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Recent technology has provided us with new information about the internal structures and

properties of biomolecules. This has lead to the design of applications based on under-

lying biological processes. Applications proposed for biomolecules are, for example, the

future computers and different types of sensors. One potential biomolecule to be incor-

porated in the applications is bacteriorhodopsin.

Bacteriorhodopsin is a light-sensitive biomolecule, which works in a similar way as the

light sensitive cells of the human eye. Bacteriorhodopsin reacts to light by undergoing a

complicated series of chemical and thermal transitions. During these transitions, a proton

translocation occurs inside the molecule. It is possible to measure the photovoltage caused

by the proton translocations when a vast number of molecules is immobilized in a thin

film. Also the changes in the light absorption of the film can be measured.

This work aimed to develop the electronics needed for the voltage measurements of

the bacteriorhodopsin-based optoelectronic sensors. The development of the electronics

aimed to get more accurate information about the structure and functionality of these sen-

sors. The sensors used in this work contain a thick film of bacteriorhodopsin immobilized

in polyvinylalcohol. This film is placed between two transparent electrodes.

The result of this work is an instrumentation amplifier which can be placed in a small

space very close to the sensor. By using this amplifier, the original photovoltage can

be measured in more detail. The response measured using this amplifier revealed two

different components, which could not be distinguished earlier. Another result of this

work is the model for the photoelectric response in dry polymer films.
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Biomolekyyleistä on nykyteknologialla onnistuttu saamaan paljon uutta tietoa ja nyt bio-

molekyylien hyödyntämistä tulevaisuuden teknologioissa tutkitaan. Biomolekyylien yh-

distäminen laitteisiin ja hyödyntäminen esimerkiksi tulevaisuuden tietokoneissa on mah-

dollista. Yksi tällainen biomolekyyli on bakteerirodopsiini.

Bakteerirodopsiini on valoherkkä biomolekyyli, joka toimii hyvin samalla tavalla kuin ih-

missilmän valoherkät solut. Bakteerirodopsiini reagoi valoon käymällä läpi sarjan kemial-

lisia ja termisiä muutoksia, joiden aikana molekyylissä tapahtuu varauksen siirto. Ohuesta

kalvosta, joka sisältää paljon bakteerirodopsiinimolekyylejä, voidaan mitata varauksen-

siirtojen aiheuttama jännite sekä muutokset kalvon absorptiospektrissä.

Tämän työn tarkoituksena oli kehittää bakteerirodopsiiniin perustuvien biosensoreiden

sähköisiin mittauksiin tarvittavaa elektroniikkaa ja ymmärtää sensoreiden toimintaa pa-

remmin. Mitattavat sensorit koostuvat paksusta suuntaamattomasta polyvinyylialkoholi-

kalvosta, johon bakteerirodopsiinimolekyylit on sekoitettu.

Tämän työn tuloksena on suoraan sensoriin kytkettävä instrumentointivahvistin, joka on

mahdollista sijoittaa pieneen tilaan hyvin lähelle sensoria. Sensorin alkuperäinen sähköi-

nen vaste saatiin uudella vahvistimella mitattua tarkemmin. Vasteesta saatiin selkeästi

esiin kaksi komponenttia, joita ei aiemmin pystytty erottamaan. Lisäksi työn tuloksena

muodostettiin malli bakteerirodopsiinin valosähköisen vasteen mallintamiseksi kuivissa

polymeerifilmeissä.
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ABBREVIATIONS AND SYMBOLS

3,4-dh 3,4-didehydro
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AC alternating current

ADP adenosine triphosphate

ATPase adenosine triphosphate synthase
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BR-PVA bacteriorhodopsin-in-polyvinylalcohol

CMOS complementary metal oxide semiconductor

DC direct current
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A amplification, area

C capacitance

CBR concentration of BR

d distance

D thickness

f frequency

F photon flux

G gain

h planck’s constant

I current

i(t) current signal
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k rate constant

N number of particles

NA avogadro’s constant

Q elementary charge

R resistance

sB interaction cross section

t time

U voltage difference

V voltage, volume

vi initial voltage

vo output voltage

v(t) voltage source

Φ quantum efficiency

ε dielectric constant

σB absorption cross section

λ wavelength

τ time constant
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1 INTRODUCTION

1.1 Background

Computing and imaging devices have developed in a huge leaps during the past decades.

Despite the fact, that development still continues at a fast pace, scientists and developers

are already looking forward to an alternative technologies for the CMOS-based computing

devices. The limitations of downscaling CMOS transistors have been discussed for a long

time, but the Moore’s law still holds.

The Moore’s law, named after Gordon Moore, predicts that the density of the transistors

in integrated circuits (IC) doubles approximately every two years. The increasing number

of transistors on an IC chip also increases computing power. This prediction has held

with an incredible accuracy since 1965, when the IC chip had less than 100 transistors.

Today there are millions of transistors on a single IC chip. However, the barrier, set by

modern physics, might be ahead. More specifically, the barrier is set by the Heisenberg’s

uncertainty, based on Planck’s constant h. Just lately, the quantum limit to Moore’s law

was calculated. It predicted that based on the Heisenberg’s uncertainty and an assumption

that the electron is the smallest component of the transistor, quantum physics and Moore’s

law will converge in the year 2036. Because of other problems, like thermal issues in IC

chips, it might be that the limits of the CMOS technology are reached even before the

Heisenberg’s uncertainty becomes an issue.[1]

Some signs of the upcoming problems with the downscaling can already be seen. The

recent trend has been in multicore architectures and parallel computing, not in the faster

single chips. If the limits of a single or parallel computing chips are reached, then the

amount of computing done during the processes should be decreased. In cases where

computing is used to process the data from sensors, for example from cameras, the part of

the processing could be done in the sensors themselves. Traditionally sensors have only

gathered data and transmitted it forward for processing. However, with new materials,

intelligent sensors can be constructed. Intelligent sensors can process data and decrease

the requirements set for post-processing.

Recently a huge expectations have been put on the biotechnology. The sensors based

on biomolecules can even be modified to outperform synthetical ones. Biomolecules are

often highly specialized and very efficient. This makes them attractive in performing

simple low-level tasks.
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One problem with synthetical materials is the amount of energy, that is often needed to re-

fine and construct the devices and raw materials needed for them. During the production,

a vast amounts of waste is often produced.

Biomaterials are often cheap to produce and they are also easier to dispose, since they

are not so harmful to the nature and decompose in a short time. The production of

biomolecules might directly use the energy from the sunlight for multiplying, when the

production of synthetic material often needs multiple different devices and equipment, all

wasting energy.

Biological organisms have evolved during the millions of years, surviving even the most

extreme variations in the Earth’s environment. Millions of years of evolution has produced

very robust and efficient functionalities for different organisms and probably only a small

fraction of their functionality has been discovered. The key for surviving is the adaption,

yet maintaining simplicity and efficiency. The biomolecules often have the properties

which are sought from the synthetic ones: simplicity, efficiency and reliability.

Nowadays, new technologies provide more and more sophisticated ways of utilizing the

potential of the different organisms in us and everywhere around us. This opens numerous

new possibilities for development of the future devices.

1.2 Objectives and Restrictions

The objective of this work will be to design and implement ideal electronics for the photo-

electric measurements of bacteriorhodopsin-in-polyvinylalcohol (BR-PVA) sensors. The

measured quantity will be photovoltage, which has been measured in all the previous stud-

ies carried out in our laboratory [2, 3, 4]. However, unlike previously, when main interest

was the peak-to-peak photovoltage and relaxation times, we are now more interested of

the original unprocessed photovoltage generated by the sensors. If performance of the

new electronics will be on a desired level, it will also be possible to get new information

about the photocycle in the BR-PVA sensors.

New electronics will be evaluated against the old measurements made with the previous

version of the BR-electronics. Based on the photoelectric measurements, a model for the

photovoltage on the thick nonoriented BR-films will be built. The photovoltage from the

BR-PVA films will be compared against the photovoltage from the simulations and with

the results from the literature.
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Simulation of the photovoltage will be based on the populations extracted from the exist-

ing models and from the simulator. The possible new information about the time constants

from the measurements will be used to make the photovoltage simulations of these spe-

cific BR-PVA sensors more accurate.

If feasible, a model for the photoresponse from BR-PVA will be built, based on the pre-

vious knowledge and the new measurements. We will not be constructing or developing

the sensors, but we will measure only the existing ones.

1.3 Structure of the Thesis

This master’s thesis will guide the reader through the process of bacteriorhodopsin mea-

surements, all the way from the production of BR to the future visions. This work

combines the knowledge and expertise of multiple fields; chemistry, physics, electron-

ics, and computer science are all necessary when developing the applications based on

biomolecules.

In Section 1, the current topicality of this work is presented based on the literature and

previous work. Some general knowledge about the biomolecules is brought up along with

the objectives and restrictions of this work.

Section 2 represents some of the most important previous work which establishes the

foundation for these studies. This section is divided in two, measuring and modeling. Un-

der the measuring part, it is presented how bacteriorhodopsin has been measured. Under

the modeling part, it is told how have these measurements been analyzed and modeled.

Further, in Section 3, it is explained what materials and methods have been used during

this project. The bacteriorhodopsin molecule and its functionality is represented more

carefully. The equipment and sensors used and developed during this work are also pre-

sented here.

Even the most sensitive readers can continue further to Section 4, since no bacteria were

harmed in any of the experiments carried out during this project. The experiments done

with the actual sensors are represented here. The comparison with the previous experi-

ments is also done under this section. The final subsections concentrate on the modeling

of the results.
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In Section 5, we reveal what has been learned from the studies and experiments. Discus-

sion about the measurement devices and the results gained is written in here. Evaluation

of the modeling against the experiments and all the future ideas for the continuation of

this work can be read from this section.
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2 PREVIOUS WORK

2.1 Bacteriorhodopsin Measurements

To utilize bacteriorhodopsin in applications, some way to evaluate the transitions and the

state of BR is required. The difficulty in this is that it is often impossible to directly

measure single molecules anywhere else than in the laboratory environment. So in appli-

cations, the BR states should be measured indirectly, evaluating the state of the molecules

from the optical or electrical response.

It is often forgotten, that it is impossible to measure something without some kind of

interaction between the measurement instrument and the sample [5]. In practice, this

means that our measurement device will always interfere with the results.

In some cases, the connection between the instrument and the sample is obvious, in some

cases it might be forgotten. For example, when measuring the light absorption, possible

photochromic nature of the sample might not be taken into account. The measurement of

the absorption needs light, but the light used in the measurement already causes changes

in the sample, making the results distorted.

In addition to the interference, the measurement devices are not optimal devices. Instead,

they often work reliably only under accurately specified conditions. However, we can

often minimize the error if we have detailed information of the sample, the instrument

and the interaction between them. The accuracy of the measurements can be increased,

and abnormalities in the results can be explained by simultaneous, parallel or consecutive

measurements. Especially useful are simultaneous measurements, where different phys-

ical quantities, dependent on the same phenomenon, are measured. Physical quantities

could be, for example, weight and length. This allows approximating the interference

caused by the instrument and might provide means to deconvolve the original signal.

The most difficult, is the measurement of previously unknown samples because attention

must be paid to the fact that in the worst case, the interference from the measurement

device might even destroy the sample. Biomolecules are often highly sensitive to the

changes in environment, such as temperature, pH value and electromagnetic radiation,

which might destroy biomolecules completely or change their behavior abnormally. Also

improper handling might contaminate the whole sample making the measurements incor-

rect. For example, the grease from human hands might be enough to make ultra high

precision resistors inaccurate or even useless.
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Most of the photovoltage measurements with the bacteriorhodopsin have been done in

water suspension, however, when BR is incorporated, for example, in polyvinyl alcohol

matrix, the photovoltage is still generated [6]. The mechanisms of the photovoltage gen-

eration have been studied [7], but there is still no accurate theory explaining the whole

mechanism. Numerous modified BR molecules have also been produced, but the knowl-

edge of them is often limited and unreliable, because many modified molecules have only

been studied by a single research group.

Even though a lot of measurements of BR photoelectric response have been done in the

past, the interpretation of these measurements has been done in multiple ways. Differ-

ences in the interpretation can produce two totally different views from the same measure-

ments [8]. Because no unanimous opinion about the interpretation of the measurements

exists, it is essential that the measurement environment and devices are always described

carefully. This makes it possible to get new information from the measurement when the

knowledge about the interpretation of the PER increases. The differences in interpret-

ing of PER are discussed and explained by Felix Hong in [8], where he claims that the

mainstream approach of decomposing the photoelectric response in multiple exponential

functions and treating the constants from these functions as electrochemical constants is

insufficient, leading to false results. In another approach, the photoelectric response is

modelled, using equivalent circuit analysis. In equivalent circuit analysis, electrical com-

ponents are used to model the whole underlying molecular kinetics on microscopic level.

The equivalent circuit analysis also allows modeling of the measurement instrument and

in this way provides better means of dealing with the interference between the instrument

and the sample. [8]

In Lappeenranta, molecular computing has been studied since the year 1995. Most of the

work has aimed to the utilization of BR molecules in color vision applications [2]. The

most important results are:

1. Cultivation of the Halobacterium salinarum and preparation of bacteriorhodopsin-

in-polyvinylalcohol thick films.

2. Single-element optoelectronic sensors based on wild-type BR and its variants.

3. Color-sensitive digital camera based on three types of BR.

4. Models for color vision systems based on BR.

5. Simulation environment for the reduced photocycle of BR.
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The latest research proposed the use of bacteriorhodopsin in color sensitive camera [3].

Also the idea of the camera consisting of three layers of pixels for color sensitivity was

proposed in [9]. A similar image sensor has been implemented afterwards by Foveon Inc.

utilizing the usual silicon based structure, known as Foveon X3 R©[10]. Low resolution

grayscale and color-sensitive matrices for the digital camera usage, produced in Lappeen-

ranta, are represented in Figure 1. The development and preparation of these matrices is

described more carefully in [9] and in [3]. Single-element optoelectronic sensors based

(a) (b)

Figure 1. Bacteriorhodopsin-in-polyvinylalcohol sensors: (a) grayscale matrix, and (b) color-

sensitive matrix.

on wild-type BR were produced in 1998. Those sensors are still used and have been

measured during this work. This demonstrates the exceptional durability of the biosen-

sors based on bacteriorhodopsin. The electronics used to measure these sensors were

designed more for the camera than for studying the properties of the BR-PVA sensor, so

the signal was highly filtered [3, 9]. Besides, during the past ten years, more accurate and

sophisticated amplifiers have become to the market, providing better functionality within

a single chip at a reasonable price.

2.2 Bacteriorhodopsin Simulations

To support the development of BR-based applications, a simulator for different BR-types

has been under development [11, 12]. Simulation is an effective way to test ideas for

the implementation of BR in applications. When the simulations are reliable, resources

are saved since based on the simulations, only the most promising ideas are brought to

the level of prototyping. Prototyping is more time consuming and nowadays, when even

home computers have considerable computational power, much more slower.
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The simulation of bacteriorhodopsin photoelectric response can be approached either by

the bottom-up or top-down methods. The method chosen, depends on the available data

and the objective of the work.

Nowadays, we have a pretty good understanding of what happens inside the molecule

[13]. Also modern computing resources are not setting the limit for the simulations.

This allows bottom-up modeling and simulation of large-scale molecular dynamics, where

macro systems can be simulated at a molecular level. In the bottom-up system, a model

of a complete sensor is formed based on the interactions of single molecules. When

simulating and modeling, for example, a sensor consisting of a monolayer of size 1 µm2,

it contains approximately 40000 BR molecules.

In addition to the dynamics of molecules, carefully designed components for all the other

equipment are needed. This kind of simulations require expertise from many fields of

science, so they are demanding and time consuming to do. Besides, simulations for every

setup have to be designed and crafted individually, needing a lot of time. In the case of BR

implementation to applications, this kind of simulation is not useful because there is no

speed gain or resource savings when compared to prototyping. The bottom-up methods

are often useful only in cases where we have a good and reliable previous knowledge of

the complete system.

The top-down methods are used when we lack previous knowledge. The top-down meth-

ods need experimental results where models are based. Three different approaches have

often been used for BR [3]:

1. Exponential fitting [14]

2. Estimation of induced charge [15]

3. Equivalent circuit analysis [16]

In the exponential fitting approach, a photoelectric response from BR is measured and

then a desired number of exponential functions is fitted to the response [8]. The number of

exponential functions depends on the assumption of the number of components generating

the photoelectric response. This method is easy to implement, but it might easily lead

to false results due to improper measurement instruments and setup. This method is

probably the best when modeling the optical responses which are more clearly bound
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to the differences of molecule populations than the photoelectric response. The optical

responses, unlike electrical, are invariant to the orientation of molecules.

In the second approach, the charge induced to the electrodes is approximated, based on the

knowledge that a series of proton dislocations occur inside a defined number of molecules

[17]. This allows calculation of total photoelectric response from the defined molecular

population. This approach needs a very accurate information about the whole environ-

ment and of the properties of molecules, including orientation, dielectric constants and

the approximated dislocation distances. [3]

A third way of simulating BR has been equivalent circuit analysis, which is exceptionally

useful when we want to take advantage of the photoelectric response and are going to

interface BR with electronics. In equivalent circuit analysis, the BR sensors are measured,

and based on the results, an electric circuit generating a similar response is composed of

the basic electrical components. Equivalent circuits for BR have been studied extensively

by Felix Hong [16]. An equivalent circuit for oriented BR film is presented in Figure

2, where Eph(t) is a photovoltage source and Rs is the source resistance, which both are

Eph(t) VO

CI

Cm

RI

Rm

Rs

Rf

Figure 2. Equivalent circuit for oriented BR film (reproduced from [18]).

the characteristics of the BR molecules. CI and RI are the capacitance and resistance of

the membrane lipid between BR molecules, which have high dielectric constant. Finally,

Cm and Rm are the membrane resistance and capacitance of the whole BR film, and the

membrane is connected to the measurement instrument, which has the input impedance

of R f . [18]
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None of these three ways of modeling the photoelectric response is the ultimate, when

compared with each other. However, the results acquired from these methods can be

compared with each other and in this way they might complement the limitations and

weaknesses of each other. Often the problem with BR modeling is the number of variables

and interactions at a molecular level that should be taken into account. The model often

becomes very complicated having numerous variables which cannot be directly measured.

When a vast number of approximated variables is used to approximate something else, the

results are often unreliable.
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3 MATERIALS AND METHODS

3.1 Bacteriorhodopsin

Bacteriorhodopsin (BR) is a photoactive protein whose natural purpose is to act as a light-

driven ion pump transporting protons to the extracellular space of the Halobacterium sali-

narum cell, previously known as Halobacterium halobium. BR was discovered in 1971

by Dieter Oesterhelt and Walther Stoeckenius [19] and since its discovery, BR has become

one of the most studied photoactive proteins. A large number and variety of different ap-

plications for BR have been suggested [13]. These applications are from a wide variety of

technical areas, including the conversion of sunlight into energy, desalination of seawater,

artificial retinas, the information storage and different kinds of information processing

devices based on optical properties of BR [13].

The three dimensional structure of bacteriorhodopsin is presented in Figure 3. The struc-

ture of BR contains a light-sensitive retinal chromophore connected to the lys-216 amino

acid of the protein via the Schiff base. Several other residues, asp-85, asp-96, arg-82 and

glu-204, are also present. The most important ones are asp-96 acting as a proton donor in

the cytoplasmic side and asp-85 acting as a proton acceptor in the extracellular side. [13]

In nature, Halobacterium salinarum is found, for example, in salt marshes, salt basins

and salt lakes which all have similar conditions: high salt concentration, low oxygen

concentration and relatively high temperature [13]. The natural environment of Halobac-

terium salinarum is easy to mimic in a laboratory, making production of Halobacterium

salinarum relatively easy.

In low oxygen conditions, Halobacterium salinarum uses energy released by the proton

pumping of BR to convert the ADP to the ATP, which powers most of the molecular

processes. The membrane of Halobacterium salinarum is mostly covered by the purple

membrane (PM) patches. The PM patches are formed by BR, up to 80%, and lipids,

about 20% [13]. The PM patches are of diameter 500 nm having the thickness of 6.2 nm.

Within the PM fragment, the BR molecules are of size 5 nm×5 nm×5 nm [13]. All of the

BR molecules in the PM are uniformly oriented, pumping the protons outwards from the

cell. BR traverses the membrane via seven α-helices [21]. A proton gradient generated

by the proton pumping, is used by the transmembrane ATPases to convert ADP to ATP.

The structure of a Halobacterium salinarum cell is presented in Figure 4 [13]. The cyto-

plasmic side of the PM fragments is more hydrophilic than the extracellular side, causing
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Figure 3. Structure of bacteriorhodopsin molecule. Seven α-helices surround the functional

retinal chromophore in the middle. [20]

Figure 4. Illustration of a Halobacterium salinarum cell (reproduced from [22]).

the PM fragments on a water surface to orient their cytoplasmic side towards the water

[23]. This property allows construction of oriented sensors based on BR.
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Unlike many other biomaterials, bacteriorhodopsin is able to maintain its photoactive

properties even in a relatively high temperatures and in a wide range of different envi-

ronments having different pH. BR can also undergo the photocycle over 106 times [24].

These properties make it possible and attractive to incorporate BR in the devices.

To improve the properties of bacteriorhodopsin for the technical applications, several

slightly modified retinal analogs have been developed. In addition to wild-type BR, sev-

eral modified BR analogs have been used in our experiments and studies, most promising

were 3,4-didehydro (3,4-dh) BR [25] and 4-keto (4k) BR [26]. 3,4-dh and 4k both have

photochromic properties which significantly differ from each other and from wt-BR. Even

though the same characteristic of proton pumping exist in all of the three types, the pho-

tocycle, which takes place during this proton pumping, is slightly different for each BR

analog [25, 27].

3.2 Bacteriorhodopsin Photocycle

Figure 5. The photocycle of bacteriorhodopsin, where D and B are the dark-adapted and light-

adapted basic states. Times are the thermal transition times between the states, except for the first

B → J, transition and transitions from the intermediate states directly back to B state, which are

all excited by light.[28, 13, 29]
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The complete photocycle of wt-BR is presented in Figure 5. This photocycle is measured

from the BR in aqueous solution. When dried, the photocycle of BR changes, and at least

the disappearance of the state O is noticed in optical measurements [6]. The ground state

of BR absorbs yellow-green light at the wavelength of 570 nm. The quantum efficiency of

the ground state is approximately 0.64, which is enough for the usage of BR in photosens-

ing [30]. Each state of bacteriorhodopsin has its own characteristic absorption maximum

in the visible spectrum. In addition, bacteriorhodopsin produces a photoelectric response,

which has a risetime in a picosecond scale [31]. The estimated displacement of a proton

between the different states of the BR photocycle is presented in Table 1 [15]. The proton

Table 1. Proton displacements during the BR photocycle, when BR is in solution [15].

Transition Calculated[ nm] Normalized[ nm]

BR→K - -0.13

K→L -0.3 -0.02

L→M +1.0 +0.5

M→O +6.2 +3.1

O→BR +3.0 +1.5

Total +9.9 +4.95

displacements assume, that the proton is pumped through the membrane, which might not

be the case when BR is immobilized in a PVA film [6]. This is explained later in Section

3.4. The normalized results in Tab. 1 are normalized to the thickness of purple membrane.

The equation used to calculate the photovoltage generated by the i-th transition in the BR

photocycle is

V
(i)
N0

(t) =
N0QR

D
diki f (k1, . . . ,ki, t) (1)

[15]. N0 is the total number of molecules generating the photovoltage, Q is the charge

of proton, R is the resistance of the electrical circuit, D is the thickness of purple mem-

brane, di are the assumed proton dislocation distances and ki are the rate constants for the

relaxations. When other variables are known, the proton dislocation distances di can be

solved. f (k1, . . . ,ki, t) denotes the Bateman function for radioactive decay series, which
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have been fitted to the BR photocycle in [32]. t is time. The decay series for BR are

N1(t) = N exp(−k1t) (2)

Ni(t) = Nk1k2 . . .ki−1

i

∑
ν=1

exp(−kνt)

aiν
, (i = 2,3, . . . ,n) (3)

Nn+1(t) = N

[

1− k1k2 . . .kn
n

∑
ν=1

exp(−kνt)

kνanν

]

(4)

aiν = (k1 − kν)(k2 − kν) . . .(kν−1 − kν)(kν+1 − kν) . . .(ki− kν)

=
i

∏
j=1
j 6=ν

(k j− kν) (5)

where Ni denotes the number of molecules in state i at time t and ki are the rate constants

for each state. The ground state is not presented here, because it is assumed that at time

t = 0, N molecules make a transition to state 1 by the flash of light. However, because the

reaction is cyclic and the molecules finally return to the ground state, state n+ 1 in Eq.

4 can be considered as the ground state 0. The transitions with this set of equations are

irreversible. [32]

During the photocycle, a retinal chromophore in bacteriorhodopsin undergoes two differ-

ent conformations, all-trans and 13-cis, presented in Figure 6 [33]. When BR absorbs a

photon, an isomerization from all-trans to 13-cis happens rapidly before state K. From

state K, thermal relaxation to state L takes place, and during the L → M transition, the

proton is donated to asp-85. During transition M → N, the retinal is reprotonated, and

during the last steps the asp-96 uptakes a new proton from the cytoplasmic side. [13]

For BR simulations, a simplified model for the photocycle, showed in Figure 7, is often

used. This photocycle is enough to demonstrate the work of BR at a general level and

the pumping of protons, but it is inadequate to explain the photovoltage generation during

the photocycle. It is explained more carefully in Section 4.7, why only two states is not

enough for modeling the photovoltage.

Usually the single photon absorption of BR is used to excite the molecules from the

ground state since it has high quantum efficiency even without any kind of modification.

BR also has a high efficiency with two photon absorptions [13]. In two photon absorption,

two photons of lower energies are absorbed and start the photocycle. This property is of

huge importance in optical computing devices because it allows nondestructive reading

of the states from an optical material. This is possible by using lower energies.
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Figure 6. Conformations of the bacteriorhodopsin retinal chromophore, (a) all-trans and (b) 13-

cis.
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Figure 7. Simplified photocycle for BR, consisting only of the B and M states.
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3.3 Bacteriorhodopsin Sensors

Bacteriorhodopsin has photoelectric properties which make it possible to use BR in sen-

sors. In sensors, BR is a part of purple membrane patches. When these patches containing

BR molecules have been separated from Halobacterium salinarum, they have to be de-

posited in such a form where their properties and functionality can be studied. BR can

be studied in a water suspension which is its natural environment. When BR is in the cu-

vette, optical measurements can be carried out. Additionally electric fields can be applied

to BR in water. This way the PM patches can be oriented and the photoelectric responses

measured [17]. However, if we want to incorporate BR in devices, the liquid form is not a

reliable and useful way to store BR. The most practical way is to make dry sensors from

BR. These sensors should maintain their properties for long periods of time and be as

resistive against environmental stress as possible.

Many different methods can be used to immobilize biomolecules [34, 23]. Probably one

of the most known are the Langmuir-Blodgett (LB) films. With the LB technique, high

quality oriented films, with multiple monolayers can be produced [35]. This method is

suitable for the studying of the BR properties, but not very practical when it comes to

applications. The time needed for LB film fabrication is linear to the number of layers

wanted. This makes the production of the thicker films very slow. [22]

The electrophoretic deposition technique (EPS) has been used to produce oriented BR

films [34]. This method takes advantage of the dipole moment of the PM patches due to

difference in the charge densities between the PM sides. A suspension containing PM is

placed between two electrodes, then an electric field is applied. The electric field causes

the PM fragments to move close to the anode. After drying, the film is incorporated

between two electrodes protecting the actual biomaterial, also the orientation maintains.

The films produced this way are highly oriented, but the number of layers is not know.

[22]

Immobilization within polymer can be combined with the EPS technique to orient the

films. This method can improve the stability and strength of the films. However, when

the PM fragments are mixed with polymers, their properties can change depending on the

polymer. If we are not studying the molecule itself, but using the BR for some application,

then the change in the properties is not be so important. In some cases, the property we

are using in our application, might even get improved when the environment of BR is

modified. [22]
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In our studies, BR is immobilized in the polyvinyl alcohol matrix. This is simply done by

mixing the PM fragments with polyvinyl alcohol, then spreading the BR on conductive

glass and letting it dry slowly. After the BR-PVA film has dried, a thin layer of gold is

sputtered on the film to act as a counterelectrode. Another electrode is formed by the

Sn O2-coating on the glass. The thickness of the film is approximately 123 µm and the

gold layer is about 150 nm. The thickness of the gold layer has been chosen so that the

resistance between any two points within the gold layer is low [9, 3]. This ensures that

the generated photovoltage is not reduced because of poor conductivity of the electrode.

The structure of a simple bacteriorhodopsin sensor is presented in Figure 8. PVA films

containing the PM patches were not actively oriented during the preparation process, so

it is possible that the PM fragments are poorly oriented within film. This kind of thick

sensors are easy to prepare, still working very reliably. The sensors used in our studies

are approximately 10 years old by now.

The PER measured could be the result from the electronic components or highly depend

to the properties of the electronics. The capacitance of the bacteriorhodopsin membrane,

according to our measurements, is 80 pF at the frequency of 104 Hz. The input impedance

of the TL084 operational amplifier connected as voltage follower, is 1012 Ω, but because

the resistance between two holes on a breadboard is even less, we can use 1011 Ω as the

resistance. This kind of connection would result as a high pass filter, which on the other

hand would mean, that even our voltage follower, would already filter slow components

[36].

Impedance and capacitance of a BR sensor similar to the sensor used in this study were

measured previously [12], the results are shown in Figure 9.

3.4 Photoelectric Response from Bacteriorhodopsin Sensors

Photoelectric response of BR is caused by the series of proton dislocations inside the

molecules. When the molecule absorbs a photon, the proton is translocated and eventu-

ally relaxed through a complicated process of chemical and thermal transitions [13]. The

influence of a single proton translocation cannot be measured in thick films, but we can

consider the molecules in a single sensor as one population. This population can be mod-

eled and examined statistically, when we know the probabilities for different state transi-

tions. The populations of different states of BR grow and decay exponentially. When this

is combined with the assumption that the proton dislocation between different states of
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Figure 8. Single element BR-PVA sensor, (a) structure of the sensor and (b) a photo of the actual

sensor.

BR is of different distance, we end up with the photovoltage that is the sum of multiple

exponential functions, depending on the population dynamics between the states [15].

When the molecules are immobilized in PVA, the protons are not actually pumped, but

they are translocated for a short period of time, after which they return to their original

positions [6]. This two-way process causes the electric responses measured as photovolt-

age or photocurrent. Due to the charge displacement, current is induced on the adjacent

electrodes, as illustrated in Figure 10.

As told in Section 3.3, the sensors used in our studies were not actively oriented, however,

they generate a strong photovoltage. The difference between the oriented and nonoriented
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Figure 9. (a,b) Impedance and (c) capacitance of the wild-type BR-PVA sensor.
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Figure 10. A simplified model of charge displacement between two electrodes interfaced with a

measurement system (reproduced from [17]).

film can be seen in Figure 11. If the photovoltage was generated from randomly oriented

proton translocations, these translocations should cancel each other and the photovoltage

across the membrane would be zero. We decided to run simulations based on the equa-

tions presented in [17], using the film thickness of 123 µm. These simulations resulted in

23



Non−oriented Oriented

Figure 11. The difference between the orientations of PM fragments in PVA films.

very low photovoltages, which we should have not been able to measure. However, when

the thickness of the membrane was changed to nanometer-class, the magnitude of the

photovoltage was exactly the same as in our measurements. This supports the hypothesis,

that in the non-oriented films, the photovoltage is generated only by the molecule layers

next to the electrodes. However, if our BR-PVA sensors are oriented, and the photovolt-

age is generated by all the molecules within the membrane, then the equations used to

simulate photovoltage [17] do not take into account all the necessary parts. Explanation

for this can be the different nature of the dry BR-PVA films.

A typical photoelectric response from our nonoriented BR-PVA films, measured using

the instrumentation amplifier and a single lightpulse from xenon flashlamp is shown in

Figure 12. A fast excitation pulse is often considered more effective in generating an AC
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Figure 12. Photoresponse recorded from nonoriented wild type BR-PVA sensor.
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photoelectric signal. During the AC photoelectric signal, no net charge transport takes

place. Instead, such a signal is purely capacitative [8].

The PER from BR sensors is often referred as a differential response [37]. This is be-

cause photocurrent is only generated when the illumination changes, not under constant

illumination. When measuring photocurrent, two components of opposite polarities are

shown, corresponding to the switching the light on and off. Polarity of the component is

positive when the illumination level rises, and negative when the illumination level drops.

The amplitude of the component corresponds to the intensity of the light, meaning that

photosignal can be thought as the first time derivative of light intensity. [37]

The excitation pulse is produced using the xenon flashlamp, which has a pulse length of

1.6 µs. The pulse length of the flashlamp defines the minimum time resolution, making it

impossible to measure phenomena faster than the pulse length.

The photoelectric response from the wild type BR-PVA sensor equipped with our new

electronics, presented later in Section 3.6, was also measured when the sensor was illumi-

nated with a handheld white led light. The response in this case is represented in Figure

13. The moment the light was on, the voltage difference increased and continued increas-

ing, until the light was switched off, when the voltage returned to original level almost

immediately. Figure 13 shows the DC photoelectric effect in the film, when the membrane
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Figure 13. Photoresponse recorded from the nonoriented wild type BR-PVA film, when stimulated

with an approximately 150 ms long pulse from a handheld white led light.
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was illuminated with a long square-wave light pulse. When the DC photoelectric signal

is observed, a net transport through the membrane takes place [8].

3.5 Xenon Light Source

The light source used in the experiments was Oriel series Q pulsed flashlamp (bulb 6426),

featuring adjustable discharge energy between 26 mJ-160 mJ and pulsing frequency in

the range of 0.1 Hz-100 Hz. Half-width of the pulse is 1.6 µs, which is fast enough for

studying the transitions between the main states of BR, as can be seen from Figure 5. The

pulse from the flashlamp is very stable, making accurate measurements possible, since

we can assume that the light energy stays constant and there are no huge differences in

the light source spectrum during the measurements.

The spectrum of the light source provided by the manufacturer is presented in Figure 14a.

Spectral irradiance of the xenon flashlamp was measured through the Oriel narrow-band

interference filters which were also used in the measurement of BR action spectrum in

Section 4.3, resulting spectral irradiance is presented in Figure 14b. The optical power

meter used for the irradiance measurements was Ando AQ-2105B equipped with the AQ-

2718 sensor. As can be seen in Figure 14b, the spectral irradiance does not change when

discharge energy of the flashlamp is varied from 26 mJ to 160 mJ. This ensures, that we

can normalize and then compare results regardless of the used discharge energy. These

results also confirm the stable spectrum of the xenon flashlamp. The manufacturer has

measured, that at the maximum 2% variation in irradiation occurs. The dependency of

irradiance on discharge energy is presented in Figure 15.

Pulse width of this xenon flashlamp is 1.6 µs, but in [38] it is mentioned, that pulse widths

at different wavelengths are different. Because the BR states J, K and L are reached within

the time of approximately 2 µs, it is essential to know the accurate length of the pulse so

we can define the minimum time resolution for observing any phenomena. In Figure 16

is presented a typical pulse from the xenon flashlamp at 560 nm and the dependency of

the pulse on wavelength. The measurements were done through narrow-band interference

filters using a fast photodiode (Vishay Telefunken BPW24R) with the rise time of 7 ns.

As can be seen in Figure 16b, there is a clear difference in the length of the pulse at

different wavelengths. The difference between the shortest ( at 440 nm ) and the longest

( at 660 nm ) pulses full width half maximum (FWHM) is 0.55 µs. It should be noted

that BR molecules can return to the ground state B from the intermediate states K and L
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Figure 14. Spectrum of the xenon flashlamp. (a) Manufacturer data reproduced from [38]. (b)

Spectral irradiance from the pulsed xenon light at 50 Hz at different discharge energies.

by light-induced back reactions [39]. This might be meaningful, since Figure 16b reveals

that the longer wavelengths of light are still present during the states K and L of the

photocycle.
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Figure 16. Measured pulse of the xenon flashlamp. (a) Xenon pulse measured at 560 nm. (b)

Pulse width dependence on wavelength.
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3.6 Electric Amplifier

To record changes in the BR sensors, we must interface the sensor with an oscilloscope or

some other measurement device. Since the sensors have high impedance, the interfacing

might corrupt the results if not designed carefully. The signal can be only some milli-

volts, so we should also amplify it. The amplifying is needed because the input range of

the oscilloscopes is limited and the signal can otherwise get buried under the noise. It is

possible to measure voltage, charge or current, whichever can be measured most accu-

rately. Previous experiments have measured the voltage from the sensor and we must be

able to compare the results from new experiments with the previous results. Considering

that and the fact that we do not have impedance information for all of our sensors, it is

most practical to measure voltage.

At this point we also noticed that we had inadequate information about the original pho-

tovoltage generated by the sensor. This was because the previous measurements were

highly filtered [3]. We decided to use a single instrumentation amplifier, which provides

a good compromise for this case.

The first problem was the actual coupling of the BR-PVA sensor with the amplifier input.

It was decided, that it should be possible to separate the sensor from electronics easily.

Additionally, we wanted to avoid any modifications to the sensors because we wanted to

be able to measure the same sensors again. This is especially useful when we want to

compare different electronics since we can use the same sensor for both electronics and

avoid the possible differences between different sensors. A solid contact would be the

best alternative, because the quality of the contact can not change, for example, because

of careless assembling.

The gold coating on the BR film was less than 150 nm and the Sn O2 coating on the glass

was even thinner [3, 9]. This made it impossible to use a bonder for wiring. Soldering

directly to the sensor was also impossible bacause it would have melted the film. Liquid

metal, like indium gallium has been succesfully used as a contact when measuring, for

example, Langmuir-Blodgett films [40]. However, it is not very practical for this case,

not to mention possible applications. In the previous studies, a piece of copper tape was

glued on the glass and on the gold coating of BR film. There were contacts soldered on

a copper tape. The problem with this kind of connection is the adhesive of the tape. It

is hard to predict how long the adhesive is going to lead electricity and how well. This

would require that the quality of the contact had to be measured always, before and after
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measurements. We ended up using spring loaded contacts, which provide a contact area

of approximately 0.5 mm2 with the sensor. The actual board, where the instrumentation

amplifier is located, has contacts bottomside. This board is tightened with four screws

on top of the BR-PVA sensor. When tightened, the spring loaded contacts press tightly

against the sensor, providing us with a reliable contact. The quality and reliability of

this contact depends on the cleanliness of the contact points and to the smoothness of

the contact areas. Within this work, we did not evaluate the actual quality of the contact.

Schematic of the system is presented in Figure 17. If the contacts are tightened straight

Outputs

Spring loaded contacts

Screws

BR−PVA sensor

Figure 17. Circuit board containing instrumentation amplifier pressed tightly against the BR-PVA

sensor by four screws.

against the gold layer, then the gold layer should be observer for mechanical wearing. If

the gold layer damages, it is possible to sputter more gold to the damaged spot, repairing

the sensor. This will not affect the functionality of the sensor because no new gold will

be sputtered on the actual sensor part where the light is absorbed.

Because the signal from bacteriorhodopsin is weak, only millivolts, we need to amplify

it for recording. Because we want the recorded signal to be as close to the original as

possible, we would need a linear amplifier, denoted by Eq. 6

v0(t) = Avi(t), (6)

where v0 is the original signal and A the amplifier gain [41].

A/D conversion of the signal should be done at as high resolution as possible. Once the

original analog signal is recorded, it becomes quantized. A digital oscilloscope of N bits

quantizes the signal magnitude to one of 2N levels.
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Because the initial output from the BR-PVA sensor is not known accurately, the choice

for the amplifier will be done between the transimpedance and instrumentation amplifier.

Both should reliably measure the frequency range between 100 kHz-100 MHz, so we are

able to compare the results and evaluate the initial signal from BR-PVA sensors.

The transimpedance amplifier, also known as a current-to-voltage converter, has actually

negative amplification factor. This means, that the signal from the BR-PVA sensor must

be powerful enough, so it can amplified after the first stage. The transimpedance amplifier

measures the current from the sensor, but based on the output, we can also calculate the

voltage between the electrodes. Because the transfer of the charge within certain time

produces a current I = Q/t, the amount of charge transfered in time t = t2 − t1 can be

calculated by [41]

Q =

t2
∫

t1

i(t)dt. (7)

We also know that capacitance C can be calculated by

C =
Q

U
, (8)

where Q is the charge andU is the potential difference [41]. Because we know the capac-

itance of BR-PVA sensor, we can evaluate the potential difference U , and thus, compare

the results with the results from the previous experiments and results from the instrumen-

tation amplifier, which measures the potential difference directly.

For the instrumentation amplifier we chose the surface mounted INA111 manufactured

by Burr-Brown. It has high speed FET-inputs which reduce the bias current in the inputs

to 20 pF at maximum. The input bias current return path is provided for both inputs, using

two 1 MΩ resistors between the ground and input lines.

This amplifier was chosen because it has a relatively low input bias current of 20 pA and

bandwidth of 450 kHz with gain 100. Also the settling time of 4 µs with gain 100 is fast

enough. The gain of INA111 is set by a single external resistor, the actual gain is

G = 1+
50 kΩ

RG

, (9)

where RG is 510 Ω, providing the gain of 99.

The amplifier is powered with two 9 V batteries, providing the voltage range of ±9 V.

The input voltage for the amplifier was filtered using bypassing capacitors to decrease any
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high frequency noise induced to the power supply circuit. Even though the power supply

consists of two batteries enclosed in the same casing with the amplifier, it is possible

that some high frequency noise can be generated in the relatively long power cords from

the batteries to the circuit board. Two capacitors are used to lead any high frequencies

to the ground. The bypass capacitors are placed close to the inputs of the amplifier.

This minimizes any line inductance between the bypassing capacitor and the amplifier,

preventing coupling of high frequency noise. The bypassing circuit is presented in Figure

18. [41]

+9V

C3C4

C2 C1

-9V

Figure 18. Bypass capacitors used to remove any noise induced to power lines. CapacitorsC1 and

C2 are 10 nF and capacitors C3 and C4 are 1 µF.

Finally, we decided to produce only the instrumentation amplifier. The instrumentation

amplifier is simpler, thus, it was easier to design the interface for the sensors. The tran-

simpedance amplifier would have required more accurate initial knowledge about the

original photovoltage.

3.7 Signal Processing

The previous version of the electronics for the photosensors consisted of voltage follower,

low-pass filter, high-pass filter and signal amplifier, presented in Appendix C. More care-

ful description of the old electronics can be read from [3] and [9]. This kind of structure
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evidently loses some components of the PER. Especially in cases, where we do not have

accurate knowledge about the original signal, we prefer possibility to record the response

from the sensor as originally as possible. If we know exactly how the interfacing with the

measurement electronics affects the signal, we can compensate the effect. If we want to

filter the signal, we can do it later on computer.

When we have recorded the original signals with good resolution, we can use this mea-

sured signal to study the interfacing with more complicated electronics. In the case of

BR there are multiple different components with huge differences in the time scale and

amplitude. In this case we cannot avoid the loss of information.

The only filtering we did for the signal afterwards, was done with second order low-pass

Butterworth filter. Butterworth was used because it provides maximally flat magnitude

response. The cut-off frequency of the filter was set to 100 kHz to reduce the noise and in

this way to make response modeling more accurate. The result of filtering is presented in

Figure 19. In Figure 20, the effect of filtering to the fast component is presented. It can be
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Figure 19. The effect of the Butterworth second order low-pass filter to the photoelectric response

from BR-PVA sensor.

seen that the phase of the signal is changed by the filtering and the time constant related to

it is not correct. The change of phase is typical for IIR filters. However, the phase change

can be avoided by filtering the data twice, forwards and backwards. [42] In Figure 21 is

shown the affect of the Butterworth low-pass filter to the step function. It can be seen that
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Figure 20. The effect of Butterworth second order low-pass filter to the fast component of photo-

electric response.

the filter has an overshoot in the step response and the phase is changed. The Butterworth

filtering made forwards and backwards maintains the original phase of the signal, as can

be seen in Figure 22.
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Figure 21. The effect of the Butterworth second order low-pass filter to the step function.
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Figure 22. The effect of the Butterworth second order low-pass filter to the fast component of

photoelectric response, when filtered twice.

However, it should be noticed that some filtering has already happened during the mea-

surement. In Figure 23, the circuit formed by the BR-PVA sensor and instrumentation

amplifier is presented. This RC-circuit forms a high pass filter, where Cs varies between

52 pF-93 pF, obtained from Figure 9. The cut-off frequency of the high-pass filter can be

V(t)

Cs

Ri

Figure 23. A high-pass filter formed by the BR-PVA sensor when interfaced with the electronics.

Ri is the input resistance of the amplifier and Cs is the capacitance of BR-PVA sensor.

calculated by

f =
1

2πτ
=

1

2πRiCs

, (10)

where Ri = 1012.
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BecauseCs is approximately 80 pF, the cut-off frequency f of the highpass filter is 0.5 Hz.

This affects the lifetimes of a few milliseconds, as noticed in [36]. The time constants for

the response modeling could be determined even with inappropriate electronics, just by

dropping of the beginning and the end of the measurement from the data. These parts are

mostly affected because of non-ideal electronics. [36]

When the application for BR-PVA sensors is known, more filtering should be done during

the measurement process by electronics. This way the data recorded from the sensors can

be reduced and only the important properties are saved and sent forward to software for

analysis. However, when accurate information from the sensor is wanted, the filtering on

the measurement devices is not desired.

37



4 EXPERIMENTS & RESULTS

4.1 Experimental Setup

Measurements of the photoelectric response (PER) from the BR-PVA sensors was done

using the instrumentation amplifier, the xenon flashlamp and a set of optical interference

filters. The experimental setup is represented in Figure 24.
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Figure 24. Experimental setup used in the photoelectric response measurements.

According to the electronic circuit simulations, even the slightest changes in the electric

model of bacteriorhodopsin films resulted in electronics not working properly. Before

implementing anything, we decided to measure the BR-PVA sensors directly with digital

Tektronix oscilloscope using a high impedance probe. For excitation, we used studioflash

which had the power adjustment. The setup for this measurements was simplified and no

proper casing around the sensor was used.

As the result from the measurements, we got a pulse which is similar to the photoelec-

tric response measured with the previous version of electronics and represented Figure

25. The amplitude of the PER seemed to linearly depend on the power of excitation
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light. However, when we repeated the same measurements without bacteriorhodopsin,

the results were exactly the same. In practice, we had measured only the electromagnetic

interference (EMI) from the light source, which capacitively coupled to our measurement

electronics.

The experiment done without the casing is improperly designed, but it is a good example

of the importance of the proper shielding. In the previous experiments done in our labo-

ratory, a proper casing has been used. However, the proper handling of the EMI should

always be taken into account and the impact of the EMI to the results should be evaluated.

The BR-PVA sensors are enclosed in a 110 mm × 60 mm × 30 mm sized and 1.5 mm

thick metal box, with the instrumentation amplifier and power source. Metal box around

the electronics is essential, since the signal strength from the high impedance BR-PVA

sensors is weak. High impedance sensors are also very sensitive to noise from the sur-

rounding environment, for example, the discharge of the xenon flashlamp generates strong

electromagnetic interference. The set of 16 narrow-band interference filters was used for

the measurement of the wavelength dependency. The FWHM of the pass-bands of the

interference filters is approximately 10 nm. wide. These filters can be used to select a

single pass-band for the stimulation.

Some notice should also be paid for the ambient light, since the fluorescent lamps flash

at the frequency of 100 Hz, which might affect the measurements. The PER from sensors

had no difference regardless of the ambient light in the room. Because no difference

was noticed, the measurements were done with ambient lights. This is also much more

comfortable for the measurer who might be scared of dark.

The measurements were recorded using a digital oscilloscope, Tektronix TDS 3052B.

It has a bandwith of 500 MHz and a maximum resolution of 5 gigasamples per second.

Triggering was done using the fast photodiode which was placed near the flashlamp. The

measurements were 10000 samples long which was the maximum the oscilloscope can

store.

4.2 Photoelectric Response

The photoelectric response measured with the old electronics is presented in Figure 25.

Very little noise is present in the signal, because of filtering. For comparison, the PER
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Figure 25. Photoelectric response measured with the old electronics from the wild-type BR-PVA

sensor. The discharge energy of xenon was 160 mJ and frequency 1 Hz.

measured using the new electronics is in Figure 26. Polarities are opposite compared to

the old electronics. A new faster component is now apparent in the PER. It should also
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Figure 26. The unfiltered photoresponse measured with the new electronics from the wild-type

BR-PVA sensor. Discharge energy of the xenon flashlamp was 150 mJ and frequency 1 Hz.

be noticed that the timescale in the measurements is totally different. With the older mea-

surements, the response is one decade slower. We can look at the faster component more
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carefully, it is represented in Figure 27. Before the actual response, one can see a clear

burst of noise which is caused by the xenon flashlamp discharge. The measurement of
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Figure 27. The fast component of the photoelectric response.

the photoelectric response was also tested without any ambient lighting. There was no

difference in the peak-to-peak (PTP) photovoltage nor in the lengths of the response com-

ponents. This indicated that no special attention should be paid to the ambient lightning

of the room. Ambient light probably generates a small DC component and a small charge

transport through the membrane, but because of the low intensity, it does not interfere the

measurements.

The amplification was set to 100. However, this amplification limits bandwidth of the

amplifier to 450 kHz. With amplification of 10, bandwidth of INA111 is 2 MHz. Because

the SNR of the signal was good, we measured the PER with lower amplification of 10

and compared it with the PER measured with higher amplification of 100. The results for

the fast and slow components are presented in Figure 28 and in Figure 29. It can be seen

that the slow component clearly relaxes faster with higher amplification due to limited

bandwidth. The fast component is not affected so much, but a slight phase change can be

noticed.
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Figure 28. The complete photoelectric response with different amplifications.
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Figure 29. The fast component of photoelectric response with different amplifications.

4.3 Action Spectrum

The measurement of the BR action spectrum was done using the set of 16 narrow-band

interference filters, covering the range of the visible spectrum from 400 nm to 700 nm. A

1 Hz frequency and 150 mJ discharge energy were used for the xenon flashlamp. A near

maximum energy for flashlamp was used because this way a higher signal-to-noise (SNR)
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ratio was reached. The SNR was weaker with the interference filters when compared to

the measurements made without any filtering because the intensity of light is much weaker

through interference filters. Also in the measurements where continuous light from a

projector was used, the intensity was only 50% of the initial because there was a beam

splitter placed in between the light beams. The results are averages of 16 consecutive

readings, this way we got better SNR.

As it can be seen from Figure 30, the different states of the BR are sensitive to different

wavelengths of light [28, 43]. Based on the molar absorption coefficients of BR from
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Figure 30. Molar absorption coefficients of the wild-type BR. [28, 43].

literature, there should be a clear difference in the photovoltages measured through the

interference filters. The resulting spectrum was compensated using the irradiances mea-

sured trough the very same interference filters and represented previously in Fig. 14b.

This compensation results in the spectrum presented in Figure 31. Strangely, there is no
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Figure 31. Measured action spectrum of wild-type BR-PVA sensor, compensated using the mea-

sured irradiances of the xenon flashlamp through the interference filters. Effect of the ±2% vari-

ance in irradiance of the light source is represented in the datapoints.

peak at the absorption maximum of the wild-type BR. For comparison, it was decided to

approximate the spectrum using the measured transmittances of interference filters and

the manufacturer provided data for the xenon flashlamp, previously presented in Fig. 14a.

Now, as can be seen in Figure 32, the absorption peak is closer to the real one.
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Figure 32. Measured action spectrum of the wild-type BR-PVA sensor, compensated using the

irradiances approximated from the manufacturer data and measured transmittances of interference

filters. Effect of the ±2% variance in irradiance of the light source is represented in the datapoints.
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For comparison, the action spectrum measured with the previous electronics, also com-

pensated using the manufacturer data is represented in Figure 33. No huge difference
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Figure 33. Action spectrum of wild-type BR from [3], compensated using the irradiances approx-

imated from manufacturer data and measured transmittances of interference filters.

between this and the newly measured action spectrum can be seen. The shorter wave-

lengths, from 400 nm to 540 nm, result in higher response from the sensor equipped with

the new electronics.

4.4 Action Spectrum under Continuous Illumination

Bacteriorhodopsin should return from the M state back to the B state immediately when it

is illuminated with continuous light at the suitable wavelength. The suitable wavelength

for wild-type BR is approximately 420 nm. The experimental setup, showed in Figure 34,

was constructed. The continous light was from slide projector which was placed close to

the beam splitter. The distance between the xenon flashlamp and the BR-PVA sensor was

the previously used 500 mm. Transmittance spectra of the beam splitter was measured,

no

An interference filter was used to select a suitable wavelength for the continous light.

The action spectrum measurement was done again using all the other filters between the
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Figure 34. The setup for studying the effect of continuous light at the absorption wavelength of

the M state.

xenon flashlamp and BR-PVA sensor. The resulting action spectrum is presented in Figure

35. When compared with the action spectrum in Section 4.3, it can be seen that the
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Figure 35. Measured action spectrum of wild-type BR under continuous light at 420 nm, com-

pensated using the spectrum provided by the flashlamp manufacturer.

absorption peak is shifted towards the shorter wavelengths and the response at 500 nm

is reduced. It can also be seen, that in this case the maximum response is achieved with

the light at the 560 nm wavelength, which is near to the optical absorption maximum of

the ground state of the BR, at 565 nm [3]. Yet another detail from Fig. 4.3, is the ratio

between the photovoltages generated at different wavelengths. Now the relatively highest

photovoltage is generated by the light at the optical absorption maximum of the BR.
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In Figure 36 is represented the spectrum when continuous illumination is done using

the continuous light at 560 nm. The resulting spectrum is nearly identical with the one

in Figure 32, where no continuous light was used. In this case the longer wavelengths

generate slightly higher PER, but the maximum is still at the 580 nm. Fig. 36 spectrum
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Figure 36. Measured action spectrum of wild-type BR under continuous light at 560 nm, com-

pensated using the spectrum provided by the flashlamp manufacturer.

represents the normalized and compensated PTP photovoltages. In this case, the relatively

maximal photovoltage was expected at the wavelength of 420 nm, because most of the

molecules should be in M state. However, the maximum is still at the 560 nm. Possible

explanations for this are discussed later in Section 5.1.

4.5 Sensitivity to Light Intensity

To evaluate the correct functionality of the new electronics, we decided to replicate the

measurements and experiments previously done with similar sensors [3]. One such an

experiment was the sensor’s sensitivity to light intensity, which is required for photosen-

sitivity.

To evaluate the sensitivity, the peak-to-peak (PTP) photovoltage was measured from the

sensor when varying the discharge energy of the flashlamp. The results are presented and

can be compared in Figure 37. From Fig. 37 it can be clearly seen, that the sensor’s
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Figure 37. The sensitivity of the BR-PVA sensor measured with a xenon flashlamp. The vertical

bars present the standard deviation of the measurements. (a) Peak-to-peak photovoltage measured

with the new electronics, average of 16 measurements. (b) Intensity dependence with the old

electronics from [3].

sensitivity to light intensity can be measured with the new electronics, indicating that

the new electronics worked correctly. The photovoltage is the average of 16 consecutive

responses, when the sensor was illuminated with light pulses at the frequency of 0.5 Hz.

No cutting in PTP values was noticed even with higher intensities from the light source.

With the previous version of the electronics, especially the 150 mJ-160 mJ energies from
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the flashlamp were problematic due to highly filtered and amplified response, resulting in

the PTP values approaching the maximum voltage of 9 V.

Unlike with the previous electronics, we can now measure both fast and slow components

from the PER. In Figure 38, intensity responses of these two components have been com-

pared against each other. These both components have almost similar intensity response,
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Figure 38. Intensity responses of the slow and fast component of the photoelectric response

compared with each other. Vertical bars present the standard deviation of the measurements.

so PTP photovoltage can be used to evaluate the intensity of light. In the case that there

would have been differences in the intensity responses of the two components, it should

have been evaluated which one has less error and provides better linearity.

Previously we had noticed that inappropriate casing of the electronics leads to false results

because of the increasing noise from the xenon flashlamp when the discharge energy is

increased. The simplest test to check that the measured signal really is photoinduced was

to block the light illuminating the sensor. When the light was blocked, no photoelectric

response was detected. However, the initial noise burst was still noticed.
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4.6 Simulated Photovoltages

Photovoltages were simulated using the proton translocation model from [17], modified

to match the assumption that the proton is dislocated, but it returns back to the initial

position. This assumption makes the proton dislocation table different because the sum

of the dislocations should be zero instead of the thickness of the purple membrane.

The equation used to calculate the photovoltage generated from i-th transition is

V
(i)
N (t) =

NQdi

εiD
ki f (k1,k2, . . . ,ki, t), (11)

where N is the total number of molecules in the sensor, Q is the charge of proton, di is

displacement during the transition i, εi is the dielectric constant for the transition i, D is

total thickness of the sensor, and ki are rate constants, derived from ki = 1/τi. The Bate-

man function, represented previously in Eq. 3 is f (k1,k2, . . . ,ki). The Bateman function

produces the population components to the equation. [32]

Dislocations used in the simulations are presented in Table 2. The states in Tab. 2 are

named from P1 to P3, expect the ground state. The difference in naming is due to lack

of the knowledge of the corresponding states in the BR photocycle. The dislocations are

Table 2. Approximated proton displacements in BR-PVA sensors.

Transition Normalized[ nm]

bR→ P1 -0.14

P1 → P2 0.5

P2 → P3 -0.3

P3 →bR -0.06

Total 0

approximated based on the hypothesis that dislocation to the M state is as long as in [17].

The result, represented in Figure 39 is realistic, even though the time scale is different

from that of the BR-PVA sensor. However, the accurate modelling needs more knowledge

about the photocycle in BR-PVA sensor.
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Figure 39. Photovoltage simulated based on the proton dislocations. [17].

4.7 Model for Photoelectric Response

The photoelectric response of bacteriorhodopsin consists of multiple components, but it

is not clear which components are present when BR is immobilized in polyvinyl alcohol.

By simultaneous optical and photoelectric measurements, it has been stated that when BR

is immobilized in PVA, the optical signal related to the O state vanishes [6]. Vanishing

of the O state supports the hypothesis of proton backflow from the M state back to the B

state [44].

Figure 12, located in Section 3.4, presents the PER from the BR-PVA sensor when excited

with a single pulse of light from the xenon flashlamp. There is clearly at least two com-

ponents present in the signal, a fast positive component and a slow negative component,

which can be modeled with exponential functions. To determine the time constants of the

response, the function of form

V (t) =
n

∑
i=1

Aie
−kit , (12)

can be used [3]. In Equation 12, n is the number of exponential functions, A corresponds

with the amplitude, k is the rate constant, which is defined as k = 1/τ , where τ is time

constant. The t is time and i refers to the exponential function related to the component i.
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Figure 40. Eq. 12 with i = 4 fitted to the filtered photoresponse from the BR-PVA sensor.

The modelled PER in Fig. 40 consists of four exponential functions. The fitting of the

function was done using nonlinear least squares approximation. The obtained values for

Ai and τi, and the exponential functions they produce are represented in Tables 3 and 4.

As it can be seen, the tail of the function differs from the measurement, indicating that

more components might be needed. In Figure 41, five components were used for fitting

and the result is better. When adding one more component, making the total number of

components to six, the residual sum of squares error is reduced from 0.3051 to 0.1699.

The result is presented in Figure 42.

Table 3. Values for Ai obtained by fitting.

Component 4 5 6

A1 -0.5001 -0.354 -0.4418

A2 0.4321 0.4483 0.5167

A3 0.4321 0.4477 0.4744

A4 -0.5790 -0.6424 -1.6462

A5 - -0.0191 -4.4869

A6 - - 5.4358

It should be noticed that the time constants we have obtained from the fitting do not

represent the actual time constants of the photocycle, but they depend also on the RC

values of the whole circuit including the instrumentation amplifier. Errors for the different
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Figure 41. Eq. 12 with i = 5 fitted to the filtered photoresponse from the BR-PVA sensor.
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Figure 42. Eq. 12 with i = 6 fitted to the filtered photoresponse from the BR-PVA sensor.

fittings are shown in Table 5. Errors are residual sums of squares, calculated using

RSS =
n

∑
t=1

(y(t)− f (coe f s, t))2, (13)

where y(t) are the measurement datapoints and f (coe f s, t) is the function used for fitting,

provided with the obtained coefficients and time points. The improvement in the fitting
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Table 4. Values for τi obtained by fitting.

Component 4 5 6

τ1 1.00 µs 1.01 µs 1.13 µs

τ2 30.2 µs 37.3 µs 58.3 µs

τ3 30.2 µs 37.6 µs 20.6 µs

τ4 0.547 ms 0.419 ms 1.0 ms

τ5 - -2.4 ms 0.599 ms

τ6 - - 0.734 ms

Table 5. Fitting errors.

Component 4 5 6

Error 2.6860 0.3051 0.1699

when more components are added is obvious.

As the result from the fitting, we have time constants for the different components of the

AC photoelectric response. Based on Eq. 11, the proton dislocations in the BR-PVA

sensor can be solved. As it can be seen from Eqs. 2-5, all the components have an impact

on each other. When those equations are written open and the photovoltages generated

by each V
(i)
No

are summed together, we can arrange the variables again to match the form

Ai exp(−kit). Because we have knowledge of Ai and ki, it is possible to solve the proton

translocations, if knowledge of all the variables contained in Ai is available. All of the Ai

have a common factor NQ
εD . Now we can write

Vtot =
n

∑
i=1

NQ

εD
Bi exp(kit), (14)

where Bi =
Ai

(NQ)/(εD) [17]. N is the number of molecules which starts the photocycle. In

our case, the approximate area of the sensor which can be illuminated is A = 16 mm×

14 mm = 224 mm2. The number of molecules within this area is

NBR = NA×
CBR

MBR

×V, (15)

where NA = 6.022×1023 mol−1 is the Avogadro constant, CBR = 23.1 mg/ml is the con-

sentration, MBR = 26785 g/mol, and V = A×D = 224 mm2 ×0.123 mm = 27.552 mm3.

The approximated number of molecules in our sensor is

NBR = 6.022×1023 ×
0.00231 g/ml

26785 g/mol
×0.027552 ml = 1.43×1015 [molecules]
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Only part of these molecules start the photocycle. The number of molecules starting the

photocycle is

N = F× sB×NBR, (16)

where F is number of photons coming to the sensor, and sB is the intercation crossection

[13]. As already mentioned, the pulse from the xenon flashlamp is not an impulse, but

because of the limitations in our electronics, it can be considered as an impulse. This

means, that all the photocycles in this model start at the same time. The interaction cross

section is

sB = σBΦB, (17)

where σB is the absorption cross section and ΦB is the quantum efficiency for the B state

[13].

As it can be seen, all the translocation coeffients are contained in Bi. After rearranging,

Bi can be solved, for example, for four components that

B1 = d1 +
d2k1

a21
+

d3k1k2

a31
+

d4k1k2k3

a41
(18)

B2 =
d2k1

a22
+

d3k1k2

a32
+

d4k1k2k3

a42
(19)

B3 =
d3k1k2

a33
+

d4k1k2k3

a43
(20)

B4 =
d4k1k2k3

a44
(21)

which can be written as

B1 = d1 +
n

∑
j=2

d j ∏
j−1
p=1 kp

a j1
(22)

Bi =
n

∑
j=i

d j ∏
j−1
p=1 kp

a ji

. (23)

As it can be seen, to solve the proton dislocations we must have the knowledge of the

rate constants for the whole system. Solving the dislocations has to start from the last

dislocation, returning backwards to the first dislocation.
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5 DISCUSSION & CONCLUSIONS

5.1 Sensors and Electronics

Instrumentation Amplifier

This work aimed to produce better electronics for the measurements of bacteriorhodopsin

sensors, so that the original photoelectric response can be measured without interference.

The original photoelectric response will help, to understand the phenomena related to the

photoresponse generation in nonoriented thick BR-films. These films are a practical way

to immobilize the biomolecules to interface them, for example, with molecular computing

systems. The photoresponses were also simulated using the simulation environment and

some methods found from the literature. These simulations were then compared with the

measurements.

Photoelectric Response

Photoelectric responses from bacteriorhodopsin sensors have been used in numerous re-

search projects. In many cases, the excitation light source has been a xenon flashlamp

or pulsed laser which are the sources of high electromagnetic interference. However, in

many studies, the actual measurement process nor the measurement circuits have not been

accurately reported.

The properties of the xenon light source limit the study of the whole photocycle because

we cannot get reliable information from the states which are present in the photocycle

before the light pulse has ended. Faster pulsed light source with adjustable spectrum

would be necessary to study the whole photocycle.

Another problem was that within the limits of this work, we had no resources to produce

any new BR-PVA sensors. Even though, the old sensors from the previous studies still

produce excellent photoelectric response, we cannot determine their orientation nor di-

electric constant reliably. If we wanted to study the properties of the BR photocycle more

carefully, we should produce thin oriented films, with only a few monolayers of BR in

them.
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Action Spectrum

The action spectra were measured and compared with the old ones. No huge difference

could be seen, but there is still strange shift in the maximum. The same problems with the

compensated spectra were still apparent when trying to compensate the spectrum using

the measured data. This should be studied more by using more interference filters with

narrower pass-bands. Another and probably a better choice would be a laser with an

adjustable wavelength making it possible to measure the action spectrum of BR with an

accuracy of 1 nm. The transmittance of the interference filters used to compensate the

responses were measured a few years ago. It is possible that the transmittances of some

filters have changed because of aging and storing. Interference filters are easily affected

by the changes in temperature, handling and air humidity.

It has been shown in other studies [45], that similar sensors produce a negative response,

when the molecules are forced to M state with continuous light and then flashed with

blue light at the absorption maximum of the M state. During this work, the similar effect

was not achieved. This was probably due to weak irradiance throught interference filters,

especially at the shorter wavelengths.

5.2 Modeling and Simulation

If the photoelectric response from the sensor is formed based on the mechanism of proton

backflow [6], then protons moving in random directions would compensate each other.

This, on the other hand, would mean that there should not be voltage between the elec-

trodes. However, in these studies a clear photovoltage, caused by the AC photoelectric

effect was observed. This implies that charge translocation inside the membrane occurs,

despite the fact that we have been using nonoriented thick films. It is also possible that the

DC photoelectric effect measured from these sensors is caused by a net transport through

the whole membrane, but the AC photoelectric effect is generated only by the part of

the membrane. This could be studied by producing membranes of different thicknesses,

having the same electrode area and consentration. If these membranes produce a similar

response to fast excitation, then it is certain, that the thickness of the membrane does not

affect the AC photoelectric effect. This hypothesis is supported by the simulations in Sec-

tion 4.6 where the membrane thickness of 123 µm produces too low response amplitudes.

When the thickness of the purple membrane was used the amplitude of the photovoltage

was closer to the measured amplitudes.
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When fitting exponential functions to the photoelectric responses from the BR-PVA sen-

sors, at least four, but preferrably six exponential functions should be used. However,

the time constants observed from these functions should not be considered as the time

constants for the photocycle relaxation times. This is due to error, caused by the nonideal

electronics, whose affect should be deconvolved from the results. In addition to the elec-

trical measurements, simultaneous optical measurements should be done. If the absorp-

tion of the BR-PVA sensor could be measured relative to time, it would be possible to bind

different electrical components with the real states of bacteriorhodopsin. Moreover, this

way it can be seen if any states are missing from the photocycle, like in BR-PVA where

the O state is not present [6]. It is interesting, that four components is not enough for the

fitting, but more slow components are needed. This implies, that after the M state, there

can be one or two different steps in the relaxation, instead of relaxation straight to the B

state. Another explanation can simply be that the photovoltage relaxation is dependent to

the measurement circuits properties, when the photocycle cannot explain everything. The

studying of the actual photocycle can be more accurately done by measuring the optical

response of the film.

5.3 Conclusions

In bioinspired systems lies a huge potential, only waiting new ways to take advantage

of all the knowledge of existing biosystems. This master’s thesis aimed to improve the

measurement of one specialized biomolecule, bacteriorhodopsin. Bacteriorhodopsin has

an efficient way of converting light to energy. Unlike many other similar molecules, it

is highly adaptable to different environments, still maintaining its properties. Bacteri-

orhodopsin has multiple different states which can be separated from each other by the

changes in absorption. This makes the usage of BR possible in the future computing

devices because two separable states can be used as bits.

As a result from this master’s thesis, we have produced the new electronics for the mea-

surement of bacteriorhodopsin-in-polyvinylalcohol sensors. This is an important step in

the future because now the original photovoltage generated in the BR-PVA sensor can be

measured, maintaining the form of the photoelectric response at least better than the previ-

ous electronics. Compared to the previous work, it can be said that everything was started

over from the beginning: measuring the most simple BR-PVA sensors. This proved to be

the right solution because when we looked deeper in to the previous results and electron-

ics, only more questions arised, but no answers could be found without the totally new
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approach from the beginning. However, it should be noted that the previous electronics

were designed for the application, the BR-based camera. In that particular application,

they worked very well, but when trying to use the same devices to unfold the secrets of

the photocycle, they were not accurate.

For the modeling side, the work continues and more accurate model for the photoresponse

from BR-PVA should be developed. This work proved to be more difficult, because the

models presented in the literature were for the BR photocycle in aquaeous solution. When

dried and immobilized in polyvinyl alcohol, the photocycle and photoresponse change,

making the existing models inapplicable. However, the photoresponse from the BR-PVA

films can be partially explained by the photocycle, so the existing models can probably

be modified to apply for the BR-PVA films also.

It became clear during this project that when it becomes to BR or any other similar

biomolecules, the whole process should be always documented accurately. Inadequate

background information about the devices and the sensors makes the results difficult to

interpret.

During the work carried out in Lappeenranta, the robustness and durability of the bacteri-

orhodopsin has become more and more clear. This inspires to continue the work related to

bacteriorhodopsin because the utilization of biomolecules to the computing devices and

other applications is probably only matter of time. When the work is continued, more

possible applications for BR must be considered.

Even though the development of more dense transistors is becoming more difficult all the

time, there are still problems with alternative technologies. As it has been seen in many

cases, the development of improved versions of biomolecules is a difficult task. One main

reason is that there are still no automated ways to study, for example, the huge number of

genetically modified molecules effectively. Even if there was a good way to screen a large

number of different molecules in a reasonable time, we would still lack automated ways

of building complex constructions of these molecules. Nature is ahead in the handling of

biomolecules: where we must use atomic force microscopy to slowly assemble structures,

a new human is "built" in nine months with high accuracy.

Probably these problems are solvable, and more effort will be put in the solving these

problems when enough commercial potential is seen in the products based on biomolecules.

Actually, all the devices needed to utilize and unveil the potential of biomolecules for

commercial devices is available, but the prejudices towards biotechnology are still strong.

The time when the biomolecules are part of devices in our everyday usage is probably

seen during the next few decades.
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5.4 Future Work

After this work, we only have electronics for reliable measurements of the wild type

bacteriorhodopsin sensors. Because 4-keto and 3,4-didehydro have totally different time

constants, we cannot reliably measure, for example, relaxation times from either one.

In the earlier work in Lappeenranta, the use of three different BR-types to construct the

color sensitive retina has been proposed. A matrix containing three different types of BR

was previously built, but a more sophisticated version would be interesting. The resolu-

tion of the previously built color sensitive matrix was poor. Now we have a better knowl-

edge of the properties of the sensors. This makes a construction of the high resolution

camera feasible.

Parallel optical and electrical measurements can be used to evaluate the effect of the elec-

tronics to the actual phenomenon. Optical measurements could be done with and without

the electronics connected. However, in the ideal situation, the electronics will not inter-

fere with the phenomenon in such a scale that any difference can be noticed. This would

mean that similar results can be reached with the both ways, the electronics connected

and the electronics not connected.

Optical measurements can also be used to bind the different components of the photore-

sponse to the different states of the photocycle. In addition, more information about

the spatial generation of the photovoltage should be found out. It is still uncertain, how

exactly do nonoriented films generate the photoresponse. We should also study how dif-

ferent coupling methods affect the photoresponse and which method is the best.

New sensors should be prepared because we probably could produce even monolayered

sensors. Also a set of two sensors, one of which is oriented and the other is nonoriented,

should be produced. This would allow us to study the effect of orientation to the BR-

PVA films and would probably help to understand the mechanism of the photoresponse

generation in nonoriented films. Preparation of the new sensors allows also designing of

better electrical coupling methods.
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Appendix A, 1

Instrumentation Amplifier Schematics
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Appendix B, 1

Instrumentation Amplifier Specifications

®

INA111 2

SPECIFICATIONS
ELECTRICAL

At TA = +25°C, VS = ±15V, RL = 2kΩ, unless otherwise noted.

� Specification same as INA111BP.

NOTE: (1) Temperature coefficient of the “50kΩ” term in the gain equation.

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes

no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change

without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant

any BURR-BROWN product for use in life support devices and/or systems.

INA111BP, BU INA111AP, AU

PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNITS

INPUT

Offset Voltage, RTI

   Initial TA = +25°C ±100 ± 500/G ±500 ± 2000/G ±200 ± 500/G ±1000 ± 5000/G µV
     vs Temperature TA = TMIN to TMAX ±2 ± 10/G ±5 ± 100/G ±2 ± 20/G ±10 ± 100/G µV/°C
     vs Power Supply VS = ±6V to ±18V 2 +10/G 30 + 100/G � � µV/V
Impedance, Differential 1012 || 6 � Ω || pF
                    Common-Mode 1012 || 3 � Ω || pF
Input Common-Mode Range VDIFF = 0V ±10 ±12 � � V

Common-Mode Rejection VCM = ±10V, ∆RS = 1kΩ

G = 1 80 90 75 � dB

G = 10 96 110 90 � dB

G = 100 106 115 100 � dB

G = 1000 106 115 100 � dB

BIAS CURRENT ±2 ±20 � � pA

OFFSET CURRENT ±0.1 ±10 � � pA

NOISE VOLTAGE, RTI G = 1000, RS = 0Ω
   f = 100Hz 13 � nV/√Hz
   f = 1kHz 10 � nV/√Hz
   f = 10kHz 10 � nV/√Hz
   fB = 0.1Hz to 10Hz 1 � µVp-p
Noise Current

   f = 10kHz 0.8 � fA/√Hz

GAIN

Gain Equation 1 + (50kΩ/RG) � V/V

Range of Gain 1 10000 � � V/V

Gain Error G = 1, RL = 10kΩ ±0.01 ±0.02 � 0.05 %

G = 10, RL = 10kΩ ±0.1 ±0.5 � � %

G = 100, RL = 10kΩ ±0.15 ±0.5 � ±0.7 %

G = 1000, RL = 10kΩ ±0.25 ±1 � ±2 %

Gain vs Temperature G = 1 ±1 ±10 � � ppm/°C
   50kΩ Resistance(1) ±25 ±100 � � ppm/°C

Nonlinearity G = 1 ±0.0005 ±0.005 � � % of FSR

G = 10 ±0.001 ±0.005 � ±0.01 % of FSR

G = 100 ±0.001 ±0.005 � ±0.01 % of FSR

G = 1000 ±0.005 ±0.02 � ±0.04 % of FSR

OUTPUT

Voltage IO = 5mA, TMIN to TMAX ±11 ±12.7 � � V

Load Capacitance Stability 1000 � pF

Short Circuit Current +30/–25 � mA

FREQUENCY RESPONSE

Bandwidth, –3dB G = 1 2 � MHz

G = 10 2 � MHz

G = 100 450 � kHz

G = 1000 50 � kHz

Slew Rate  VO = ±10V, G = 2 to 100 17 � V/µs
Settling Time, 0.01% G = 1 2 � µs

G = 10 2 � µs
G = 100 4 � µs
G = 1000 30 � µs

Overload Recovery 50% Overdrive 1 � µs

POWER SUPPLY

Voltage Range ±6 ±15 ±18 � � � V

Current VIN = 0V ±3.3 ±4.5 � � mA

TEMPERATURE RANGE

Specification –40 85 � � °C
Operating –40 125 � � °C
θJA 100 � °C/W
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Old Electronics
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Figure C1. Old electonics for BR sensors: (a) a voltage follower, (b) low-pass filter, (c) high-pass

filter and (d) voltage amplifier.
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Performance of the Electronics
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Figure D1. Relaxation times of the intermediate states of the wild-type bacteriorhodopsin repre-

sented with the −3 dB bandwidths of the old and new measurement systems (partially reproduced

from [3]).
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