
 

UNIVERSIDAD DE LOS ANDES 

FACULTY OF SCIENCES 

DEPARTMENT OF PHYSICS 

 

 

M.SC. THESIS PROJECT 

 

PHOTOCURRENT RESPONSE IN PHOTO-ELECTROCHEMICAL 

HYBRID DEVICES BASED ON GRAPHENE AND LIGHT 

HARVESTING PROTEINS 

 

 

________________________ 
Advised by: 

Ph.D. Yenny Rocío Hernández Pico 

 

Co-advised by: 

Ph.D. Andrés González Barrios 

Ph.D. Juan Carlos Cruz Jiménez 

 

 

 

Presented by: 

B.Sc. Martha Inés Ortiz Torres 

Cod. 201116625 

 

 

 

 
Bogotá D.C., April 2019   



Photocurrent response of a PEC based on EEG and LHCA4 

 



Martha Inés Ortiz Torres 

3 
 

Acknowledgments 

 

This is the most emotional moment after finishing such exhausting, 

demanding but lovely research work. And this moment is so 

particular because basically, you take a couple of hours to think 

and to write a letter to all those who made this achievement 

possible, to all those who stayed beside you to see you crying 

desperately, to losing faith in experimental science because you 

lost it too, to try making you laugh at least for 10 seconds or to 

take you out from your mind with a cup of coffee. The sad thing 

here is that probably they will not realize how deeply thankful 

you are with them because this short letter is not going to be 

read by any of these people. However, if no one reads it, it does 

not mean it was not written for them. 

 

First I thank God, I thank for being in here right now, I thank 

for having the opportunity for experiencing all of this  (this is 

not a matter of scientists but for sure it is for me).  

 

I have no words for my parents that might describe how happy I am 

for being born in the family I have always had. The permanent 

support of my parents in every single step, every single happy day 

I have for having my little brother just next to me, the permanent 

shadow of my older brother and our craziest family projects that 

full my life of dreams, wings, and trees. And how to forget the 

careful watch of mom onto a molecular experiment carried out at 

home. 

 

I thank my advisors: Yenny for being complicit in this project we 

neither had any idea of how we would do it nor how long it would 

take us; she was irreplaceable support that made me feel with the 

feet on Earth. Miguel for being my starting motor in the project 

and being the person who taught me how wonderful the molecular 

biology and genetic engineering could be. Andrés for giving me the 

opportunity to being part of his DDP group, work with such 

incredible tools I have always wanted to work with. Finally Juan 

Carlos, the person I could feel free to share my doubts and to 

plan the craziest way to make the experiments work. His kindness, 

support, interest, and joy were always important motivations. 

 



Photocurrent response of a PEC based on EEG and LHCA4 

I thank Robinson Moreno for that kind gesture of sitting with me 

to help me with dealing with this project at the very beginning, 

Jhonny Turizo for fabricate such amazing robots and for help me to 

see the first photocurrent measurements in my devices, and 

Elizabeth because she always had the disposition to help me and 

provide me molecular biology material when I needed. 

 

I thank Cristina Navarrete, Liliana Ramos, Sergio Rey, Daniel 

Olaya, Julián Rico, Javier Zúñiga, Alejita, Mario because either 

close or far, they were my company and the happiness in our lovely 

Nanomaterials lab. 

 

I thank Angie Sastoque for teaching me how a friendship starts 

with a scientific and profesional collaboration. Andrés Vásquez 

because he definetively taught me how to tell a good scientific 

story. Andrés and Fabio because although I met them late, they are 

persons that supported me as if we would have met before. 

Laboratory technicians of chemical engineering laboratories for 

let me work with an uncomparable autonomy. Finally, Albert Tafur 

because he allowed me to see the way out at my last crossroads 

when nothing worked except time, he gave me security, many smiles 

and red cheeks. 

 

I thank Edgar Patiño for letting me use the oxygen plasma system, 

to Ciro and Leonardo for helping me preparing those samples every 

time I needed it. Javier Cinfuentes for having the kindness and 

willingness to help me in everything related to immobilization. 

 

I thank Vicerrectoria de Investigaciones, Faculty of Sciences 

(Uniandes), Physics Departement (Uniandes) and Universidad de Los 

Andes for make me the scientist I am today. 

  



Martha Inés Ortiz Torres 

5 
 

Abstract 

 

An alternative to generate clean energy based on low pay-back time 

materials are photoelectrochemical cells (PECs). These devices are 

designed such that solar energy conversion processes of 

photosynthetic organisms are mimicked with the aid of low-cost 

materials. 2D materials which have been widely studied at a 

fundamental level, have been extensively used for this purpose. 

Within 2D materials, graphene has unique properties that can be tuned 

according to a specific application. Its versatility as a 2D material 

is mainly due to the ease for doping or for chemical/biological 

surface functionalization. This opens the possibility for the design 

and fabrication of photovoltaic devices with new attributes. Several 

studies have been invested towards the development of PECs based on 

semiconductors and organic dyes. An alternative to such dyes is to 

incorporate light-harvesting complexes (LHC) from photosynthetic 

organisms, which exhibit high light absorption efficiencies as 

compared to synthetic dyes.  

In this work, we heterologously expressed the light-harvesting 

complex 4 of Chlamydomonas reinhardtii (LHC4) in Escherichia coli. 

The protein was purified via affinity chromatography and 

subsequently immobilized on a plasma-treated thin film graphene 

electrode. The photocurrent was then evaluated in a PEC based on the 

developed electrode and a synthesized phosphonated viologen, a redox 

electrochromic molecule which is well known for leading charge 

transfer. Our results suggest that a new family of thin film 

photovoltaic devices can be prepared from abundant natural sources 

and graphene. 
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Resumen 

 

Las celdas foto-electroquímicas (PEC por sus siglas en inglés) hacen 

parte de las alternativas actuales para la generación de energía 

limpia. Estos dispositivos de bajo costo y pay-back time están 

diseñados para imitar la transducción de energía solar de organismos 

fotosintéticos. Los materiales 2-dimensionales por su parte han sido 

ampliamente estudiados a nivel fundamental y por lo tanto utilizados 

para este propósito. Allí, el grafeno sigue generando expectativa en 

tanto que es versátil para ser funcionalizado química/biológicamente 

y aun así conservar sus propiedades ópticas, eléctricas y mecánicas. 

Este hecho sugiere el diseño y la fabricación de dispositivos 

fotovoltaicos con nuevos y potenciales atributos y en esta dirección 

muchas han sido las contribuciones que se han dispuesto en esta área 

de la nanotecnología. Un claro ejemplo son las celdas solares 

sensibilizadas por colorante elaboradas a partir de semiconductores 

y colorantes orgánicos. En lugar de estos colorantes, los complejos 

para la captura de luz (LHC) de organismos fotosintéticos resultan 

interesante puesto que han demostrado tener altas eficiencias en la 

absorción comparadas con colorantes sintéticos.  

En este trabajo se expresó heterólogamente el LHC número 4 de 

Chlamydomonas reinhardtii (LHCA4) en Escherichia coli. La proteína 

fue purificada mediante cromatografía de afinidad e inmovilizada en 

una película delgada de grafeno previamente activada con plasma como 

electrodo en el PEC. Se evaluó la fotocorriente de los PEC elaborados 

con dicho electrodo y con un viológeno fosfonado conocido por liderar 

procesos de separación de carga. Los resultados sugieren que una 

nueva familia de dispositivos fotovoltaicos de película delgada 

puede ser elaborada a partir de fuentes naturales abundantes y 

grafeno. 

  



Martha Inés Ortiz Torres 

7 
 

  



Photocurrent response of a PEC based on EEG and LHCA4 

Table of contents 

Abstract ......................................................... 5 

Resumen .......................................................... 6 

1. Introduction ................................................. 9 

1.1. Dye sensitized solar cells (DSSC) ........................ 13 

1.2. Photoelectrochemical cells (PEC) ....................... 17 

1.3. Photoconductivity ...................................... 21 

2. Materials and methods ....................................... 25 

2.1. Genes design, strains and growth conditions .............. 25 

2.2. Hetelogous expression of LHCA4 protein of C. reinhardtii in 

E. coli ....................................................... 25 

2.2.1. Insertion of the mutated gen in E. coli ............... 28 

2.2.2. Protein expression .................................... 34 

2.2.3. Proteins purification ................................. 35 

2.2.4. Pigments extraction from C. reinhardtii ............... 36 

2.3. Built-up of photoelectrochemical devices ................. 37 

2.3.1. Graphene thin-film preparation ........................ 37 

2.3.2. Carboxyl groups activation on graphene surface ........ 38 

2.3.3. Viologen immobilization on graphene surface ........... 39 

2.3.4. LHCA4 immobilization on graphene surface .............. 40 

2.3.5. Proteins reconstitution with pigments ................. 42 

2.4. Photocurrent measurements ................................ 43 

3. Results and discussion ...................................... 44 

3.1. Heterologous expression of LHCA4 protein of C. reinhardtii 

in E. coli .................................................... 44 

3.2. Immobilization of recombinant protein LHCA4 in thin-film 

graphene surface .............................................. 44 

3.2.1. Characterization of carboxyl groups activation on 

graphene surface ............................................ 48 

3.2.2. Characterization of the photo-electrochemical cell .... 51 

4. Conclusions and future perspectives ......................... 66 

References ...................................................... 68 

SUPPORTING INFORMATION .......................................... 71 

 

  



Martha Inés Ortiz Torres 

9 
 

1. Introduction 

 

Global clean energy production is one of the main current challenges. 

Statistics predict a consumption of 26.4-32.9 TW in 2050 and 46.3-

58.7 TW in 2100 which will surpass the fossil energy supply [1]. 

Some studies have revealed that oil production will decline around 

2007-2038 in case its apex has not been reached [1] so that the 

burning of coal and gas will lead to staggering concentrations of 

CO2 into the atmosphere. Carbon levels have to be kept under 450ppm 

to avoid irreversible climate damages and thereby at least 11TW of 

decarbonized energy should be used by 2025 [1]. This is the greatest 

motivation for fore coming technologies and the main reason why 

modern science has been focused on developing clean energy 

alternatives and by this means technology based on fossil fuels may 

be disposed off.  

 

Solar cells, the most efficient artificial energy harvesters, use 

sun radiation as the primary source of energy similar to most known 

life forms [2]. Sun brings the most abundant, accessible and 

renewable source of energy (15600 TW/yr from the total solar energy 

of 178000 TW/yr reaching the Earth’s surface [1]), however, the costs 

for constructing and installing extended solar. In this regard, there 

are four main types of solar cells: (1) crystalline silicon solar 

cells, (2) thin film solar cells, (3) organic/polymeric solar cells 

and (4) dye sensitized solar cells (DSSC). Within the third 

generation of photovoltaic solar cells that are characterized for 

using organic compounds, the most promising devices are DSSC. Their 

efficiencies have reached ~12% [3], however, their performance is 

able to be optimized depending on the lighting conditions based on 

the nature of the dye (e.g. extinction coefficient [2]), and the 

surface area of the photoanode [2]. Moreover, DSSC uses eco-friendly 

nano-materials (i.e. with a low pay-back time and a low carbon 

footprint), ease to separate and reuse. They use mostly long age 
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resources with low production costs (between 1/5 and 1/10 the 

production cost of silicon solar cells [2]) and large-scale 

manufacturing. Nano materials bring out advantages due to their large 

surface area (i.e. large available area for solar energy conversion) 

in addition to electrical and optical properties enhancement in nano-

scaled materials. As transparent and thin films, they are able to be 

implemented in inner and outer walls/glasses in buildings, sunroofs, 

outer panels and windows of automobiles, screens and enclosures of 

mobile phones, among others [2]. 

 

On the other hand, biomimetic materials or bioinspired solar cell 

devices are commonly known for mimic either a photosynthetic behavior 

or a photosynthetic machinery. Thus, these materials might be more 

affordable alternatives because of the low-cost production and the 

efficient inner mechanisms involved compared to current solar 

systems [1]. Photosynthesis as a solar energy transduction process 

has evolved over billions of years in sophisticated molecular 

machineries inside biological cells. Similar to nature where 

evolution came up with the most efficient solar energy transductor 

machinery, an intelligent approach to reach unsurpassable 

efficiencies in photovoltaic devices would be to understand and mimic 

the mechanism with natural machineries thus replacing artificial 

ones. Most solar radiation in the visible region is efficiently 

trapped by photosynthetic organisms as shown in Figure 1. 

Particularly, algae have been used as optimized systems for robust 

selection and expression and so mainly used in genetic engineering, 

biofuel production and photosynthesis research [4]. Within this 

extensive group, the green algae C. reinhardtii has been extensively 

used as a model organism in modern cell biology which makes it an 

optimal pathway to look into photosynthetic machinery. 
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Figure 1 Solar spectrum and capture by photsynthetic organisms compared to a typical solar 

cell based on silicon. The solar spectrum is usually represented by air mass 0 (AM0). An air 

mass of 1.5 (AM 1.5) is the solar spectrum reaching the Earth and refers to the light path 

through the atmosphere [1]. 

 

In photosynthetic organisms, light absorption and chemistry energy 

conversion take place within photosystems [5]. Both plants and algae 

have two photosystems, each of them with two specialized and closely 

linked regions: a reaction center and light harvesting complexes. 

The main difference between these regions is the final product after 

the event of light collection: photosystems capture photons to 

catalyze water molecules (H2O) that reacts with plastoquinol (PQ) 

and with protons from the stroma (H+stroma) thus resulting in oxygen 

(O2), a reduced form of the plastoquinol (PQH2) and protons reaching 

the lumen (H+lumen) within photosystem II (PSII) and to transfer charge 

carriers to a final acceptor (NADP+) within photosystem I (PSI) thus 

leading to the reduced form of the chemical compound known as NADPH 

that is fundamental in downstream metabolic routes [5]. It might be 

important to highlight that stroma and lumen refer to the space 

outside and inside the thylacoid. Reactions are described as follows: 

PSII: 2H2O + 2PQ + 4H
+
stroma → O2 + 2PQH2 + 4H

+
lumen 

PSI: 2NADP+ + 2H2O → 2NADPH + O2 + 2H
+ 
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The mechanism within both photosystems is similar, however, there is 

a couple of significant differences such as the maximum working 

wavelength, which are 700nm (P700) and 680nm (P680) for PSI and PSII, 

respectively [5] and different associated antenna complexes [6]. In 

order to determine which specific protein would take the role of an 

efficient light harvester in a hybrid photovoltaic device, it is 

necessary to take a look into previously reported differences among 

proteins leading this harvesting. 

Unlike PSII, PSI is distinguished for having low energy chlorophylls 

known as red forms [6]. These chlorophylls have redshifted absorption 

and emission spectra and may be different in number and energy within 

photosynthetic organisms. The core complex of PSI brings together 14 

protein subunits (PsaA-PsaL, PsaN and PsaO) and 9 antenna complexes 

(Lhca1-9) where Lhca2 and Lhca9 are the “most red” complexes (i.e. 

they have the greater amount of red forms)[6]. Antenna complexes of 

this algae are made of 65 additional chlorophylls compared to PSI of 

plants, in addition to higher energy red forms. This last fact added 

to antenna enlargement results in an average lifetime of ~50 ps, 

similar to plants [6]. Red forms within the antenna complexes slow 

down the capture kinetics described as the average decay time. 

However, trapping efficiency remains unaffected which allows working 

with this target variable [6]. According to the fluorescence of each 

antenna in C. reinhardtii and their red forms content, these 

complexes may be classified in three categories: blue (lhca1,3,7), 

intermediate (lhca5,6,8) and red (lhca2,4,9) [7].  

Protein complexes building up the photosystems involve pigments to 

harvest light. The presence of different chlorophylls and carotenes 

in a single photosystem enlarges the absorption spectrum. Proteins 

establish the energy path within pigments and directs its 

transference to maximize the speed and efficiency [6]. The main 

mechanism may be summarized as follows: photons can be absorbed by 

any pigment in the photosystem at a rate of 1 photon/s, its 

electromagnetic energy is channeled to a chlorophyll serving as a 

bridge to a special pair of chlorophylls in the reaction center. The 
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transference takes place in 1 ns, leading to one of the key events 

in photosynthesis: the charge separation within the special pair. 

However, excitations in photosynthetic organism are random and 

disordered compared to solid-state crystals while molecular 

interactions between pigments are driven by fluorescence resonance 

energy transfer (FRET) [1]. It should be highlighted that there is 

no evidence yet regarding any sort of charge transference within 

neither complexes nor pigments [5]. By this means, the closest 

approach to a photovoltaic device concerning the working principle 

of energy transfer is by dye sensitized solar cells (DSSC) with light 

harvesting proteins as dyes. A brief description concerning this 

approach will be resumed in the following subsection. 

 

1.1. Dye sensitized solar cells (DSSC) 

 

DSSCs have been proposed to replace traditional solar cells based on 

silicon after their invention in 1991 [8]. There are three key 

parameters determining the performance of a solar cell: the short-

circuit density current (Jsc), the open circuit voltaje (Voc), the 

efficiency (𝜂) and the fill factor (FF). A solar cell behaves as a 

battery in a simple circuit (i.e. in series with a load) so that Jsc 

is defined as the maximum current (i.e. zero load resistance) and 

Voc as the voltage when the terminals are isolated (infinite load 

resistance). FF brings information about the discrepancy with the 

expected ideal battery J-V behaviour [9]. Similar to conventional 

silicon based solar cells, energy conversion efficiency depends on 

the Jsc, FF but mostly on Voc following the relation:  

𝜂 =
𝐽𝑠𝑐 𝑉𝑜𝑐 𝐹𝐹

𝑃𝑖𝑛
 =

𝑉𝑚𝑎𝑥 𝐽𝑚𝑎𝑥

𝑃𝑖𝑛
  ,         (1) 

            

where Pin is the power of the incident radiation and the sub index 

max refers to the variable at the maximal power output.  
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Jsc is proportional to the absorption range and inversely 

proportional to the absorption extinction coefficient of the dye 

which suppress the Voc counterpart that depends inversely on the 

absorption range.  

Voc in DSSC may be determined according to the following relation:  

𝑉𝑜𝑐 =
1

𝑞
(𝐸𝐶𝐵 + 𝑘𝑇 𝑙𝑛 (

𝑛

𝑁𝐶𝐵
) − 𝐸𝑟𝑒𝑑𝑜𝑥) =  

1

𝑞
(𝐸𝑞𝐹𝑒𝑟𝑚𝑖 − 𝐸𝑟𝑒𝑑𝑜𝑥) 

(2) 

𝑁𝐶𝐵 = 2(
2𝜋𝑚∗𝑘𝑇

ℎ2
)
3/2

 

 

where 𝐸𝐶𝐵 is the energy at the conduction band of the electrons 

acceptor, 𝑞 is the electron charge, 𝑛 the number of photo-generated 

electrons, 𝑁𝐶𝐵 the effective density of states, h the Planck’s 

constant, T the temperature, k the Boltzmann’s constant  and 𝐸𝑟𝑒𝑑𝑜𝑥 

the HOMO level of the redox couple and 𝑚∗ the effective mass of 

electrons in the semiconductor [8]. 

The structural configuration is shown in Figure 2 and basically 

consist on a photoanode (transparent electrode) the dye, a 

semiconductor, an electrolyte (inorganic liquid matrix or a solid 

organic hole-transporter) and a cathode (platinum thin film on a 

transparent electrode – metallic material with a low overpotential 

to allow redox reactions of the electrolyte [10]). Photons absorbed 

by the dye (e.g. protein, dye, pigment) excite HOMO electrons to 

LUMO levels so that they are able to be injected to the conduction 

band of the semiconductor and the photo-excited holes recombine 

through an electron transfer from the redox electrolyte [1]. These 

electrons flow through an external load and the cathode to recover 

the oxidized redox specie in the electrolyte (i.e. through the HOMO 

of the redox couple). Finally they close the circuit by recovering 
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the dye reaching its HOMO. However, electrons can follow an 

undesirable path: recombination of the electrons in the conduction 

band of the semiconductor to HOMO of either the dye or the oxidized 

redox specie of the redox couple and decay from LUMO to HOMO of the 

dye [8]. 

 

 

Figure 2 Working principle of DSSC for current generation under illumination when the charge 

separation takes place in the dye (So).  [11] 

 

Photo-voltage decrease if charge recombination takes place between 

electrode and oxidized sensitizer (electron donor) so that the 

physical separation between them may be increased  [8]. Complexation 

between the electrolyte (iodide ions) and the sensitizer inhibit 

charge recombination between electrode (in the case of 

semiconductors) and electrolyte because it reduces the distance 

between redox couple and the electrode [8]. Moreover, Voc is affected 

by the physical separation between the dye and the electrode (i.e. 

LUMO level of the dye and conduction band of the semiconductor 

respectively) as a consequence of the decay of the charge transfer 

quantum yield that limits energy conversion events. The amount of 

anchor groups between the dye and the electrode favors the Voc [8]. 

Finally, Voc is dye-sensitizer band-gap dependent so that a higher 

LUMO level of the dye leads to a high Voc [8]. 
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As previous work suggests, there hs been a popular approach to use 

the TiO2 semiconductor as the anode and polypyridyl complexes of 

ruthenium (Ru) as dyes. TiO2 is well-known for its high chemical 

stability and wide band gap [1], while Ru performs the finest 

photovoltaic behavior based on conversion yield and long term 

stability [12]. However, as previously mentioned there is a need to 

replace high pay-back time materials (as well as high carbon foot-

print materials) and enhance the efficiency by involving 

photosynthetic machinery. In this sense, hybrid photovoltaic devices 

have become a new branch in third generation solar cells. There have 

been a greater work concerning hybrid solar cells, particularly by 

using either reaction center or light harvesting proteins. Most of 

published work concerns the use of the whole photosystem in solar 

devices. As a few examples, semiconductor have been anchored to 

isolated photosystems to characterize their photoconductivity [13] 

as well as mutated photosystem terminals to perform subsequent 

immobilization [14]. There is almost no contributions concerning 

either isolated or recombinant light harvesting proteins on a solar 

cell for photovoltaic performance [15]. Focusing on immobilization, 

both covalent [14] and non-covalent [16] bonds have been performed. 

Hybrid carbon-based devices have been designed for the same purpose, 

however, contributions are mainly fulfilled with carbon nanotubes. 

Previous work suggests few hybrid graphene-based devices [17]. 

Moreover, there are some contributions concerning the use of 

viologens (e.g. methyl viologen) anchored with graphene oxide (GO) 

electrodes by pi-stacking [18] [15].  

 

In summary, algae light harvesting complexes (i.e. proteins involved 

in light absorption and unlikely to be involved in charge transfer 

events [15])immobilization on a thin film of pristine graphene with 

a controlled surface oxidation would be an alternative to inquire on 

a potential path for a third-generation photovoltaic device. LHCs of 
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C. reinhardtii have all already been overexpressed in E. coli so 

that based on this open window, a facilitated mechanism for an 

immobilization on graphene with a surface oxidation will be carried 

out by a genetic engineering approach as described in materials and 

methods section. 

 

DSSC may be described as a photoelectrochemical solar cell in order 

to understand and contextualize its working mechanism in the light 

of a p-n junction considered the classical model of a solar cell 

[9]. 

 

1.1.2. Photoelectrochemical cells (PEC) 

 

The conduction mechanism in photoelectrochemical cells is the 

mobility of ions between semiconductor and electrolyte instead of 

electron and holes in solid-state photovoltaic devices [10]. 

Semiconductor-liquid junctions lead to chemical reactions that can 

be engaged to the production of chemical fuels so becoming a 

promising solar-cell converter from the mid-1970s but mainly on 1991 

when Grätzel observed that a high-surface-area electrode could 

increase the performance of dye-sensitized photoelectrochemical 

cells (DSPEC)[19]. PEC is built from the working electrode, the 

electrolyte and the counterelectrode. 

 

The electrochemical potential in the semiconductor is the fermi level 

while for the electrolyte is the redox potential of the redox pair 

(𝐸𝐹,𝑟𝑒𝑑𝑜𝑥
0 ) (i.e. the chemical potential of accepting or donating an 

electron). In the semiconductor the fermi energy is defined as 𝐸𝐹 =

𝐸𝑐 + 𝑘𝐵𝑇𝑙𝑛(𝑛𝑐 𝑁𝑐⁄ ) with 𝑛𝑐 as the density of electrons in the conduction 

band, 𝑁𝑐 as the effective density of states in the conduction band, 

𝑇 the temperature, 𝑘𝐵 the Boltzmann’s constant and 𝐸𝑐, the energy of 
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the conduction band, is the electron affinity when vacuum is the 

reference state [19]. In the electrolyte the redox potential for a 

one-electron redox couple is estimated according to the Nernst 

equation resulting in 𝐸𝐹,𝑟𝑒𝑑𝑜𝑥 = 𝐸𝐹,𝑟𝑒𝑑𝑜𝑥
0 + 𝑘𝐵𝑇𝑙𝑛(𝐶𝑜𝑥 𝐶𝑟𝑒𝑑⁄ ) where 𝐶𝑜𝑥 and 𝐶𝑟𝑒𝑑 

are the concentration of oxidized and reduced species respectively 

[19]. Measured energies are always based on a reference potential 

(e.g. normal hydrogen electrode NHE = -4.6 +/- 0.1 eV) so that the 

absolute energy of the redox system may be corrected as the following 

relation: 

𝐸𝑎𝑏𝑠 = 𝐸𝑟𝑒𝑓 − 𝐸𝐹,𝑟𝑒𝑑𝑜𝑥
0 .       (3) 

In equilibrium, both fermi levels remains equal. Both values may be 

calculated from their work functions φ𝑆𝐶 and φ𝑒𝑙 respectively as the 

difference between vacuum level energy and equilibrium fermi energy 

[13].  Figure 3 illustrates the position of energy bands in each 

case: (a) for semiconductor with a Fermi level 𝐸𝐹 and (b) for the 

redox system with a Fermi level 𝐸𝐹,𝑟𝑒𝑑𝑜𝑥
0

. 

 

 

Figure 3 Energy bands in (a) a semiconductor and in (b) a redox system where 

E_red^0 is the energy of occupied states, E_red^0 the energy of empty states and 

λ is the reorganization energy. The graph on the right represent the density of 

states for each redox specie [20] 
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For the redox system the reorganization energy λ determines the 

normalized Gaussian distribution functions 𝐷𝑟𝑒𝑑 and 𝐷𝑜𝑥 are defined 

as the density of occupied and empty states respectively and they 

are written as follows: 

𝐷𝑜𝑥/𝑟𝑒𝑑 = 𝐷𝑜𝑥/𝑟𝑒𝑑
0 𝑒𝑥𝑝 (−

(𝐸−𝐸𝐹,𝑟𝑒𝑑𝑜𝑥
0 ±𝜆)

2

4𝑘𝑇𝜆
)     (4), 

where 𝜆 is involved in the kinetics of electron transfer at the 

interface between the dye and the electron acceptor. 

When the semiconductor is in contact with the electrolyte solution, 

both Fermi levels become equal so that 𝐸𝐹 = 𝐸𝐹,𝑟𝑒𝑑𝑜𝑥 = 𝑞𝑉𝑟𝑒𝑑𝑜𝑥 with 𝑉𝑟𝑒𝑑𝑜𝑥 

as the redox/electrochemical potential of the electrolyte and q as 

the charge of the electron [19]. 

The equilibrium state of the system takes place when there is a 

charge transfer at the interface (i.e. charge carriers diffusion). 

For a p-type semiconductor, a material with an excess of holes, 

positive charge carriers will diffuse to the electrolyte solution 

and so electrons will diffuse to the p-type semiconductor. As 

illustrated in figure 4 (A) this process lead to a negative space 

layer at the semiconductor and positive balancing charge layer, the 

so-called Helmholtz layer (HL) of ~3Å , followed by a diffuse ionic 

layer (i.e. Gouy layer of ~300Å) where there is a concentration of 

redox species still being taken out of equilibrium [9], [20].  

 



Photocurrent response of a PEC based on EEG and LHCA4 

  

(A)       (B) 

Figure 4 Energy band at the interface between a semiconductor and a liquid electrolyte. (A) 

Main charged layers generated by charge carries diffusion and (B) anodic and cathodic 

diffusion currents due to superposition of energy bands of both semiconductor and 

electrolyte. [20] 

There are two sort of currents that dominate the flux of charge 

carriers into a photovoltaic device: cathodic current and anodic 

current. In the first case, electrons are transferred from the 

electrode to the electrolyte while in the second case, the 

transference goes in the opposite direction [20]. The higher the 

overlapping between energy levels in the semiconductor and in the 

electrolyte, the most probable charge carrier transfer [20] by means 

of either anodic or cathodic currents to semiconductor. As 

illustrated in figure 4(B). 

As an additional fact to stand out, there is a flatband potential 

𝑉𝑓𝑏 that defines a new work function based on the Mott-Schottky 

barrier (at the semiconductor surface there is a depletion layer 

with a potential-dependent capacitance). Cyclic voltammetry 

measurements are used to estimate 𝐸𝑐; the higher the 𝐸𝑐 the higher 

the photovoltage [19]. 

The consequence of any of the previous mechanisms regarding charge 

transfer the photo-induced current is characterized to evaluate a 

suitable performance as a photovoltaic device. As the aim of this 
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work concerns photocurrent, it would be necessary to introduce it by 

means of photoconductivity. 

 

1.2. Photoconductivity 

 

In photovoltaics’ research, the incremental change in electrical 

conductivity under light exposure may lead to understand the 

distribution of electronic states based on carrier generation, their 

transport through the material and recombination [21]. When a 

semiconductor is exposed to light greater than the energy band gap, 

an incident photon is absorbed by a valence electron becoming it 

freed and so promoted to the conduction band. The so photo-generated 

electrons and holes as a vacancies in the valence band become able 

to conduct electricity, the so-called photoconductivity [9].   In 

thermal equilibrium, there is a non-zero density of free carriers 

leading to a dark current that disfavor the generated photocurrent.  

 

In solids, nanostructures and interfaces an incident photon creates 

an exciton (i.e. two-particle state of electron and hole [22]. Either 

electron or hole establishing the exciton will be transferred due to 

different LUMOs (whether the transference is intramolecular) or a 

difference between LUMO and conduction band (e.g. when the charge 

carrier gets transferred to a semiconductor). The non-transferred 

photo-generated charge carrier will keep interacting with the 

transferred charge carrier via Coulomb interaction forces so-

creating a bound state called charge transfer exciton (CTE) with a 

binding energy of ~meV [22]. The power generation ends up with the 

dissociation of CTE into free charge carriers as illustrated in 

figure 5. 
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Figure 5  Schematic illustration of the three main steps for power generation in organic 

solar cells [22] 

 

In steady-state photoconductivity measurements, the conductivity 

increases as shows the following relation:  

Δσ = σph = e(µnΔn + µpΔp)     (5) 

where µn, µp are the mobility of electrons and holes respectively and 

is temperature and thin film-dependent, e the electron charge and 

Δn, Δp are the excess densities of free electrons and holes 

respectively that depend on material and external parameters [21]. 

 

A thin film with a length L and a cross section area A undergoes a 

photocurrent Iph defined as  

Iph
⃗⃗ ⃗⃗  ⃗ =  σphAE⃗⃗       (6) 

with E⃗⃗ = V⃗⃗ /L the applied electric field. 

Theoretically, Δn and Δp are supposed to be equal, however, the 

trapping of carriers through the material leads to a different 

contribution of electrons and holes on the photoconductivity as well 

as µn and µp that are lower than the theoretical free carrier mobility 

µo. In this sense, ¡Error! No se encuentra el origen de la referencia. 
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turns into eµnΔn or eµpΔp depending on which carrier dominates the 

photocurrent.  

At this point, it would be necessary to look at the behavior of 

charge carriers at the interface of donor and acceptor materials 

because this is the key behavior to understand the mechanism of DSSC.  

 

1.2.1. Semiconductor-electrolyte interface 

 

As already mentioned, there is a need to briefly contextualize 

semiconductor, electrolyte and the dye in the light of p-n junctions 

(i.e. hole-doped and electron-doped materials, respectively). 

Figure 6 illustrates the energy bands at the interface between an 

electrolyte (A) or a dye sensitizer (B) that similarly describes the 

light-induced charge transference for n-doped graphene and a light 

harvester (i.e. either a protein or a viologen). Light induced 

injection of electron to the conduction band of the SC is a 

consequence of diffusion of charge carriers when they are contacted 

together which establishes an electric field towards the metal (or 

electrolyte). The exciton generated in the dye is supposed to behave 

according to this established electric field (so the electrons and 

holes direction in (B)) [9]. 
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              (A)                           (B) 

Figure 6 Schematic energy bands for (A) the interface between an n-type 

semiconductor and a redox electrolyte, and (B) n-type semiconductor and a dye 

sensitizer [9]. 

 

There is indeed an open window to perform PEC devices based on n-

doped graphene and overexpressed light harvesting proteins designed 

according to a mainly orientation requirement. 

In this regard, the general aim of this work is to evaluate the 

potential as a photovoltaic device of a designed and lab-made hybrid 

photo-electrochemical cell based on graphene and LHCs by means of 

the photocurrent. To accomplish this aim, four specific aims were 

proposed as follows:  

1. To fabricate a suitable electrode as a platform for proteins 

immovilization based on pristine graphene 

2. To design a construct based on LHC proteins from C. reinhardtii 

heterogously expressed in Escherichia coli. 

3. To design and to develop a procedure to assembly and to built 

PEC devices. 
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4. To evaluate the photovoltaic potential of lab-made hybrid 

devices based on LHC on graphene by means of the measured 

photocurrent. 

 

2. Materials and methods 

 

This work was accomplished through four main steps following each 

specific objective as follows: 

1. Genes design, strains and growth conditions for the 

heterologous expression of C. reinhardtii light harvesting 

complex LHCA4 

2. Construction of a photoelectrochemical cell based on graphene 

thin-film preparation for the surface immobilization of 

proteins and LHCA4 

3. Photocurrent response of a photo-electrochemical solar cell 

based on graphene and LHCA4  

 

2.1. Hetelogous expression of LHCA4 protein of C. 

reinhardtii in E. coli 

 

2.1.1. Genes design, strains and growth conditions 

 

Gen analysis was based on two facts: (i) the LHC proteins may have 

to be suitable oriented when immobilized on the surface due to 

orientation-dependent photocurrent, and (ii) position of photo-

active region of the LHCA4 may be directed towards light source 

following its orientation mimicking in-vivo conditions (i.e. towards 

the stroma). Addressing (i), orientation was carried out by anchoring 

a tag of 10 leucines (Leu) which is a hydrophobic aminoacid. As the 

protein will be inmersed in aqueous solution, a hydrophobic region 

would be placed far from the electrode surface so facing it to the 
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light source. An additional tag made of 10 lysine (Lys) aminoacids 

may favored the immobilization of the protein on graphene surface 

due to a covalent bond between the amine group of lysines and carboxy 

group of plasma activated graphene. An additional tag made of 6 

histidines (His) would be anchored after cloning the genes on pET6xHN 

vectors on the side at which the photo-active region may be not 

truncated to light action. For the second fact both N-terminal and 

C-terminal orientation of the LHCA4 protein were designed to be 

towards light source. There is not information addressing the stromal 

side of this protein in C. reinhardtii. The homology percentage is 

understood as an estimation of how similar or how different is the 

evolutionary story of two organisms. This allows to identify genes 

from a common ancestor thus having a similar biological function. As 

homology percentages between LHC in C. reinhardtii and LHC complexes 

in plants (which stromal side has been reported) was found to be 

below 30%, both configurations were considered for PEC elaboration. 

Figure 7 shows a schematic representation of the final protein 

configurations based on the anchored aminoacid tags. 

 

Figure 7 schematic representation of the final protein configurations based on 

the anchored aminoacid tags. (Top) photo-active region is in N-terminal and 

(Bottom) photo-active region is in C-terminal. 
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Gene 1 (5’-leu and 3’-lys tagged LHCA4 light harvesting complex shown 

in figure 8) and gene 2 (5’-lys and 3’-leu tagged LHCA4 light 

harvesting complex shown in figure 9) were synthesized in plasmid 

PUC57 from Shanghai ShineGene Molecular Biotech,Inc by using an 

optimized sequence for E. coli. Green highlighted nucleic acids for 

both sequences correspond to optimized codon sequences for gene LHCA4 

of C. reinhardtii. Plasmids pET6xHN-N and pET6xHN-C, acquired from 

Clontech, were used for both cloning and expressing the proteins 

with a 6xHis-tag in the N-terminal and C-terminal, respectively. 

 

AAGCTTCTcCTGCTtCTcCTcCTGCTGCTGCTGATGGCTTTCGTTCTGGCTAAATCTTCTGCTTTCGGTGTTGCTGCTAAA

CCGGTTTCTCGTCGTTCTTCTGTTGCTGTTAAAGCTAGTGCTGTTCCGGAAAACGTTAAAGAAGCTCGTGAATGGATCGAC

GCTTGGAAATCTAAATCTGGTGGTGCTAAACGTGACGCTGCTCTGCCGTCTTGGATGCCGGGTGCTGACCTGCCaGGcTAC

CTGAACGGTACCCTGCCGGGTGACTTCGGTTTCGACCCGCTGTACCTGGGTCAGGACCCGGTTAAACTGAAATGGTACGCT

CAGGCTGAACTGATGAACGCTCGTTTCGCTATGCTGGCTGTTGCTGGTATCCTGGTTCCGGAACTGCTGTCTAACATCGGT

TTCTCTTGGCCGGGgGCaGGTGTTGCTTGGTACGACGCTGGTAAATTCGAATACTTCGCTCCGGCTTCTTCTCTGTTCGGT

GTTCAGATGCTGCTGTTCGCTTGGGTTGAAATCCGTCGTTACCAGGACTTCGTTAAACCGGGTTCTGCTAACCAGGACCCG

ATCTTCACCAACAACAAACTGCCGGACGGTAACGAACCGGGTTACCCGGGTGGTATCTTCGACCCGTTCGGTTGGTCTAAA

GGTGACATCAAATCTCTGAAACTGAAAGAAATCAAAAACGGTCGTCTGGCTATGCTGGCTTTCGCTGGTTTCATCGGTCAG

GCTTACACCACCGGTACCACCCCGCTGAAAAACCTGTCTACCCACCTGGCTGACCCGTGGTCTACCACCGTTTGGCAGAAC

GACCTGGCTAAAAAgAAgAAAAAAAAgAAAAAgAAAAAAgCTGCAG 

Figure 8 Sequence for gene 1. From 5’ to 3’ and by colors there are: Leu tag, 

STAR codon, LHCA4 gene of C. reinhardtii, STOP codon and Lys tag. 

 

CTGCAGGTAAAAAgAAgAAAAAAAAgAAAAAgAAAAAAATGGCTTTCGTTCTGGCTAAATCTTCTGCTTTCGGTGTTGCTG

CTAAACCGGTTTCTCGTCGTTCTTCTGTTGCTGTTAAAGCTAGTGCTGTTCCGGAAAACGTTAAAGAAGCTCGTGAATGGA

TCGACGCTTGGAAATCTAAATCTGGTGGTGCTAAACGTGACGCTGCTCTGCCGTCTTGGATGCCGGGTGCTGACCTGCCaG

GcTACCTGAACGGTACCCTGCCGGGTGACTTCGGTTTCGACCCGCTGTACCTGGGTCAGGACCCGGTTAAACTGAAATGGT

ACGCTCAGGCTGAACTGATGAACGCTCGTTTCGCTATGCTGGCTGTTGCTGGTATCCTGGTTCCGGAACTGCTGTCTAACA

TCGGTTTCTCTTGGCCGGGgGCaGGTGTTGCTTGGTACGACGCTGGTAAATTCGAATACTTCGCTCCGGCTTCTTCTCTGT

TCGGTGTTCAGATGCTGCTGTTCGCTTGGGTTGAAATCCGTCGTTACCAGGACTTCGTTAAACCGGGTTCTGCTAACCAGG

ACCCGATCTTCACCAACAACAAACTGCCGGACGGTAACGAACCGGGTTACCCGGGTGGTATCTTCGACCCGTTCGGTTGGT

CTAAAGGTGACATCAAATCTCTGAAACTGAAAGAAATCAAAAACGGTCGTCTGGCTATGCTGGCTTTCGCTGGTTTCATCG
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GTCAGGCTTACACCACCGGTACCACCCCGCTGAAAAACCTGTCTACCCACCTGGCTGACCCGTGGTCTACCACCGTTTGGC

AGAACGACCTGGCTCTTCTcCTGCTtCTcCTcCTGCTGCTGCTGtaaTCTAGA 

Figure 9 Sequence for gene 1. From 5’ to 3’ and by colors there are: Lys tag, 

STAR codon, LHCA4 gene of C. reinhardtii, STOP codon and Leu tag. Additional 

nitrogen bases were added in order to guarantee the open reading frame when 

constructing the plasmid. 

 

Both genes were cloned in E. coli DH5α and dam- by using chemical 

competent cells. The strain used for each gene was chosen based on 

the methylation sensitivity of the restriction enzymes. Proteins 

were expressed in BL21(DE3)Gold strain. Inoculation of cell strains 

was carried out on LB medium with ampicillin at 37°C between 18-21 

hours. Liquid LB medium was prepared following the composition: 

1%(w/v) tryptone, 1%(w/v) sodium chloride and 0.5%(w/v) yeast 

extract. Solid LB medium was additionally prepared with 1.5%(w/v) 

agar-agar. Cell mediums were sterilized and stored at 4°C. 

On the other hand, for pigments stock, C. reinhardtii cultures were 

grown up on minimal salts medium Tris-Acetate-Phosphate (TAP) 

following a protocol already published [23]. Liquid TAP medium 

composition comprises: 1%(w/v) 5X Beijerinck’s solution, 0.83%(w/v) 

phosphate solution, 1%(w/v) tris-acetate solution and 0.1%(w/v) 

Hutner’s solution (Trace Elements solution). Solid TAP medium was 

additionally prepared with 1.5%(w/v) agar-agar. Liquid algae medium 

and stocks were sterilized and stored at 4°C. Algae cultures were 

routinely inoculated on liquid and solid medium to isolate algae 

from likely contamination with bacteria and fungi. 

The first step for obtain both proteins is the plasmids construction 

as described in the following section.  

 

2.1.1. Insertion of the mutated gen in E. coli 
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Chemically competent cells (E. coli DH5α, E. coli BL21(DE3)Gold and 

E. coli dam-) were prepared and their viability checked according to 

a protocol already reported [24]. 15 vials of 50 µL for each strain 

were arranged and stored at -80°C after the addition of glycerol 

50/50. 

Initially, plasmids pET6xHN-C and pET6xHN-N were cloned in E. coli 

DH5α (this strain is used for efficient gene propagation) through 

transformation by thermal shock. Plasmid pET6xHN-N was replicated in 

a dam- strain of E. coli and pET6xHN-C was replicated in E. coli 

DH5α. One-cell transforming cultures were grown up on solid LB medium 

with ampicillin at 100 µg/mL with a routinely previous assessment of 

the antibiotic viability with a negative control (a culture 

transformed with water instead of a plasmid giving resistance to 

ampicillin). Cultures were incubated overnight at 37°C. For plasmids 

stock, they were replicated and isolated by the minipreps method 

(QIAprep® Spin Miniprep Kit – Qiagen). 

Genes were cut off from plasmid PUC57 and inserted in MCS region of 

plasmid pET6xHN-C for gene 1 (-C/1) and plasmid pET6xHN-N for gene 

2 (-N/2). Insertions were performed by two consecutive digestions 

and the whole mechanism is illustrated in figure 10 for –N/2 

construct and figure 11 for –C/1 construct. The mechanism is 

described as follows, first for –N/2 followed by –C/1.  
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Figure 10 Schematic representation of construction strategy of –N/2. (A) Restriction enzymes 

sites PstI and XbaI in pET6xHN-N plasmid cassette composed of a T7 lac hybrid promoter, a 

multiple cloning site (MCS), a START and STOP codons on NcoI and PacI restriction sites 

respectively, an ampicillin resistance gene and an N-terminal 6xHN tag. (B) Eukaryotic gene 

2 flanked with an upstream 10xL tag and downstream 10xK tag. (C) Ligation of PstI and XbaI 

digested product pET6xHN-N and gene 2 resulting in –N/2 construct. 
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Figure 11 Schematic representation of construction strategy of –C/1. (A) Restriction enzymes 

sites HindIII and PstI in pET6xHN-C plasmid cassette composed of a T7 lac hybrid promoter, a 

multiple cloning site (MCS), a START and STOP codons on NcoI and PacI restriction sites 

respectively, an ampicillin resistance gene and a C- terminal 6xHN tag. (B) Eukaryotic gene 

1 flanked with an upstream 10xK tag and downstream 10xL tag. (C) Ligation of HindIII and 

PstI digested product pET6xHN-C and gene 1 resulting in –C/1 construct. 

 

The whole procedure is described in detail as follows. The name of 

genes (i.e. gene 1, gene 2) do not have anything to do with the order 

on the following description. 

Gene 2 initially acquired in plasmid PUC57, and plasmid pET6xHN-N 

were both digested with XbaI restriction enzyme using CutSmart buffer 

from NEB. Digestion reactions for each DNA sequence were prepared up 

to 50 µL by mixing: 2.5 µg of DNA, 5 µL CutSmart NEBuffer 10X and 1 

µL de XbaI (~10 unities). Digestions were stored at 37°C overnight 

(20-24 hours) in a dry bath, inactivated at 65°C for 15 minutes and 
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finally purified with the PCR Purification kit (QIAquick® PCR 

Purification Kit). The second digestion was made with PstI 

restriction enzyme in NEBuffer 3.1 through 50 µL reactions: 1-2 µg 

of digested DNA with XbaI (depending on the amount of DNA obtained 

after the purification), 5 µL NEBuffer 3.1 10X and 1 µL de PstI (~10 

unities). Digestions were led up on a dry bath at 37°C overnight and 

similarly inactivated. Double digestion procedure was similarly 

performed for gene 1 and plasmid pET6xHN-C by using restriction 

enzymes HindIII in CutSmart buffer (digestion performed at 37°C for 

1h because of star acivity) and PstI in NEBuffer 3.1 instead. 

Digested DNA sequences were evaluated by a 1% (w/v) agarose gel 

electrophoresis, with a running voltage of 120V for 35 minutes. 

Clipped DNA was analyzed based on both molecular weight markers and 

negative controls (not-digested DNA). Used molecular ladders were: 

1kb (InvitrogenTM 1Kb Plus DNA Ladder), 2-Log (Quick-Load® 2-Log DNA 

Ladder (0.1-10.0 kb)) and N0303 (Quick-Load® DNA Marker, Broad Range 

(0.072-23.13 kb)). Furthermore, the four DNA sequences (i.e. gene 1, 

pET6xHN-C, gene 2 and pET6xHN-N) with flanking sites already prepared 

were extracted and purified from 0.8% (w/v) agarose gel by DNA 

electrophoresis with the same running conditions using the GeneJET 

Gel Extraction kit from Thermo Scientific. The expected DNA sizes 

after double digestions were 854 bp and 853 bp for gene 1 and gene 

2 respectively and 5712 bp and 5678 bp for pET6xHN-C and pET6xHN-N 

respectively. The final amounts of double-digested DNA were 1129ng, 

265ng, 1463ng, 703ng for gene 2, gene 1, pET6xHN-N and pET6xHN-C 

respectively. 

As a following step, ligations were led up with an insert to vector 

relation of 3:1 for –N/2 and 5:1 for –C/1. 20 µL reaction were 

prepared as follows: 2 µL of T4 ligase buffer 10X, 252.3 ng (10 uL) 

of double-digested pET6xHN-N, 113.7 ng (5.85 uL) of double-digested 

gene 2 (i.e. Leu-LHCA4), 1 µL of T4 ligase and 1.15 µL of sterilized 

water (type I). Ligations reactions were led under incubation at 4°C 

overnight (20h). Similarly, for 5:1 –C/1 ligation 20 µL reaction 

were prepared as follows: 2 µL of T4 ligase buffer 10X, 60.65 ng (5 
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µL) of double-digested pET6xHN-C, 45.34 ng (10 µL) of double-digested 

gene 1 (i.e. LHCA4-Leu), 1 µL of T4 ligase and 2 µL of sterilized 

water (type I). Ligations reactions were led under incubation at 4°C 

overnight (16h-20h). 

Summarizing the molecular procedure to construct the plasmids –C/1 

and –N/2, Table 1 shows the restriction enzymes used for isolation 

of both flanked DNA sequences: plasmids and genes. 

 

Table 1  Restriction sites used on both plasmids and genes to perform the –C/1 and –N/2 

plasmids construction 

Final 

Plasmid 
Modification 

Vector 

plasmid 

Vector 

isolation 

Insert 

plasmid 

Insert 

insolation 

Cloning 

strain 

-C/1 

Insertion of 

gene 1 (leu-

LHCA4-lys) 

pET6xHN

-C 
PstI/HindIII PUC57 PstI/HindIII 

E.coli 

DH5α 

-N/2 

Insertion of 

gene 2 (lys-

LHCA4-leu) 

pET6xHN

-N 
XbaI/PstI 

PUC57 

 
XbaI/PstI 

E.coli 

dam-/dcm- 

 

 

Ligation product was introduced on competent E. coli DH5α through a 

heat shock transformation using SOC medium. Transforming cultures 

were grown up on LB medium with ampicillin and under incubation at 

room temperature for 2.5 days. Cultures were stored at 4°C on plates 

and at -80°C as cell stocks for subsequent culture evaluation. 

Due to the incubation time, 8 different bacteria sowings of 4 

prospective transforming colonies (3 for –C/1 and 1 for –N/2) were 

grown on solid LB medium with ampicillin to discard likely growing 

of satellite colonies. 2 colonies for –C/1 and 1 for –N/2 showed the 

presence of plasmid pET6xHN-C and pET6xHN-N respectively. –N/2 

transforming colony was transformed on dam-/dcm- E. coli strain for 

subsequent evaluation by DNA digestion, similarly to transforming –

C/1 on DH5α strain of E. coli. The same digestions previous to 

ligations for each DNA sequence were performed to check out a 
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successful ligation. Expected final amino acids sequences for 

tagged-genes are shown in figure 12 for –N/2 and figure 13 for –C/1. 

Schematic representation of the distribution of tags for each protein 

was already presented at the beginning of Materials and Methods 

section. In this sense, C-terminal side of –N/2 will be oriented 

towards light source as well as N-terminal side of –C/1. 

 

MGHNHNHNHNHNHNAAGKKKKKKKKKKMAFVLAKSSAFGVAAKPVSRRSSVAVKASAVPENVKEAR

EWIDAWKSKSGGAKRDAALPSWMPGADLPGYLNGTLPGDFGFDPLYLGQDPVKLKWYAQAELMNAR

FAMLAVAGILVPELLSNIGFSWPGAGVAWYDAGKFEYFAPASSLFGVQMLLFAWVEIRRYQDFVKP

GSANQDPIFTNNKLPDGNEPGYPGGIFDPFGWSKGDIKSLKLKEIKNGRLAMLAFAGFIGQAYTTG

TTPLKNLSTHLADPWSTTVWQNDLALLLLLLLLLL* 

Figure 12 Sequence for aminoacids in –N/2. From left to right and by colors are 

methionine (STAR codon), his-tag, lys-tag, LHCA4 and leu-tag 

 

MGKASVDQISKLLLLLLLLLLMAFVLAKSSAFGVAAKPVSRRSSVAVKASAVPENVKEAREWIDAW

KSKSGGAKRDAALPSWMPGADLPGYLNGTLPGDFGFDPLYLGQDPVKLKWYAQAELMNARFAMLAV

AGILVPELLSNIGFSWPGAGVAWYDAGKFEYFAPASSLFGVQMLLFAWVEIRRYQDFVKPGSANQD

PIFTNNKLPDGNEPGYPGGIFDPFGWSKGDIKSLKLKEIKNGRLAMLAFAGFIGQAYTTGTTPLKN

LSTHLADPWSTTVWQNDLAKKKKKKKKKKAAGHNHNHNHNHNHN* 

Figure 13 Sequence for aminoacids in –C/1. From left to right and by colors are 

methionine (STAR codon), his-tag, leu-tag, LHCA4 and lys-tag 

 

Once the constructs were ready and evaluated, the expression of both 

protein is performed. This procedure is described in the next 

subsection. 

 

2.1.2. Protein expression 

 

Transforming  E. coli BL21(DE3) Gold cultures with –N/2 and –C/1 

were firstly grown up on solid LB medium with ampicillin at 100 µg/mL 
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overnight at 37°C. For each E. coli strain one-cell culture was 

inoculated on 20 mL of liquid LB medium with ampicillin at a final 

concentration of 100 µg/mL. Pre-inoculums were incubated at 37°C and 

250rpm overnight. Inoculums were prepared at an OD of 0.02 (~ 

dilution 1:100) were performed in 400mL of liquid LB medium with 

ampicillin at 100 µg/mL and incubated at 37°C and 250rpm (orbital 

agitation). At an OD between 0.5 and 0.6 (2h), cultures were induced 

with IPTG at a final concentration of 1mM. Slow-induction at 20-22°C 

and 180rpm for 20h was accomplished for both cultures in order to 

favor soluble protein expression and accurate folding. However, it 

did not work so that fast induction was carried out at 250rpm and 

37°C for 4h. 

Culture-pellets were obtained by centrifugation: 15 minutes at 

4500rpm and at 4°C and fully re-suspended in Sonication buffer at 

pH=8.0 (0.69% (w/v) NaH2PO4∙ H2O, 1.75% (w/v) NaCl, 0.01% (v/v) Tween 

20 and 0.001% (v/v) Triton). Lysosyme 1mg/mL.  Samples were lysed 

with a VibraCell sonicator at an amplitude of 37% for 13.33s in 40 

cycles of 20s of sonication and 40s of pause. Gram stain was 

performed on lysed sample to verify the procedure as well as 

collected for SDS-PAGE. Lysed cultures were centrifuged at 4°C and 

13000rpm for 10 minutes to separate proteins from biomass. 

Supernatant was collected as the starting sample. 

As a standardized protocol, target proteins are required to be as 

isolated as possible. In this sense, the following section describes 

the purification procedure. 

 

2.1.3. Proteins purification 

 

Two subsequent methods of purification were carried out: nickel 

column for affinity chromatography and batch magnetic separation. 

For the first purification, the chromatography was performed in a 5 

mL ProfinityTM IMAC Resin Ni-charged from Bio-Rad. The resin was 

packed in a glass column plugged with glass wool and cotton wool at 
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the bottom to prevent loss of stationary phase. As the resin was re-

used, it was cleaned, washed, charged and equilibrated at a rate of 

2mL/min with fresh prepared buffers as the protocol denotes [25]. 

Starting sample was incubated with the nickel resin up to 30min at 

4°C and fractions of 7 mL for washing and elution steps were 

collected for subsequent SDS-PAGE analysis and stored at 4°C. For 

elution samples longer than 4 weeks, proteins were frozen at -80°C 

and dried on a freeze drier for 8 days. 

For the second purification method, DynabeadsTM His-Tag Isolation and 

Pulldown from ThermoFisher were used to purify the target protein 

with collected sample from washing steps as the starting sample. 

Similar to IMAC Ni resin, dynabeads purification was performed 

according to its protocol [26]. Cleaning the dynabeads for re-using 

them was performed with the following washing steps: 500uL EDTA 0.5M, 

3 subsequent resuspension in 500uL of dH2O, 500uL CaCl2 0.2M, 500uL 

PBS 1X and 2 subsequent resuspension in 700 uL of ethanol 20%. 

Dynabeads are finally stored in ethanol 20% at 4°C. 

 

In general, light harvesting proteins are assembled with pigments 

(e.g. chlorophyll a, b and carotenoids). In this sense, -N/2 and -

C/1 need to be reconstituted with these pigments ideally taken from 

the same organism from which proteins were designed. So, pigments 

were extracted from C. reinhardtii as the following procedure 

describes.  

 

2.1.4. Pigments extraction from C. reinhardtii 

 

Chlorophyll a and b and carotenoids were extracted from C. 

reinhardtii cultures based on a protocol already used for pigments 

extraction in plants. The following procedure was carried out under 

low illumination. Algae pellets were obtained by centrifugation at 

4500rpm and 4°C for 5 minutes. Pellets were freeze-dried in nitrogen 
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and macerated until samples became a powder that was collected in 

2ml eppendorf tubes previously weighted. Samples were re-suspended 

in 1.5mL of ethanol by vortex for 2 minutes and centrifuged at 

10000rpm and 4°C for 3 minutes. Supernatants were collected in a 

closed ambar flask. Subsequent extractions were performed until no 

pigments remain on the supernatant. Collected pigments content were 

measured in UV-vis spectrophotometer at 664 nm for chlorophyll a 

(Chla), 649 nm for Chlb and 470 nm for carotenoids according to 

Sumanta et al. [27]. The procedure yielded a pigments concentration 

of 4.63x10-3 mg/mL for Chla, 2.85x10-3 mg/mL for Chlb so that the 

total amount of extracted chlorophylls was 7.47x10-3 mg/mL and 

1.30x10-3 mg/mL for carotenoids. Extraction was stored at -20°C. 

 

2.2. Built-up of photoelectrochemical devices 

 

Previous listed and detailed methods were performed to produce the 

target dyes that are LHC proteins. On the other hand, it is necessary 

to prepare and deposit the graphene-based electrodes before 

assembling the PEC. 

 

2.2.1. Graphene thin-film preparation 

 

Graphene dispersion was prepared according to a standardized method 

of electrochemical exfoliation already published [28]. This method 

yields graphene thin layers (2nm) up to few microns big as already 

reported. 

Thin films were deposited by spray-coating on glass substrates with 

an Indium Tin Oxide (ITO, one of the most popular transparent oxides 

for solar cells electrode deposition) cover (Ossila Ltd.). These 

substrates of 20mm x 15mm have a deposited ITO film of 100nm with a 

film-resistance of 14-16𝛺/cm. 27.05 µg of graphene was deposited per 
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ITO glass substrate (0.09µg/mm2) at 150°C by spray coating. A cooper 

wire was placed on a 3mm x 15mm edge region of the transparent 

electrode with silver painting so that the mean illumination area is 

~ 255 mm2 = 0.026 cm2. 

In order to perform a subsequent immobilization of LHCs, graphene 

surface is activated for carboxyl groups anchoring so keeping 

conductivity values of pristine graphene instate of graphene oxide.  

 

2.2.2. Carboxyl groups activation on graphene surface 

 

Proteins are characterized for having an amine (-NH2) or carboxyl (-

COOH) termination and these functional groups are immobilized if 

there is a favored chemical bond. Pristine graphene is unable to 

lead a chemical reaction so that a clean, isotropic and tunable 

strategy is required to generate a reactive surface. Oxygen plasma 

has been described as a physical technique that creates carboxyl (C-

OH) and epoxy (C-O-C) functional groups on the surface of graphene 

thin films [29]–[31] previously deposited on glass substrates. 

Oxygen plasma creates lattice defects with electronegative groups 

that will break the lattice symmetry, opening an electronic band gap 

while leading to a p-type behavior of the surface, similar to the 

surface of the commonly known graphene oxide. The modified surface 

is understood as an hybrid material where regions with sp2 

hybridization (conductive regions) and regions with sp3 hybridization 

(non-zero band gap regions) coexist on the same lattice [30] 

decreasing the sheet-conductivity but enabling peptide 

functionalization. Both variables may be controlled by tuning the 

exposition time to oxygen plasma (treatments ranged between 0s to 

180s), i.e. controlling the amount of functional groups on the 

surface that will enable the protein immobilization by the amide 

bond formation between carboxyl groups and NH2-end of the protein. 
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Plasma treatment was performed on three available plasma systems 

with a power and oxygen purity as follows: 18W and 21% for an oxygen 

plasma system I (OPS I), 22W and 99.7% for OPS II and 18W and 82% 

for OPS III. The effect of the plasma treatment on the surface of 

the thin films was evaluated with the following surface 

characterization techniques: FT-IR with the attenuated total 

reflection attachment (ATR), XRD, Raman, XPS and KPFM. 

 

An alternative dye, different to LHCs, is synthetized in case of 

requiring a charge separation mediator (LHCs does not undergo this 

process as previously mentioned). The alternative dye is a 

phosphonated viologen. 

 

2.2.3. Viologen immobilization on graphene surface 

 

N-(Diethylphosphono-2-ethyl)-4,4’-bipyridinium bromide (PV, 

phosphonated viologen) was synthesized according to a protocol 

already published [32]. 1.5 g of 4,4’-bipyridine (Sigma-Aldrich) was 

diluted in 5.25 mL of 97% diethyl 2-bromoethylphosphonate 

(AllScience Colombia) and 10mL of DMF for 24 h at 50°C under 

agitation. The synthesis product was cooled down, washed with 20 mL 

of diethyl-ether and dried out in a low-vacuum rotary evaporator for 

36h. The yellow product was scrapped off, collected in a glass vial 

and finally stored at room temperature. The synthesis procedure is 

shown in figure 14. 
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Figure 14 Synthesis of phosphonate viologen from 4,4’-bipyridine and diethyl 2-

bromoethylphosphonate. The different stages are shown from the mix solution of reactants, 

the obtained dried powder until its dilution in water to immobilization in EEG thin-films 

under magnetic stirring. At the bottom, the molecular structure of the aromatic is shown.  

 

Different concentrations of PV were prepared in order to control its 

amount to be immobilized on the surface of EEG. EEG thin films 

deposited on ITO were immersed on 4%(w/v) and 2%(w/v) of PV already 

prepared in water. They were let to react up to 18h at 50°C under 

magnetic stirring. PV excess was removed by dipping the samples on 

water up to three times. They were dried and stored at room 

temperature.  

Back to the target dye in this project, now then it is possible to 

assembly PEC devices both configurations of LHCs.  

 

2.2.4. LHCA4 immobilization on graphene surface 

 

Protein immobilization was carried out in an aqueous solution with 

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) as a mediator. 



Martha Inés Ortiz Torres 

41 
 

0.48mg of protein in elution buffer was mixed under magnetic stirring 

with 1.5mg of EDC and 1.5mg of N-hydroxysuccinimide (NHS) in a clean 

vial (i.e. 1.36% (w/v)). A thin-film of EEG previously deposited on 

ITO was placed on the mobile arm of a lab-made dip-coater as approach 

to previously reported langmuir Blodgett film deposition [33]. 

Immersions of the thin-film were performed at 0.5 mm/s at 0-16°C for 

24h (~1400 cycles) with the protein solution under magnetic stirring 

at 100rpm. 

The thin-film with immobilized LHCA4 protein was manually washed 

with 3 dippings in water to take off the excess of both reactants 

and protein and dried out in a low-vacuum bell. The films were stored 

at 4°C. 

Summarizing the described immobilization, the whole mechanism is 

illustrated in figure 15. 

 

(A) 
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(B) 

Figure 15 Squematic mechanism for both proteins immobilization in order to favor 

their orientation to the light source. (A) is followed by (B). 

As previously mentioned, proteins need to be assembled with pigments. 

This following procedure is carried out after protein immobilization 

due to likely pigments bleaching (or degradation) while performing 

the overnight immobilization. 

 

2.2.5. Proteins reconstitution with pigments 

 

The reconstitution buffer was prepared based on a procedure already 

published by Pulsen et al. in 1990 [34]. The thin-film was immersed 

in the buffer containing 100mM Tris-HCl (pH 11), 5mM butyric acid, 

1mM toluene, 12.5% sucrose and 2% SDS. The immobilized proteins were 

solubilized by heating the thin-film in the buffer at 100°C for 1 

min in a convection oven. 100mM 2-mercaptoethanol was added to the 

buffer and a pigment solution containing 100uL of extracted pigments 

in ethanol as a solvent (already described in section 2.1.4) and 

100uL of diethyl-ether. The thin-film in the reconstitution buffer 
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with the new reactants were heated again at 100°C for 1 min. 

Reconstitution was achieved by three subsequent cycles of freezing 

at -20°C for 1h and thawing at 25°C for 15 min. The procedure was 

carried out in darkness. 

Now then it is possible to evaluate whether PECs have a photocurrents 

response and by this means behave as a photovoltaic device. 

 

2.3. Photocurrent measurements  

 

Photocurrent measurements were performed based on the photocurrent 

decay (PCD) through the photoelectrochemical device. A constant 

voltage of 1mV is applied between the electrodes so that a change in 

the photocurrent is measured after subsequent cycles of light-on and 

light-off. Measurements were performed at room temperature with a 

Keithley sourcemeter 2450 as illustrated in figure 16 and the 

illumination was carried out with a Xenon lamp MAX-303 at a constant 

power of 99.5 mW/cm2 controlled with the percentage of illumination 

which was set up to be 45%. Dark current was let to equilibrate the 

flux of charge carriers up to 5000ms before the first light-off and 

light-on cycle. For each device configuration three measurements 

were performed up to 5 light-off and light-on cycles. 
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Figure 16 Schematic representation of the circuit for PCD measurements. Light excites 

photoactive layer in EEG electrode by passing through the transparent cathode and the 

electrolyte solution. 

 

 

3. Results and discussion 

 

This section will consider the two main agents of PEC (i.e. dye and 

electrode). First, results for the designed DNA sequences as well as 

results concerning the overexpressed and purified proteins will be 

shown. This results will be followed by the PEC configuration 

according to the electrodes and electrolyte solution. Finally, 

photocurrent measurements will be described. 

 

3.1. Heterologous expression of LHCA4 protein of C. 

reinhardtii in E. coli 

 

A first PCR amplification, digestion, DNA purification, ligation, 

protein expression, protein purification and evaluation was 

performed with extracted cDNA from C. reinhardtii as the starting 

DNA sample. However, Sanger sequencing yielded a LHC sequence 

different from the expected based on the designed primers prior to 

PCR amplification. Although the sequence had some percentage of 
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homology with predicted photosynthetic proteins of C. reinhardtii, 

its function might not be what was expected. Thus, in order to reduce 

the uncertainty of questionable sequences for target proteins, the 

corresponding genes encoding for this proteins were sythezised. In 

this regard, the following results were obtained with the synthesized 

genes as starting samples for the molecular biology procedures. 

As a first result for expressing plasmid construction, the digestion 

evaluation of both –N/2 and –C/1 was quickly checked out by agarose 

gel electrophoresis as shown in figure 17. Linear lengths of both 

constructed plasmids are 6531 bp and 6566 bp, respectively. The gel 

on the left illustrates a set of 3 wells for –N/2 (from left to 

right): the pET6xHN-N empty plasmid digested with one of the 

restriction enzymes used for built the construct (PstI), the plasmid 

with the inserted gene (-N/2) and a non-digested –N/2 plasmid. After 

the 1kb DNA ladder the same specifications are shown on the 

subsequent wells for the second construct –C/1. –C/1(5) and –C/1(7) 

points out the two positive transforming colonies for this plasmid 

to checked out relevant differences. The following results were 

performed with –C/1(5) that will be labelled as –C/1. The bands were 

revealed close to the expected sizes for both constructed plasmids, 

and indeed the gel on the left suggests a successful ligation for 

both of them. As a confirmation, the gel on the right shows a double 

digestion for –C/1 so that two bands were expected to be revealed, 

in 854 bp and in 5712 bp as a confirmation of the presence of the 

gene 1 and the empty plasmid after a double digestion. The first 

well after the 1kb ladder is the linear empty plasmid pET6xHN-C (i.e. 

digested with PstI), followed by the double digested gene 1, both as 

negative controls. The third well shows the constructed plasmid –

C/1 after double digestion with PstI and HindIII, and indeed the 

sizes of the two lightly bands matched both controls. By this means 

the plasmids –C/1 and –N/2 were successfully constructed. 
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Figure 17 Agarose gel electrophoresis of both constructs –N/2 and –C/1. The gel on the left 

shows the first suggestion of a successful ligation (a greater size of –N/2 (6531 bp) and –

C/1 (6566 bp) against empty plasmids pET6xHN-N (5678 bp) and pET6xHN-C (5712 bp), 

respectively). The gel on the right shows a matching of two bands of –C/1 obtained after a 

double digestion with PstI and HindIII, with the empty plasmid pET6xHN-C and the double 

digested gene 1.  

 

Once the plasmids were ready to be cloned in E. coli, the next step 

concerning proteins overexpression was performed as described in 

materials and methods section. As a quick evaluation on the nature 

of overexpressed proteins, a SDS-PAGE electrophoresis was carried 

out. –N/2 was expected to be of about 32.74 kDa and –C/1 of about 

33.7 kDa. SDS-PAGE electrophoresis on polyacrylamide gel are shown 

in figure 18 and figure 19 for –C/1 and –N/2 respectively. 

For both electrophoresis, both an overexpression of target proteins 

as well as a subsequent isolation of them are observed. However, in 

elution fractions the protein is not completed purified due to the 

numeral non-specific bands. By this means, as previously described, 

a second purification method was performed and results are shown in 
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figure 19. Despite the bands are not clearly revealed, there are 

almost non-specific bands in the elution fraction. 

 

 

Figure 18 SDS-PAGE electrophoresis for –C/1. Wells’ labels are: (cE2) elution of –C/1 from a 

previous purification performed with the same nickel column, (M) protein weight marker, (AL) 

sample before lysis, (DL) sample after lysis, (AC) lysed sample after centrifugation, (T) 

sample obtained after incubation of the sample with the nickel column (i.e. unbound 

proteins), (L1-L4) subsequent washes of the column, (E1-E4) subsequent elutions of the 

target protein. 

 

 

 

Figure 19 SDS-PAGE electrophoresis for –N/2 (samples on wells at the left of the protein 

weight marker corresponds to –C/1). Wells’ labels are: (T) sample obtained after incubation 

of the sample with the nickel column (i.e. unbound proteins), (L1-L4) subsequent washes of 

the column, (DL) sample after lysis, (AC) lysed sample after centrifugation, (E1-E4) 
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subsequent elutions of the target protein, (M) protein weight marker. Labels preceded by a d 

refers to purification by dynabeads: (dEL3) elution of dynabeads purification of L3 from the 

nickel column, (dL3L3) L3 of dynabeads purification of L3 from the nickel column, (dE) 

elution of dynabeads purification of the starting sample, (dL3) L3 of dynabeads purification 

of the starting sample. 

 

It is possible to partially ensure the identity of the purified 

proteins because the starting samples were synthesized as well as 

verified by Sanger sequencing. Additionaly, the encoding DNA 

sequences were quickly checked by enzymatic digestions. However, a 

more reliable verification might by to characterize the purified 

proteins with mass spectroscopy. 

By now, both proteins overexpression and almost successfully 

purifications were revealed. So, the next step will address the 

results for the activation of graphene surface before the final 

results concerning photocurrent measurements. 

 

3.2. Built-up of photoelectrochemical devices 

 

3.2.1. Characterization of carboxyl groups activation on graphene 

surface 

 

Infra-red spectroscopy was first used to characterize functional 

groups with oxygen that are excitable under infra-red light. The 

Kubelka Munk model was used to identify the target functional groups 

[35]. There was no significant difference between treatments under 

the effect of the oxygen plasma (supporting information S1) nor the 

expected functional groups between 1200 - 1800 cm-1 [36] so that the 

technique was unable to find surface functional groups. Oxygen purity 

may have an effect on the oxygen groups created on the surface as 

well as the vacuum pressure in order to perform a clean surface 

treatment. 
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X-ray diffraction characterization by beam flush was performed to 

identify a preferential diffraction plane based on the surface 

modification. Graphene oxide has a diffraction plane around 2θ=12° 

while in pristine graphene this preferential plane has been found 

around 2θ=25° [37]. The results show that the thin film has no 

modification on the surface (supporting information S2) probably due 

to the thickness of the film that enables a mistaken measurement by 

the XRD apparatus. Those results did not depend on the plasma 

conditions. 

Raman spectroscopy was used to identify changes in the intensity 

ratios of graphene characteristic peaks D and G (I(D) and I(G) 

respectively) related with the lattice vibrational modes: 1350cm-1 

for D mode (in-plane vibrations of sp2 carbon atoms) and 1580cm-1 for 

G mode (in-plane vibrations of sp3 carbon atoms). As previously 

reported, the ratio I(D)/I(G) depends inversely with exposition time 

[29], result that is consistent with the Raman spectra in figure 20. 

Thin films that showed a time-dependent etching based on Raman 

spectroscopy were used to standardize the conditions of the ion-

milling set up in oxygen atmosphere at 99.7%. 

 

 

Figure 20 Raman spectra of graphene thin film deposited on ITO/glass substrates. Exposition 

times range from 0s to 180s. Intensities ratio of characteristic D (1320-1440 cm-1) and G 

(1480-1580 cm-1) peaks are shown 
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X-ray photoelectron spectroscopy was used to identify the chemistry 

on the thin-films surface based on the binding energy of carbon (C1s) 

and oxygen (O1s). C1s binding energies for the thin film under an 

exposition time of 60s is shown in figure 21(A). The XPS spectra for 

the remaining treatments are shown in supporting information S3. sp3 

and sp2 carbon hybridizations are identified as well as the 

carboxylic group (O-C=O) and the ether group (C-O-C) in the different 

samples. These results are similar to the previously reported XPS 

results for reduced graphene oxide. Figure 21(B) shows a significant 

change between surveys spectra that indicates the maximum exposition 

time in order to keep the graphene under ITO coating. Characteristic 

resonances of ITO, In 3p1/2 and In 3p3/2, begin to have a significant 

input for an exposition time of 120s so that for an plasma power of 

22W, exposition time may not surpass 60s. 

 

  

       (A)                           (B) 

Figure 21 XPS binding energies for C1s for graphene thin films deposited on ITO/glass 

substrates under exposition times ranging from 0 s to 180 s. (A) Binding energies in the C1s 

region for the thin film under an exposition time of 60s (B) Binding energies between 200-

1200eV for the 5 thin films in order to identify C1s and O1s binding energies 

 

XPS spectra were fitted according to previously reported binding 

energies for the target functional groups created on the surface 

shown in Table 2. Fitting results are shown on Table 3. There was no 

difference on binding energies according to the exposition time 
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except for the hybridizations sp2 and sp3 at 30s of time exposure. 

This result may be a consequence of a low oxidation level as the 

graphene surface was not significantly impacted/changed. At a time 

exposure of 30s there is a predominant sp2 hybridization, a bond that 

favors the in-plane conduction. This is a feature to maintain as 

well as the feature of significant amount of oxygen groups where the 

immobilization could take place. The exposure time of 60s was chosen 

for this purpose. 

 

Table 2 Binding energies for expected functional groups on EEG Surface after oxygen plasma 

 

 

Table 3 Found parameters to the fitted lorentzians per treatment and per functional group 

 

 

Plasma activation of graphene thin films was the last experimental 

procedure before assembling PEC devices. Results concerning this 

final step is described as follows. 

3.3. Characterization of the photo-electrochemical cell 

by means of the photocurrent 

 

Photoelectrochemical devices (PEC) were built under different 

configurations. There were 3 main variables in the set-up of the 

devices: the EEG doping (either surface activation with oxygen plasma 
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or pristine EEG surface), aqueous electrolyte solution (depending on 

the subsequent presence or absence of the salt (KCl), redox species 

(I2), the phosphonated viologen (PV) as both redox and photoactive 

species and the reconstituted tagged-LHCA4 proteins and extracted 

pigments). For the PEC with the PV, there was an additional variation 

based on its state (either bound (immobilized on EEG) or not-bound 

state (free in electrolyte solution)). As the amount of extracted 

pigments were limitated, there was no additional built PEC devices 

as required. Table 4 summarizes the different PEC configurations 

with PV and Chlls as the photoactive species and Table 5 for 

heterologous expressed proteins. 

 

Table 4 PEC configurations for PV and Chlls as dyes 

 

 

Table 5 PEC configurations for proteins  –C/1 and –N/2  as dyes 

 

 

Under these configurations, a schematic representation of the 

evaluated PEC devices, the external measured photocurrent and their 

orientation to the light source are shown in figure 22. 

 

Chlls

in sln

H2O EEG EEG/O2 EEG EEG/O2 EEG EEG/O2 EEG/O2

H2O + Kcl EEG EEG/O2 EEG EEG/O2 EEG EEG/O2 EEG/O2

H2O + Kcl + I2 EEG EEG/O2 EEG EEG/O2 EEG EEG/O2 EEG/O2

no PV

PV*
Electrolyte

inmov in sln

C/1 E2 C/1 T C/1 L3 C/1 dyn N/2 dyn

inmov inmov inmov inmov inmov

H2O + Kcl EEG/O2 EEG/O2

H2O + Kcl + PV* EEG/O2 EEG/O2 EEG/O2 EEG/O2

H2O + Kcl + I2 EEG/O2 EEG/O2 EEG/O2

Electrolyte
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Figure 22 Main PEC configurations following: (A) without neither PV, -C/1 or –

N/2, (B) immobilized PV, (C) PV in electrolyte solution (as redox mediator), (D) 

immobilized LHC protein (i.e. –C/1 or –N/2) and (E) immobilized LHC protein with 

PV as redox mediator. 

 

The following step addresses photocurrent measurements of these PEC 

devices that were all anodic. As a first fact to highlight is about 

the shape of the photocurrent response. Light-on and light-off 

current was similar to the charging and discharging characteristic 

curves for a capacitor in a RC circuit. Figure 23 illustrates this 
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typical photocurrent response under light-on and light-off 

subsequent cycles (i.e. like a light chopper). 

 

 

Figure 23 Photocurrent response of one of the PEC devices (EEG(O2)-

PV(inmov)+KCl+I2) under light-on and light-off subsequent cycles. This suggest a 

similar behavior of a capacitor when charging and discharging in a RC circuit. 

 

For a capacitor in a RC circuit, current when charging and 

discharging events is described in the following relation:  

𝐼 =  𝐼0 − 
1

𝜏
exp (

−𝑡

𝜏
)      (7) 

with 𝜏 = 𝑅𝐶 as the characteristic time of the circuit. A similar 

behavior is inferred for photocurrent in PEC so described as follows 

for photo current generation (a similar trend is inferred for 

photocurrent decay and so 𝜏𝑜𝑓𝑓): 

𝐼𝑝ℎ = 𝐼𝑑𝑎𝑟𝑘 − 
1

𝜏𝑜𝑛
exp (

−𝑡

𝜏𝑜𝑛
)    (8) 

By this means, it is possible to determine the magnitude of photo-

generated current as well as the characteristic time of the 

equivalent circuit based on an exponential fitting of both rise and 

decay measured photocurrent. 
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The photo-generated current (or current change) is measured as the 

difference between the flux of charge carriers from the saturation 

point and the dark current (photo-current before a light-on cycle or 

similarly at t = 45s) in I-t curves. Each measurement was performed 

3 to 5 times depending on contact errors and/or the amount of noise 

that may bias the result. The amount of measurements was considered 

a limiting factor so that it was not possible to perform a 

statistical analysis. Characteristic times were estimated from I-t 

curves too. 

The following step addresses the comparison of 𝐼𝑝ℎ, 𝜏𝑜𝑛 and 𝜏𝑜𝑓𝑓 in 

performed PEC configurations. Figure 24 shows a comparison between 

generated photocurrent between PECs based on the main photoactive 

species: (A) for PV and chlorophylls, and (B) for proteins –C/1 and 

–N/2. 

  

 (A)          (B) 

Figure 24 Photocurrent for (A) PV and chlorophylls as dyes, and (B)  –C/1 

proteins as dyes. Red dashed lines are shown for the control PEC devices and the 

green dashed line for the assembled PEC with the protein –N/2. 

There are three key features to highlight based on Figure 24. First, 

in (A), PEC with dH2O as the electrolyte solution (green bars) has 

a non-zero photocurrent and in the PEC with the plasma activated 

anode (i.e. EEG thin-film) its behavior is enhanced by the presence 
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of the redox mediator as expected. As a polar solvent, water is able 

to transport charge carriers (E°=1.23V).  

Second, EEG (O2) showed the expected photocurrent behavior 

regardless of the viologen state in the PEC which was not observed 

in EEG (without surface activation). It has been reported that 

viologens behave as redox mediators while being dyes [38] and by 

this means the observed photocurrent enhancement. As already 

mentioned, the transference of charge carriers depends on the 

separation between the electrode and the donor species. 

Immobilization of PV (by π-stacking) ensures a close separation 

compared with PV being in solution (i.e. a separation up to a few 

microns) so that the electric field generated by diffusion of charge 

carriers is greater for immobilized PV (smaller space charge layer). 

When PV is in solution, it is observed that both I2 and PV yields a 

similar photocurrent, suggesting a likely main redox mediator role 

instead of an electrons donor directly to the electrode. This 

observation is self-consistent due to the separation between PV and 

the electrode which reduces the probability of electrons to be taken 

out in the external circuit. On the contrary, chlorophylls showed a 

signal under the negative control PEC (green bars) as well as a non-

charge-discharge behavior. Pigments degradation could be leading to 

a mistaken measurements and so subsequent measurements on PEC devices 

with overexpressed proteins will be assumed to be driven by 

reconstituted proteins instead of both likely reconstituted proteins 

and free- chlorophylls photocurrent contribution.  

Third, for the immobilized proteins, the best performance for PEC 

involved the presence of PV either as a redox mediator or as a both 

redox mediator and dye which would screen the photocurrent of 

proteins. Despite there was only one measurement performed for –N/2 

it may suggest either a higher current generation likely due to 

protein orientation with the C-terminal region as the stromal-

oriented side of the protein (i.e. photoactive region) or an specific 

favored orientation leading to an enhanced energy transfer in case 

the proteins are accurately re-folded. However, it is necessary to 
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perform additional characterization measurements to evaluate both 

assumptions. Despite what has been describe immediately before, PEC 

with proteins exhibited photocurrents under one magnitude order 

below the observed for PEC with PV resulting in a non-suitable 

photovoltaic device. Again, a carefully evaluation on the 

immobilization, re-folding and stability is required. 

On the other hand, 𝜏𝑜𝑛 and 𝜏𝑜𝑓𝑓 results will be compared. Similar to 

photocurrents, bar plots are presented in figure 25 for both PEC 

with PV and PEC with overexpressed proteins as photoactive species. 
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   (C)       (D) 

Figure 25 Characteristic charge and discharge times for (A)-(B) PV and 

chlorophylls as dyes, and (C)-(D) –C/1 proteins as dyes. Red dashed lines are 

shown for the control PEC devices and the green dashed line for the assembled PEC 

with the protein –N/2. 

Due to the higher either recombination or traps when PV is in 

solution, lifetimes of charge carriers are expected to be τ(−PV) >

τ(+PV). Similarly, as photocurrent is mainly drived by electrons 

instead of holes and ΔnEEG > ΔnEEG(O2) for electrons (ΔpEEG < ΔpEEG(O2) for 

holes), it is expected for charge carriers lifetimes to be τEEG >

τEEG(O2).  

On the other hand, significant decay of characteristic times in 

subsequent measurements that was observed in PECs with a PV-mediated 

electrolyte (figure 26). This photocurrent decrease may be due to PV 

transference to electrolyte solution instead of an intrinsic 

photocurrent change in PV. 

3
,9

8

1
,3

9

0
,3

7

2
,7

2

1
,3

6

6
,3

5

KCl + PV

L3 T L3 T E2 T

KCl KCl + I2

0

2

4

6

C
h
a
rg

in
g
 T

a
u
 (

s
)

 -C/1

-N/2

KCl

KCl + I2

KCl + PV

8
,1

8

0
,3

6

0
,4

5

3
,0

8

0
,9

6

6
,8

7

KCl + PV

L3 T L3 T E2 T

KCl KCl + I2

0

2

4

6

8

D
is

c
h
a
rg

in
g
 T

a
u
 (

s
)

 -C/1

-N/2

KCl
KCl + I2

KCl + PV



Martha Inés Ortiz Torres 

59 
 

      

Figure 26 Subsequent photocurrent decay of photocurrent with measurements. The 

order of measurements was first in black, second in red and third in blue. 

 

Additionally, as the core of this project, photocurrent measurements 

on PEC with the heterologous expressed light harvesting complexes 

(LHCs) are compared. There are three main features from purified 

proteins: immobilization of different proteins sample (i.e. as there 

was not posible to completely isolated target proteins, 

immobilization of different washed/eluted fractions were tried), 

behaviour depending on the redox couple in the electrolyte solution 

(i.e. KCl + PV or KCl + I2) and behaviour depending on the nature 

of the protein (i.e. either –C/1 or –N/2). For the first comparison, 

immobilization and photocurrent measurement were carried out for 

three different purification fractions of –C/1: Elution 2 (E2), wash 

3 (L3) and the first washing fraction (T). Photo-induced current are 

shown in figure 27. As already mentioned, measurements on PEC 

involving pigments were limited as well as easily-degradable. Charge 

and discharge curves were obtained after 2-3 measurements so pointing 

out a need for bigger delay times (i.e. a dark current through the 

PEC up to few minutes). Figure 27 shows photocurrents with the –C/1 

protein as the only main photoactive species yielding to a higher 

photocurrent in E2 corresponding to the best isolated protein even 

though its size was bigger than the expected. Although reconstituted 

protein –C/1 E2 requires additional characterization about its 

photoresponse, it vaguely suggests either a –C/1 dimer with a higher 
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photo-induced current or a signal bleaching due to non-specific 

proteins in –C/1 L3 and –C/1 T. 

 

Figure 27 Photocurrents with the –C/1 protein with KCl and I2 as the electrolyte  

 As a second result based on LHC-based PEC, PV redox mediator 

enhanced the photocurrent as illustrated in figure 28. This result 

was contrary to PV-based PEC where both I2 and PV in electrolyte 

solution yields a similar photocurrent. However, it is about half of 

photocurrent in a PEC without –C/1 suggesting an enhanced 

photocurrent in PV-based PECs against LHC-based PEC. 

 

Figure 28 Photocurrent for the –C/1 protein with KCl and PV as the electrolyte 

Finally, comparing photo-induced currents in both protein 

configurations (-N/2 and –C/1), –C/1 showed a lower photocurrent 
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compared to -N/2 in addition with an expected response when the 

photoactive electrode where connected as the hole collector (figure 

29). This suggests a likely protein orientation favoring the 

injection of electrons to the electrolyte instead of to the activated 

EEG. 

 

Figure 29 Photocurrent for the –C/1 and –N/2 proteins with KCl and PV as the 

electrolyte 

 

There was an important observation about the loss of graphene thin-

film from the substrate after the reconstitution procedure. 

Fluorescence microscopy was performed in PEC devices with labeled 

proteins before and after this experimental procedure in order to 

evaluate a likely detachment of proteins while their reconstituting 

with pigments. Figure 30 shows a qualitative picture of the amount 

of immobilized protein onto EEG thin-films. The PEC after the 

reconstitution procedure has no immobilized proteins suggesting a 

complete removal of LHCA4 from the surface when compared with a PEC 

before this procedure. 
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  (A)       (B) 

Figure 30 Fluorescence microscopy on PEC devices built with labeled proteins  

before reconstitution procedure (A) and after reconstitution procedure 

 

This result suggested an alternatively protocol in this crucial step. 

Thus, pigments were incubated instead with the immobilized proteins 

through three different stages: incubation during the immobilization 

(-Chlls), incubation during the measurements (i.e. pigments diluted 

in the electrolyte) (+Chlls) and incubation in both stages (-

/+Chlls). Similarly, immobilization of labeled proteins were 

evaluated with fluorescence microscopy as illustrated in Figure 31 

thus confirming the keeping of conjugated proteins onto the surface.  

    

              (A)                                 (B) 
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Figure 31 Fluorescence microscopy on PEC devices built with labeled proteins 

using the alternatively reconstitution procedure for –N(2 (A) and –C/1 (B) 

 

There is an important aspect to highlight concerning the non-polar 

nature of pigments. Extracted pigments are not miscible in water so 

that an interaction or their reconstitution with proteins might be 

not expected. However, this experimental procedure based on 

incubation has been used in previous reports [39]. The non-

miscibility of pigments in the aqueous electrolyte might lead to 

their photobleaching.  

Subsequently, photocurrent was measured on the PEC devices 

fabricated under the alternatively reconstitution procedure (Figure 

32). There was a significant difference of photocurrent displayed by 

PEC devices with proteins –C/1 and –N/2. However, in this case, the 

photocurrent was higher in PEC devices with –C/1 thus suggesting 

again an orientation-dependent photocurrent. Although the 

reconstitution was performed by means of incubation instead of a 

change in the protein folding, the measurements suggested a 

successful reconstitution because of a likely interaction between 

pigments by means of the molecular complex. This result is supported 

by the control PEC where immobilized proteins were not reconstituted 

with any pigment (i.e. proteins in isolation do not display any 

photocurrent). Additionally, the photocurrent in these new PECs was 

higher that the control PEC particularly for –C/1 (i.e. similar PECs 

without immobilized proteins (+PV)).  

Figure 32 illustrates as well an incubation dependent photocurrent. 

The largest incubation time was carried out for the PECs where 

proteins were incubated with pigments during immobilization (-Chlls, 

an incubation time for up to 8 hours). This incubation enhanced 

proteins reconstitution with pigment thus leading to enhanced 

photocurrents in the case of PECs with –C/1. This result is in 

agreement with a recent report of the crystallographic structure of 

the photosystem I of C. reinhardtii[40]. In this regard, the designed 
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tagged LHC protein lead to a successful orientation of the proteins 

towards light source thus leading to a higher photocurrent as 

expected. Light-induced currents were found to be lower for +Chlls, 

-/+Chlls and Chlls-PV likely due to an incomplete reconstitution of 

proteins with pigments and due to a photocurrent dependence on an 

interaction in between. Finally, as long as the dye is protein-

specific, the PEC incubated with the fluorophore NBD did not 

displayed a photocurrent higher that the control PEC. 

 

Figure 32 Photocurrent displayed by alternatively reconstituted protein-based 

PECs enclosed by an electrolyte supplemented with KCl and PV. The photocurrent of 

the control PEC (without immobilized proteins) is shown as a red dashed line. In 

the X-axis photocurrents are grouped according to the stage in which pigments 

were incubated with the EEG electrode: no Chlls as a control (i.e. proteins 

without pigments), -Chlls refers to PECs where pigments were incubated during 

immobilization, +Chlls refers to PECs where pigments were incubated during 

measurements, -/+Chlls refers to PECs where pigments were incubated during 

immobilization and measurements, -Chlls-PV refers to PECs incubated with a NBD 

fluorophore as an alternatively dye. The grey dashed line refers to a comparative 

measurement with a graphene oxide based PEC 

 

Characteristic times were similarly estimated for PECs with proteins 

–C/1 and –N/2 (Figure 33). For experiments labeled with –Chlls and 

+Chlls, the charging and discharging characteristic times were found 
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to be similar and were found to be the smallest when compared to the 

PECs built under the remaining reconstitution procedures shown in 

the same figure. 

    

  (A)       (B) 

Figure 33 Characteristic rise (A) and decay (B) times for PECs with proteins –C/1 

and –N/2 under the different experiments carried out instead of the reported 

reconstitution procedure. The red dashed line is shown again for the respectively 

control. 

 

As compared to a previously work on photoconductivity 

characterization of graphene oxide thin films, the anodic measured 

photocurrents are consistent with anodic photocurrents measured in 

electrodes made of reduced graphene oxide which are higher than for 

graphene oxide electrodes [41]. As there is no information regarding 

the illumination area, there is only possible to compare photo-

generated currents. They reported photocurrents on the order of 0.4uA 

what is one order of magnitude lower than the measured photocurrent 

for all PEC devices, although, illumination area is a key condition 

to compare both photo-responses. Additionally, estimated 

characteristic times for light-on and light-off cycles were higher 

than previously reported characteristic times for carbon-based thin 

films which suggest an advantage of performed PEC devices. The 
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experiments concerning characteristic times are greater (~s) 

compared to typical experimental values (~ms)[22], however, 

photocurrent displayed after a seconds range frame has been observed 

on similar devices [42]. This may open the possibility to a potential 

charge storage device while keeping the idea of focus photovoltaic 

research on bio-inspired third generation solar cells. 

 

4. Conclusions and future perspectives 

 

Photocurrent were successfully measured in PEC devices using surface 

activated EEG conjugated with an oriented recombinant LHC protein 

expressed in E. coli. The photo-induced current was similar to the 

current through a capacitor in a RC circuit when charging and 

discharging. Leu and Lys tags, used to allow the LHC4 proteins to be 

oriented and immobilized onto EEG electrodes was found to be a 

successful strategy to extract the electrons from the light 

harvesting proteins. This result suggests that a new family of thin 

film photovoltaic devices can be prepared from abundant natural 

sources and graphene. Moreover, surface activation plasma is a 

reliable technique for doping the surface of prepared EEG for a 

successful n-doped semiconductor and metal junction. PV role suggest 

a better photocurrent performance compared to overexpressed 

proteins. However, additional photocurrent measurements, a reliable 

protein refolding with an optimized amount of pigments and a further 

immobilization characterization are necessary to consider LHC 

proteins as suitable dyes. Addressing the photocurrent measurements, 

even if there is a successful charge storage property of performed 

PEC cells, key parameters such as Jsc, Voc, FF and efficiency may be 

determined. By this means, its viability as a potential photovoltaic 

device will be contextualized according to previously reported 

values for third generation solar cells, the future promising devices 

for clean energy production. 
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SUPPORTING INFORMATION 

 

 

Figure 34 Diffuse reflectance results according to Kubelka Munk correction. The labels 

address the exposition times to oxygen plasma. 
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Figure 35 XPS binding energies for C1s for graphene thin films deposited on ITO/glass 

substrates under exposition times ranging from 0 s to 180 s. sp3 and sp2 carbon 

hybridizations are identified as well as the carboxylic group (O-C=O) and the ether group 

(C-O-C). 


