produced maximum photocurrent output of 875 µA cm-2, it is hypothesized 

that photocurrent could be further enhanced by orienting all PSI complexes in the 

multilayer film, such that every protein was contributing to the overall photocurrent with 

P700 center oriented towards the underlying silicon electrode. 

Previous research efforts that sought to orient PSI on electrode surfaces have 

utilized gene modification (i.e. cysteine insertion, His-tagging),20,68,70 electrophoretic 

deposition,48,57 or Langmuir-Blodgett film assembly.71,72 Although, these methods 

demonstrated some utility and notable performance increases, each of the methods have 

their own drawbacks. In the case of gene modification, the process is not readily scalable 

or cost effective thus making it unfit for developing widely deployable solar energy 

conversion platforms. Further, PSI studies with electrophoretic and Langmuir-Blodgett 
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depositions remain inconclusive with respect to the true uniformity of protein orientation 

in films prepared using these techniques. 

In the present work, we seek to develop a facile modification strategy that utilizes 

simple chemical techniques for rapid assembly of PSI into oriented films directly on 

electrode surfaces. After studying the natural structure and function of thylakoid-bound 

PSI, three key observations were made: 1) PSI is always assembled in the upright 

orientation when anchored within natural thylakoid membranes, 2) PSI is an integral 

membrane protein that spans the entire membrane with an equatorial hydrophobic protein 

region and two hydrophilic polypeptide subunit regions that extend beyond the lipid 

bilayer on luminal and stromal sides, and 3) the thylakoid membrane acts as a natural 

barrier to restrict free transport of water soluble small molecules from stroma to lumen. 

Combining these three considerations a simple functionalization method was devised in 

which amino acid modifications were performed on PSI in intact thylakoid membranes. 

While still membrane-bound, PSI’s stromal-side polypeptide subunits, e.g. PsaC, PsaD, 

and PsaE, are solvent exposed, making many amino acid side chains accessible to 

chemical modification. Advantageously, the intact lipid bilayer serves as a natural barrier 

to inhibit diffusion of the modifying ligand, thus selectively modifying only amino acid 

targets on the stromal side. Lysine was identified as a target for modification based on 

their abundance on the stromal side of PSI (64 residues),25 as well as the vast sum of 

known amine-specific bioconjugation reactions.73  

There are several key criteria when determining a proper modifying ligand to be 

used in this functionalization strategy. Most importantly, the ligand modifying must 

introduce some terminal chemical moiety for favorable binding with a desired surface. 
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Basic examples of this include: alkane thiols for gold electrodes, alkylsilanes for glass, 

and alkylphosphonates for metal oxides. Additionally, ligands featuring an ω-alkyne offer 

even greater versatility and specificity via bioorthogonal click coupling reactions in 

which a desired substrate is surface-modified with a complementary azide. For this study, 

a thiol-terminated ligand was used, which allows for the exploitation of gold-thiol affinity 

for proof-of-concept experiments. Opposite of the thiol terminus, the desired ligand also 

requires specific reactivity for its desired amino acid target, i.e. primary amines. As a 

photoactive protein, turnover of PSI is highly dependent on electron transport kinetics at 

both the donor and acceptor sides. Electron tunneling rates decay exponentially with 

increased distance through a molecular wire.74 Thus, in order to maintain rapid electron 

transport from PSI’s FB
- site to the underlying electrode, a short chain alkane (2-6 carbon 

units) spanning this interface is desirable.  

Considering all the aforementioned criteria, a modifying ligand with amine-

specific reactivity at one terminus and thiol moiety at the opposite end, with a short chain 

connecting the two termini must be used. For practical reasons, the ligand must be 

inexpensive and water soluble to prevent transport across the intact thylakoid membrane. 

2-iminothiolane, also known as Traut’s Reagent, is a commonly used reagent for 

thiolating proteins. It is selective for amines with high specificity, and introduces a thiol 

terminus via a short four-carbon chain added to lysine side chain.75 Traut’s reagent was 

used for proof of concept experiments in which PSI was stromal-side thiolated for 

directed self-assembly of oriented films on gold electrodes. An outline of the stromal-side 

modification procedure is presented in Figure 5.2 where PSI is shown with its surface 

accessible lysine residues highlight in red.  
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Figure 5.2. Strategy for Side-Selective Thiolation of PSI. Stromal-side modification 
occurs through the use of an amine specific thiolating ligand, 2-iminothiolane (Traut’s 
Reagent). The extraction procedure carried out such that intact thylakoids are collected, 
then Traut’s reagent is added to the suspension of thylakoids. Following amine 
modification, the lipid membranes are disrupted and the modified proteins are isolated. 
The side-segregated thiolating ligands will then produce a uniformly inverted monolayer 
on a gold electrode via self-assembly.  
 

As depicted in Figure 5.2, PSI has two distinct water-soluble polypeptide regions 

present on the luminal and stromal sides of the thylakoid membrane, both of which are 

rich in lysine residues. Thus, traditional chemical modification strategies of isolated PSI 

lack selectivity in where modification occurs on the protein, and subsequently cannot be 

relied on to construct oriented protein films. However, when membrane-bound within the 

intact thylakoid, PSI’s hydrophilic regions are separated by the lipid bilayer. This 

provides a unique, natural barrier to restrict chemical modification to only one 

hemisphere of the protein. This facile functionalization strategy began with the extraction 

and purification of intact thylakoids from spinach leaves. Then excess Traut’s reagent 

was added to a solution of thylakoids and left to react overnight under refrigeration. 

Following reaction completion, unreacted Traut’s reagent was removed, and modified 
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PSI complexes were extracted from the thylakoid membranes via surfactant-based lysis. 

Further purification was performed through centrifugation and column chromatography.  

Validation of this facile modification protocol was carried out via Ellman’s assay 

in which sulfhydryl functional groups on the PSI-Traut’s conjugates were 

spectroscopically quantified. Additionally, improved electrochemical performance was 

observed in the form of enhanced photocurrent for PSI-Traut’s modified gold electrodes 

as compared to native PSI modified gold electrodes. This protocol represents a novel 

method for rapid side-selective functionalization of membrane proteins for the purpose of 

preparing oriented, functional protein/electrode interfaces, with applications in energy 

conversion/storage and biosensors. 

Experimental 

In Situ Functionalization of Membrane-bound PSI 

Approximately 100 g of deveined baby spinach leaves were macerated in a 

household blender along with 200 mL of Grinding Medium (330 mM sorbitol, 10 mM 

sodium pyrophosphate, 4 mM calcium chloride, and 2 mM ascorbic acid). This mixture 

was then sequentially filtered through two, and then eight, layers of cheesecloth. This 

filtrate was then divided into 8 tubes and centrifuged at 8000 x g for 1 min to precipitate 

the non-chloroplast material. The pellets were washed with additional grinding medium 

and centrifuged again at 8000 x g for 1 min. Finally, the pellets were resuspended in 50 

mM phosphate buffer (pH = 7.0) and combined into a single suspension of thylakoid 

membranes (ca. 30 mL), to which 500 mg of Traut’s reagent (Thermo Scientific) was 

added. 
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The thylakoid reaction mixture was mixed gently and then left in the refrigerator 

at 4 °C overnight. Following the reaction period, the thylakoids were centrifuged into a 

pellet at 8000 x g for 1 min and the supernatant containing unreacted Traut’s reagent was 

discarded. The pellet was washed with approximately 20 mL of 50 mM phosphate buffer, 

and then the centrifugation process at 8000 x g for 1 min was repeated again. 

The pellet containing Traut’s-modified thylakoid membranes was then washed 

with a surfactant-rich Resuspending Medium (50 mM HEPES pH = 7.6, 330 mM 

sorbitol, 2 mM EDTA, 1 mM magnesium chloride hexahydrate, 1 mM manganese (II) 

chloride tetrahydrate, and 1% Triton X-100) in order to lyse the thylakoid lipid bilayers. 

The solution was excessively vortexed and then centrifuged at 20,000 x g for 15 min at 4 

°C. The resulting supernatant was then loaded onto a chilled hydroxlapitite column 

equilibrated with 20 mM phosphate buffer (pH = 7.0). The column was continually 

washed with Column Buffer (20 mM sodium phosphate, pH = 7.0) to elute all non-

protein components, as the PSI was adsorbed on the hydroxylapitite resin. After thorough 

washing, Elution Buffer (200 mM sodium phosphate, pH = 7.0) was used to elute the PSI 

off the column. Protein samples were collected and stored at -80 °C for later use.  

Thiol Quantification by Ellman’s Assay 

The degree of thiolation was determined by spectrophotometric assay in which 

5,5’-dithio-bis-(2-nitrobenzoic acid) was added to PSI-Traut’s conjugates to react 1:1 

with reduced sulfhydryl groups and induce as colorimetric change at 412 nm.76 First, 

2450 µL of phosphate buffer (20 mM, pH = 7.0) and 500 µL of modified PSI-Traut’s 

were combined in a cuvette. A baseline absorbance spectrum was collected from 400-700 

nm, using a blank comprised of 2450 µL of phosphate buffer, and 500 µL of Elution 
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Buffer. After collecting a baseline scan, 50 µL of a stock (5 mg mL-1) of 5,5’-dithio-bis-

(2-nitrobenzoic acid) (Ellman’s Reagent) was added to each sample and reference cuvette 

and mixed thoroughly. 15 minutes elapsed to ensure reaction completion. An absorbance 

scan was collected again from 400 – 700 nm.  

After correcting for dilution in total sample absorbance contributed by the 50 µL 

spike of Ellman’s stock, the baseline absorbance spectrum was subtracted from the 15-

minute post-spike spectrum. The change in absorbance at 412 nm for each PSI sample, 

and the molar absorptivity from a calibration curve prepared from a range of cysteine 

standards, were used to determine the concentration of thiols in each sample.  

The thiol quantity in each protein sample was normalized by the total P700 

concentration, as determined using Baba assay.23 For comparison, unmodified PSI 

samples were also analyzed using this assay. 

Self-Assembly and Electrochemical Analysis of PSI-Traut’s Conjugate Films 

Gold on silicon wafers were used as the substrates for self-assembly and 

electrochemical analysis of the PSI-Traut’s conjugates. Wafers were extensively Piranha 

cleaned (concentrated 3:1 H2SO4:H2O2) to ensure a pristine gold surface prior to use. 

Clean substrates were then covered in a solution of PSI-Traut’s or unmodified PSI for a 

minimum of 18 h. Note: all PSI stock solutions were dialyzed against 3L of DI water 

prior to use to remove excess buffer salts and Triton X-100. Following each self-

assembly period, modified Au/Si wafers were removed from their respective solutions, 

rinsed with copious quantities of DI water, and gently dried with a stream of nitrogen. 

Electrochemical measurements were performed in a homemade electrochemical 

cell in which the wafer was clamped onto the sidewall of the open aperture cell, and 
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sealed with an O-ring producing an electrode area of approximately 0.2 cm2. The 

reservoir of the cell was filled with an electrolyte solution of 100 mM KCl, 5 mM sodium 

ascorbate, and 1 mM 2,6-dichlorophenolindophenol (DCPIP). A platinum mesh wire was 

used as the counter electrode, along with an Ag/AgCl reference electrode. 

Photochronoamperometric experiments were carried out at each sample’s 

respective dark open circuit potential. This electrode bias allows for direct measurement 

of the current contribution from light-dependent electrode reactions. Current over time 

was collected over 60 seconds in which the sample was equilibrated in the dark for 0-20 

s, then illuminated for 20-40 s, then again in the dark for 40-60 s to return to baseline. 

Current averages for each run were collected by averaging the data points in the steady-

state current region from 25-35 seconds, at a sampling interval of 0.1 s. As a negative 

control, bare gold electrodes were also analyzed to determine any photoactive 

contribution from the sodium ascorbate/DCPIP mediator system. Each sample type (bare 

gold, unmodified PSI, and PSI-Traut’s) was repeated a minimum of three times. 

Results and Discussion 

Following the modification of PSI with Traut’s reagent while still membrane 

bound, it is important to characterize the newly formed conjugates by determining the 

extent of thiolation. This was accomplished through the use of Ellman’s Assay. This 

technique utilizes a reactive chromophore that changes from colorless to yellow 

(λmax=412 nm) in the presence of reduced sulfhydryl groups. Addition of excess Ellman’s 

reagent to a sample of PSI-Traut’s produced an increase in absorbance near 412 nm. A 

calibration curve prepared from standards of cysteine allows for the direct analytical 

quantification of thiols under these assay conditions. Figure 5.3, presents the quantity of 
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thiols detected in each sample type, after normalization by the P700 concentration of each 

sample. 

 

Figure 5.3. Thiol/P700 Ratio for Modified PSI as Determined by Ellman’s Assay. 
Thiolation of modified PSI-Traut’s conjugates (green) was quantified. For comparative 
purposes, native unmodified PSI was also evaluated (red). Each column represents the 
average and standard error of three replicates for each sample type. 
 

The modified PSI-Traut’s conjugates produced a much more intense colorimetric 

change, which corresponded to the presence of new thiol groups. The native, unmodified 

PSI produced a very small change in absorbance at 412 nm, which was calculated to 

correspond to a thiol/P700 ratio of 0.5 ± 0.3. This observation is in agreement with the 

known structure of PSI, which contains very few surface accessible reduced sulfhydryl 

moieties. Nearly all of the native cysteines present in the complex are either restricted to 

the interior of the protein, or dimerized in disulfide bridges. Ellman’s assay is specific for 

reduced thiols and not disulfides. 

Comparatively, the modified PSI-Traut’s conjugates yielded a thiol/P700 ratio of 

36.6 ± 1.0, which is considerably more than the unmodified PSI. Thus, this simple assay 

indicates that the in situ modification protocol performed prior to membrane lysis has 

successfully thiolated PSI. Additionally, the 36 new thiols introduced via this protocol is 

in good agreement with the theoretical number of modification sites, i.e. 66 lysine 
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residues on the stromal side. This number of thiols is expected to be acceptable degree of 

functionalization as it optimizes the interplay between maximizing the number of sites for 

surface binding, without over modifying the protein and disrupting its natural structure 

and function.  

Further characterization was performed on the PSI-Traut’s conjugates by 

photochronoamperometry. Using this method, the photoactivity of the protein can be 

accessed when self-assembled into monolayers on gold electrodes. This strategy allows 

for the determination of the self-assembly properties, and also the photoactivity following 

chemical modification of the protein. Electrochemical analysis was carried out in a 

mediator solution of sodium ascorbate and DCPIP, which can donate electrons to the 

oxidized P700 center of PSI to turnover the photocatalytic cycle.  

 

Figure. 5.4. Photoactivity of Self-Assembled Films of Native and Traut’s Modified 
PSI. Photochronoamperometric analysis was used to evaluate the photocurrent output of 
gold electrodes modified with self-assembled monolayers of native PSI (red) and 
preextraction-functionalized PSI-Traut’s conjugates (green). Bare gold was also tested a 
negative control. Samples were tested in an electrolyte solution of 100 mM KCl, 5 mM 
sodium ascorbate, and 1 mM DCPIP. Each bar represents the average and standard 
deviation of a minimum of three replicates. 
 

From the photoelectrochemical analysis presented in Figure 5.4, it becomes 

apparent that the modified PSI (150 ± 40 nA cm-2, n = 5) performed significantly better 

than the traditional unmodified PSI (49 ± 10 nA cm-2, n = 3). Additionally, the bare gold 
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only produced a modest photocurrent density of 19 ± 2 nA cm-2 (n = 6), which 

corresponds to the photocurrent contribution from only the photoactivity of the mediator 

solution without any PSI present.  

The 3-fold enhancement in photocurrent density of films of PSI-Traut’s over the 

films of native PSI indicates superior electron transport from enzyme to electrode. Most 

likely, this can be attributed to the direct electronic connection introduced through the 

many gold-thiol bonds anchoring the protein to the underlying electron. The native PSI, 

which does not feature many surface cysteine residues, binds non-specifically to the 

pristine gold surface with little or no orientation specificity. This enhancement is also 

indicative of preferential film orientation presented by the modified PSI-Traut’s 

conjugates during self-assembly. This enhancement was predicted for a self-assembled 

monolayer in which a film assembly preferentially favors one orientation (inverted or 

upright), and the competing electrochemical reactions from the opposite orientation are 

minimized.67  

The increased photocurrents represent a vast improvement in current monolayer 

PSI films, and are indicative of oriented assembly accompanied with direct electronic 

connection of protein and electrode. However, additional validation is required to fully 

characterize and quantify the degree of protein orientation.  

Conclusions and Future Directions 

A new protocol has been developed for the in situ modification of Photosystem I 

prior to membrane lysis. By thiolating the protein while still membrane bound, the 

modification sites are restricted to only the solvent accessible sites on the stromal-side of 

the thylakoid membrane. Thiolation was chosen as the proof-of-concept functionalization 
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strategy because it offers the ability to directly bind the protein to gold electrodes with 

high affinity and specificity. This was carried out using the low-cost, water soluble 

Traut’s Reagent, which is amine reactive and grafts a reduced sulfhydryl moiety on the 

end of the short four-carbon alkane chain.  

In order to characterize the modified PSI conjugates, the quantity of new thiol 

groups was determined using the thiol-specific Ellman’s Assay. This analysis validated 

that the thiolation was successful, and introduced 36.6 ± 1.0 thiols to each protein. 

Additionally, electrochemical analysis of self-assembled films, in the form of 

photochronoamperometry, revealed 1) PSI-Traut’s conjugates successfully self-

assembled into films on pristine gold electrodes, 2) those films of PSI-Traut’s retained 

photoactivity following extensive chemical modification, 3) photocurrents generated by 

the modified PSI-Traut’s films were significantly higher than unmodified PSI films, 

possibly indicating some preferential orientation of PSI.   

Two key questions still remain about this protein functionalization strategy. First, 

we must analyze the subunits, and subsequent amino acid sequence, to identify the sites 

of modification. Understanding which positions on the protein were modified would 

validate the hypothesis that all thiolation is restricted to a single side of the protein. Using 

known structural information (PDB entry: 2O01) the presence of thiolating ligands on 

stromal-side associated polypeptide subunits (i.e. PsaC, PsaD, or PsaE) and the absence 

on other subunits would validate successful segregation of thiolation sites. This will be 

accomplished by separating the 12 subunits of the supercomplex, followed by analysis 

with mass spectrometry. Subunits modified with Traut’s reagent will feature a mass 

addition of approximately 100 Da per ligand. Additional information could be elucidated 
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by sequencing the polypeptide sequences to examine which lysine residues are most 

commonly modified. Digestion of the modified protein followed by LC-MS/MS analysis 

would aide in this analysis.  

In conjunction with identifying the thiolated positions with spatial resolution on 

the protein, it is essential to demonstrate that the Traut’s modification actually provides a 

favorable vector for surface coupling to the electrode, and that this binding gives rise to 

films with a high degree of orientation. This analysis may be performed using a variety of 

techniques. Ideally, a scanning probe microscopy (SPM) method with the ability to 

resolve individual proteins (on the scale of 10 nm) would allow for imaging of protein 

films as well as the elucidation of orientations of single proteins within an entire film. 

Scanning Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM) represent 

two of the most common scanning probe methods, and are capable of collecting 

topographical images as previously demonstrated for films and crystals of 

PSI.36,43,44,48,57,77–79 However, there are many practical restrictions that make this 

characterization very challenging. In principle, these two methods are ideal for non-

contact topographical imaging, which is well suited for analyzing macromolecular 

assemblies with high resolution. In determining a protein’s orientation (i.e. upright versus 

inverted PSI) from a topographical map, sub-nanometer 2D resolution would be required 

in order to discern asymmetries based solely on protein structure. Thus, an enhanced 

SPM method that can topographically map a protein film, and also discriminate between 

different regions of the same protein, based on chemical activity/reactivity, is desired for 

this application. Scanning electrochemical microscopy (SECM) is an SPM technique that 

can map electrochemical activity of 2D surfaces with a nanometer-scale tip electrode that 
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raster scans over a substrate electrode. SECM exists as a possible technique to record 

electrochemical signals with x-y spatial resolution. In the analysis of PSI films, ultra-

small nanoelectrodes must be fabricated with working electrode diameters of 10 nm or 

less. In-house fabrication of nanoelectrodes is described in Appendix A. A proposed 

experiment to assess the orientation of individual PSI complexes in a monolayer film is 

depicted in Figure 5.5. 

First, monolayers of the modified protein will be self-assembled onto planar gold 

electrodes. Following protein binding, backfilling with a long-chain alkane thiol must be 

performed to complete the film assembly process and ensure that all electron movement 

through the film occurs through the photoexcitable electron transfer pathways within PSI. 

This modified planar gold electrode will serve as the substrate electrode in this two-

electrode SECM experiment. A mediator solution of ferricyanide, Fe(CN)6
3- will be used 

in this analysis because the species in the present, oxidized state cannot readily donate 

electrons to PSI’s photoexcited P700+ redox cluster.   
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Figure 5.5. Proposed Analysis of PSI Orientation by Scanning Electrochemical 
Microscopy. Individual PSI complexes will be characterized when self-assembled into 
films to assess the orientation in either the upright or inverted positions. PSI under dark 
and light conditions (and in inverted and upright orientations) are pictured with their 
predicted relative changes in observed tip current (iT). Using ferricyanide as the mediator, 
and a nanoelectrode biased at a reducing potential, a mass transfer limited, steady-state 
tip current will be observed when positioned over the non-illuminated PSI film (1), which 
acts as an insulating surface. Upon illumination, a positive feedback loop will be 
generated between tip and inverted PSI complexes (2), and a negative feedback loop will 
occur between tip and upright PSI complexes (3). These feedback changes will result in 
positive and negative perturbations in the steady-state tip current, respectively.  
 

When the nanoelectrode tip is positioned over the protein film, the distance 

separating the electrode and substrate will be approximately equal to 3-5x the diameter of 

the tip electrode. At this very close distance, the tip electrode, biased at a potential 

reducing to the ferricyanide, will collect current from the mass-transfer limited reduction 

of ferricyanide to ferrocyanide. In the dark, the non-photoactivated protein layer will act 
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as an insulating substrate, and the tip current will be dictated by the diffusion of bulk 

ferricyanide reaching the tip electrode surface. This is depicted in Figure 5.5, and the 

accompanying current response is presented in Region 1 of the current-distance scan. 

When the substrate is illuminated, and PSI’s electron-transport pathways are 

activated, the locally generated ferrocyanide will be oxidized back to ferricyanide by PSI 

complexes oriented in the inverted position, such that their P700+ clusters are found at the 

protein/solution interface. The generation of this positive feedback loop will result in an 

increase in IT, as depicted in in Region 2 of the current distance scan of Figure 5.5. 

Finally, when the raster-scanning tip encounters an illuminated, upright PSI 

complex, where the FB cluster is present at the protein/solution interface, the tip current is 

expected to dramatically decrease below the dark baseline. This is predicted because 

ferricyanide will act as an electron acceptor from the donor side of PSI, thus creating a 

reaction that directly competes with the reduction of ferricyanide to ferrocyanide at the 

SECM tip. This direct competition will reduce the local concentration of ferricyanide 

available at the tip below the previous mass transfer limit seen in the dark baseline. The 

negative feedback loop between tip and upright Photosystem I complex is shown in 

Figure 5.5, and the predicted current output is shown in Region 3. 

With this SECM experimental setup, and a sufficiently small nanoelectrode, an 

entire self-assembled PSI film can be topographically mapped, and based on the resulting 

spatially resolved photocurrents the orientation of individual proteins in the film can be 

determined. This advanced analytical technique, along with information about the degree 

and structural position of thiolation sites on the modified protein, would provide 
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conclusive insight into the effectiveness of our novel in situ functionalization strategy for 

orienting large biomolecules on surfaces.  

In addition to the thiolation performed in this proof-of-concept study, many other 

modification types could be performed to attach proteins to functional surfaces. Future 

work on this subject must accommodate a broader range of bioconjugation methods in 

order to apply this technology to a larger set of applications. Examples of this include the 

modification of alkylphosphonate ligands to a protein for self-assembly on conductive 

metal oxide films with possible optoelectronics applications in biosensing.  
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Chapter 6 

 

SILICON-BASED PHOTOSYSTEM I SOLID-STATE PHOTOVOLTAIC DEVICESc 

 

Introduction 

In the development of more efficient PSI derived biophotovoltaic devices, many 

alternative electrode materials and device architectures have been explored. Traditional 

proof-of-concept studies have traditionally been carried out on gold electrodes due to its 

conductivity and inert nature. However, many semiconducting materials provide superior 

advantages for interfacing with PSI based on their chemical availability, tunable energetic 

properties, and/or transparency. As previously demonstrated in Chapter 4, TiO2 makes an 

excellent electrode substrate for PSI.80 This superior performance is largely derived from 

the electronic properties of the TiO2 anode, which acts an ideal n-type material to accept 

electrons from the PSI photoactive layer.  

Prior to the use of TiO2 as a cathodic electrode, LeBlanc et al. demonstrated the 

utility of interfacing PSI with semiconductor electrodes.19 Specifically, PSI was deposited 

onto p-doped silicon substrates, which outperformed PSI deposited on metallic electrodes 

as well as n-type silicon. The success of this material is attributed to the energetic match 

between the Fermi level of the p-doped silicon and PSI’s oxidized P700+ redox cluster. 

This energy match is showcased in Figure 6.1, where the approximate energies of the 
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conduction and valence bands p-Si are shown relative to the known redox potentials of 

PSI’s cofactors. 

 

Figure 6.1. Band Energy Alignment Between p-Doped Si and Photosystem I. P-
doped silicon (left) is presented beside PSI (right) where the relative positions of PSI’s 
redox cofactors can be compared to the band energies of the semiconductor. The Fermi 
energy (dashed line) of the p-doped Si is in a favorable position to donate electrons to the 
oxidized P700+ reaction center. Further, the conduction band of silicon is higher in energy 
(approximately -0.6 V) than the terminal and penultimate reduced iron-sulfur clusters of 
PSI (-0.55 V). 
 

From the energy diagram in Figure 6.1, the favorable energy alignment between 

PSI and p-Si becomes apparent. The Fermi energy of p-doped silicon is predicted to be 

more negative than the valence band of silicon, which resides at approximately +0.5 V 

vs. NHE. At this position, the p-type semiconductor can favorably donate electrons to the 

P700 reaction center following exciton formation and charge separation. Comparatively, 

the conduction band is more negative than the FB electron donor site of PSI, thus making 

the material a poor electron acceptor from the protein. Using p-Si as the underlying 

electrode, PSI multilayer films produced very large photocurrents (875 µA cm-2) using an 

electrolyte solution of 200 mM methyl viologen. 
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Although, this currently represents the highest reported photocurrent density for a 

PSI electrode, the use of liquid electrolytes, especially with high mediator concentrations, 

does not represent a long-term solution for low-cost, scalable, bioderived photovoltaic 

devices. In order to create solid-state photovoltaics, the p-doped silicon/PSI 

photoelectrode must be outfitted with a dry electron accepting material and/or anode to 

complete the photovoltaic device. Ideally, a second semiconducting layer would be 

selected such that the conduction band of that semiconductor was favorably aligned with 

the terminal iron-sulfur cluster, FB, of PSI. This type of device was first conceptualized 

and developed by LeBlanc and Beam in 2015, where a p-Si/PSI/ZnO device was 

constructed.81 This study represents the first known device where PSI is interfaced with 

two different semi-conductors to create a solid-state photovoltaic device.  

The non-trivial task of depositing ZnO directly onto a biological material was 

achieved using the novel Confined Plume Chemical Deposition (CPCD). In this process a 

suspension of a ZnO precursor is dropcast onto the PSI multilayer film, which is then 

confined under a glass plate, and then irradiated with a pulsed IR laser. A majority of the 

IR radiation is absorbed by the precursor layer, which then rapidly decomposes. The 

rapid cooling of the confined reaction plume leads to surface-nucleated growth of zinc 

oxide crystals directly on the PSI surface. A schematic for the device fabrication is 

presented below in Figure 6.2. 
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Figure 6.2. CPCD Deposition of ZnO on PSI/p-Si and Representative Cross Section 
of ZnO/PSI/p-Si Device. A) ZnO is deposited on PSI multilayer on p-doped silicon by 
CPCD. A ZnO precursor is drop cast onto the PSI film, then confined under a glass slide 
prior to rastered IR laser pulses. B) A layer-by-layer cross section is depicted for a 
ZnO/PSI/p-Si device. The p-Si wafer acts as the cathodic substrate upon which a PSI 
multilayer is deposited. A thin film of ZnO is deposited onto the PSI layer, and then an 
ITO layer acts as the conductive anode. Illumination of this device occurs though the 
transparent ITO/ZnO layer. 

 

The method for depositing ZnO directly onto PSI to develop a dual 

PSI/semiconductor interface represents one of the most effective solid-state PSI 

photovoltaic devices. Figure 6.2A depicts the fabrication process in which a pulsed IR 

laser decomposes a precursor, confined under a glass slide, into a thin, transparent metal 

oxide film. A stack up of the device is presented in Figure 6.2B. The device is backed by 

a p-doped silicon wafer, which acts as the device cathode. Upon this wafer, a multilayer 

of PSI is deposited utilizing previously described vacuum deposition methods. CPCD 

(Figure 6.2A) is then performed to deposit the thin film of ZnO, which act as the 

electron-accepting layer of the device. A layer of ITO/PET is then added as a conductive 

backing for the ZnO layer, which also adds structural support for electrical contact. This 

device yields the highest reported photocurrent density (127 µA cm-2) among all solid-
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state PSI-based photovoltaics. These devices also performed with great stability when 

tested over a period of 14 days.  

The technology presented here is a major advancement in solid-state 

biophotovoltaics. Its hallmark ZnO layer was rapidly prepared from low-cost precursor 

materials. However, the use of a pulsed IR laser system to fabricate the film is not a facile 

method to prepare PSI-based devices. Thus, we now seek to develop a similar performing 

device featuring an electron transport layer that can be rapidly assembled and scaled.  

Polyviologens are a unique class of organic polymers with tunable redox 

properties first reported in 1971.82 Monomeric viologens have been widely used as 

diffusion mediators in wet-cell PSI device based on their ideal redox potentials for 

accepting electrons from FB
-. Most commonly, methyl viologen is used with PSI films 

due to its 2+/1+ redox couple at -0.453 V vs. NHE. However, the redox potential of the 

viologen can be tuned by altering the N-alkyl groups on the 4,4’-bipyridine. 

Polyviologens possess very similar properties to their monomeric counterparts with the 

added advantage that they can be used to prepare dry films that can shuttle electrons in 

the solid state. Structures for methyl viologen and poly(methylviologen) are presented in 

Figure 6.3.  
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Figure. 6.3. Structures of Methyl Viologen and Poly(methylviologen). Methyl 
viologen (A) is used commonly as a diffusional redox mediator for PSI systems. 
Poly(methylviologen) (B) can be synthesized to have similar redox properties to the 
monomeric form, but the higher molecular weights allow for the formation of robust dry 
films. 
 

Structurally, the small molecule methyl viologen and the repeating units of the 

polymer are homologous based on their central 4,4’-bipyridine moiety. Quaternization of 

the nitrogen atoms on the bipyridine yields two positive charges localized on the ring 

system, giving rise to the intrinsic metal-free redox activity of the polymer. Altering the 

substituent groups attached to the nitrogen atoms will cause a shift in the redox potential 

of the compound, corresponding to the electron donating or withdrawing nature of the 

substituent group. For instance, an alkyl group added to the bipyridine will act as an 

electron-donating group, which shifts electron density toward the heterocycle, thus 

creating a greater energetic boundary for the acceptance of another electron. The result is 

a negative shift in the reduction potential. The alternative is true for an electron-

withdrawing group bound to the quaternary nitrogen. In such a case, a positive shift in the 

redox potential is predicted. In addition to the tunability, polyviologens are also water-

soluble, are easily synthesized from low-cost starting materials, and the products can 

easily be purified and processed into thin films. These key attributes make them 

interesting materials for interfacing with PSI. 
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Polyviologens first attracted attention as photoinitiated electron-transfer materials 

when quenching was observed for photoluminescent ruthenium complexes in the 

presence of polyviologens.83 The quenching phenomenon indicates that polyviologens 

rapidly accept excited state electrons from a primary donor. This property was further 

exploited by the Weiss Group, which prepared composite films of CdSe quantum dots 

and poly(p-xylylviologen).84,85 These critical studies provided several key insights on the 

behaviors or polyviologens: 1) electron transfer from particle to polymer occurs in solid-

state thin films, 2) photoelectron transfer from quantum dot to polyviologen occurs on an 

ultrafast time scale (<10 ps), 3) reduced polyviologens are capable of subsequent electron 

donation to a secondary acceptor. These findings, along with the favorable 

thermodynamic redox potentials, indicate that polyviologens are a class of materials that 

are suitable electron transport layers in PSI solid-state photovoltaics. 

In the studies presented in this chapter, poly(p-xylylviologen) (PxV) (Figure 6.4) 

was selected as the preliminary polyviologen to use in proof-of-concept experiments. The 

polyviologen was synthesized, characterized, and deposited into films on p-Si/PSI to act 

as a simple electron-transport layer in p-Si/PSI/PxV/ITO solid-state devices. 

Experimental 

Synthesis and Characterization of Poly(p-xylylviologen) 

Poly(p-xylylviologen) was synthesized using the scheme described by Factor and 

Heinsohn,82 as outlined in Figure 6.4. 

 

Figure 6.4. Reaction Scheme for the Synthesis of Poly(p-xylylviologen). 



	
   76	
  

Equimolar quantities of 4,4’-bipyridine and α,α’-dibromo-p-xylene were 

dissolved in dry acetonitrile in a round bottom flask with a reflux condenser attached. 

Shortly after onset of the reflux, a yellow precipitate formed. The reaction mixture was 

held at reflux for approximately 18 h to ensure completion. The crude product was 

separated on a sintered glass vacuum filter, and washed with copious amounts of dry 

acetonitrile. The purified yellow solid was dried under vacuum for 30 minutes.  

The redox properties of the synthesized PxV were determined by cyclic 

voltammetry performed using a CH Instruments 660A workstation. A 1 mg/mL solution 

of the product was prepared, and supplemented with 100 mM KCl. This sample was then 

argon purged for 20 minutes to remove any residual oxygen in the solution, which would 

mask the characteristic viologen reduction peak. A 2mm glassy carbon disk was used as 

the working electrode, along with a platinum mesh counter electrode and an Ag/AgCl 

reference electrode. Cyclic voltammograms were collected by scanning from 0 to -0.6 V 

at a scan rate of 0.01 V/s. 

1H-NMR was performed on the PxV product, approximately 50 mg/mL in D2O, 

using a Bruker 400 MHz NMR.  

Poly(p-xylylviologen) Deposition and Solid State Device Fabrication 

Solid-state p-Si/PSI/PxV/ITO devices were assembled as outlined in Figure 6.5. 

The process began with hydrofluoric acid etching of lightly p-doped <100> silicon 

wafers (University Wafer, Boston, MA). HF etching was performed by submersion of the 

substrate in a freshly prepared aqueous 2% HF solution for 1 minute. After removing the 

surface oxide, the substrate was masked with electrochemical mask to yield an exposed 

area of 1 cm2. 
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Figure 6.5. Fabrication Strategy for Solid-State pSi/PSI/PxV Solid-State Devices. 
Facile assembly occurred through a sequence of HF etching, masking, PSI deposition, 
polyviologen deposition, layering with flexible ITO/PET, and finally, pressing the 
conductive ITO onto the polyviologen, aided by a transparent contact spacer. 
  

A PSI multilayer film was then deposited on the silicon substrate by drop casting 

approximately 100 µL of dialyzed PSI into the etched, unmasked area of the wafer. The 

solvent, and the protein precipitated into a film by sealing in a vacuum desiccator at 

reduced pressure for 15 minutes. This process was repeated 5 times to yield PSI 

multilayer films approximately 1 µm thick. An aqueous suspension of 10 mg/mL PxV 

was dropcast onto the PSI film within the electrochemical mask and the vacuum 

evaporation process was again performed. The PxV deposition process was repeated 

twice to ensure sufficient layer coverage of polymer on the protein film. 

The device was completed with a conductive ITO film on flexible PET to act as 

the device anode. This was accomplished by resting the flexible metal oxide film on the 

mask, such that it was bridging the unmasked working electrode area but without 



	
   78	
  

contacting it. Then a thin plastic spacer (2mm thick) was pressed into the backside of the 

PET, which was then topped with a glass slide. Binder clips forced the spacer into the 

ITO/PET layer to make secure electrical contact with the PxV layer without short-

circuiting.  

Device Testing 

Solid-state p-Si/PSI/PxV/ITO devices were tested using previously described 

photochronoamperometric methods with brief modifications. Due to the solid-state nature 

of these devices, no liquid electrolyte was required, and thus a three-electrode setup was 

not appropriate. The reference and counter electrode lead wires from the potentiostat 

were connected to each other and attached to the ITO anode. The underlying silicon 

substrate was connected as the working electrode. 

Similar to previous experiments, the dark open circuit potential was first 

determined for each device, and then this potential was used during 

photochronoamperometry experiments. After a 20 second period of dark baseline current 

measurement, samples were illuminated through the transparent glass/ITO layer. 

Results and Discussion 

Following the synthesis of PxV, the electrochemical properties of the material 

were evaluated in order to predict its usefulness when paired with PSI. An ideal electron 

accepting material for PSI would possess a redox potential slightly positive of the 

terminal FB
- iron-sulfur cluster. Cyclic voltammetry revealed the redox potential of the 

PxV2+/1+ couple to be -0.399 V vs. Ag/AgCl, as depicted in Figure 6.6.  
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Figure 6.6. Cyclic Voltammogram of Poly(p-xylylviologen). Voltammogram was 
collected for aqueous solution of polyviologen supplemented with 100 mM KCl. Scan 
rate = 0.01 V/s, deoxygenated with bubbling argon. 
 

The observed redox potential for PxV is in agreement with previous studies.82 The 

value determined from Figure 6.6 corresponds to a potential of -0.202 V vs. NHE, which 

is energetically more positive than the reduced iron-sulfur cluster of PSI. This indicates 

that the synthesized polyviologen should act as a mediator from protein to polymer based 

on the favorable energy cascade. The ΔEp between cathodic and anodic peaks is 90 mV, 

which indicates electrochemical reversibility. The reversibility of this system is essential 

in rapidly shuttling electrons from the protein to underlying ITO anode. 

The polymer was also characterized via 1H-NMR, shown in Figure 6.7, to identify 

the product, elucidate structural information about the material, and estimate average 

chain length. 
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Figure 6.7. 1H-NMR for Poly(p-xylylviologen). Spectrum was collected using 400 MHz 
spectrometer, with sample prepared in D2O. Inset: structure of PxV with proton labels 
corresponding to the label peaks (a-f) in the spectrum. 
 

From the NMR spectrum, four clear proton peaks are present which correspond to 

the four distinct proton types in the molecular structure (see inset). Peak a (δ 7.65 ppm) 

corresponds to the four equivalent protons belonging to the xylyl group in the repeating 

chain of the polymer. Peaks b (δ 9.17 ppm) and c (δ 8.56 ppm) represent the aromatic 

protons on the bipyridine system. Peak d present in the spectrum at 6.00 ppm represents 

the protons on the methyl groups bridging the two aromatic systems. Peaks a, b, c, and d 

all integrate to account for approximately the same relative number of protons in the 

sample, which correlates to the predicted polymer composition, and indicates that a 

copolymer with equimolar concentrations of each monomer type was synthesized. 

For analytical purposes, the number average molecular weight (Mn) was 

calculated from the NMR spectrum. The proton signals corresponding to chain termini 
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were identified as peaks e and f, which arise from a bipyridine group ending the polymer 

chain. The integrations for these signals were normalized to 2 (the number of equivalent 

protons for each end group). This normalization resulted in an integration value of 

approximately 16 for peaks a, b, and c, all of which contain 4 equivalent protons. Based 

on the calculated proton ratios, the polymer sample as synthesized contains an average 

chain length of 8 repeating units. With a molecular weight of 260 g/mol for each 

repeating unit it was calculated that this polymer batch has approximate number average 

mass (Mn) of 2000 Da. 

The PxV was used as prepared to fabricate solid-state p-Si/PSI/PxV/ITO solar 

cells. This proof-of-concept study first sought to determine if a solid film of PxV could 

act in series with PSI to provide an electron-mediating layer from protein to ITO and 

generate substantial photocurrent. This experiment set was carried out by layering PxV 

on top of PSI multilayers for solid-state devices, and as a negative control p-Si/PSI/ITO 

devices were tested without any PxV layer. It was hypothesized that the devices without 

any polymer layer would not produce substantial photocurrent. 
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Figure 6.8. Relative Energy Levels and Performance of p-Si/PSI/PxV/ITO Solid-
State Devices. A) Alignment of band energies for layers in the PSI/PxV solid-state 
devices. Band energies for Si and ITO and redox potential for PxV are presented relative 
to PSI. B) Photocurrent density for complete p-Si/PSI/PxV/ITO (green) and also control 
devices without PxV mediating layer (white), and without PSI layer (red). 
 

As expected, the inclusion of the mediating layer between the PSI multilayer film 

and the ITO anode produced a significant amount of photocurrent (Figure 6.8B). As 

depicted in the relative energy diagram in Figure 6.8A, the position of the redox couple 

for PxV below PSI makes it a favorable energy transition. The cathodic polarity of the 

photocurrents in this experiment are in agreement with the predicted flow of electrons 

from silicon, through the PSI and PxV layers, and exiting the device through the ITO 

anode. The negative control experiments also validate the role of PxV in this device. For 

the device constructed without the PxV layer, very little photocurrent was produced (86 ± 

9 nA cm-2), likely due to the lack of charge mediation and poor electrical contact between 

the protein and the ITO electrode.  

An additional negative control was added to the study, in which a p-Si/PxV 

device without PSI was tested. This study allows for the evaluation of photocurrent 

contributions that are directly derived from photoabsorption/excitation events that happen 

in the silicon or polyviologen layers. The photocurrent density (450 ± 70 pA cm-2) for 
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this device type is presented in Figure 6.8B, where it barely rises above baseline. This 

minimal photocurrent response indicates that all photoactivated electron transfer 

processes are derived from the PSI layer and that PxV has virtually no photoactivity in 

the visible spectrum. 

The use of a polyviologen analog to mediate electron transfer with PSI was also 

demonstrated by Yehezkeli et al, in which layers monolayers of PSI were assembled into 

a film with alternating layers of the redox active polycation.86 However, this previous 

technology was constructed as a liquid cell requiring an exogenous, sacrificial electron 

donor. The newest proof-of-concept device presented in this chapter outperforms the 

previous state-of-the-art PSI/polyviologen type device, and also operates as a standalone 

solid-state unit. Elsewhere, viologen and polyviologen derivatives have been used as 

interfacial charge transport layers in polymer solar cells, thus indicating their future use 

in broad-scale photovoltaic development.87–89 

Conclusions and Future Directions 

A simple polyviologen, poly(p-xylylviologen), was synthesized and then 

characterized electrochemically to predict its electronic matching with PSI. When 

fabricated into simple devices, photocurrent generation was tested, and the role of the 

polymer in mediated electron transport was validated. In control devices where no 

polymer was deposited, there was a significant suppression of photocurrent.  

Many additional studies must be performed to fully explore PxV, and other 

polyviologens, in this application. Specifically, film thickness optimization of the PSI and 

PV layers, as well as improving uniform surface coverage of the PV layer on the PSI film 

to maximize photoelectron transfer. Additionally, further device efficiency could be 



	
   84	
  

improved with alternative viologens with tuned redox properties and electron diffusion 

coeffecients. This could be accomplished by modifying the N-alkyl linkers in the 

polymeric units, or adding electron donating or withdrawing substituents to the 2,3 

position(s) of the bipyridines. 

With the preliminary data collected on these novel, solid-state PSI/PxV devices, 

there appears to be great promise for polyviologens as an avenue for constructing simple 

solid-state biophotovoltaics. Further improvement in these devices can be found 

enhancement of the robustness of these devices. This could potentially be achieved by 

moving away from flexible ITO layers held on the device by force clamping, and instead 

RF sputtering a thin ITO film onto the PV layer. This anode deposition would introduce 

new opportunities for creating new, stand-alone, large-scale (100 cm2), deliverable 

photovoltaic devices. 
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Chapter 7 

 

LOW RESOURCE PHOTOSYSTEM I EXTRACTION AND ULTRA-FACILE 
BIOHYBRID DEVICE FABRICATION 

 

Introduction 

Major advances have been made in Photosystem I-based photovoltaic devices in 

the last decade, and many of these technological breakthroughs have utilized increasingly 

sophisticated materials. These materials can often be expensive, rare, or difficult to 

manufacture. Solar-grade silicon has been used in several PSI device types and although 

elemental silicon is not rare, it requires energetically intensive industrial processing to 

produce a pure form of the material for this application. Interestingly, it was previously 

determined that for a p-Si/PSI/ZnO/ITO device (Chapter 6), greater than 90% of the 

material cost of the entire device was derived from the silicon wafer.   

PSI is an attractive material to use in new photovoltaic technologies because of its 

natural abundance and simplicity. Since it can be extracted from a wide variety of plant 

materials found in many environments, PSI has the potential to be implemented on a 

global scale for low-cost solar energy conversion. Currently, PSI is harvested from 

commercially available plant sources, using an extraction protocol that requires extensive 

laboratory knowledge and specialized equipment.   

Thus when considering the cost of some materials used in state-of-the-art devices, 

and the intensive nature of the PSI extraction procedure, it becomes apparent that PSI-

based solar cells are not in an advantageous position for low-cost scalability. This goal of 

this chapter is to develop a streamlined, modified extraction procedure for PSI that could 
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be carried out by an individual with limited chemistry knowledge and experience, and 

eventually interface the extracted PSI with low-cost materials with minimal processing to 

develop a simple photovoltaic device. 

Applications for this research are found in a variety of low resource settings. Most 

practically, this information will be distributed to local metro and rural schools where 

students can carry out the rapid extraction and device fabrication for educational 

purposes. Ideally, the extraction protocol should demand practical chemical expertise of a 

high school-level student, and require only materials that can be procured from local 

grocery, home improvement, or craft stores. The long-term goal for the ultra facile PSI 

extraction is to deploy this technology in modular form into low resource settings. This 

would allow for the extraction of PSI from any locally sourced green plants, and 

subsequent utilization of that PSI in the fabrication of small solar energy conversion 

devices constructed in the field and used to power small electronics.  

First, the current extraction methods must be addressed. Currently, the process 

involves simple maceration, filtration, two centrifugation steps, and column 

chromatography. The biggest restrictions on this process are found in the high speeds 

required for the centrifugation steps, 8,000 x g and 20,000 x g, and the column 

separation. The two centrifugation steps are present in the current protocol to pellet the 

chloroplasts, and precipitate the insoluble material after membrane lysis. Thus, a new 

streamlined protocol needs to eliminate at least one of the spin cycles, and reduce the 

required rotor speed, which in turn would eliminate the need for a more costly 

instrument. Precipitation of the spinach sub-organelles can be achieved at a relatively low 

speed, and thus can be reasonably accomplished using a low-grade commercial 
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centrifuge. Alternatively, the second centrifugation cycle at 20,000 x g requires a 

specialized centrifuge apparatus and the necessity of this step is minimal when the 

desired outcome of the extraction is speed and ease, not purity.  

Finally, the use of hydroxylapatite as a stationary phase is very simple in the 

current extraction format. The isocratic elution conditions using a high concentration of 

phosphate is very user-friendly. However, the scale of this column separation needs to be 

downsized to make it faster and more reliable. To solve this, an improvised flash column, 

made from a Pasteur pipet packed, with less than 0.5 g of hydroxylapatite will serve as 

the separation column. A basic outline for the new extraction method is depicted in 

Figure 7.1. 

 

Figure 7.1. Outline of Low Resource Photosystem I Extraction. The process involves 
1) grinding of the spinach leaves, 2) filtration with layers of cheese cloth, 3) low speed 
centrifugation to precipitate chloroplasts, 4) PSI solubilization with Triton X-100, and 5) 
hydroxylapatite separation using a Pasteur pipet or syringe body as an improvised 
column. 
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With these simple protocol modifications, we have altered the procedure for PSI 

extraction and created a more practical approach. This chapter outlines the newly 

developed method and describes future plans for rapidly fabricating simple photovoltaic 

devices from the extracted protein. 

Experimental 

Rapid Extraction of Photosystem I 

This extraction was designed with careful consideration for the materials, 

reagents, and equipment required to carry out the process, as well as time and expertise 

required by the operator. Reagents can all be easily obtained from chemical vendors at 

minimal cost, are considered to be environmentally benign, and have long shelf lives. 

Most materials could be procured from local craft or hardware stores. The centrifuge used 

in this extraction was a Fisher Centrific™ Model 228, which is a rudimentary tabletop 

centrifuge usually available for less than $300. These centrifuges are very robust, with 

maximum RCF of 1,380 x g, and are commonly found in teaching laboratories of high 

schools and undergraduate institutions. The total extraction was targeted for a completion 

under time 2 h. 

Approximately 48 g of spinach leaves were placed in a household blender with 

100 mL of Grinding Medium (330 mM sorbitol, 10 mM sodium pyrophosphate, 4 mM 

calcium chloride, and 2 mM ascorbic acid). The spinach was ground into a smooth 

homogenized mixture. This mixture was then coarsely filtered through 8 layers of 

cheesecloth. The filtrate was divided into 4 centrifuge tubes, balanced by approximate 

volume, and then loaded into a Fisher Model 228 centrifuge. The samples were spun at 
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1,380 x g for 1 min. After the centrifugation cycle was complete, the supernatant was 

discarded. 

The pellets of broken chloroplasts were resuspended using a minimal volume 

(approximately 1 mL) of Resuspending Medium (50 mM HEPES pH = 7.6, 330 mM 

sorbitol, 2 mM EDTA, 1 mM magnesium chloride, 1 mM manganese chloride, and 1% 

Triton X-100). This surfactant-rich media is used to lyse the thylakoids and solubilize the 

PSI. All of the resuspended pellets were combined into a 15 mL centrifuge tube and 

shaken vigorously. The suspension was allowed to incubate with the surfactant solution 

for 15+ minutes while the improvised separations column was set up. 

A 5-3/4” Pasteur pipet was clamped securely in the vertical position such that it 

could be used as a makeshift vessel to hold the hydroxylapatite resin. A small piece of 

glass wool was pushed all the way to the neck to the pipet to keep the resin in the column. 

0.3 g of hydroxylapatite was slurried with Column buffer (20 mM phosphate buffer, pH = 

7.00). The slurry was then poured into the pipet and allowed to settle into a packed resin 

bed. Column buffer was continually added atop the stationary phase to ensure proper 

packing.  

Once the column was prepped, the membrane lysate was loaded into the column, 

and allowed to flow over the hydroxylapatite. Column buffer was continually added to 

wash through any non-bound material. The initial green eluent was collected and later 

discarded. Occasionally, a pipet bulb was loosely affixed to the top of the pipet and 

compressed to pressurize the headspace of the column and force buffer through the 

column. Once the eluent returned to colorless, the buffer was switched to Elution buffer 

(200 mM phosphate buffer with 0.05% Triton X-100, pH = 7.00). The Elution buffer was 
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continually added to collect the purified PSI from the column. This eluent was collected 

as purified PSI. The bulk PSI solution was aliquoted into smaller volumes and stored at -

80 °C for later use. 

A P700 concentration assay was performed on the PSI collected using this new 

protocol, with the methods described in Chapter 2. 

Results and Discussion 

The newly developed extraction procedure was comparatively very streamlined, 

over the traditionally used method (Chapter 2). The entire process can be completed in 

less than 2 hours, which is a vast improvement over the 6+ hours required for running a 

large-scale extract with a traditional hydroxylapatite column. A table summarizing the 

results of this new rapid extraction procedure, and comparisons to the traditional method, 

are presented in Table 2.  

 Based on the column format, and limited resin bed volume, only a modest 

amount of purified PSI (by volume) was harvested. In this extraction, approximately 10 

mL of PSI was collected. In using 0.3 g of hydroxylapatite, it is expected that the resin 

quickly became saturated, and a majority of the protein that entered the column did not 

interact with the stationary phase. However, this could be remedied easily by increasing 

Table 7.1. Comparison of Results between PSI Extraction Types 

Extraction Type Time Required, 
Hours Yield, mL [P700], µM 

Traditional > 6 Approx. 200 0.5-2 
Rapid, Low-

Resource < 2 Approx. 10 1.7 
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the amount of hydroxylapatite and/or using a larger column. This `optimization comes at 

the sacrifice of time required to complete the extraction procedure. Thus in order to 

maintain the rapidity of this purification strategy, a minimal amount of hydroxylapatite 

was used.  

The final separation stage of this rapid extraction could potentially be further 

improved by switching from a glass Pasteur pipet (I.D. = 5.76 mm) to a small plastic 

syringe body with the plunger removed. This format allows for a wider column, which 

could handle a larger volume of hydroxylapatite, or the same 0.3 g quantity of resin with 

a decreased the column length. The accompanying plunger could also be used to apply 

gentle pressure to the separation column for improved separation time and more 

concentrated PSI eluent.  

PSI collected using this modified procedure was evaluated by a typical Baba 

Assay, in which the active P700 concentration of the sample was determined. The assay 

revealed that active PSI was extracted using this streamlined procedure, and that PSI was 

collected in a concentration of 1.7 µM, which is comparable to the previously used, full-

scale extraction procedure.  

Further characterization was performed using SDS-PAGE. This method allows 

for the qualitative assessment of protein subunits present in the extracted sample. For 

comparative purposes Photosystem II, extracted using a different method, was also 

analyzed. The gels are presented in Figure 7.2. 
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Figure 7.2. SDS-PAGE of PSI Extracted with Low Resource Method. PSI was 
extracted using the novel rapid extraction protocol. The concentrated band near 50 kDa is 
representative of the PsaA and PsaB subunit heterodimers specific to PSI. Other smaller 
peripheral protein subunits of PSI are also present in the lower mass regions. PSII was 
also loaded onto the gel for comparative purposes.  

 

SDS-PAGE of PSI indicates several of the key PSI-specific protein bands. 

Uniquely, a dark band appears near 50 kDa, which corresponds to the hallmark PsaA and 

PsaB heterodimer subunits. This is a clear indicator that a substantial quantity of intact 

PSI was collected using this new extraction method. Additionally, some smaller subunits 

of PSI have been identified in the gel, i.e. PsaD and PsaE. It is worth noting that many 

other bands are present in the gel lane. This can be attributed to the hastiness of 

purification in this process. The rapidity of the extraction compromises absolute purity in 

the final product, which is to be expected.  
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There are bands present in the PSI lane that could be attributed to residual PSII 

that was not removed by high-speed centrifugation (20,000 x g for 15 min). However, 

there are not bands present in the PSII same near 50 kDa, indicating that the protein 

sample extracted using this new method contains high molecular weight polypeptides, 

which likely belong to PSI. This data in conjunction with the photoactivity assay 

indicates that our modified extraction procedure was successful in harvesting 

photoactive, chlorophyll-containing protein complexes. 

Conclusions and Future Directions 

In this chapter, a new method for the extraction of PSI from spinach leaves was 

presented. This protocol greatly streamlines the process by eliminating a high speed 

centrifugation step, and also downsizes the column separation to that of a 0.3 g 

hydroxylapatite resin bed in a Pasteur pipet. A adequate amount of PSI was extracted 

through this method, and it was assayed to determine an active P700 concentration of 1.7 

µM, which is comparable to PSI extracted using the previously devised full scale 

protocol. 

With this newly developed method for PSI extraction, the immediate objective is 

develop a small-scale photovoltaic cell that can be built using the extracted protein. 

Utilizing low-cost materials for this fabrication are key. Some materials to be explored 

include: organic polymers, metal oxides, and carbonaceous substrates. Future studies that 

seek to continue this project can construct simple devices using the PSI extracted from 

the methods in this chapter. Metal cathodes have been shown to interface very well with 

PSI in previous studies. Gold was one of the earliest materials for PSI devices,90,91 and 

later solid-state devices utilized silver or aluminum cathodic layers.36,80 Thin metallic 
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foils are available at craft stores and are a low cost option for crude biohybrid devices. 

The proposed device will be fabricated by first affixing a metal foil, such as gold leaf, to 

a glass slide for structural support. Upon this substrate, a multilayer of extracted PSI will 

be deposited. An interfacial electron transport layer such as poly(p-xylylviologen) will 

then be added onto the PSI multilayer. This can be rapidly assembled into a very thin 

layer by spray coating a solution of polymer onto the protein film using an airbrush 

purchased at a craft store. Finally, ITO with a flexible polymer backing will be pressed 

onto the polyviologen layer to act as the transparent device anode. 

Ideally, modular kits will be assembled that include all the components required 

to extract PSI from any locally available green plant, and then assemble a PSI solar cell. 

This project has immense broader impacts in the enrichment of science students through 

hands-on demonstrations that can be performed in any classroom setting. Additionally, a 

modular, deployable kit for fabricating solar cells from green plants would be invaluable 

for powering small electronic devices in low resource environments where traditional 

power grids do not exist. 
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Chapter 8 

 

OSMIUM-POLYMER BASED ELECTROCHEMICAL BIOSENSORS FOR 
ORGAN-ON-CHIP SYSTEMS 

 
 

 
Introduction 

Based on the liver’s role as a metabolic center of mammalian systems, 

understanding the behavior of this organ is of unique importance in studying the way 

therapeutics are processed. A number of drug candidates fail due to toxicity, the majority 

of which is centralized in the liver or induced through the generation of toxic secondary 

metabolites.92 Thus many chemical-based therapies pose a particular risk to liver health. 

These failures can be severely consequential for researchers, pharmaceutical companies, 

and trial participants, alike, providing the impetus that has pushed the development of 

improved preclinical in vitro models to reduce enormous financial and ethical burdens 

that often plague drug development.93   

For an in vitro preclinical system to be effective, it must allow for cellular-level 

changes to be observed and modeled in response to an influx of drug/toxin. Optical and 

fluorescence-based cytometry in screening have proven to be powerful assay tools, but 

these methods can also be costly and time consuming. Electrochemical screening, 

however, represents a much more rapid methodology for real-time bioenergetic 

profiling.94 The use of electrochemical methods to monitor real-time cellular responses 

has been utilized for a wide variety of biological systems. Glucose is the most widely 

monitored metabolite via electrochemical methods, as evidenced by the breadth of 

glucose sensing technologies developed in the last decades, most notably rapid glucose 
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diagnostics in the form of single-use test strips for hypo/hyperglycemia.95 Most 

commonly, glucose sensing is carried out amperometrically using an enzyme, glucose 

oxidase (GOx), immobilized on an electrode. Electrons from substrate oxidation and are 

harvested by the sensor electrode and transduced as a signal. Based on their generally 

low-cost, availability, and facile fabrication, enzymatic biosensors have been widely used 

in electrochemical measurements.96 

Additionally, the use of multiple enzymatic biosensors on a single sensor array 

has provided a multiplexed approach to studying analyte changes in a dynamic biological 

system in real time. Noteworthy examples of multianalyte, electrochemical biosensing 

have studied stimulated endocrine responses,97 macrophage immunoresponses,98 neuronal 

responses to ischemia,99 and metabolic cellular responses to cholera toxin exposure.100 

Major advances in electrochemical metabolic profiling were made through the creation of 

the MicroClincal Analyzer, a modular analytical component of an Organ-on-Chip system 

outfitted for the real-time measurement of glucose, lactate, oxygen and extracellular 

acidification.101,102 Although versatile in studying a wide variety of novel systems, it is 

currently incompatible with Liver-on-Chip systems. 

 Due to the nature by which hepatocytes process xenobiotic compounds through 

oxidative, reductive, and/or hydrolytic pathways, many compounds of relevance to liver 

health demonstrate inherent redox activity.103 Consequently, redox active drugs, toxins, 

and small molecules of interest to liver systems act as amperometric interferents during in 

vitro studies. To this extent, acetaminophen (APAP) is a model compound due to its 

clinical relevance, acute hepatotoxicity, and known redox activity. The known redox 

activity of APAP makes this compound problematic for traditional enzymatic biosensors 
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that utilize high amperometric detection potentials. These sensors rely on immobilized 

oxidase enzymes for specific analyte quantification through the production of hydrogen 

peroxide upon substrate (e.g. glucose) oxidation. As depicted in Figure 8.1, GOx oxidizes 

glucose to produce glucono-δ-lactone (GDL). Meanwhile, dissolved oxygen in proximity 

to the enzyme acts as coreactant and electron acceptor to the enzyme, producing H2O2. 

Subsequently, the oxidation of localized hydrogen peroxide at the electrode surface is 

observed as an amperometric signal. Based on the high electrode bias required to oxidize 

hydrogen peroxide, the oxidation of electroactive APAP, present in complex biological 

matrices, to N-acetyl-p-benzoquinone imine (NAPQI) will mask any relevant analyte 

changes.  

An effective strategy to circumvent the interference of redox active compounds 

present in biological matrices is voltammetric discrimination of analyte and interferent.104 

This is accomplished by catalytically minimizing the overpotential required for analyte 

detection to a potential window in which interferents are not redox active. In the case of 

APAP, an electrode potential less than +0.3 V (vs. Ag/AgCl) must be utilized to negate 

any signal contributions from the background reaction. A popular route to achieve this is 

accomplished through the use of various metallic or metallized substrates to catalyze the 

reduction of peroxide at a lower overpotential; Au, Pd, Ru, Rh and their alloys have 

yielded promising results.105–107 However, these material are often unstable or 

prohibitively expensive, leaving doubts about their widespread implementation in 

analytical detection systems. 

In this work, we utilize a low detection potential bias for the simultaneous, 

amperometric sensing of changes in multiple analytes in media containing a high 
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concentration of APAP. The concentration of APAP used in these studies is 10 mM, 

which is far beyond clinically relevant limits. This level was selected for later studies of 

acute induced hepatic necrosis. This is achieved through the inclusion of a wired, redox 

hydrogel that serves as an immobilization matrix for the enzyme and provides and a 

tethered redox mediator between enzyme and electrode. 

  

Figure 8.1. Redox Processes of Traditional and “Wired” Enzymatic Glucose 
Sensors. Left: a traditional sensor is depicted where electron transfer between enzyme 
and electrode is mediated by dissolved oxygen. Right: the enzyme is crosslinked within a 
wired redox polymer network, which facilitates interfacial electron transfer, at a lower 
oxidation potential. The high electrode potential required to transduce a peroxide signal 
in the traditional system also readily oxidizes acetaminophen (APAP) in the matrix. The 
electrode bias of 0.2 V required for the GOx/Os-polymer system mitigates any oxidative 
signal from APAP present in the sample. 
 

Osmium containing redox polymers were first developed by Heller et al. in the 

late 1980s for use primarily as glucose biosensors.108 These metallopolymers are 

highlighted by a water-soluble polyvinylpyridine (PVP), or polyvinylimidazole (PVI), 

backbone with osmium-bis(2,2’bipyridine)chloride complexes coordinated to the 

polymer through the nitrogen atom of the heterocycle side chain. Covalently linking of 

GOx into a redox active hydrogel provides an enhanced pathway for electron transfer 

from the FAD/FADH2 cofactor of the enzyme, thus improving sensitivity and selectivity 
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of the enzymatic sensor. In this sensor type, analyte quantification is determined by the 

amperometric signal transduced by the turnover of the Os3+/2+.  

The advantage of using tethered osmium complexes is found in the unique and 

tunable redox potential of the hydrogel-bound mediators. For this application an Os-

polymer with a redox potential of approximately +0.2 V is desired. This specific potential 

is ideal for accepting electrons from a reduced FADH2 cofactor of an oxidase enzyme to 

yield [Os(bpy)2Cl(PVI)]2+. The reduced Os-complex can then be reoxidized back to its 

+3 state by applying an electrode bias that is slightly oxidizing relative to the redox 

potential of the coordination complex. This detection potential is below the onset 

oxidation potential of APAP and avoids possible amperometric interference. 

In studying an in vitro Organ-on-Chip system, it is desirable to concurrently 

monitor multiple analyte changes to better understand modes of action and elucidate the 

pathways responsible for hepatotoxicity. To this end, glucose, lactate, and glutamate were 

chosen as the three analytes of interest due to their relevance in basal and trauma-induced 

metabolic activity and widely available enzyme oxidases (i.e. glucose oxidase, lactate 

oxidase, and glutamate oxidase). Glucose and lactate play active roles in several key 

metabolic processes in liver cells, including glycolysis, glycogenolysis, and 

gluconeogenesis.109  

Where as glucose and lactate fluxes can be used to monitor metabolic changes in 

normal hepatic cell proliferation, glutamate flux can be used as a marker for stress in 

hepatic systems under induced acute toxicity. In a clinical setting, an assay of aspartate 

aminotransferase/alanine aminotransferase (AST/ALT), and their relative ratio, in patient 

serum is used to identify hepatotoxicity. Increased levels of AST and ALT stand as a 
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marker for hepatocellular necrosis. Both aspartate and alanine aminotransferase yield L-

glutamate as a product of their substrate turnover,110 thus increased concentrations of L-

glutamate found downstream from a liver bioreactor or Liver-on-Chip system would 

indicate the presence of AST and/or ALT, and the prerequisite hepatocyte necrosis. 

Several electrochemical assays for AST/ALT have been developed that utilize glutamate 

oxidase to quantify changes in sample media. However, based on the dependence of these 

sensor types on the oxidation of hydrogen peroxide to yield an amperometric signal, the 

effect of electroactive drugs/toxins (e.g. APAP) and the effect on AST/ALT release have 

not been studied due to the likely interferent effects introduced by background oxidation 

signals. 

In the present work, we present a multianalyte sensor platform, which utilizes 

glucose, lactate, or glutamate oxidase coupled to redox hydrogels to independently 

quantify glucose, lactate, and glutamate signals in real time, at a low oxidation potential, 

over a background of 10 mM APAP. Together these tools represent a new method to 

rapidly analyze Liver-on-Chip systems to electrochemically monitor cellular viability, 

perform toxicity screenings, and possibly elucidate metabolic pathways. Herein, real-time 

changes in the concentrations of three analytes were simultaneously recorded and 

calibrated using a series of standards spiked in buffer. The calibrations performed in this 

work cover biologically relevant dynamic ranges. Additionally, selectivity assays were 

performed to demonstrate that this multianalyte sensor platform is insensitive to high 

concentrations of APAP, and longevity studies of sensor performance were also carried 

out to validate this platform’s ideality for interfacing with continuously operational 

Liver-on-Chip systems. 
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Experimental 

Apparatus 

Screen printed electrodes (SPE), described elsewhere,111 serve as the underlying 

multianalyte sensor head for this platform. Briefly, this SPE features three parallel 1.5 

mm diameter disk platinum working electrodes, a 2 x 10 mm rectangular platinum bar 

that serves as the auxiliary/counter electrode, and a very small 0.08 mm2 electrode that 

was silver-plated to serve as a reference electrode. This entire electrode array is then 

sealed into a 26 µL flow chamber for flow-based electrochemical analysis. Each working 

electrode was modified for a specific analyte of interest to allow for the independent 

monitoring of changes in each concentration over time. Figure 8.2 presents a model of the 

modified SPE assembled in the flow chamber. 

 

Figure 8.2. Modified Screen Printed Electrode in Flow Chamber. Representation of 
the assembled flow chamber apparatus used for this study. Three independent working 
electrodes are used on the chip, each with diameter of 1.5 mm. The compositions of 
glucose, lactate, and glutamate sensitive electrodes are shown in the insets for each 
respective electrode type. A platinum bar electrode (0.19 cm2) serves as the auxiliary 
electrode. 
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Materials 

N-vinylimidazole, azobisisobutyronitrile (AIBN), 2,2’-bipyridine, ammonium 

hexachloroosmate(IV), and polyethylene diglcidyl ether (PEGDGE), were purchased 

from Sigma Aldrich. Glucose oxidase (GOx) (152.54 U/mg) and lactate oxidase (LOx) 

(11.29 U/mg) were purchased from Applied Enzyme Technology. L-glutamate oxidase 

(EOx) was purchased from Yamasa Corporation. The N-vinylimidazole monomer was 

purified via vacuum distillation prior to use. However, all other reagents were used as 

received and without any additional purification. 

Preparation of Os-loaded Metallopolymer 

Osmium-containing redox polymer, Os(bpy)2Cl-PVI was prepared according to 

various protocols described previously.112 Poly(N-vinylimidazole) (PVI) was prepared 

through free radical polymerization using AIBN as the initiator. Freshly distilled N-

vinylimidazole monomer was combined with AIBN (60:1 ratio of monomer to initiator) 

in absolute ethanol in a N2 purged flask. The reaction mixture was heated to 70 °C for 12 

h to induce complete polymerization. The resulting solid was purified by dissolution in 

additional ethanol overnight, and then precipitation in rapidly stirring diethyl ether. The 

solid was separated on a coarse frit, followed by additional washes with diethyl ether, and 

drying under vacuum. 

Osmium[bis(2,2’-bipyridine)dichloride] (“Os(bpy)2Cl2”) was synthesized by 

refluxing ammonium hexachloroosmate(IV) with 2-molar equivalents of 2,2’-bipyridine 

in ethylene glycol for 2 h.113 Excess aqueous sodium dithionite (approx. 0.1 g/mL in DI 

water) was then added dropwise to the stirring reaction mixture to ensure that all Os-

complexes were present in the Os(II) state. The reaction mixture was then chilled on dry 
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ice and filtered using a fine (4-5.5 µm) sintered glass funnel. Once filtered, the product 

crystals were washed with three small volumes of cold water and then dried on the frit 

under vacuum for 1 h, and in an oven at 65 °C overnight. 

The prepared Os(bpy)2Cl2 was loaded onto the PVI side chains by refluxing 

together (in 3:4 Os to imidazole ratio) in absolute ethanol for 5 d. Following the reflux 

period, the reaction mixture was added dropwise to a stirring volume of diethyl ether. 

This polymer-ether mixture was then chilled on dry ice and the precipitate was filtered on 

a fine sintered glass funnel. The Os(bpy)2Cl-PVI product was then washed with excess 

volumes of cold ether to remove unbound Os(bpy)2Cl2 and subsequently dried under 

vacuum for 15 min. The product was then dried further by transferring to a round bottom 

flask and holding under vacuum (<10-4 Torr) overnight.  

Electrode Modification 

To prepare a sensor chip capable of flow-based electrochemistry, one of the 

electrodes on the sensor array was modified to act as a reference electrode. This was 

accomplished by depositing a thin layer of Ag/AgCl onto the small 0.08 mm2 electrode 

on the chip. The plating solution was comprised of an solution of 0.3 M AgNO3 and 1 M 

NH4OH, An external Ag/AgCl (3M KCl) reference electrode and Pt mesh counter 

electrode were used for the silver deposition. First, a preconditioning step was applied 

with a bias of +0.95 V (vs. Ag/AgCl) for 30 s, which was then immediately followed by 

galvanostatic plating at a cathodic current density of 6.5 mA/cm2 for 450 s. Following 

plating, the AgCl layer was generated on the freshly plated silver by soaking in 50 mM 

FeCl3 for 1 min.  
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Enzyme films were prepared using a dropcast method in which 0.5 µL aliquots of 

a metallopolymer-enzyme solution were deposited onto the 1.5 mm diameter disk 

electrodes intended for amperometric analyte detection. Films were dried at room 

temperature, prior to being moved to the refrigerator for overnight crosslinking at 4 °C. 

Glucose specific electrodes were modified with a stock solution 5 mg/mL glucose 

oxidase, 20 mg/mL Os(bpy)2Cl-PVI, and 1% (v/v) PEGDGE. Lactate specific electrodes 

were prepared similarly, except 5 mg/mL lactate oxidase was used in the stock solution. 

Further, glutamate specific electrodes were prepared from a nearly identical stock 

metallopolymer-enzyme solution with glutamate oxidase at a concentration of 1 mg/mL. 

Titrations 

Amperometric titrations were performed using the modified screen printed SPEs 

assembled into a magnetically sealed acrylic flow chamber, with an O-ring sandwiched 

tightly onto the SPE chip face to provide a defined flow chamber volume. A downstream 

syringe pump operating in pulling-mode drove flow in this setup. Thus, the pump 

operated by drawing solution from each vial of standard. The syringe pump operated at a 

flow rate of 100 µL/min for all experiments. A CH Instruments (Austin, TX) 1440 

multichannel potentiostat was used to record three independent amperometric signals 

(glucose, lactate, and glutamate). For the amperometric channels, the electrode bias was 

held at 0.2 V (vs. quasi-Ag ref) at a sampling frequency of 1 sec-1. Standards were 

prepared in phosphate buffer (1 mM, pH = 7.00) with 120 mM KCl and 10 mM APAP. 

Each calibrant solution contained an increasing quantity of glucose, lactate, and 

glutamate such that simultaneous calibrations could be performed for each analyte. The 
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analyte ranges used in this study were: glucose 0 – 25 mM, lactate 0 – 3 mM, and 

glutamate 0 - 1 mM. 

Results and Discussion 

Os(bpy)2Cl-PVI synthesized using the aforementioned protocol was characterized 

by cyclic voltammetry to verify its utility in this sensor type. A redox potential of 

approximately 0.2 V vs Ag/AgCl is optimal for accepting electrons from the oxidase 

enzymes. Further a low electrode potential required to oxidize the Os-complexes, and 

turnover the enzyme would avoid interference from electroactive compounds in the 

matrix, i.e. acetaminophen. A cyclic voltammogram for a handcast film of Os-polymer 

crosslinked with GOx is presented in Figure 8.3 

 

 

Figure 8.3. Cyclic Voltammogram of Os-polymer Modified SPE. Os-polymer 
immobilized on an SPE working electrode along with GOx, and characterized in the 
presence of 10 mM APAP. Scan was performed with assembled 26 µL flow chamber 
using integrated auxiliary and Ag/AgCl reference electrodes on the chip. Scan rate was 
100 mV/s. 
 

The redox peak near 0.18 V corresponds to the osmium complexes tethered 

within the hydrogel network. This voltammogram was collected in APAP-rich buffer, 

such that the onset of APAP oxidation can be observed near 0.25 V. The separation of 
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osmium and APAP oxidation events indicates that this redox polymer is an ideal choice 

for this biosensor type and that an electrode bias of 0.2 V will induce the turnover of the 

Os-polymer immobilized on the electrode surface without oxidizing APAP in the bulk 

solution. 

Through the modification of the SPEs with enzyme films and osmium containing 

redox polymers, calibrations were performed for glucose, lactate, and glutamate in PBS 

spiked with a high concentration of acetaminophen. The titration was carried out by 

simultaneously recording independent amperometric signals under constant sample flow. 

A typical multianalyte calibration is presented in Figure 8.4, where the current was 

recorded over a total span of 1500 s, during which calibration solutions with increasing 

glucose, lactate, and glutamate were switched every 300 s. By utilizing the electrode bias 

of 0.2 V for glucose, lactate, and glutamate sensors, the interferent effects of APAP have 

been mitigated. Additionally, the observation of an anodic (negative) current in these 

sensors confirms the predicted electron flow mechanism, in which electron donation 

occurs from FADH2 of the oxidase enzyme to Os3+. Subsequently, the donation of 

electrons from the reduced osmium complex to the underlying electrode is observed as 

anodic current. 
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Figure 8.4. Multianalyte Titration of Oxidase Os-Poly Sensors and Simultaneous 
Calibration Curves. A) A typical multianalyte titration carried out using a three 
electrode SPE modified with GOx Os-polymer, LOx Os-polymer, and EOx Os-polymer. 
Following a 300 s equilibration period with a baseline buffer solution of 0 mM glucose, 
lactate, and glutamate, standard solutions with increasing concentrations of each analyte 
were introduced into the flow cell. Calibration standards were switched every 300 
seconds. Calibration curves for glucose (B), lactate (C), and glutamate (D) were extracted 
from the titration curves. The error bars at each point represent the standard error from at 
least 3 replicate titrations. E) Magnified image of the SPE chip with three working 
electrodes (WE), silver-plated reference electrode, and platinum counter electrode. Scale 
bar represents 5 mm. 
 

From a minimum of three sequential titrations, calibration curves have been 

created for each analyte (Figure 8.4B-D). As expected, the enzymatic sensors follow 

traditional enzyme kinetics, as evidenced by the Michaelis-Menten modeling; using this 

model, dynamic ranges were observed for glucose concentrations up to 25 mM, lactate 

concentrations up to 3 mM, and glutamate concentrations up to 1 mM. All of these 

concentration ranges represent biologically relevant thresholds.  

When considering the utility of this new sensor platform in tandem with a 

continuously operational Organ-on-Chip system, the longevity of sensor performance 

must be taken into consideration. Calibrations were carried out daily to monitor the 

change in baseline signal (without analyte) and the signal produced from the highest 

calibration solution, i.e. 25 mM glucose and 3 mM lactate. Figure 8.5 presents the day-to-
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day variances for glucose and lactate sensors. When not in use, modified SPEs were 

stored in 10 mM PBS at 4 °C.  

 

Figure 8.5. Long-term Stability of Os-based Glucose and Lactate Sensors. Glucose 
(black) and lactate (green) sensors were calibrated once daily over a ten-day period, and 
the calibration signal maximum (solid) and blank baseline signals (dashed) are presented. 
Each data point represents the average current and standard deviation of three sensors of 
that type. 
 

A reasonable amount of stability was observed over the ten-day period for the 

glucose and lactate sensors. As expected, signal sensitivity is lost over time, and this can 

be attributed to degradation of the osmium polymer, leeching of the enzyme out of the 

polymer, or loss of enzyme activity. In the glucose sensor, this performance is observed 

to be relatively stable; the 10-day sensor generated over 200 nA at 25 mM glucose. As 

for lactate, the signal decays steadily from the onset of the trial, and continues to Day 10 

where only a small (< 100 nA) difference in signal can be observed between blank and 3 

mM. These preliminary studies indicate that these sensors maintain appropriate day-to-

day reproducibility over short time spans.   

Additional studies must be included to accommodate long-term studies of 

glutamate oxidase-based sensors. Initial studies have shown that sensor performances 

diminish dramatically within the first 48 hours, thus making them unsuitable for 
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repetitive use. This will be remedied through the use of more PEGDGE crosslinker to 

better fix the Os-polymer film or by using an Os-polymer with a higher quantity of 

unmodified imidazole side chains that may participate in the crosslinking reactions. This 

increase in free imidazole side chains directly correlates to the reduction of the total 

quantity of osmium in the hydrogel which ultimately will give rise to slower electron 

diffusion through the film and subsequently will yield lower analytical sensitivities for 

the sensor. This compromise between robustness and sensitivity of the sensor will be 

explored and optimized.  

An added benefit to the Os-polymer/enzyme system is a diminished dependence 

on dissolved oxygen to mediate electron transfer in this system. With redox active 

osmium complexes tethered to the oxidase enzyme, the electron from the enzyme 

turnover can be carried to the electrode for signal transduction. This reduced oxygen 

dependence is explored in Figure 8.6 where an SPE was modified with Os-polymer/GOx 

on all three working electrode, and tested in normal (air saturated) and oxygen-free 

standards containing increasing concentrations of glucose. For this experiment set, the 

small 0.08 mm2 electrode was left as a bare Pt electrode, and not plated with Ag, such 

that it could be used to amperometrically measure the concentration of dissolved oxygen 

in the 26 µL sensor chamber in real time. The platinum auxiliary electrode was plated 

with a thin layer of silver using methods described above, to create a combined 

counter/quasi-ref electrode. 
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Figure 8.6. Air Saturated and Oxygen-free Glucose Calibrations. Titrations were 
performed in (A) air saturated buffer solutions containing increasing concentrations of 
glucose, and then in (B) oxygen-free solutions. Three identical sensors were modified on 
each SPE denoted as Electrodes 1-3 (black, red, and green). Following a 300 s 
equilibration period, standards were changed every 300 s in order of ascending glucose 
concentration from 0 - 15 mM glucose. In both experiments, dissolved oxygen in the flow 
chamber was tracked using an unmodified 0.08 mm2 platinum electrode (blue). 
Calibration curves for the air saturated (solid) and oxygen-free (dashed) titrations are 
presented in C. 
 

This study was carried out by first performing the titration in normal, air saturated 

glucose standards (Figure 8.6A). Upon completion of this titration, all standards were 

purged with N2 for 30 minutes, and the apparatus was placed inside of a glove bag, which 

was also flushed with N2. After removing oxygen from the system, the titration was then 

performed again (Figure 8.6B). The small, unmodified platinum electrode on the SPE 

was biased at -0.45 V to detect dissolved oxygen amperometrically during both runs. It 

can be seen that the purging process was successful at removing dissolved oxygen, 
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because the oxygen reduction signal decreases significantly between the two titrations, 

from approximately 400 nA to 10 nA. From the respective titrations, calibration curves 

were prepared (Figure 8.6C). As expected, the air-saturated signal produced a reasonable 

anodic current response with increasing concentration of glucose, and the signal begins to 

saturate at higher concentration as dictated by Michaelis-Menten kinetics. As the oxygen 

is removed from the system, the Os-polymer becomes the dominant electron carrier 

between enzyme and electrode. From 0 - 5 mM, the oxygen-free system behaves 

similarly to the typical air saturated system, as the low concentration regions of both 

calibration curves are virtually identical. This concentration range is acceptable for a 

variety of biological and clinical applications, and the oxygen insensitivity of this sensor 

type makes this ideal for use in ischemic in vitro analyses.  

Beyond the concentration of 10 mM glucose, the current for the oxygen-free 

system reaches signal saturation, which is expected with a limited number of osmium 

complexes fixed in the film. Increasing the amount of osmium complexes in the film 

would increase this expected saturation current due to the introduction of more electron 

carriers, and subsequently increase the apparent electron diffusion coefficient. Since the 

electron diffusion rate is dictated by the self-exchange collision rate between tethered 

complexes, and increasing the number of osmium complexes in the same film would 

decrease the average distance between complexes would decrease, then a rate increase in 

electron transfer is expected. 

Conclusions and Future Directions 

The redox active polymer, Os(bpy)2Cl-PVI, was synthesized and used to prepare 

enzymatic sensors for glucose, lactate, and glutamate that could be operated at a reduced 
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electrode bias to avoid amperometric interference from acetaminophen. A specialized 

screen printed electrode array was modified with Os-polymer/enzyme composites for 

independent, simultaneous multianalyte detection in real time. This flow-based 

electrochemical apparatus was validated by performing titrations from co-solutions of 

glucose, lactate, and glutamate in phosphate buffer with 10 mM acetaminophen.   

The stabilities of these Os-polymer/enzyme sensors were explored, and the 

glucose and lactate-specific sensor performances degraded slowly over time. These 

operational time scales represent reasonable sensor lifetimes for biological applications; 

however, further robustness is desired for permanent use in continuously operational 

Organ-on-Chip systems.   

Finally, the oxygen insensitivity for these sensors was demonstrated by 

performing air saturated and oxygen-free glucose titrations for Os-polymer/GOx sensors. 

Over biologically relevant concentrations (0 – 5 mM) these sensors responded 

comparably, and further inclusion of additional osmium complexes in the hydrogel 

network would likely improve the dynamic range of the oxygen-free titrations.  

For the first time, these redox polymers have been utilized for a multianalyte 

platform. These sensors have proved to be selective and sensitive for glucose, lactate, and 

glutamate without interference from acetaminophen, thus making them ideal for use in in 

vitro hepatocellular systems. The oxygen insensitivity provides additional versatility for 

observing the effects of ischemia in oxygen deprived in vitro systems. 
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Chapter 9 
 
 
 

CONCLUSIONS AND OUTLOOK 

 

Summary 

In this dissertation, we have addressed the enzyme electrode interface with respect 

to improving electron transfer across this gap, with special regard to the photoactive 

protein, Photosystem I (PSI). Previous studies of PSI had demonstrated a fundamental 

viability of PSI immobilized on metallic and semiconductor electrodes. However, these 

PSI electrodes were limited in photovoltaic efficiency based on poor electron transfer at 

the protein/electrode interface. The various studies presented here seek to develop the 

next generation of PSI composite materials that are capable of appreciable 

photoefficiencies.  

In Chapter 3, a novel class of conductive polymer-protein hybrids were 

constructed by in situ electrochemical polymerization of a co-solution of aniline and PSI. 

These films, grown directly off gold electrodes, served as an immobilization matrix for 

the protein, and also as a conductive material to aid in electron transport from PSI to the 

underlying gold. These proof-of-concept composites yielded a modest 5.7 µA cm-2, but 

the material represented the first of its kind with its ability to rapidly entrap high 

molecular weight photoactive proteins.  

These novel composite films were later used as the photosensitizing layer of 

solid-state photovoltaic devices as described in Chapter 4. Utilizing the previously 

optimized methods for in situ polymerization and film growth, these composites were 
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fabricated on TiO2 substrates. This semiconducting material represents an energetically 

favorable substrate that can efficiently accept electrons from the PAni-PSI film based on 

the position of its conduction band. Simple photovoltaic devices were fabricated from 

PAni-PSI/TiO2 by evaporating a thin silver layer on the backside of the PAni-PSI layer. 

When tested under standard solar simulation conditions, these simple devices produced a 

quantum efficiency of 0.009%, which currently represents the highest reported efficiency 

for any solid-state PSI-based photovoltaic device. 

Additionally, the orientation of PSI at electrode interfaces plays a large role in 

photovoltaic output. PSI operates in vivo by unidirectionally shuttling electrons across the 

thylakoid membrane from lumen to stroma. Hence, when the protein is removed from the 

lipid bilayer, orientational control is lost, and there is no alignment for PSI’s charge 

transport vectors. Chapter 5 introduces a new fundamental strategy in which PSI can be 

functionalized during the extraction process, giving rise to chemical modification 

restricted to one side of the protein. This side-selective modification strategy allows for 

the directed surfaces coupling of PSI in the “inverted” orientation with the FB cluster 

nearest the electrode surface. Ideally, the uniformity of a PSI film with all electron 

transport vector aligned will maximize photocurrent in PSI-derived photoactive layers by 

minimizing competing electrochemical reactions and charge recombination events. 

PSI-based photovoltaic devices were further studied in Chapter 6, which focuses 

on electron transport layers that can rapidly be assembled on p-Si/PSI electrodes. 

Previously, ZnO was deposited on the PSI active layer using Confined Plume Chemical 

Deposition. This technique established a thin film of ZnO on the PSI, which is an ideal 

electron accepting material for a solid-state cell. To further advance this device type, an 
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organic material that could be synthesized and deposited in a more facile manner was 

desired. The metal-free redox polymer, poly(p-xylylviologen), was synthesized and cast 

into film ontop of PSI on p-Si. ITO was pressed onto the polyviologen layer to construct 

a very simple photovoltaic device. These polymers represent a unique avenue for future 

development and optimization of scalable PSI solar cells. 

In regards to streamlining the PSI device development process, a new protocol for 

the extraction of the protein from green plants was introduced in Chapter 7. This process 

was successful in redesigning the protocol procedure to require less intensive user ability 

and call for only easily accessible/inexpensive chemicals and equipment.  

Finally, the goal of improving electron transfer across the protein/electrode 

interface was brought to a new application: biosensors. Enzymatic biosensors, such a 

glucose biosensors, are commonly found in a variety of biomedical applications. 

However, these sensor types are fundamentally restricted based on their dependence for 

dissolved oxygen to mediate electron transfer from enzyme to electrode for signal 

transduction. In Chapter 8, osmium-containing redox polymers are used as a 

immobilization matrix for oxidase enzymes on screen printed electrodes.  

The screen printed electrode array was designed for the simultaneous 

amperometric measurement of three analytes, and for this study the electrodes were 

modified with Os-polymer and either glucose, lactate, or glutamate oxidase. The osmium 

complexes within the hydrogel act as electron hopping sites to mediate transfer from 

enzyme to electrode, and also require a lower electrode bias to turnover the substrate. 

This lower bias (0.2 V) avoids amperometric interference from electroactive species 

commonly found in in vitro liver systems. To this extent, the newly developed 
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multianalyte biosensor was calibrated to a range of concentrations for glucose, lactate, 

and glutamate over a background of 10 mM acetaminophen.   

Perspectives and Outlook 

Nature has provided researchers with a model for efficient solar energy 

conversion. PSI currently stands not only as a model for inspiration, but rather is a 

complete entity that can be harvested and integrated directly into emerging alternative 

energy technologies. Previously the research teams at Vanderbilt, along with other groups 

around the globe, have made great strides in studying the protein, incorporating into 

rudimentary films, and even integrating the protein in prototype solar cells. The PSI-

based solar cells produced thus far still fall short of commercial viability. There is a 

significant journey ahead before PSI photovoltaics can reach practicality with 

photocurrent densities greater than 10 mA cm-2 and efficiencies higher than 1%. 

Returning again to the model of natural photosynthesis, it is worth noting that 

although PSI operates individually with high internal quantum efficiency, the overall 

process of photosynthesis occurs through a series of functional proteins that act in series 

to carry out a much larger biological function. It then becomes apparent that PSI, with its 

highly specialized in vivo function, is not idealized to operate alone. When designing 

PSI-based solar energy conversion systems for the future, the integration of the natural 

protein with complementary components and materials seems imminent. The future of 

the field is dependent on the design and fabrication of composite materials and 

conjugates with PSI. 

For instance, PSI is naturally found in thylakoid membrane electronically 

downhill from PSII. A series of small molecules and proteins mediate photoactivated 
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electron transfer from PSII to PSI. When used together, a PSII/PSI hybrid system could 

provide a very large potential energy gap between the hole generated by P680+ (of PSII) 

and FB
- (of PSI) of approximately 1.8 V. Future biohybrid technologies that seek to 

exploit these natural series photodiodes could utilize the protein functionalization and 

orientation strategies introduced in Chapter 6 to “wire” PSII and PSI complexes together 

in a head-to-tail fashion on a surface for bioderived water splitting electrodes.   

PSI’s chlorophyll network is highly adapted to absorb red light with a local 

maximum near 680 nm. However, this means that the protein is insensitive to many 

wavelengths in the green-region of the solar spectrum. These non-absorbed photons will 

count against any overall device efficiency, and to maximize any device output, PSI 

could be coupled to another photosensitizing component.  

Quantum dots (QDs) are an interesting material that could be used in a tandem 

device with PSI. These very small particles can be easily synthesized, and feature unique 

size-dependent optoelectronic properties. As a model example, CdSe particles can be 

size-tuned to have optical band gaps ranging from 2.1-2.3 eV, making the particles green 

absorbing. When coupled with appropriate electron donors and acceptors, QDs can 

initiate charge separation with relatively high efficiency. Interfacing PSI with carefully 

selected QDs may introduce a new type of tandem biohybrid device capable of absorbing 

a broader range of solar wavelengths. 

Finally, graphene is one of the most fascinating electronic materials for 

interfacing with PSI. Two hallmark studies involving PSI on graphene-based materials 

have already demonstrated the effective electronic interaction between the two organic 

components.114,115 PSI devices utilizing graphene are very desirable because of the 



	
   118	
  

prospect of preparing an organic, metal-free photovoltaic device. Future goals for PSI 

with graphene involve layering the protein within doped graphene stacks on substrates. 

This way, the PSI can be organized and oriented into multilayer films with charge 

collecting layers of p- or n-type graphene sandwiching the PSI film.  

Photosystem I is a natural protein supercomplex that is vital to photosynthesis. 

This protein is a key component that powers nearly all life on earth. However, its 

robustness has also proven it to be useful in biohybrid solar-to-electricity conversion. 

Nature has provided a fantastic model for solar energy conversion for billions of years, 

and also has provided the natural components for harvest and construction of semi-

artificial, low-cost solar cells.  
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Appendix A 

 

NANOELECTRODE FABRICATION 

 

Introduction 

Nanoelectrodes have become increasingly desirable for use in scanning 

electrochemical microscopy (SECM) based on their unequivocal ability to study ultrafast 

electrochemical reactions, elucidate heterogeneous electron transfer rate constants, probe 

cellular and subcellular systems, and image nanoscale environments with extremely high 

resolution.116 Currently, only micron-sized (10 - 25 µm) ultramicroelectrode tips are 

commercially available for use in SECM applications, and although useful, are too large 

in diameter to effectively study systems at the single protein level. Any sub-micron sized 

electrodes (nanoelectrodes) must be fabricated and characterized in-house.  

This Appendix describes techniques utilized to prepare a variety of nanoelectrode 

types, which can classified based on their core electrode material: platinum or carbon. 

The electrode material chosen for the nanoelectrode can offer greater versatility in 

application. For instance, carbon electrodes have a wider operational potential range, and 

are also more resistant to biofouling.117 Thus carbon-based nanoelectrodes are most 

commonly used for biological applications that include in vivo ultrafast voltammetry of 

neurotransmitters, and imaging of single cells. Conversely, platinum electrodes have 

broad versatility in many other applications, and offer select advantages over their carbon 

counterparts. While protocols for fabricating carbon and platinum electrodes both rely on 

a laser puller, the ductility of platinum metal allows for much smaller electrode tips to be 



	
   137	
  

fabricated (sub 10 nm), whereas carbon fibers are too brittle to be drawn below 1 µm. 

Typically, alternative methods are required to fabricate carbon nanoelectrodes (described 

below).  

Laser pipette pulling is an effective strategy for drawing borosilicate and quartz 

capillaries to very fine tips. With this instrument, a CO2 laser is focused through a 

parabolic mirror to uniformly heat a capillary. This capillary is secured to two pulling 

clamps on opposite ends, and once the glass is sufficiently softened, the pullers are 

activated and the capillary is rapidly drawn to a fine taper. The Sutter Instruments P-2000 

laser puller allows for great user control in the resulting capillary taper by allowing 

independent inputs for heating power, the width of capillary that is heated, softness of the 

glass prior to pulling, delay time between heating pulling, and total pulling force.  

For platinum electrodes, a platinum wire is first threaded through the capillary 

before pulling. However, in the case of carbon electrodes an empty capillary is pulled and 

tapered, and then backfilled with carbon to produce a conductive surface for 

electrochemistry. In the final step in electrode fabrication, the very finely tapered 

capillaries (filled with platinum or carbon) must be sealed within a larger glass body to 

provide structural support for later polishing and use.  

The critical step for preparing Pt electrodes involves first threading a fine Pt 

filament though a very small quartz capillary, inserting this wired capillary into a 

slighting larger capillary, and then fusing the two hollow capillaries together, under heat 

and vacuum, to create a uniform, solid quartz body surrounding the wire. This entire 

process is referred to as the “sealing” step of fabrication, and is arguably most critical 

(Figure A.1). 
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Figure A.1. Sealing of Platinum Wire for Fabrication of Platinum Nanoelectrodes. A 
fine platinum wire is threaded through a fine quartz capillary, and then into a larger 
quartz capillary. Vacuum is pulled from both ends of the larger capillary, and the center 
of the capillary is heated uniformly causing the overlapping quartz bodies to seal around 
the wire forming a solid wire/quartz assembly.  
 

Following the sealing process, the fused capillary/Pt body is placed into the P-

2000 laser puller, and pulling the activated to heat the capillary and wire uniformly and 

draw a fine taper and create a nanoelectrode. This method is very effective for platinum 

based electrodes based on the fortuitous matching of melting temperatures for quartz and 

platinum. The melting point for quartz is approximately 1700 °C, where as the melting 

point of platinum is 1768 °C. Thus when the temperature of a sealed quartz/platinum 

assembly approaches 1700 °C, the glass begins to soften as its melting point is reached, 

and the platinum becomes very ductile. Caution must be taken to not exceed the melting 

point of the platinum because this will cause the metal to liquefy and break. 

Alternatively, if a low melting point type of glass is used (i.e. borosilicate, MP = 820 °C), 

the glass will soften before the platinum is ductile enough to be pulled, and the wire will 

snap upon pulling. 

Carbon as material is very brittle, and lacks ductility. Thus carbon filaments 

cannot be pulled to a taper using the same methods for platinum. For a carbon 

nanoelectrode, an empty quartz capillary is pulled to a fine taper, then a hydrocarbon gas 

is flowed through the capillary exiting through the taper. A handheld butane torch is then 

applied to the outside of the taper, heating the quartz capillary but not melting it, such 
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that the internal hydrocarbon gas decomposes (Figure A.2). This process fills in the 

inside walls of the capillary with graphitic carbon and eventually seals the capillary the 

very fine tapered end producing a nanoelectrode with fixed dimensions defined by the 

capillary taper. 

 

Figure A.2. Flame-assisted Carbon Nanoelectrode Fabrication. A hydrocarbon gas is 
flowed through a tapered quartz capillary being heated on the outside by a handheld 
butane torch. The anaerobic environment inside the capillary leads to thermal 
decomposition of the gas into conductive carbon, which plugs the taper and creates a 
sealed nanoelectrode. 

 

The next step of preparing useable nanoelectrodes requires sealing the tapered 

capillaries within larger glass capillaries for structural support. This can be accomplished 

in a variety of ways; however, this task is non-trivial. The outside capillary must be 

carefully heated such that only it softens and seals around the taper under vacuum 

without melting the inner taper of electrode material. Using this strategy, the same glass 

type must be used for the sealing process, i.e. quartz on quartz, because mismatched 

materials (i.e. borosilicate on quartz) will lead to fracturing of the electrode body upon 

cooling due to thermal expansion coefficient disparity. 

A new strategy was developed herein to seal the tapered nanoelectrodes within 

larger borosilicate capillaries using a high-grade insulating epoxy that upon curing has 

hardness and transparency similar to glass. This strategy avoids unnecessary heating and 

preserves the integrity of the nanoelectrode.  

Specific procedures for pulling, sealing, polishing, and characterizing platinum 
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and carbon nanoelectrodes are presented in in detail in this Appendix.  

Experimental 

Platinum Nanoelectrodes 

The fabrication of platinum nanoelectrodes has been previously described in a 

variety of publications,116,118,119 all with minor procedural differences. Briefly, a 3 cm 

long segment of 25 µm platinum wire (Goodfellow, USA) was threaded through a fine 

capillary electrophoresis quartz tube (Polymicro Technologies) (I.D. = 75 µm, O.D. = 

365 µm), cut to 1.5 cm long, and this threaded capillary was carefully centered in a larger 

quartz capillary (I.D. = 0.4 mm, O.D. = 1.2 mm) (Sutter Instruments). 

This assembly was then loaded into the P-2000 laser puller and aligned such that 

the inner quartz tube and wire were precisely centered within the laser focus. The ends of 

the capillary were secured in the puller bars; however the puller bars were locked in place 

such that no physical pulling would be activated when the glass was heated. The capillary 

was heated using the parameters of Heat 800, Filament 3, Velocity 1, Delay 0, and Pull 0. 

This heating cycle was performed on the same capillary for 90 seconds, followed by 20 

seconds off. This process was repeated 3 times to ensure proper sealing of the quartz/Pt 

microform. An image of this sealed microform is pictured in Figure A.3. 
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Figure A.3. Sealed Quartz/Platinum Microform. A 25 µm platinum wire is sealed 
within two nested quartz capillaries that were fused together under heating and vacuum.  
 

Following the sealing process, the microform was reloaded into the P2000, and a 

pull sequence was carried out using the parameters: Heat 950, Filament 1, Velocity 30, 

Delay 100, and Pull 220. A sample of the platinum nanoelectrodes pulled using these 

parameters is shown in Figure A.4. 

 

Figure A.4. Micrograph of Tapered Platinum Wire after Laser Pulling. A pulled 
platinum wire is shown sealed in quartz after activating a laser-heated pull sequence. 
 

After pulling, the two new quartz/Pt tapers were removed from the pullers and 

visualized under stereoscope magnification. During this time the tapers were inspected 

for visible breaks in the Pt wire that might have occurred during the heating process. 

Using the untapered 25 µm wire as a reference, the diameter of the newly formed tapered 

wire can be estimated. This taper continues to decrease in size as a function of distance 
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pulled until it reaches a small enough diameter which can no longer be resolved with 

optical microscopy. As pictured in Figure A.4, the taper appears to be far below 1 µm in 

diameter, and continually decreases until it can no longer be seen.  

Following visual inspection, the tapered microform was sealed into a larger 

capillary (Sutter Instruments, borosilicate, I.D./O.D. = 1.56/2.0 mm). The outer capillary 

was first sealed at one end using a standard laboratory flame. While held in an upright 

position with the closed end pointed downward, a very small volume of uncured epoxy 

(Epotek™ 301) was added, and the tapered microform was added. It is essential to use 

just enough epoxy to cover the delicate tapered region of the microform and some of the 

unpulled capillary, but not cover the open, backend of the microform, as this must be 

later accessed to make electrical contact with the tip. The capillary/microform conjugate 

was left undisturbed for 4 h at room temperature to let the epoxy set, and then moved to a 

100 °C oven to fully cure overnight.  

Epotek 301 was specifically chosen for this application. It is an ideal adhesive 

material with extremely high transmittance, so that the electrode wire may be visualized 

through the outer capillary, and also when fully cured, the epoxy has extremely high 

hardness. The hardness is key due to the polishing steps required later to expose the Pt 

tip. The epoxy is very glass like when fully cured, and also is electrically insulating. 

A fine wire was threaded into the back of the inner capillary along with a small 

amount of conductive silver epoxy. Once set, this epoxy was cured at 100 °C overnight to 

secure a robust electrical contact with the inner 25 µm Pt wire, and subsequent 

nanoelectrode tip. 

The nanoelectrode was exposed by grinding the closed end of the borosilicate 
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capillary using a series of wet sandpapers on a polishing wheel in descending roughness. 

Great care was taken to only expose the very tip of the Pt nanoelectrode, as polishing too 

far back would increase the diameter of the exposed disk. Finally, fine polishing was 

performed using a series of alumina powders ranging from 1 µm down to 0.05 µm.  

Carbon Nanoelectrodes 

Carbon nanoelectrodes were fabricated using the previously devised methods of 

Takahashi et al.,120 and McKelvy et al.,121 with minor modifications. In short, a quartz 

capillary (I.D. = 0.4 mm, O.D. = 1.2 mm) was pulled in the P-2000 laser puller using the 

parameters; Heat 760, Filament 3, Velocity 20, Delay 100, and Pull 150. One of the two 

resulting tapered capillaries were capped with small diameter Tygon tubing on the 

unpulled end. The Tygon tubing was connected to an ethylene tank, regulated such that 

very minimal flow was passing through the capillary and exiting through the open taper. 

A handheld butane torch was held up to the tip of the capillary and a bright orange 

glow from inside the quartz was observed. This process is pictured in Figure A.5. 

 

Figure A.5. Thermal Deposition of Pyrolytic Carbon in a Pulled Quartz Electrode. 
A handheld butane torch was used to gently heat the ethylene gas flowing inside the 
pulled capillary such that decomposition of the ethylene deposits thin layers of pyrolytic 
carbon.  
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 This indicates the decomposition, not combustion, of the ethylene gas. This 

heating continued for 3-5 minutes to ensure that the open taper was completely sealed 

with pyrolytic carbon. The carbon/quartz microform was sealed within a larger 

borosilicate capillary identical to the platinum nanoelectrodes described in the previous 

section. Polishing was performed using a series of sandpapers on a polishing wheel to 

expose the carbon disk. Final polishing was accomplished using a series of alumina 

powders is descending sizes. 

Results and Discussion 

With electrode diameters less than 1 µm, the traditional method for sizing 

electrodes (i.e. optical microscopy) becomes ineffective. In such a case, cyclic 

voltammetry is used to characterize the newly fabricated electrodes. This technique 

actually provides several key diagnostics for the system. First, that the electrode is 

conductive, without any breaks in the wire from the electrical contact wire, silver epoxy, 

and finally to the platinum or carbon at the electrode tip. Second, the shape of the 

voltammogram will indicate any irregularities in electrode geometry. In bulk solution, a 

planar disk nanoelectrode should produce a voltammogram without a mass-transfer 

limited region, as the dimensions of the electrode are smaller than the diffusion plane of 

the analyte. Instead kinetically limited steady-state current regions are observed as the 

applied potential of the electrode is swept past the reduction potential of the analyte. 

Deviations from the flat plateau regions may indicate a recessed or “lagooned” tip buried 

within the glass that is blocking free diffusion of analyte. Finally, the steady-state tip 

current observed in a bulk solution of a reversible redox probe, such as RuHex, will 

behave according to Equation A.174 
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𝐼!,!   = 4𝑛𝐹𝐷!𝐶!∗𝑎   (A.1) 

Where IT,∞ is the current when the tip is submerged in bulk solution of a redox 

active compound (O) with unrestricted hemispherical diffusion. The variable n represents 

the number of electrons associated with the redox process; for hexammineruthenium(III) 

(RuHex) n = 1. F is Faraday’s constant, D0 is the diffusion coefficient of O (0.53 x 10-5 

cm2 s-1),122 and C0
* is the bulk concentration of species O. Finally, “a” represents the 

radius of the electrode. Thus using Equation A.1, the size of a nanoelectrode can be 

determined from a voltammogram collected in a standard solution of redox probe. 

For a platinum nanoelectrode fabricated using the methods described above, this 

analysis was carried out in a 2 µM solution of Ru(NH3)6
3-, and the cyclic voltammogram 

was collected from +0.3 to -0.4 V.  

 

Figure A.6. Size Determination of Platinum Nanoelectrode by Cyclic Voltammetry. 
The newly fabricated platinum nanoelectrodes were tested in a 2 µM solution of RuHex. 
This successful CV indicates that there are no breaks in the wire from contact to 
nanoelectrode tip, and that the electrode is a polished disc without any major geometric 
aberrations. Additionally, the peak current, 51 pA at -0.2 V, was used for the direct 
determination of the working electrode size. 
 

Via Equation A.1, the peak current (51 pA) and all known constants were used to 

calculate the radius of this platinum nanoelectrode as 130 nm. Qualitatively, it was all 
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inferred that the geometry of the electrode is mostly disk-shaped, based on the 

appearance of the voltammogram in Figure A.6. This analysis confirms the successful 

fabrication of platinum nanoelectrodes with submicrometer dimensions. Future studies 

will seek further optimization in pipet pulling to produce smaller tapers, as well as more 

delicate polishing and beveling using a Sutter Instrument BV-10 Beveler with integrated 

impedance meter. 

Carbon electrodes were characterized using similar method to the platinum. 

However, these electrode sizes were considerably larger than their platinum counterparts. 

These electrodes typically range in diameter from 5 - 0.5 µm. Further optimization must 

be performed in order to produce true carbon nanoelectrodes. 

Conclusions and Future Directions 

In this Appendix, methods were described for the in-house fabrication of carbon 

and platinum nanoelectrodes. A platinum nanoelectrode was prepared and characterized 

with cyclic voltammetry to verify its nanoscale dimensions with an electrode radius of 

130 nm. Further optimization will be performed to further decrease the size of the carbon 

and platinum nanoelectrodes.   

The methods described herein also introduce future opportunities to develop 

multifunctional SECM tips with nanoscale dimensions. Using commercially available 

capillaries with segregated chambers, such as theta tubes, multiple nanoelectrodes could 

be pulled from the same capillary to produce a single glass tip with multiple channels. 

This was first successfully showcased through the creation of a pulled theta tube in which 

one of the chambers was backfilled with carbon, and the other left vacant for a hybrid 

Scanning Electrochemical/Scanning Ion Conductance Microscopy technique.120 Later this 
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technique was adapted to separately prepare isolated carbon electrodes in a tapered theta 

tube, in which the two distinct channels were used for a Tip-Generator/Tip-Collector 

application.121 

This strategy was largely possible due to the nature of automated laser-heated 

pipet pulling. One hallmark of this instrument is the retention of I.D./O.D. ratio after 

pulling. That is, the ratio of inner and outer diameters is conserved between the pulled 

taper end and the unpulled glass end. Thus, it was hypothesized that a multibarrel quartz 

capillary (greater than 2 chambers) could be pulled with the P-2000 laser puller and all 

capillaries would be tapered without losing the individual chamber isolation. Preliminary 

experiments, shown in Figure A.7, support this hypothesis. 

 

Figure A.7. Micrograph of Tapered Multibarrel Quartz Capillary. Multibarrel 
capillary is shown as received (left), and pulled with laser puller (right). The taper still 
maintains the multibarrel integrity as all independent chambers remain open and not 
fused.  
 

The multibarrel quartz pipet (Sutter Instruments, 7 barrels, each barrel I.D./O.D. = 

0.33/0.16 mm), was loaded into the P-2000 and pulled with the parameters of Heat 760, 

Filament 3, Velocity 20, Delay 100, and Pull 150. There is a clear reduction in size of 
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each capillary, as each inner capillary was reduced to a sub 10 µm diameter. Although, 

capillary bundles have been formed into multichannel SECM tips to monitor cellular 

exocytosis of single neuron-type cells,123 this would be the first instance of a multibarrel 

SECM tip prepared using this method. This methodology with minimal optimization 

would provide sufficiently smaller individual electrode tips, while also affording greater 

reproducibility in fabrication. 

With these new multibarrel electrodes, a variety of electrochemical experiments 

could now be enhanced through SECM. In particular, multianalyte monitoring in real 

time of individual cells can be accomplished with ease. Fabrication and modification of 

these multifunctional tips represent a powerful new tool for probing complex 

electrochemical systems. 
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Appendix B 

 

PHOTOSYSTEM II EXTRACTION AND CHARACTERIZATION 

 

Introduction 

Photosystem II (PSII) is another key component in photosynthesis that acts in 

tandem with PSI. In Nature, PSII is responsible for the water splitting reactions of 

photosynthesis. Based on the large oxidizing potential produced by this photoactive 

protein, which is required to split water molecules, this protein supercomplex has 

attracted significant attention from researchers as a component that can be integrated into 

biophotovoltaics or used on the anodic side of biohydrogen fuel cells. This Appendix 

describes a general procedure for the extraction of PSII from spinach leaves, and also 

simple characterization performed on the extracted protein. 

Experimental 

Photosystem I (PSII) Extraction 

PSII was extracted from spinach leaves using a procedure adapted from Das and 

Frank (2002),124 and Mishra and Ghanotakis (1994).125 

169 g of spinach leaves were deveined and ground into a puree in 250 mL of 

Grinding Medium (20 mM HEPES pH 7.6, 0.4 M NaCl, 4 mM MgCl2, 5 mM EDTA, and 

1 mg/mL BSA). The solution was twice filtered through cheesecloth and divided into six 

centrifuge tubes. This was centrifuged at 6000 x g for 8 min to precipitate chloroplasts. 

This pellet was washed in Wash Buffer (20 mM HEPES pH 7.6, 0.15 M NaCl, 4 mM 

MgCl2, 1 mM EDTA, and 1 mg/mL BSA), and then centrifuged again at 500 x g for 30 s. 
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The supernatant containing solubilized chloroplasts was collected and centrifuged at 

7,000 x g for 10 min. 

The pellet was collected in EG Buffer (20 mM MES pH 6.0, 30% (v/v) ethylene 

glycol, 15 mM NaCl, 5 mM MgCl2, 1 mM EDTA, and 1 mg/mL BSA) and centrifuged at 

12,000 x g for 10 min.  The pellet was resuspended in EG Buffer and centrifugation was 

repeated again to open the chloroplasts and precipitate thylakoid membranes. The 

precipitated thylakoid membranes were resuspended in a minimal amount of EG Buffer 

and the chlorophyll (Chl) concentration was determined using UV-Vis. Using 80:20 

acetone:water as the solvent, the absorbance values at 663 nm and 646 nm were used to 

determine the total chlorophyll concentration in the sample following published values 

for Chl a and Chl b molar absorptivities.126 Suspension Buffer (20 mM MES pH 6.0, 15 

mM NaCl, and 30% (v/v) ethylene glycol) was used to dilute the thylakoid solution 

according to the equation below: 

!
!
𝐶ℎ𝑙  (𝑚𝑔  𝑚𝐿!!) − 1   𝑥  𝑣𝑜𝑙. 𝑜𝑓  𝑇ℎ𝑦𝑙𝑎𝑘𝑜𝑖𝑑  𝑆𝑜𝑙. (𝑚𝐿)  (B.1)

 = 𝑣𝑜𝑙. 𝑜𝑓  𝑆𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛  𝐵𝑢𝑓𝑓𝑒𝑟  𝑡𝑜  𝑎𝑑𝑑  (𝑚𝐿)        
  
Triton X-100 was also added to the solution to open the thylakoid membranes by 

surfactant-based lysis. Triton X-100 Buffer (20 mM MES pH 6.0, 15 mM NaCl, 5 mM 

MgCl2, 1 mM EDTA, 1 mg/mL BSA, and 20% (v/v) Triton X-100) was added according 

to the equation below: 

  
!!!  (!"  !"!!

!
  𝑥  𝑣𝑜𝑙. 𝑜𝑓  𝑇ℎ𝑦𝑙𝑎𝑘𝑜𝑖𝑑  𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛  𝑎𝑓𝑡𝑒𝑟  𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛   (B.2) 

= 𝑣𝑜𝑙. 𝑜𝑓  𝑇𝑟𝑖𝑡𝑜𝑛  𝑋 − 100  𝐵𝑢𝑓𝑓𝑒𝑟  𝑡𝑜  𝑎𝑑𝑑 (mL)  
 

Triton X-100 Buffer was added in small aliquots while the thylakoid solution 

incubated on a shaker rack. After incubating for 20+ min, the solution was centrifuged for 
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20 min at 37,000 x g. The pellet was resuspended in SMN Buffer (50 mM MES pH 6.0, 

0.4 M sucrose, and 10 mM NaCl) and centrifuged again at 37,000 x g for 20 min to 

precipitate the PSII enriched BBY membranes. The resulting pellet was resuspended in 

SMN Buffer w/ OTG (50 mM MES pH 6.0, 0.4 M sucrose, and 10 mM NaCl, and 0.4% 

(w/v n-octyl-β-d-thioglucopyranoside) in order to solubilize individuals PSI complexes.  

The resulting solution was characterized by UV-Vis to determine the chlorophyll 

concentration which was then diluted to 0.5 mg/mL Chl total with SMN Buffer w/ OTG 

and incubated in the dark at 4° C for 10 min. This was then centrifuged at 40,000 x g for 

10 min. The supernatant, containing solubilized PSII core complexes, was then diluted by 

50% with SMN Buffer w/ MgCl2 (50 mM MES pH 6.0, 0.4 mM sucrose, 10 mM NaCl, 

and 30 mM MgCl2). This was then incubated for 5 min, and centrifuged at 40,000 x g for 

20 min. The supernatant was collected, after the free LHC-II complexes were 

precipitated, and the supernatant was diluted with an equal volume of PEG Buffer (50 

mM MES pH 6.0, and 20% (w/v) polyethylene glycol Mn≈ 6,000).  

This solution was centrifuged a final time at 40,000 g for 30 min to precipitate the 

desired PSII-LHC-II complexes. The final pellet was suspended in Suspension Buffer and 

stored at -80° C in 1 mL aliquots for later use.  

PSII Oxygen Evolution Assay 

The oxygen evolution activity was measured for the extracted PSII in order to 

determine the viability of this protein and verify the presence of active OECs in the PSII 

supercomplex. This assay was performed by combining 2 mL of PSII with 33 mL of 

assay buffer (20 mM MES pH 6.0, 10 mM CaCl2, 10 mM MgCl2). Ferricyanide was 

added as an electron acceptor to the PSII solution to a final concentration of 1 mM. A stir 
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bar was added to this assay solution, then N2 was purged through the PSII solution, and a 

Clark-type dissolved oxygen sensor was sealed over the top of the apparatus. 

Dissolved oxygen measurements were recorded every 2 min over the course of 

the 50 minute experiment.  The samples were kept in the dark for the first 10 minutes, 

then illuminated with red light (>633 nm cutoff) for 30 min, and then returned to the dark 

for the final 10 minutes. 

Results and Discussion 

Polyacrylamide Gel Electrophoresis 

PSII extracted using the methods presented in this Appendix were analyzed by 

SDS-PAGE in order to identify the presence of certain polypeptide subunits. 8-12% Bis-

Tris NuPage™ precast gel cassettes (Invitrogen) were used in MES running buffer. 

Commassie staining was performed to reveal the isolated protein bands. Presented in 

Figure B.1 is the subunit separation performed by SDS-PAGE.  

 

Figure B.1. SDS-PAGE of PSII Extracted from Spinach Leaves. Polypeptide subunits 
typical of PSII are presented in the commassie stained gel.  
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From Figure B.1, the bands corresponding to the D1/D2 heterodimer of PSII are 

found near 40 kDa. Other smaller chlorophyll-containing polypeptide subunits of the PSII 

supercomplex are present, i.e. CP29, CP26, CP24. This analysis indicates the successful 

collection and purification of PSII. 

Oxygen Evolution Assay  

Additional characterization of the extracted PSII was performed by measuring 

photoactivated oxygen evolution from the sample. An increase in dissolved oxygen for a 

PSI sample during a period of illumination indicates catalytic water splitting, and thus 

intact Mn4Ca5O oxygen-evolving centers.  

 

Figure B.2. Oxygen Evolution Assay for Extracted PSII. The water splitting activity of 
PSII was evaluated using an oxygen evolution assay using a Clark-type electrode. 1 mM 
ferricyanide was used as the electron acceptor in this assay. 
 

From Figure B.2, the increase in dissolved oxygen can be seen during periods of 

illumination, from 20-40 min. A negative control containing only buffer and ferricyanide 

was used for comparative purposes (blue). The dissolved oxygen detected in the PSII 

sample (red) increased dramatically under red light illumination. A linear relationship in 

this oxygen concentration was identified and the slope of this plot from 20-40 min was 

calculated to be 0.135 ± 0.009 mg O2 L-1 min-1. With a concentration of 0.008789 mg 
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mL-1 Chl in the final diluted assay solution, the rate of oxygen evolution was can be 

normalized to value of 28.8 µmol h-1 mg Chl-1. Although this value is much lower than 

typically obtained oxygen evolution rates for PSII harvest elsewhere, this data still 

indicates the presence of active PSII supercomplexes with intact oxygen evolving centers.  
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