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ABSTRACT 

 

The integration of novel nanomaterials with highly-functional biological molecules has 

advanced multiple fields including electronics, sensing, imaging, and energy harvesting.  

This work focuses on the creation of a new type of bio-nano hybrid substrate for military 

biosensing applications.  Specifically it is shown that the nano-scale interactions of the 

optical protein bacteriorhodopsin and colloidal semiconductor quantum dots can be 

utilized as a generic sensing substrate.   

 

This work spans from the basic creation of the protein to its application in a novel 

biosensing system.  The functionality of this sensor design originates from the unique 

interactions between the quantum dot and bacteriorhodopsin molecule when in nano-

scale proximity.  A direct energy transfer relationship has been established between core-

shell quantum dots and the optical protein bacteriorhodopsin that substantially enhances 

the protein’s native photovoltaic capabilities.  This energy transfer phenomena is largely 

distance dependent, in the sub-10nm realm, and is characterized experimentally at 

multiple separation distances.  Experimental results on the energy transfer efficiency in 

this hybrid system correlate closely to theoretical predictions. 

 

Deposition of the hybrid system with nano-scale control has allowed for the utilization of 

this energy transfer phenomena as a modulation point for a functional biosensor 

prototype.  This work reveals that quantum dots have the ability to activate the 

bacteriorhodopsin photocycle through both photonic and non-photonic energy transfer 

mechanisms.  By altering the energy transferred to the bacteriorhodopsin molecule from 

the quantum dot, the electrical output of the protein can be modulated.  A biosensing 

prototype was created in which the energy transfer relationship is altered upon target 

binding, demonstrating the applicability of a quantum dot/bacteriorhodopsin hybrid 

system for sensor applications.  The electrical nature of this sensing substrate will allow 

for its efficient integration into a nanoelectronics array form, potentially leading to a 

small-low power sensing platform for remote toxin detection applications.    
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1.1. MOTIVATIO� 

 

The need for the U.S. military to defend itself against bio-warfare attacks dates back to 

the use of smallpox by the British during the Revolutionary War.  Since that time, the 

science behind bio-warfare has advanced dramatically, providing a wide array of lethal 

agents and efficient delivery vehicles that could be used against U.S. troops and the 

civilian population [1].  After nearly 100,000 casualties and millions sickened by 

poisonous gas in WWI, the inhumane nature of such weapons was realized and the 

Geneva Convention implemented a ban on such weapons in warfare.   

 

Since that time efforts have been ongoing to ban bio and toxin based weapons all 

together, ultimately culminating in an international treaty that signed by nearly 150 

countries in 1975.  This treaty declared an end to all development, production, and 

stockpiling of bio and toxin weapons by virtually all developed countries. Unfortunately 

recent history has suggested that this prohibition doesn’t completely eliminate the threat 

of bioweapons.  With the ease of knowledge access and advancement in scientific 

techniques, it has been shown possible for small rogue groups or even individuals to 

create and use biological weapons.  A select group of these toxins that could be used in a 

bioterrorist attack is shown in Figure 2. 

 

 

Figure 2. Fatal dosages to average person of select toxins 
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With the wide array of potential agents that could be used against U.S. civilians or 

military personnel, it is still of vital importance to have detection systems in place.  It can 

be noted from Figure 2, that the inhalation of only a small amount of these toxins is 

necessary to prove lethal to an average person.  In the case of sarin gas, for example, the 

lethal concentration-time product (LCt50) is approximately 75mg-min/m3 when present 

in air [2].  Implying that at sarin gas concentrations of 75mg/m3, an average person has a 

50% chance of surviving 1 minute.  Certain toxins such as sarin gas also have a 

cumulative effect, meaning that an individual can breathe a much lower concentration 

over the course of weeks to months and still reach the fatal dosage limit.  Therefore the 

ability of a detection system to detect toxin concentrations well below their LCt50 is a 

necessity.  Apart from the low detection limits, an efficient toxin detector will also 

require a rapid response time.  In a biological attack one of the critical factors relating to 

casualty count is the time frame in which infections occur.  The speed at which the toxin 

detector is able to identify the presence of the airborne agent therefore needs to be 

maximized. 

 

From a military point of view, the ease and efficiency of device implementation is 

important along with the aforementioned parameters.  Ideally the toxin detection system 

should be capable of being easily integrated with the individual soldier, creating a sensing 

array across the battlefield.  Methods to effectively deploy an unmanned sensing 

apparatus into a remote/hostile area would also prove beneficial to soldier and civilian 

security. 

 

1.2. CURRE�T TOXI� DETECTIO� TECH�IQUES 

 

Science and engineering has provided a multitude of detection techniques capable of 

sensing a wide array of toxic agents.  Many of these detection techniques can take hours 

or even days to perform the analysis, while others do not provide low detection 

thresholds.  Some of the most advanced detection technologies include mass 

spectrometry (MS), immunoassay, and laser based fluorescence. 
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1.2.1. Mass Spectrometry 

 

For the MS detection technique, the fundamental operations are to ionize the sample, sort 

the ions in time or space according to their respective mass-to-charge (m/z) ratio, and 

finally collect/count the number of ions collected at each m/z ratio.  Typically the charge 

(z) will be 1, so the output spectrum can be interpreted in terms of counts vs. molecular 

weight.   

 

One technique of MS in particular that is used to detect biological agents is known as 

single-particle aerosol MS [3, 4].  A group at Lawrence Livermore National Labs 

(LLNL) is developing a biological agent detection system known as bioaerosol mass 

spectrometry (BAMS) around this technique.  As illustrated in Figure 3, a bacterial spore 

enters the BAMS unit and is accelerated to its terminal velocity by vacuum [5].  As the 

bioaerosol passes through the scattering lasers, the sizes of the individual particles and 

their respective velocities are measured.  When the particles reach the MS chamber, they 

are desorbed and ionized using a 0.5 J/cm2 laser pulse [6].  Using time-of-flight [7] MS, 

the mass of each ion is determined by measuring the time it takes for it to travel to the 

detector for a given electric field acceleration.  The count vs. m/z ratio plot is then 

constructed and pattern recognition algorithms are used to determine which airborne 

pathogens are present.  
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Figure 3. Schematics of BAMS Pathogen Detection Unit [5].  Permission received from Lawrence 

Livermore �ational Labs and can be found in Appendix A.1. 

 

The BAMS unit has the capability of detecting Mycobacterium tuberculosis, the 

causative agent of tuberculosis, at concentrations >40M in under 1 minute in a 

background free environment [6].  When simultaneously analyzed with similar bacterial 

agents, BAMS produced a positive identification rate of M. tuberculosis of ~71%.  As it 

only takes a small number of tuberculosis bacilli to infect an individual [8], the detection 

limit of this system will need to be reduced significantly to prove effective in the 

detection of Mycobacterium tuberculosisi.  A BAMS prototype was also used to analyze 

suspicious powders for the presence of anthrax after the anthrax exposures in the U.S. 

Postal Service in 2001 [5]. 
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Current literature for BAMS suggests that it will be used primarily for the detection of 

biological agents in stationary structures.  There is also no current literature suggesting its 

ability to detect other airborne agents, such as neurotoxins.  Although MS techniques 

have shown a high sensitivity and a quick response time, their relatively large size makes 

them impractical for use in easily mobile applications. 

 

1.2.2. Immunoassay 

 

Immunoassays are a common biochemical technique used to analyze the amount of a 

particular substance in a sample.  This technique utilizes the high affinity of antigen-

antibody reactions for the binding of select targets.  Several techniques are available, 

including fluorescent labeling of the antigen or antibody, to quantify the amount of the 

target molecule that is present. 

 

BioWarn LLC is developing a detection technology closely related to immunoassays 

known as SmartSense™.  The basis behind the SmartSense™ technology is a ligand 

binding system that produces a unique electrical output signal upon binding of the target 

molecule [9].  The term ‘ligand’ is a broad term encompassing any atom, ion, or 

molecule, including antigens, which will bind with a high affinity to a sensor molecule.  

The process for target molecule identification with the SmartSense system utilizes a 

sensor molecule/ligand binding system.  Initially the target-specific sensor molecules are 

oriented on top of the detector, which is the gate of a field effect transistor (FET) [10].  

When a ligand binds to its specific sensor molecule, presumably a unique, measurable, 

electrical signal is produced by the system.  The electrical output of the binding event is 

compared with an onboard library of electrical signatures to confirm the presence of the 

target molecule. 

 

This technique has been shown to detect the presence of pathogens, such as the H5N1 

virus, as described in US Patent #7075426 [10].  A target application for this technology 



 

is to prevent the spread of nosocomial infections in hospitals using SmartSand

is envisioned to be a millimeter sized version of SmartSense

 

1.2.3. Laser-Based Fluorescence

 

Laser-based fluorescence is a technique where target molecules are specifically tagged 

with a fluorescent molecule or dye.  The laser then flashes the sample and the fluorescent 

molecules, whose excitation peak is close to the laser emission wavelength, begin to 

fluoresce at a longer wavelength than the laser emission.  The emission from the 

fluorescent molecules is monitored and the amount of the target molecule present in the 

sample can be calculated.

 

The Sandia National Laboratory is developing a system called the µChemLab™ Bio 

Detection System based primarily on laser
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The system works by initially loading the instrument with a liquid sample, which has 

already been incubated with a fluorescent dye to selectively label any target molecules 

[12].  Any bacterial cells are lysed through heat, pressure, and chemical degradation 

techniques.  The proteins within the bacteria are solubilized through the use of a 

detergent.  The particles in the solution are then separated based upon their molecular 

weight and m/z ratio through the use of capillary gel electrophoresis and capillary zone 

electrophoresis, respectively, to remove any unwanted material such as unbound 

fluorescent dye.  A laser is then used to illuminate the sample and induce fluorescence in 

the dyes.  Detectors within the system detect fluorescence emission at this point and can 

calculate the concentration of the target molecule within the system.  The entire process 

has been reported to take less than 10 minutes with a detection limit down to 1 pM. 

 

1.3. BACTERIORHODOPSI� 

 

Bacteriorhodopsin is a retinal protein that has been intensely studied over the years due to 

its inherent ability to function as a light-driven proton pump.  It is composed of a 248 

amino acid peptide with a molecular weight of 26,784Da [13] and possesses a covalently 

attached retinal group.  Structurally similar to the visual rhodopsin found in the 

mammalian eye, bR is found in the cell membrane of Halobacterium halobium (also 

referred to as H. salinarium) and is utilized for ATP formation and ATP synthesis under 

anaerobic conditions.  Bacteriorhodopsin strongly absorbs light in the region of 570nm, 

as shown in Figure 5, which closely corresponds to the visible light emission wavelength 

of the sun.   

 

While the strong UV absorption of the bR molecule is due to aromatic amino acids 

present in the protein, such as tryptophan and tyrosine, the absorption properties in the 

570nm region is due to the attached retinal chromophore (vitamin A).  With the energy 

absorbed by the retinal, a proton pumping mechanism is powered and the transport of a 

proton from the cytoplasmic side to the extracellular side of the cell membrane is 



 

achieved [14], as is shown in 
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Figure 5. bR absorption spectra. 
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Upon photon absorption the bR retinal goes through a series of conformational changes 

to facilitate the proton pumping mechanism [15].  The ion transport within the bR 

molecule is best described by the Isomerization/Switch/Transport (IST) model [16].  In 

its ground state, the bR570 retinal is in an all-trans state.  The absorption of a photon 

causes the retinal to isomerize to the 13-cis form.  This photo-induced isomerization is 

denoted as “I” in the first stage of the bR photocycle displayed in Figure 7 and only takes 

500fs.  The re-arrangement of the electron structure of the retinal alters the proton affinity 

of the Schiff base.  This ultimately leads to proton release from the Schiff base and 

subsequent transfer to the Asp-85 amino acid on the extracellular side in the L550-M410 

intermediate stage.  The proton transport is signified by “T” in Figure 7 and results in 

release of the original Asp-85 proton approximately 51µs after photo-illumination.  At 

this point the switch “S” occurs and allows the Schiff base to become accessible by 

protons on the cytoplasmic side of the membrane.  Thus in the M410-N560 intermediate 

conversion the Schiff base is reprotonated from the Asp-96 amino acid, which in turn 

uptakes another proton from the cytoplasm to store for the next photocycle.  Following 

the proton uptake the retinal goes through a thermal isomerization and reverts back to the 

all-trans state.  This switches the Schiff base accessibility back to the extracellular side in 

the final O640 intermediate and fully returns the bR to its ground state.  Although actual 

proton release can occur as quickly as 51µs after light illumination, the entire photocycle 

takes approximately 10-15ms to complete.  Allowing for maximal proton pumping rate 

on the order of 100 protons/second. 

 

The photocyle of the bR molecule is structurally similar to that present in other rhodopsin 

ion pump systems.  For example the chloride ion pump, halorhodopsin, following a 

similar photocycle, but its ion affinity is altered due to slight alterations in the amino acid 

sequence [17, 18].  In bR, for example, the importance of Asp-96 and Asp-85 in the 

proton pumping channel was verified by removing these amino acids in a bR mutagen 

and inhibiting the normal photocycle [19].  The functional similarities of bR to other ion 

pumps could allow for easy integration of alternate ion pump systems into technology 

developed for bR. 

 



 

Figure 7. Proton-pumping cycle of bR, demonstrating the photocycle intermediates and associated 

lifetimes. 

 

1.3.1. Production and Purification of bR

 

For engineered applications, bR is processed into membrane patches, known as purple 

membrane (PM).  Purple membrane is simply a large cell membrane patch,

500nm in diameter, which is composed of multiple bR molecule

lipids.  It is called PM due to its distinct purple color, which is due to the absorption 

properties of the bR molecules
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are then lysed through the addition of deionized water and the released nucleic acids are 

digested with 1-3Units/mL, final solution volume, DNase I.  The larger cell debris is 

collected through centrifugation at 3,000g for 5 minutes.  Purple membrane remains in 

the supernatant and is separated from the red membrane by centrifugation at 105,000g for 

30 minutes.  The purple membrane will be pelleted in this centrifugation step, which is 

repeated until the supernatant is clear.  For additional purification, passing the purple 

membrane over a linear sucrose gradient is also recommended.   

 

1.3.2. Applying bR to Engineered Applications 

 

Purple membrane has many unique properties that make it a viable engineering material.  

Purple membrane is composed of bR and its associated lipids in a two-dimensional 

crystal, which provide its high degree of chemical stability and resistance to thermal 

degradation.  Specifically, PM has been shown to maintain functionality at temperatures 

up to 80ºC in water and 140ºC dried [21].  In the dried state, as well as the wet state, PM 

retains its light absorption properties and photochemical activity for years. 

 

The potential applications for PM in engineered devices are extensive, including 

information storage, information processing, charge transport membranes, and 

photoelectric systems [21].  For many of the applications, such as photoelectric systems, 

it is necessary to orient the PM during deposition.  This is necessary to facilitate a 

unidirectional transport of protons within the layered system, producing a larger electrical 

signal.  Techniques such as Langmuir-Blodgett (LB), immunochemical binding, and 

electrophoretic sedimentation (EPS) may generate a high degree of PM orientation upon 

deposition, although quantitative studies are lacking. 

 

The Langmuir-Blodgett and immunochemical binding techniques allow the creation of 

PM monolayers with a high degree of orientation.  Currently, however, the most common 

technique for PM orientation is electrophoretic sedimentation.  Electrophoretic 

sedimentation creates a thicker PM layer relative to both LB and immunochemical 



 

techniques, often resulting in thousands of layers of PM.
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electrical output for the final engineered system.
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Figure 8. Charge of bR molecule at neutral pH. 

13 

The process of orienting PM 

maximize the bR 

is a common technique used to orient biological and 

, the extracellular 

, while the cytoplasmic 

 



14 
 

For EPS of PM, a suspension of PM is placed between two electrically conductive plates 

and a voltage gradient is applied across the two plates.  With a PM suspension near 

neutral pH, the extracellular side will preferentially orient and attach to the plate serving 

as the anode.  Typically an indium tin oxide [22] electrode serves as the anode, which 

allows light to reach the bR molecules in the final system.   

 

Widely varying PM concentrations have been used for EPS, ranging from 4mg/mL [23] 

to 15mg/mL [24].  Separation distances between the conductive plates of 0.5mm – 2mm 

[25] have been shown to be effective.  It is common practice to apply a voltage gradient 

between 20 – 40V/ cm of separation for 60 seconds to produce sufficient PM orientation 

[25], but deposition times between 10 seconds [26] and 5 minutes [24] in that voltage 

range have also been used to produce functional PM films.  A study optimizing the output 

current of PM films versus deposition voltage found that an applied voltage of 3.9V for 

60 seconds maximized PM functionality [27].  The electrode separation distance in this 

study was only 0.089mm, implying an optimal voltage gradient of 438 V/cm.  Other 

research groups have applied voltages of 3.9V with a 1mm separation distance (~39 

V/cm) to achieve PM deposition and orientation.  Although no specific relationship 

between spacer distance and PM electrical output has been reported, these articles 

suggest that spacer distance is not critical and that an applied gradient of ~4V/mm is 

sufficient. 

 

After the PM has been deposited onto the anode, it is gently rinsed in deionized/distilled 

water for 15 seconds to remove any loosely bound PM or contaminants.  The PM film 

and electrode are then dried for ~24 hours prior to application.  The drying process is 

important since the water content of the PM film affects the photocycle of the bR 

molecules [28].  Dehydration of the PM film has been shown to slow the photocycle 

along with decreasing the peak output voltage [23].  Therefore, the PM films are typically 

dried in a humidity chamber set to a relative humidity of ~51% to prevent extensive 

dehydration and cracking of the sample [29].  After drying, a conductive plate is attached 

to the top of the PM film, often using a spacer to prevent any contact between the top and 

bottom plates.  The use of an electrolyte gel, such as 100mM KCl gel, between the top 
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electrode and the PM film has been shown to ensure a good connection [30, 31].  The 

final electrode is then connected to an amplification circuit for signal measurement. An 

example photovoltage output is shown in Figure 9. 

 

 

Figure 9. Sample bR film electrical output upon light illumination [30]. 

 
As shown in Figure 9, when the light is turned on there is a sharp spike in the 

photocurrent output of an EPS oriented bR-based electrode.  The measured current is 

caused by the movement of protons in one-direction, towards the extracellular side of the 

protein.  The protons aren’t pumped out of the extracellular side of the protein during bR 

excitation in dried samples, but shifted to that side [24].  The protons are held in that 

shifted position for the duration of the illumination.  When the illumination is switched 

off, the protons shift back towards the cytoplasmic side of the protein, resulting in the 

negative photocurrent spike.  The photoelectric activity of oriented PM films has been 

studied for a number of applications, including incorporation into solar cells [32] and 

imaging devices [27, 33, 34]. 

 

Current bR-based optical sensors typically sandwich the PM film between two solid 

conductive plates.  However, PM has been utilized for integrated circuit applications.  

Specifically, research has shown that the photoelectric activity of PM films can be 
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captured with GaAs field effect transistors (FET) [35].  The PM film was deposited and 

dried, non-oriented, on the Au gate of the GaAs FET and covered with an ITO film.  A 

schematic of the entire bR-FET setup is shown in Figure 10.  The resulting PM films 

were approximately 1mm in diameter, 100µm thick, and had a resistivity of ~1011Ω-cm.  

The resulting electrical output of the amplifier system under He-Ne laser light 

illumination is shown in Figure 11. 

 

Figure 10. Schematic of FET with integrated PM film [35].  Permission received from the Optical 

Society of America and can be found in Appendix A.3. 

 

 

Figure 11. Photovoltage output of unoriented PM film integrated with GaAs FET [35]. Permission 

received from the Optical Society of America and can be found in Appendix A.3. 
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As with the aforementioned integration of PM with an FET, current research with bR 

electrodes typically utilized PM films with diameters larger than 1mm.  The ability to 

apply PM films on the micron-scale will be necessary for certain advanced sensing 

applications.  The ability to pattern PM films on the micron scale has been shown by 

combining soft-lithography techniques and EPS [36].  The basic process for micron-scale 

patterning of PM is shown in Figure 12. 

 

 

Figure 12.  Method to pattern PM on the micron-scale [36].  Permission received from IOP 

publishing and can be found in Appendix A.4. 

 

Soft-lithography is used to produce a polydimethylsiloxane (PDMS) pad with micro-scale 

channels.  A 70nm gold layer is thermally evaporated onto the surface of the pad to serve 

as the cathode during EPS.  The pad is placed onto the ITO surface and small channels 

allow 5mg/mL PM solution to fill the micron-scale cavities of the PDMS pad.  A 3-5V 

DC potential is applied between the ITO and gold surfaces for 5-30 seconds to orient and 

deposit the PM.  Following deposition, the PDMS is removed and the ITO electrode with 
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patterned PM is rinsed with Millipore™ water.  The final patterned PM is 10 µm squares 

that are between 4-9 monolayers thick depending upon the initial PM solution 

concentration and voltage application time.  A scanning force microscopy (SFM) image 

showing the final PM patterning is shown in Figure 13. 

 

 

Figure 13. SFM image of micro-scale patterned PM (scale bar 10 µm) [36]. Permission received from 

IOP publishing and can be found in Appendix A.4. 

 

To date, there is no published literature pertaining to the construction of bR-based 

electrodes at the sub micron-scale.  One obstacle to producing nano-scale bR-based 

electrodes is the size of the PM fragments, which average ~500nm in diameter.  

Individual bR molecules have dimensions on the order of 6.3nm x 6.3nm x 4.9nm thick; 

therefore the ability to break-down PM fragments and apply individual bR molecules or 

smaller groups of bR molecules will be important for nanoscale applications.  Using 

detergents, such as Triton X-100, or octyl-glucoside, the production of bR monomers 

from large PM fragments has been achieved while retaining bR physical properties [37, 

38]. 
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1.4. QUA�TUM DOTS 

 

Quantum dots (QD) are semiconductor particles that have dimensions on the order of 

nanometers, typically 2nm – 10nm.  These QDs can be composed of a wide-array of II-

VI, III-V, and IV-VI materials depending on the application; including CdSe, CdS, CdTe, 

InAs, and PbS [39, 40].  Due to their small dimensions, well below the exciton Bohr 

radius, QDs have discrete energy levels and their bandgap can be fine tuned based on the 

size of the dot.  Since the size of the bandgap determines the energy of the 

electromagnetic radiation given off by the electron when it falls back to the valence band, 

the wavelength emitted by the QD can be directly controlled by its size [41].  Along with 

providing narrow emission spectra, QDs have a broad absorption range that peaks in the 

ultra-violet (UV) region.  Therefore a multitude of QDs with different emission 

wavelengths can be excited simultaneously from a single excitation source.  The quantum 

dots referred to in this paper are colloidal semiconductor QDs, which are composed of a 

CdSe core with a ZnS protective shell.  The smaller the size of the QD, the more blue-

shifted the absorption and emission peaks are. 

 

When compared to other fluorescing materials, such as fluorescent dyes, QDs have vastly 

improved characteristics such as quantum yield, chemical stability, lifetime, ease of 

emission tunability, broad absorption range, and a greater resistance to photo-bleaching 

[42].  Apart from their intrinsic properties, the surface chemistry of QDs has also been 

shown to be amenable to the addition of functionalized binding materials, thus allowing 

the use of QDs in a wide array of applications.  With their biocompatible coatings and 

narrow emission spectra, QDs primary application to date has been in vivo biological 

targeting for imaging and medical diagnostics [43, 44].  Additionally since QD emission 

can be easily tuned based on size, multiplexed detection has been shown feasible by 

coordinating specific target recognition for a multitude of different sized QDs [45].  

Aside from their applications in biological systems, several technological developments 

have been made utilizing the quantum mechanical properties of QDs.  Briefly, these 
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include solar cells [46-48], quantum computing [49], single electron transistors [50], and 

diode lasers [51, 52]. 

 

1.4.1. Quantum Dot Synthesis 

 

The synthesis of semiconductor colloidal quantum dots (QDs) has been well documented 

[40, 53-56].  Depending on the application, QDs can be created that span the near ultra-

violet, visible, and near infra-red photonic wavelength regions.  Photonic emission in 

these spectrums can be achieved through CdS, CdSe, and CdTe core QDs, respectively 

[40].  The QD emission can be fine-tuned to the desired wavelength based on the 

diameter of the QD nanocrystal, with smaller diameter implying blue-shifted wavelengths 

and larger diameters creating red-shifted wavelengths in their respective spectral regions.  

The typical spectral ranges covered by each QD core type are displayed in Figure 14. 

 

Figure 14. Typical spectral emission ranges for synthesized CdS, CdSe, and CdTe core QDs. 
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An example of CdSe QD synthesis consists of 0.0514g Cadmium Oxide (CdO) and 

3.7768g of trioctylphosphine oxide (TOPO) are loaded into a 25mL flask.  Under Argon 

flow, the mixture is heated to 300-320ºC.  This allows for the CdO to fully dissolve into 

the TOPO and results in a colorless solution.  Once dissolved, the solution is cooled to 

270ºC and the desired non-metal (Sulfur (S), Selenium (Se), or Tellurium (Te)) is 

injected into the flask.  Prior to injection the non-metal is prepared by dissolving 0.00052 

moles (0.0167g S, 0.0411g Se, or 0.0664g Te) into 2g trioctylphosphine (TOP).  

Following injection the solution is cooled to 250ºC, at which point the QDs begin to 

form.  The QD diameter is determined by the length of time the solution is kept at 250ºC, 

with longer time periods resulting in larger diameters.  After the desired synthesis time 

the solution is cooled to room temperature to halt nanocrystal growth.  Typical growth 

times will range from 10 seconds to 2 hours.  Once cooled the QDs are precipitated out of 

the solution by the addition of anhydrous methanol followed by centrifugation.  The QDs 

are redispersed in anhydrous methanol and centrifuged three times.  The QDs are finally 

dissolved in chloroform or toluene for storage. 

 

In many cases it is desirable to ‘passivate’ the QDs by attaching a polymeric shell on top 

of the QD core.  This shell has demonstrated the ability to increase the QDs shelf-life, 

quantum yield, and resistance to oxidation [57, 58].  The normal core synthesis procedure 

is followed up to the point at which the nanocrystals have grown to their desired 

diameter.  At this point 2.5mL of Zn/S/trioctylphosphine [59] solution (composed of 

0.0025mol Bis(trimethylsilyl) sulfide, 0.0035mol Diethylzinc, and 20mL TOP) is added 

to the nanocrystal solution.  Once injected the entire mixture is cooled to 100ºC and 

stirred for 1 hour.  Following growth the core/shell QDs are purified by the 

aforementioned method. 
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1.4.2. Modifying the Quantum Dot Surface Chemistry 

 

The primary use of QDs to date is to tag biomolecules for imaging [60, 61].  To use QDs 

in a biological environment, the surface must first be coated to make it water soluble and 

for protection against oxidative effects.  Plain CdSe/ZnS QDs are suspended in non-polar 

hydrophobic solvents such as chloroform or toluene to prevent oxidation.  When exposed 

to ambient air or water, the outer CdSe layer oxidizes to produce SeO2, which is non-

emissive [62].  Initially, the oxidation of the outer CdSe layer results in a blue-shift of the 

QD emission, which is due to the ‘shrinking’ of the functional QD diameter.  The blue-

shift of the emission continues, as shown in Figure 15, until the QD luminescence 

disappears completely.   

 

 

Figure 15.  Blue-shift of 585nm emission CdSe/ZnS QD upon oxidation [58]. 

 

In single QDs, the loss of functionality can occur in a matter of minutes depending on the 

thickness of the ZnS layers.  It has been shown that increasing the ZnS shell thickness 

from 4 to 7 monolayers increases the QD lifetime from 2.5 to 3.5 minutes, respectively 

[58].  The effective diameter of 585nm emission QDs shrinks from 5nm to 4nm, a loss of 

the outer 2 CdSe layers, during this time [63].  To reduce the effects of oxidation, the use 

of a protective lipid or polymeric shell over the ZnS layer has been employed.  One 
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common coating used is polyethylene glycol (PEG), which slows oxidative effects, 

makes the QDs water soluble, and helps prevent unwanted binding of foreign molecules 

to the QD in bio-applications [44]. 

 

The main advantages of using QDs, rather than traditional fluorophores in bio-tagging 

applications, is not just their resistance to photobleaching and ease of tunability, but the 

ability to add molecules, such as ligands, to the QD surface without affecting QD 

functionality; which isn’t always the case for fluorophores.  The surfaces of CdSe 

core/ZnS shell QDs have the ability to be functionalized with a wide array of molecules.  

Evident Technologies, for example, provides QDs with surface coatings of amine or 

carboxyl groups [64].  This allows for the conjugation of virtually any biomolecule to the 

QD surface.  Evident also provides QDs already conjugated to select antibodies, biotin, or 

streptavidin.  All of Evident’s QDs which are engineered for bio-applications have a PEG 

lipid layer on top of the ZnS shell for increased biocompatibility.   

 

Using surface-functionalized QDs, researchers have been able to selectively target 

molecules for QD attachment.  An example of such targeting has been shown by the 

attachment of maltose binding protein (MPB) to the QD surface.  Through thiol 

coordination, a dihydrolipoic acid (DPHA) monolayer can be attached to the outer ZnS 

layer of the QD.  The addition of MBP with an expressed pentahistidine segment at its C-

terminus (MPB-5HIS) has not only been shown to electrostatically bind to the DPHA-

capped QD, but also increases the QD photoluminescence intensity [41].  Techniques to 

use this bioconjugated QD for the detection of maltose primarily entail the use of FRET. 

 

 

1.5. FLUORESCE�CE RESO�A�CE E�ERGY TRA�SFER 

 

A detection technique known as fluorescence resonance energy transfer (FRET), also 

referred to as Forster resonance energy transfer, has been characterized and optimized 

through biological sciences research over the past several decades.  Primarily used as a 
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‘molecular ruler,’ the measurement of FRET between two molecules has proven to be a 

very sensitive technique for measuring Angstrom-level separation distances [65], 

molecular imaging [66], and detecting the  presence of a target molecules [67]. 

 

The basic fundamentals of FRET are that when the emission spectra of a fluorescing 

molecule, termed the donor, overlaps to some degree with the absorption spectra of an 

acceptor molecule, the energy from the excited-state donor molecule can be transferred 

non-radiatively to the acceptor molecule.  Therefore some of the energy that would have 

been given off by the donor molecule through electromagnetic radiation is now 

transferred to the acceptor molecule by resonance through the dipole moments of the two 

molecules.  The degree of FRET seen in a specific donor/acceptor pair is directly related 

to their separation distance, donor emission and acceptor absorbance spectral overlap, 

and orientation of the donor/acceptor dipole moments. 

 

In order to calculate the FRET efficiency between a donor and acceptor, the Forster 

radius must first be determined.  The Forster radius is defined as the distance between the 

donor and acceptor where 50% of the donor’s energy is transferred via FRET.  The 

Forster distance (Ro) is defined as: 

 

Ro6 = (8.8x1023) (κ2 ) (ηD
4) (ΦD) J(λ)   1.1 

 

Where κ is the dipole orientation factor, ΦD is the quantum yield of the donor, J is the 

normalized overlap integral between the donor and acceptor, and η is the refractive index 

of the medium.  Most of these variables have measurable values, but the J-integral must 

be calculated using the equation: 

 

J = ∫fD(λ)εA(λ) λ 4d λ      1.2 

 

Where fD is the peak normalized fluorescence spectrum for the donor, εA is the molar 

absorption coefficient of the acceptor, and λ is the wavelength. 
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After the Forster radius is determined, the FRET efficiency of the donor/acceptor pair at 

various separation distances can be determined.  The FRET efficiency indicates the 

percentage of non-photonic emission from the donor, which is also the percentage of 

energy transferred to the acceptor through electron resonance.  FRET efficiency (E) can 

be calculated using the equation: 

 

   E = (Ro
6) / (Ro

6 + R6)      1.3 

 

Where Ro is the Forster radius for 50% resonance transfer and R is the actual separation 

distance between the donor and acceptor molecules being studied. 

 

1.5.1. bR as a FRET Acceptor 

 

Research has shown that bR molecules have the ability to participate in FRET coupling.  

The retinal of the rhodopsin protein, including bR, has a strong absorption band which 

makes it a viable FRET acceptor [68-70].  To date, FRET techniques with bR have 

primarily been used as a ‘molecular ruler,’ measuring the affinity that bR molecules have 

for various lipid groups. 

 

In a study analyzing the ability of bR to sort lipids based on their degree of 

hydrophobicity, a 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) fluorophore served as the 

FRET donor [70].  The overlap of the NBD fluorophore emission and bR retinal 

absorption is shown in Figure 16. 
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Figure 16.  Overlap of �BD emission (solid line) and bR Retinal Absorption (dotted line) [70]. 

Although the emission and absorption peaks differ by approximately 35nm, a strong 

overlap still exists, with the J-integral calculated to be 3.58 x 10-13M-1cm3.  At room 

temperature, the Ro (Forster Radius) equation variables were set to, 

 

• κ2 = 2/3  (orientation factor) 

• ΦD = 0.254  (quantum yield of the donor) 

• η = 1.33 (refractive index of water) 

 

leading to a calculated Ro value of 5.04nm, implying that at a separation distance of 

5.04nm between the NBD fluorophore and the bR retinal, the NBD fluorophore photonic 

emission would be quenched by 50%.  The experimental values determined through this 

study approximated their theoretical values calculated using these FRET parameters.  The 

results of this study also show that the range of energy transfer can extend far into the 

lipid phase and couple with the retinal attached at the center of the bR molecule. 

 

Further, the bR retinal can FRET couple with fluorophores that provide less 

emission/absorption spectra overlap [69].  To study energy transfer theories in two-

dimensional lipid systems, the bR retinal was FRET coupled with a donor 1,6-diphenyl-

1,3,5-hexatriene (DPH) fluorophore.  The DPH fluorescence emission peaks around 
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425nm, far short of the 570nm absorption maxima of the bR retinal, but the broad 

emission manages to provide an overlap integral of J = 7.3 x 10-14M-1cm3.  The Ro 

(Forster Radius) equation variables were set to, 

 

• κ2 = 0.44  (orientation factor) 

• ΦD = 1   (quantum yield of the donor) 

• η = 1.44 (refractive index of medium) 

 

leading to a calculated Ro value of 4.3nm.  It was determined through this study that the 

fluorescence of the donor is progressively quenched with increasing amounts of bR in the 

membrane, thus increasing the acceptor: donor ratio increased the FRET efficiency. 

In a lipid study using bovine rhodopsin as the FRET acceptor and pyrene (PY) labeled 

lipids as the donor, the impact of a photobleached rhodopsin retinal on the FRET 

coupling is made apparent [68].  As displayed in Figure 17, this study utilized the blue 

shifted absorption spectra of the photo-bleached rhodopsin to achieve FRET coupling. 

 

 

Figure 17.  PY emission (curve 1), dark-adapted bovine rhodopin absorption (curve 2) and photo-

bleached bovine rhodopsin absorption (curve 3)  [68].   
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Therefore when conducting FRET experiments with the bR retinal serving as the 

acceptor, care must be made to control and maintain the bR absorption peak.  An 

extensive study has been published analyzing the effects of constant illumination with the 

variables of solution pH, illumination light intensity, illumination time, and temperature 

on the photo-bleaching of bR [71].  Graphs displaying the effects of each of these 

variables on the absorption spectra of bR are shown in Figure 18. 

 

 

Figure 18.  Absorption spectra of bR before and after photo-bleaching by continuous light (a) at 

different pH values (50ºC, 30min illumination at 400mW/cm
2
), (b) at different percentages of 

maximum illumination power of 400mW/cm
2
 (50ºC, pH 9.5, 30 min illumination), (c) at different 

temperatures (pH 9.5, 60min illumination at 400mW/cm
2
), and (d) at different bleaching times (50ºC, 

pH 9.5, 400mW/cm
2
 illumination power) [71].  Reprinted from FEBS Letters, Vol.  450,  Dancshazy 

et al., Bleaching of Bacteriorhodopsin by Continuous Light, p. 154-157, 1999,  with permission from 

Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OW�ER] and can be found in Appendix A.5. 
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For this study a high pressure mercury lamp with optical and heat filters was used as the 

illumination source.  From Figure 18 several interesting conclusions can be made.  First, 

is that increasing the solution pH, light intensity, temperature, and illumination time will 

increase the degree of photobleaching of the bR retinal under constant illumination.  It 

can also be noted that the reduction in retinal absorbance at 570nm corresponds to an 

increase in absorbance around 400nm upon photobleaching, without any intermediate 

absorption peaks.  Therefore to maximize the absorption spectra of the bR retinal at 

570nm for FRET coupling, care must be taken to keep the solution around pH 7, close to 

room temperature, and to limit the time and intensity of light illumination on the sample. 

 

Although the electrical output of a bR-based electrode is directly related to the degree of 

light activation, there are no known studies to date evaluating the relationship between 

PM absorbance and electrical activity. 

 

1.5.2. Quantum Dots as a FRET Donor 

 

Quantum dots have the ability to serve as a FRET donor with a wide array of acceptor 

particles.  Primarily, researchers have used fluorophores to serve as the FRET acceptor 

for the QD.  In the case of the aforementioned MBP functionalized QD, the detection of 

maltose using FRET has been achieved in several different ways.  One method is to 

initially fill the disaccharide binding sites of the MBP with β-cyclodextrin-acceptor dyes 

(β-CD) bound to a suitable fluorophore to serve as a FRET acceptor to the QD, such as 

the QSY9 fluorophore with 560nm emission QDs [41].  The QSY9 fluorophores quench 

the 560nm QD, with the degree of quenching related to the number of QSY9-labeld 

MBPs per QD.  As schematically represented in Figure 19, the presence of maltose will 

displace the QSY9, since maltose has a stronger binding affinity of 3.50µM compared to 

1.50µM for β-CD.  The displacement of the quenching QSY9 molecules will increase the 

photonic emission of the QD. 
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Figure 19.  Schematic of maltose displacement of β-CD-QSY9 in a MBP-5HIS/QD bioconjugate [41].  

Reprinted by permission from Macmillan Publishers Ltd: �ature Materials, Medintz, I.L., et al., 

Self-assembled nanoscale biosensors based on quantum dot FRET donors, 2: p. 630-638, copyright 

(2003) and permissions can be found in Appendix A.6. 

 

Maltose may also be directly labeled with an acceptable FRET acceptor, thus upon 

binding of the maltose to the MPB the QD emission will be quenched [72].  Materials 

other than organic dyes and fluorophores are also able to FRET couple with QDs.  

Certain metallic surfaces, when in close proximity to CdSe QD’s, affect the QD emission.  

Specifically, it was found that when in contact with smooth gold surfaces, the QD 

emission was quenched, but while in contact with a rough gold surface the QD emission 

was increased 5-fold [73] due to surface enhanced exciton fluorescence.  The rough gold 

surface used in this study had been prepared on silicon wafers, with titanium (20nm) and 

gold (120nm) deposited by thermal evaporation.   Peaks and valleys were created on the 

surface through electrochemical etching, which produced an average roughness of 30 nm.   

 

Quenching of QD emission, as with other organic dyes, is due to non-radiative energy 

transfer from the QD to the gold.  The dipole interactions between the QD and a rough 

gold surface is proposed to increase the lifetime of the QD fluorescence, thus the 

ionization mechanism that usually results in the blinking behavior of a QD now provides 

measurable electromagnetic radiation [73].  The degree of dipole interaction appears to 

determine whether gold has a quenching or amplifying effect on the QD emission. 
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Research groups have exploited the interactions between gold and QDs for biosensing 

applications.  FRET coupling occurs when a gold nanoparticle comes in close contact 

with a 540nm emission QD.  By attaching complimentary DNA strands to the gold 

nanoparticle and QD, the two particles can be brought into close contact by hybridization 

of the DNA strands [74].  The QDs were functionalized with carboxylic acid and 

chemically treated to facilitate a linkage to the 5’-end of a DNA sequence. Mixing the 

Au-DNA (Au attached to 3’-end) with the QD-DNA (QD attached to 5’-end) at a 1:1 

ratio in an aqueous solution, resulted in 85% quenching of the QD emission within 1.5 

hours.  The close proximity is achieved due to the affinity of the 3’-DNA end to the 5’-

end of its complimentary DNA strand, thus bringing the Au in close contact with the QD.  

A full recovery of QD emission is obtained within 1 hour when a 10-fold excess of its 

complimentary DNA strand, without gold attached, is added to the solution.   

 

Apart from using complimentary DNA sequences to facilitate QD/gold FRET coupling, 

the close proximity and FRET coupling can be achieved by binding streptavidin coated 

QDs with biotinylated gold nanoparticles [75].  It is also noted that 620nm emission QDs 

were FRET coupled to Au nanoparticles by this group, compared to the 540nm emission 

QDs used in the aforementioned DNA-binding study.  Therefore a wide range of QDs 

can be effectively FRET coupled with gold nanoparticles.  In addition, the quenching 

effects of gold nanoparticles on immobilized QDs were also studied.  The schematic for 

QD immobilization is shown in Figure 20. 

 

The glass slide was initially rinsed with 1M aqueous ammonia and washed with water.  

The glass slide was incubated for 12 hours in 1mg/mL bovine serum albumin (BSA)-

biotin, dissolved in 20mM phosphate buffer at pH 7 [76].  Following incubation, the glass 

slide was rinsed with water to remove any unabsorbed BSA-biotin, resulting in a 

monolayer of BSA-biotin absorbed onto the glass surface.  The streptavidin was added to 

the system by putting a drop of 1mg/mL streptavidin, dissolved in 20mM phosphate 

buffer at pH 7, on the functionalized glass slide and incubating for 1 hour.  Again the 

glass slide was rinsed to remove any unattached streptavidin.  Biotin was attached to the 

3’-end of the QD-DNA, so the incubation of 10µL of 0.156 µM biotinylated QD-DNA to 
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the glass slide (1cm2 area) for 15 minutes resulted in immobilization and orientation of 

the QD-DNA [74].  The fluorescent quenching of the QDs resulting from the addition of 

its complimentary Au-DNA is imaged in Figure 21.   

 

 

Figure 20. Schematic of hybridization of Au-D�A with immobilized QD-D�A-biotin [74].  

Dyadyusha, L., et al., Quenching of CdSe quantum dot emission, a new approach for biosensing. 

Chem. Commun., 2005: p. 3201-3203 - Reproduced by permission of The Royal Society of Chemistry.  

Permission can be found in Appendix A.7. 

 

 

Figure 21. Epiflourescence image of i) QD-D�A-biotin associated on streptavidin functionalized glass 

slide, ii) after addition of Au-D�A (5 min), iii) after addition of Au-D�A (15 min) [74].  Dyadyusha, 

L., et al., Quenching of CdSe quantum dot emission, a new approach for biosensing. Chem. Commun., 

2005: p. 3201-3203 - Reproduced by permission of The Royal Society of Chemistry.  Permission can 

be found in Appendix A.7. 
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It should be noted, that the FRET quenching of the QDs occurred at a much faster rate, 

15 minutes compared to 90 minutes, than in the aqueous suspension study. 

 

In summary, previous studies have shown that CdSe QDs are extremely robust for 

engineering applications, easily accommodate surface functionalization/modification, and 

are capable of serving as a FRET acceptor with a wide array of both organic and 

inorganic particles.  The ability to tune QDs to emit at 570nm makes them a viable nano-

scale light activation source for bR-based sensors.  Additionally the ability to form a 

bR/QD FRET coupling system has the potential for altering the bR electrical output 

based upon the degree of FRET coupling.  This phenomenon could serve as the 

modulation method for target molecule detection. 

 

 

1.6. IO�IC-SELF ASSEMBLED MO�OLAYERS 

 

The Ionic-Self Assembled Monolayer (I-SAM) technique provides a means of 

constructing multi-layered monolayer films of oppositely charged materials.  The I-SAM 

technique is referenced by several synonymous names in the literature, including 

electrostatic layer-by-layer assembly and electrostatic self assembly [77-80]. 

 

1.6.1. bR Ionic-Self Assembled Monolayer Films 

 

For applications with PM, the I-SAM technique has proven to be a quick and efficient 

method for creating highly-oriented PM monolayer films [81-84].  The bR molecule can 

serve as a polyanion in the I-SAM layering structure due to its increased negative charge 

at elevated pH levels.  The isoelectric point of bR is around pH 5.2 [85, 86].  When 

brought above this pH level, deprotonation of amino acids in the bR molecule occurs 

resulting in a net negative charge.  For a high density PM I-SAM film, it is important to 

have a strong negative charge to allow maximal absorption to the polycation layer.  

Studies have shown that PM suspended at pH 9.4 has over twice the absorptive capability 
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as PM suspended at pH 5.5, with a linear relationship observed between these pH values 

[82].  Suspending PM at pH levels higher than pH 9.4 is difficult due to the fact that bR 

bleaches and the retinal is released around pH 10 and higher, thus destroying the bR 

molecule’s photoelectric activity.   

 

A typical layering protocol involves using polydimethyldiallyammonium chloride 

(PDAC) as the polycation and PM as the polyanion.  Figure 22 displays a schematic of 

the bR/PDAC I-SAM layering process.  Studies have shown that bR I-SAM films have a 

higher degree of protein orientation than electrophoretically deposited bR films, thus 

improving the films photoelectric properties. 

 

 

Figure 22.  Schematic of bilayer I-SAM films constructed on negatively charged ITO with PDAC 

serving as the polycation and PM serving as the polyanion. 

 

Alternate layering of PM/PDAC has been used to construct multi-layered films up to 14 

bilayers thick [82].  The optimal thickness to achieve maximal bR photocurrent, however, 

was determined to be approximately 8 bilayers for wild-type PM as shown in Figure 23 

[81].  All the measurements of the bR photoelectric activity in these I-SAM films have 

been performed in a KCl electrolyte solution.  This suggests that the photocurrent being 

measured is due to the change in proton concentration at the ITO electrode surface, and 

thus the closest PM layers have the largest effect on the photocurrent output [81].  No 

specific applications of PM thin films using the I-SAM technique have been reported to 

date. 

KOH treated ITO 

PDAC 

PM 

PDAC 

PM 
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Figure 23. Photocurrent generated from multi-layered PM films produced with the I-SAM 

technique.  Maximal output is achieved between 6 to 8 bilayers for the two different types of PM 

tested [80].  

 

1.6.2. QD Ionic-Self Assembled Monolayer Films 

 

The application of QDs in monolayer films has been widely studied.  This has lead to the 

optimization of several techniques to accomplish QD monolayer deposition, including 

Langmuir-Blodgett [87-89], spin coating techniques [90], and I-SAM techniques [91-93].  

For this work the I-SAM technique is the ideal method for QD monolayer deposition for 

its ease of application and ability to efficiently integrate other I-SAM compatible 

materials into the monolayer film. 

 

To apply QDs in an electrostatic layer-by-layer fashion, they must be made water soluble 

and given either a positive or negative charge.  One popular method of making QDs 

water soluble also effectively gives the QDs a negative charge.  A majority of as-

synthesized CdSe/ZnS QDs possess a TOPO surface functional group which must be 



 

replaced to make the QDs water soluble.  A popular method to accomplish this is to 

perform a ligand-exchange procedure which replaces the TOPO group with mercapto

acetic acid (MAA) [94], which is also known as thio

making the QDs water soluble, the carboxyl groups on the surface TGA molecules also 

allow for the creation of a net negative charge on the QD nanocrystal.  At elevated pH 

levels, approximately pH 8

negative charge of approximately 

QD can then be easily altered through the binding of a charged polymer

QD surface.  Specifically, polyallyl amine (PAA) has been used to create a positively 

charged QD upwards of +30

to increase the QD negativity

 

Figure 24

replaced to make the QDs water soluble.  A popular method to accomplish this is to 

exchange procedure which replaces the TOPO group with mercapto

, which is also known as thio-glycolic acid (TGA)

the QDs water soluble, the carboxyl groups on the surface TGA molecules also 

allow for the creation of a net negative charge on the QD nanocrystal.  At elevated pH 

levels, approximately pH 8-10, the carboxyl group can be de-protonate

approximately -30mV [95].  As shown in Figure 24, 

QD can then be easily altered through the binding of a charged polymer

QD surface.  Specifically, polyallyl amine (PAA) has been used to create a positively 

upwards of +30mV and polyvinyl sulfonic acid (PVSA) has been employed 

to increase the QD negativity to -70mV [95]. 

 

24. QD surface modifications for I-SAM applications. 
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replaced to make the QDs water soluble.  A popular method to accomplish this is to 

exchange procedure which replaces the TOPO group with mercapto-

glycolic acid (TGA).  Along with 

the QDs water soluble, the carboxyl groups on the surface TGA molecules also 

allow for the creation of a net negative charge on the QD nanocrystal.  At elevated pH 

protonated and yield a 

, the charge of the 

QD can then be easily altered through the binding of a charged polymeric material to the 

QD surface.  Specifically, polyallyl amine (PAA) has been used to create a positively 

and polyvinyl sulfonic acid (PVSA) has been employed 
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With the desired electrostatic charge achieved on the QD, it can then be deposited as an I-

SAM material.  As with the I-SAM deposition of bacteriorhodopsin, an oppositely 

charged polyionic material such as PDAC (+) or PSS (-) can be used as the spacer 

material for multi-layered deposition [93].  Since it is possible to create QDs of either 

positive or negative charge, however, it is possible to bypass the use of a polyionic spacer 

layer through the use of alternately charged QDs [95].  Similarly, when creating a multi-

layered hybrid film it is feasible that the QD can be tailored to the opposite charge of the 

other I-SAM material. 

 

A published application of QD-hybrid systems has been demonstrated in the field of 

biosensors [92].  This work used TGA-capped QDs as the negative electrostatic material 

in conjunction with organophosphorus hydrolase (OPH) [59] and chitosan as the positive 

charged nanomaterial.  By creating the thin film structure they were able to create a 

biosensing system capable of detecting paraoxon. 

 

The main sensing mechanism of the described system is to monitor organophosphorus 

hydrolase [59] break-down of paraoxin via UV-VIS techniques.  Their studies revealed, 

however, that the photoluminescence of the QDs could also be used for paraoxin 

detection.  It was found that as paraoxin levels increased, QD photoluminescence 

decreased.  It is proposed that the OPH-paraoxin reaction results in conformational 

changes in the OPH film that ultimately affects the passivation level of the QDs.  Altering 

the extent of water molecules interacting with the QDs is known to introduce surface 

traps and ultimately reduce QD emission intensity [87].  In addition it is proposed that the 

QD electron-hole recombination process is interrupted by the OPH, ultimately resulting 

in an energy coupled system.  The ability of QD-QD monolayer FRET coupled systems 

has been previously demonstrated [96], however the ability for QDs to potentially FRET 

couple to other nanomaterials in I-SAM films is of interest in the proposed bR-QD 

sensing system. 
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Chapter 2. Protocol for bR Production 

 

For engineered applications, bR is processed into membrane patches, known as purple 

membrane (PM).  Purple membrane is simply a large cell membrane patch, on average 

500nm in diameter, which is composed of multiple bR molecules and their associated 

lipids.  It is called PM due to its distinct purple color, which is due to the absorption 

properties of the bR molecules.  The process of preparing and purifying 

bacteriorhodopsin for engineered applications has been extensively described [20] and 

has been utilized with slight modifications for the stated production protocol.  Purchasing 

purified bR from a supplier, such as Sigma Aldrich, would cost upwards of $400/mg.  

Compared to in house costs of $1.67/mg (at estimates of $84.26 per 10L batch, resulting 

in 70mg bR produced), the need to create a bR production process in-house was apparent.  

The entire bR production protocol is outlined in Figure 25 and elaborated upon below.  

This procedure utilizes the S9-P strain, a bR overproducer, which was estimated to 

produce 50-500mg of bR per 10L batch.  The H. halobium S9-P strain was obtained from 

John Spudich at the University of Texas Medical School.  Additional information on the 

bR production protocol is available in Chris Anton’s PhD thesis [97]. 

 

The media used to grow the H. halobium is composed of the materials listed in Table 2, 

added in that order to distilled-deionized water.  The final solution is adjusted to pH 7.2 

with 5N NaOH.  Prior to inoculation the solution is sterilized utilizing an autoclave and 

allowed to cool back to room temperature.  The final media will have a distinct smell due 

to the bacteriological peptone and will be a yellowish-brown color. 

 



 

Figure 25.  Outline of H. .  Outline of H. halobium production and PM isolation/purification
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production and PM isolation/purification. 



40 
 

Table 1. Materials for H. halobium media.  Chemicals in order of addition. 

Reagent Concentration Per 1 Liter Per 10 Liters 

NaCl 4.28 M 250 g 2.5 kg 

MgSO4 (anhydrous) 81.1 mM 9.77 g 97.7 g 

KCl 26.8 mM 2 g 20 g 

NH4Cl 93.5 mM 5 g 50 g 

Sodium Citrate. 2H2O 10.2 mM 3 g 30 g 

Glycerol 137 mM 1 ml 10 ml 

KH2PO4 0.735 mM 0.1 g 1 g 

CaCl2 (anhydrous) 1.4 mM 0.2 g 2 g 

Bacteriological Peptone - 10 g 100 g 

 

 

The collected media was centrifuged in 400ml increments in 2-4 different tubes, 

measured equal by weight.  A Beckman centrifuge J-14 rotor was used and all bottles 

were simultaneously spun for 15 minutes at 8,000 RPM.  A reddish/purple pellet formed 

in the bottom edge of the tubes, which contains the H. halobium cells.  The supernatant 

was collected and discarded from the tubes.  More collected media is added to both tubes, 

the pellet remaining on the bottom, until the tubes had equal weight for the next 

centrifuge run.  This process continued until all of the collected media was centrifuged.  

As expected, the pellet on the bottom of each tube continuously grew throughout this 

process. 

 

After all the media had been centrifuged, the pellet was scraped out of the bottles and 

placed in a clean glass beaker.  Deionized water was then added to the beakers to 

resuspend the pellet.  The addition of water caused cell lysis to occur and the suspension 

became very viscous due to the uncoiling of DNA.  To reduce this viscosity, DNASE I 

was added to the suspension at 25µg/ml to cleave the DNA chains.  The DNASE I was 

allowed to sit for 24 hours to fully destroy DNA chains.  It is possible that not all cells in 

the suspension had lysed at this point, so more deionized water was added.  If the 

suspension once again gained viscosity, then more DNASE I was added. 
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After all of the cells were lysed and the DNA chains had broken, the unwanted cellular 

debris was removed.  The suspension was centrifuged in a JA-20 rotor for 15 minutes at 

5,000 RPM.  The pellet contained the unwanted cellular debris, so the supernatant, which 

contained the purple membrane, was collected.  The supernatant was then recentrifuged 

in a Ti-45 rotor for 30 minutes at 35,000 RPM.  This time the pellet contained the desired 

purple membrane and the supernatant contained unwanted material.  The supernatant was 

removed and the pellet was resuspended in a small amount of deionized water.  This 

centrifuge step was repeated until the supernatant was clear. 

 

Sucrose concentrations of 20%, 36%, 40%, and 46% were created.  The sucrose gradients 

and bR membrane were then carefully injected into centrifuge tube as depicted in Figure 

26.  Two vials were created and they were placed in a Beckman ultracentrifuge utilizing a 

SW-41TI swinging bucket rotor.  The centrifuge was run at 20,000 RPM for 18 hours at 

4°C.  The densities of the fragment particles control the degree of particle migration 

through the varying sucrose densities during centrifugation.  Upon removal of tubes from 

centrifuge, obvious gradients were present as is displayed in Figure 26.   

 

 

Figure 26. Sucrose gradient percentages for bR purification. 
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The purple gradient was removed and placed in another plastic vial where deionized 

water was added.  The purpose of adding water was to dilute the sucrose so a purple 

membrane pellet would form upon the next centrifugation step.  Two even vials were 

created and centrifuged at 40,000 RPM for 1 hour at 4°C.  A Ti-70.1 fixed angle rotor 

was used for this step.  The pellet was resuspended in a small amount of deionized water 

(~3 ml).  The average PM fragment size was analyzed with a particle size analyzer and 

determined to be 497.6nm as displayed in Figure 27. 

 

 

Figure 27. Particle size analysis of PM fragments showing an average fragment diameter of 497.6 nm 

with a size range of 399.3 nm – 536.4 nm. 

 

The purity of the resulting bR preparation was evaluated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% Bis-Tris gel.  It has been 

shown that the relative molecular mass [98] of bR in SDS decreases to 19.9kDa [99].  

The final purified PM was aliquoted at approximately 2mg/ml and stored at -80ºC until 

use. 
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Chapter 3. bR-Based Electrodes 

 

Optically sensitive protein electrodes utilizing bacteriorhodopsin (bR) have been 

produced and shown to be electrically active with consistent photovoltage and 

photocurrent outputs.  The following methods were used in the electrode construction and 

measurement process. 

 

 

3.1 ELECTROPHORETIC DEPOSITIO� LAYERI�G/ORIE�TATIO� 

 

Due to the specific proton pumping direction of bR, the thin bR films used to make the 

photosensitive electrodes must be highly oriented.  This allows a maximum number of 

protons to be shifted in the same direction and yields a higher electrical voltage.  The 

high degree of protein orientation for these studies was obtained through the well 

documented technique of electrophoretic sedimentation.   

 

To create the bR-based photosensitive electrodes, a fixture was constructed to hold the 

two electrodes apart, with separation distances of 2mm, 1mm, 0.5mm, 0.25mm, or 

0.1mm. The bottom electrode (positive electrode) was a glass slide with a thin layer of 

optically transparent and electrically conductive indium tin oxide [22] sputtered on top. 

The dimensions of the electrode were 5mm x 10mm and the ITO had a sheet resistance of 

5-10 Ω/square.  A 30µl suspension of 15mg/mL PM in ddI water was pipetted on top of 

the ITO and a brass electrode (negative electrode) was placed on top with 1mm spacing 

between the electrodes.  An electric field of 40V/cm was placed through the electrodes 

for 1 minute, as depicted in Figure 28.  It was possible to visually observe the PM deposit 

out of its distilled/ deionized water suspension and attach to the positive electrode while 

the electric field was applied. 
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Figure 28. PM orientation thru electrophoretic sedimentation 

 

Following the 1 minute exposure to the electric field, the top brass electrode was 

removed and the excess water was pipetted off the oriented PM.  The ITO electrode with 

attached PM was then rinsed for 10 seconds in a beaker of ddI water to remove any 

weakly attached PM.  The ITO electrode was then stored in a humidity chamber for 24 

hours to dry.  Humidity in the chamber was maintained at ~52% through the use of a 

magnesium nitrate salt solution.  The dimensions of the dried bR film were 

approximately 5mm x 5mm with a thickness of approximately 20µm measured with an 

inteferometric microscope.  After drying another ITO electrode of similar dimensions 

was placed on top of the oriented bR film as depicted in Figure 29.   
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Figure 29. Final bR-based electrode 

 

A thin spacer could be used to help prevent contact between the two ITO slides, but was 

not necessary in this study.  The two electrodes were then permanently sealed together 

with adhesive to prevent any movement between the electrodes and to prevent further 

drying of the bR film.  A wire was connected to each ITO electrode which was later 

connected to a signal amplifcation circuit. 

 

 

3.2 ELECTRICAL MEASUREME�T SETUP 

 

The constructed bR electrode was wired directly into a home-built, non-inverting 

operational amplifier [24].  The amplification factor of the non-inverting op-amp was 

adjusted to 10X by modifying the resistor values.   The schematic is shown in Figure 30.  

 

The ITO electrode with the cytoplasmic side of the bR attached to it was set to ground (-) 

and the opposing ITO electrode was attached to the op-amp (+). Both the op-amp and bR 

electrode were placed in a Faraday cage.  The non-inverting op-amp was powered by an 

HP 6237A triple output voltage supply.  The signal from the op-amp was passed through 

a low frequency noise filter (Krohn-Hite Model 3364) to remove all noise between 30 Hz 

and 120 Hz.  From the filter, the conditioned signal was input to a 60 MHz, 200 MSa/s 

oscilloscope (Agilent 54621D) for display. 
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Figure 30. Inverting op-amp design [100]. 

 

The electrical amplification circuitry has been further developed into chip-form and is 

further discussed in Karl Walczak’s dissertation [100].  This amplifier can be easily 

developed for selected amplification, from 1x to over 10x.  

 

 

3.3 PHOTOELECTRIC ACTIVITY OF ELECTRODEPOSITED PM FILMS 

 

In a dried bR electrode, it has been shown that the proton doesn’t actually pump through 

the bR molecule, but rather shifts within it upon light absorption [29].  Due to 

dehydration it is not possible for bR to achieve all of the intermediate steps, as shown in 

Figure 31. 

 



 

Figure 31. Photocyle intermediate of dried film bR after photo

 

Although no actual proton is pumped

illumination, a strong electr

molecules.  In this setup the PM is oriented on an ITO slide via the electrodeposition 

method and a separate ITO electrode is placed on top of the PM surface to serve as the 

counter electrode.  An example of the resulting photovoltaic response of a prepared 

sample in response to illumination with an incandescent light source is 

32.  From Figure 32, the characteristic sharp voltage spike upon illumination followed by 

a gradual decay is noted.  The transient behavior is due to a combination of the bR 

photovoltaic response and the measuring instrumentation.  The amplified voltage spike in 

this sample peaks at 16 mV and was visible for ~1.5 seconds.  The voltage spike is due to 

the movement of the charge in the PM film resulting from illumination.  Since ther

actual proton pumping in dried PM films, 

the light is subsequently turned off.

shift back to their original location.  This final charge movement

back to their original location resulted in the negative spike.

. Photocyle intermediate of dried film bR after photo-illumination.

Although no actual proton is pumped out of the dehydrated bR molecule upon photo

strong electrical response still results from the protons shifting in the bR 

In this setup the PM is oriented on an ITO slide via the electrodeposition 

method and a separate ITO electrode is placed on top of the PM surface to serve as the 

An example of the resulting photovoltaic response of a prepared 

sample in response to illumination with an incandescent light source is 

, the characteristic sharp voltage spike upon illumination followed by 

a gradual decay is noted.  The transient behavior is due to a combination of the bR 

voltaic response and the measuring instrumentation.  The amplified voltage spike in 

this sample peaks at 16 mV and was visible for ~1.5 seconds.  The voltage spike is due to 

the movement of the charge in the PM film resulting from illumination.  Since ther

actual proton pumping in dried PM films, the proton is held in its shifted location until 

the light is subsequently turned off.  Upon turning off the light illumination, the protons 

shift back to their original location.  This final charge movement of the protons moving 

back to their original location resulted in the negative spike. The signal shown is the 
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illumination. 
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sample in response to illumination with an incandescent light source is shown in Figure 

, the characteristic sharp voltage spike upon illumination followed by 

a gradual decay is noted.  The transient behavior is due to a combination of the bR 

voltaic response and the measuring instrumentation.  The amplified voltage spike in 

this sample peaks at 16 mV and was visible for ~1.5 seconds.  The voltage spike is due to 

the movement of the charge in the PM film resulting from illumination.  Since there is no 
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Upon turning off the light illumination, the protons 

of the protons moving 

The signal shown is the 



 

characteristic bR signal when the measuring oscilloscope is setup in AC

Shown in Figure 33 is a steady

setup in DC-coupled mode.

 

Figure 32. bR Photoelectric 

(8mV/vertical division, 1sec/horizontal division

 

Figure 33. bR Photoelectric 

(20mV/vertical division, 5sec/horizontal division)
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characteristic bR signal when the measuring oscilloscope is setup in AC-coupled mode.  

state bR photovoltage resulting when the oscilloscope is 

 

 with AC-coupling 

 

 with DC-coupling 



 

 

The voltage of the signal can be altered depending upon the power of the illumination 

source and the amplification factor in the op

intensity of the light source, 

example of high intensity light activation of a bR electrode is shown in 

 

Figure 34. bR photoelectric r

(100mV/vertical division, 0.7sec/horizontal division)

 

The signal has a very sharp spike in voltage output upon illumination with a high 

intensity camera flash.  The sharp nature of this signal is in contrast to the sloping

seen from the incandescent light, which 

filament.  As the filament heats up

gradually increasing the photovoltage output.  With the high intensity 

maximum light intensity 

bR photovoltage output.  

thus it is possible that the full charge movement in each bR molecule hadn’t been 

achieved by the time the light activation had been turned off.  Although the bR 

photocycle is activated in a 

of the signal can be altered depending upon the power of the illumination 

source and the amplification factor in the op-amp.  For example, by only altering the 

intensity of the light source, amplified voltage spikes over 0.5 V have been obtained.  

example of high intensity light activation of a bR electrode is shown in Figure 

response to ~8mW/cm2 illumination with 10x amplification 

(100mV/vertical division, 0.7sec/horizontal division) 

The signal has a very sharp spike in voltage output upon illumination with a high 

intensity camera flash.  The sharp nature of this signal is in contrast to the sloping

seen from the incandescent light, which could be due to the heating of 

filament.  As the filament heats up, a more intense light will activate the bR electrode 

gradually increasing the photovoltage output.  With the high intensity 

 output was rapidly reached, thus producing a sharp spike 

bR photovoltage output.  The length of the flash is on the order of several microseconds, 

thus it is possible that the full charge movement in each bR molecule hadn’t been 

achieved by the time the light activation had been turned off.  Although the bR 

photocycle is activated in a matter of picoseconds following light illumination, the full 
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of the signal can be altered depending upon the power of the illumination 

amp.  For example, by only altering the 

voltage spikes over 0.5 V have been obtained.  An 

Figure 34. 

 

amplification 

The signal has a very sharp spike in voltage output upon illumination with a high 

intensity camera flash.  The sharp nature of this signal is in contrast to the sloping signal 

 the incandescent 

a more intense light will activate the bR electrode 

gradually increasing the photovoltage output.  With the high intensity flash, the 

s rapidly reached, thus producing a sharp spike in the 

The length of the flash is on the order of several microseconds, 

thus it is possible that the full charge movement in each bR molecule hadn’t been 

achieved by the time the light activation had been turned off.  Although the bR 

matter of picoseconds following light illumination, the full 



 

photocycle (charge movement)

maximal electrical output might not have been achieved by the time the light activation 

had ceased.  Therefore th

original location upon termination of light illumination, would start at the peak of the 

initial signal and decrease back to approximately baseline since the charge motion is of 

similar distance.  

 

Another interesting aspect of bR electrodes are 

have shown that bR can provide a detectable photovoltage at a frequency of 

approximately 100 Hz, correlating to the total photocycle time of 10ms

displays the bR photovoltaic response to a 4

 

Figure 35. bR photoelectric r

1sec/horizontal division) 

 

 

 

 

(charge movement) takes approximately 10 milliseconds.  Therefore

maximal electrical output might not have been achieved by the time the light activation 

had ceased.  Therefore the distinct negative spike, due to charge migratio

original location upon termination of light illumination, would start at the peak of the 

initial signal and decrease back to approximately baseline since the charge motion is of 

Another interesting aspect of bR electrodes are their rapid cyclic response times

have shown that bR can provide a detectable photovoltage at a frequency of 

, correlating to the total photocycle time of 10ms

bR photovoltaic response to a 4Hz signal from an incandescent source.

response to 4 Hz light illumination (8mV/vertical division, 
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takes approximately 10 milliseconds.  Therefore, the 

maximal electrical output might not have been achieved by the time the light activation 

e distinct negative spike, due to charge migration back to its 

original location upon termination of light illumination, would start at the peak of the 

initial signal and decrease back to approximately baseline since the charge motion is of 

rapid cyclic response times.  Studies 

have shown that bR can provide a detectable photovoltage at a frequency of 

, correlating to the total photocycle time of 10ms.  Figure 35 

Hz signal from an incandescent source. 

 

(8mV/vertical division, 
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3.4 TEMPERATURE DEPE�DE�CE OF BR PHOTOVOLTAIC RESPO�SE 

 

To implement bR as a phototransducing substrate in a bio-nanosensing device, it will be 

important to understand the effects of temperature on the bR photovoltaic response.  

Previous work focusing on bR functionality over a wide range of temperatures has shown 

that the photocycle intermediates perform faster at higher temperatueres, up to 40ºC, and 

slows down at near-freezing temperatures, down to 1ºC [101].  This work presented 

normalized photovoltage values, thus no clarification on alterations in photovoltage 

magnitudes over the studied temperature range was given.  In a separate study, results 

conclude that the mechanical stability of the bR molecule decreases dramatically as 

temperature increases, up to a maximal studied temperature of 52ºC [102].  It was also 

found that the largest decrease in mechanical stability occurred as the temperature was 

increased from 8ºC to 32ºC [102]. 

 

The impact of temperature on the bR photovoltaic response was tested on 

electrodeposited PM-ITO electrodes.  In work performed by Karl Walczak and Chris 

Anton [97], the PM electrode was introduced to elevated temperatures via a hot plate.  

Once the desired temperature was achieved the sample was removed from the hot plate, 

the counter ITO electrode was added, and the sample was connected to the operational 

amplifier for measurement.  The PM photovoltage was determined over a temperature 

range of 22ºC to 130ºC.  The results PM photovoltaic outputs are plotted in Figure 36 . 

 

It can be seen from Figure 36 that PM photovoltaic response does decrease at elevated 

temperatures, with the major voltage drop occurring above 80ºC.  A complete 

termination of the bR signal occurs around 120ºC.  It can also be noted that smaller PM 

electrode areas appear to result in a slightly improved resistance to photovoltaic output 

decay at elevated temperatures. 
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Figure 36. PM photovoltaic response at elevated temperatures [97]. 

 

To eliminate any variables associated with separately heating the sample and then 

performing the photovoltaic measurement at room temperature; a test system was 

employed to simultaneously heat and measure the PM electrodes.  The electrical 

properties of the assembled electrodes were examined utilizing I–V measurements with 

the semiconductor (SC) analyzer system (Janis/Keithley-4200; Micro Manipulated 

Cryogenic Probe System).  Instead of utilizing a separate ITO electrode as the counter-

electrode, a 5nm thin layer of gold was sputtered directly on top of the PM sample.  Care 

was taken to ensure the gold was only sputtered on the PM surface and not any of the 

ITO to avoid short-circuiting the system.  A two-probe system was used to contact the 

bottom ITO electrode and top gold electrode separately.  The PM photoresponse was 

measured through an amplifier built into the Keithley-4200 unit.  This unit, located in Dr. 

Shashi Karna’s lab at the Aberdeen Proving Grounds, allowed for precise temperature 

control in the 3K to 475K range.   
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Once connected and sealed into the temperature controlled probe station the bR was 

light-adapted for 10 minutes and an initial photovoltage measurement was taken.  In 

Figure 37 the temperature was increased and the bR photovoltage was measured in 2.5 

Kelvin intervals.  A plot of the actual bR photovoltaic waveform over the temperature 

scan is displayed in Figure 38.  The response time for temperature increase is very rapid 

in the probe system, thus the sample was allowed to equilibrate to the new temperature 

for 5 minutes before the photovoltage reading was taken.  The temperature was raised to 

a maximum of 310 Kelvin, or 36.85ºC, immediately followed by an incremental decrease 

in temperature of 2.5 Kelvins per measurement.  No liquid nitrogen was connected to the 

system during the elevated temperature study, thus the sample chamber cooled more 

slowly and each incremental measurement was approximately 15 minutes apart.  

 

 

Figure 37. Effect of temperature increase on bR photovoltaic response and subsequent recovery. 
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Figure 38. Waveform of bR photovoltaic response during temperature increase. 

 

It can be seen from Figure 37 that the increase in temperature appears to have a larger 

affect on the bR photovoltaic output than previously determined in Figure 36.  This is 

possibly due to the constant temperature held on the sample in the current study which 

did not allow for any cooling period before the photovoltage measurement was taken.  

Plotting the bR photovoltage vs. temperature also suggests that the photovoltage begins 

to decrease more rapidly with each incremental temperature increase.  This is evidenced 

by an initial photovoltage decay rate of -10.8mV/ºC in the 21.85ºC to 26.85ºC range, 

concluded by a -18.3mV/ºC photovoltage decay rate in the 31.85ºC to 36.85ºC range. 

 

In addition to a temperature increase, this study also evaluated the recovery of the bR 

photovoltaic response as the temperature was decreased to room temperature.  In Figure 

37 it can be seen that the recovery of the bR photovoltage tracks closely to its initial 

output at the given temperature.  Each temperature point measured in the recovery cycle 

regained over 90% of its original photovoltage magnitude.  This shows that the increase 

in temperature had minimal, if any, long-term effects on the bR photovoltaic response 
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and could be fully recovered in the temperature range scanned.  More studies will need to 

be performed in this area to determine the full range of bR activity at elevated 

temperatures. 

 

To analyze the bR photovoltaic response at lowered temperatures the same temperature-

controlled probe setup was used.  A new bR sample was used from the previous study, 

although prepared with a gold top electrode in the same manner.  Once connected and 

sealed into the temperature controlled probe station the bR was light-adapted for 10 

minutes and an initial photovoltage measurement was taken.  The liquid nitrogen line was 

connected to facilitate efficient cooling of the sample.  The response time for temperature 

decrease was very rapid in the probe system, thus the sample was allowed to equilibrate 

to the new temperature for 5 minutes before the photovoltage reading was taken.  The 

temperature was lowered in approximately 3 Kelvin increments to a minimum of 255 

Kelvin, or -17.78ºC, immediately followed by an incremental increase in temperature and 

subsequent measurement.  The effect of decreased environmental temperatures on the bR 

photovoltaic response is plotted in Figure 39. 

 

 

Figure 39. Effect of decreasing temperature on bR photovoltaic response and subsequent recovery. 
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The data suggests that room temperature is not the optimal operating temperature to 

achieve maximal bR output.  The fitted trendline suggest the photovoltage maximum 

occurs at approximately 5ºC to 10ºC, resulting in a 37% increase in photovoltage output 

over room temperature measurements.  Incremental reductions in temperature below 5ºC 

resulted in a rapid decrease in bR photovoltage.  An elimination of bR photovoltage was 

achieved around -20ºC.  It is possible that frozen water particles within the bR molecule 

inhibit proton translocation, although large signals are still seen at sub-freezing 

temperatures.  An important note at sub-freezing is that the waveform changes from 

transient to steady-state, as shown in Figure 40.  This data suggests that the bR 

impedance decreases with lowered temperatures. 

 

Upon increasing the temperature back to room temperature, the bR electrode regained a 

portion of its initial photovoltaic response, as shown by the red curve in Figure 39.  

Temperature was increased rapidly to each test point and the bR sample was allowed to 

equilibrate to the new temperature for 5 minutes before taking the photovoltage 

measurement.  This is a much shorter recovery transition time, as compared to the 15 

minutes given in the elevated temperature recovery, and resulted in a relatively smaller 

percentage recovery.  Specifically the recovery from sub-freezing temperatures resulted 

in a 61% average photovoltage recovery, compared to the 90% recovery to elevated 

temperatures.  Since the elevated temperature sample was allowed approximately three 

times more recovery time, it is unclear whether the decreased photovoltaic recovery in 

frozen samples is due to less recovery time or a greater degree of damaged imparted on 

the bR molecule.  
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Figure 40. Alterations in bR photovoltaic waveform based on temperature.  The same bR sample 

displays a differential photovoltaic response at 21ºC (70⁰⁰⁰⁰F), with the response waveform changing to 

steady-state voltage at sub-freezing temperatures. 

 

It has been shown that the bR photovoltaic waveform is directly related to the 

comparative values of bR film impedance and the input impedance of the voltage 

measurement circuitry [24].  Specifically it was found that utilizing a measurement 

circuit with input impedance 1-order of magnitude lower than the bR film resistance 

results in a differential photovoltaic response.  This is the same photovoltaic waveform 

displayed by the bR at 21ºC in Figure 40.   

 

With a measurement circuit input impedance 1-order of magnitude larger than the bR 

film resistance results in a steady state output, similar to that seen by the same bR sample 

at -12ºC in Figure 40.  Since the input impedance of the measurement circuit was not 

changed during the measurements, the alteration in waveforms is potentially due to 

changes in the bR film impedance.  These results suggest that the bR film impedance 

decreases with temperature, potentially by up to 2-orders of magnitude. 
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Chapter 4. QD Activation of bR Photovoltaic Response 

 

To utilize photovoltaic properties of bR in a future array, there’s a need to have an 

activation light source that is specific to individual bR sites.  The use of quantum dots as 

this light source is being investigated due to their nanometer size and tunable wavelength 

emission.  The ideal photonic absorption wavelength for quantum dots occurs in the UV 

region.  The quantum dots chosen for this study were purchased from Evident 

Technologies with photonic emissions near 570nm.  As shown in Figure 41, these 

particular quantum dots were selected due to their emission wavelength correlation with 

the maximal bR absorption point.  

 

 

Figure 41. 565nm QD emission spectra and bR absorption spectra overlap 
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4.1 EFFECTS OF CO�TI�UOUS UV ILLUMI�ATIO� O� BR PHOTOVOLTAGE 

 

Since the quantum dots will be activated with UV light, the effect of UV light 

illumination on the electrical output of bR was evaluated.  Using continuous UV (340nm) 

light illumination on a bR electrode, the electrode’s photovoltaic response to visible light 

was measured over a span of 95 minutes of UV illumination. The visible light source 

used in these studies was a camera flash, which produced a light intensity of 

approximately 8mW/cm2. The initial and final photovoltage measurements are shown in 

Figure 42 and Figure 43 respectively. 

 

 

Figure 42. bR electrode signal from 8mW/cm2 light illumination before UV illumination (t=0) 

(20mV/vertical division, 0.5sec/horizontal division) 
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Figure 43. bR electrode signal from 8mW/cm2 light illumination following UV illumination (t=95 

minutes) (20mV/vertical division, 0.5sec/horizontal division) 

 

The drop in photovoltage of 3mV seen from the first to the last measurements is minor 

since this variation is within the range of signals measured throughout the study.  

Therefore this study demonstrated that constant UV illumination should have no 

significant effects on the magnitude of the bR electrical response to visible light.  In an 

actual sensing system, it is anticipated that QD excitation would be from a pulsed UV-

LED source to conserve power. 

 

 

4.2 BR PHOTOELECTRIC RESPO�SE FROM QD ILLUMI�ATIO� 

 

To test the capability of quantum dot photonic emission to activate the bR photocycle, the 

apparatus shown in Figure 44 was constructed.  This allowed for the photoluminescence 

from the QD emission to easily interact with the bR electrode.  For this study, a 310nm 

UV-LED light source was used to excite the QD electron-hole pair and ultimately lead to 

photon emission.  The spacing between the bR and QDs precludes FRET coupling and 

64 mv 
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isolates QD photonic activation of bR.  The sharp UV emission from the LED is shown 

in Figure 45. 

 

 

Figure 44. Schematic of QD activation test fixture 

 

 

Figure 45. 310nm UV LED emission spectrum 
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Previous work has shown that the energy of UV light, absorbed by the aromatic amino 

acids in bR, can be transferred to the retinal through resonance and initiate the photocycle 

[103]. Therefore the angle of the UV source was adjusted to avoid bR illumination and 

activation of the bR photocycle.  

flashed at a frequency of approximately 4

to the bR electrode.  The electrical response of the system during the UV flashing is 

shown in Figure 46.  No noticeable cyclic electrical signal was observed.

 

Figure 46. bR photoelectric response to 4Hz UV flashing 
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Figure 47. bR photoelectric response to 4Hz QD illumination (2mv/ vertical division, 500ms/ 

horizontal division) 
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interacting and binding with airborne target.  . This study looked at the potential of 

utilizing biotinylated bR as the attachement mechanism to bind streptavidin-coated 

quantum dots to the PM-based electrode. 

 

The attachment of QDs to the PM electrode was accomplished through the use of a 

biotin-streptavidin linkage.  The small biotin molecule has an extremely high binding 

affinity for the streptavidin protein, to help ensure specific and tight binding at all 

locations.  Streptavidin, a 53kDa protein, and biotin, also known as vitamin H or B7,  are 

together widely regarded as the strongest non-covalent bond in nature, with a dissociation 

constant (Kd) of 4 x 10-14M [104].  The dissociation constant measures the concentration 

of the ligand at which half of the protein binding site is occupied.  Thus with a Kd of 4 x 

10-14M, or 0.4fM, the biotin-streptavidin system has a higher binding strength than the 

average antigen-antibody system, which has a Kd 10-7M to 10-11M.  Breaking this bond 

can only be achieved with harsh treatments or environmental temperatures in excess of 

70ºC [105]. With its robust nature and virtually unbreakable bond, the biotin-streptavidin 

binding scheme has been well studied in applications of nanoparticle linkers [106-110].  

In these studies the biotin-streptavidin linkage was utilized to link biotinylated bR with 

streptavidin coated quantum dots. 

 

The first step in this procedure was to biotinylate the bR molecule, which has been 

explored by various research groups [111-113].  The PM fragments to be biotinylated 

were suspended in freshly made 0.1M sodium bicarbonate buffer; previously adjusted to 

pH 8.4 with 5M KOH.  The PM was suspended to a concentration of 2.5 mg/ml.  The 

solution was then lightly sonicated to break up any large PM aggregrates and the pH was 

re-checked to ensure a proper pH.  A total volume of 115µl of the prepared PM 

suspension was removed and placed in a microcentrifuge tube on ice. 

 

The biotin was prepared once the PM was ready for biotinylation.  In a separate tube, on 

ice, 100µl of chilled sterile water was added.  A total of 0.83mg of biotin (MW 556.58) 

was added to the tube and pipetted up and down to ensure the biotin was completely 

dissolved.  This biotin concentration led to a 27:1 biotin:bR molar ratio in the final 
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mixture. The tube containing the biotin solution was then vortexed and briefly 

microcentrifuged to collect droplets on the tube wall.   

 

At this point the biotin was ready to be added to the PM solution.  A total of 20µl of the 

biotin solution was pipetted into the prepared PM solution and mixed by pipetting up and 

down.  The mixed solution was briefly microcentrifuged to remove droplets and then the 

reaction was allowed to run for 1 hour at room temperature.  Following biotinylation the 

excess biotin was removed through a desalting column.  The biotinylated bR could be 

used immediately or stored at -80ºC for future studies. 

 

This work looked at two methods to achieve a biotinylated bR surface to bind to the 

streptavidin-coated QDs.  These two methods focus on ‘pre’ and ‘post’ bR biotinylation 

procedures.  The pre-biotinylated procedure involves biotinylating the bR using 

previously reported techniques.  This resulted in a liquid suspension of PM fragments 

containing covalently bound biotin groups on the bR molecules.  The biotinylated bR is 

then put into electrode form using the electrophoretic sedimentation technique.   

 

The post-biotinylated bR-based electrode is created by first making a bR electrode using 

the electrophoretic sedimentation technique.  Specifically 30µL of 5mg/ml PM was 

deposited at 1mm separation at 40V/cm for 1 minute.  Once dried, 10µl of 5mg/ml biotin 

solution (pH  8) is deposited on the top surface of the bR electrode and incubated at room 

temperature for 1 hour.  The sample is rinsed in deionized distilled (ddI) water for 5 

minutes to remove any unbound biotin molecules. 

 

To determine the presence and functionality of the biotin groups for both ‘pre’ and ‘post’ 

biotinylated bR-based electrodes, a 10µl solution of 0.5nmol/ml streptavidin-coated QDs 

(595nm emission) was incubated on the biotinylated bR electrode surface for 15 minutes.  

The samples were then rinsed for 2 minutes in ddI water to remove any unbound 

streptavidin-coated QDs.  The fluorescence emission of the samples was then tested on 

the Hitachi-F7000 fluorospectrometer to determine the presence of bound QDs.  The 

resulting fluorescence spectrum for each sample type is shown in Figure 48. 
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Figure 48. Emission spectra of pre and post biotinylated bR electrodes after addition of 595nm 

streptavidin-coated QDs 

 

These initial results show that pre-biotinylated bR electrodes retain the capacity to 

effectively bind to a functional streptavidin group.  The post-biotinylated bR electrode, 

however, showed no binding capability to streptavidin.  This lack of functionality is 

likely due to the post-biotinylation procedure and could be further studied to facilitate 

biotinylation of the dried films. 

 

In addition, the electrical activity of pre-biotinylated bR-based electrodes was also 

confirmed.  These electrodes displayed a strong electrical response to Xenon lamp 

illumination, resulting in DC signals of approximately 4V and AC signals of over 

200mV.  The bR photovoltaic response of the pre-biotinylated electrodes with and 

without QD addition is shown in Figure 49. 
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Figure 49. Photovoltaic response of pre-biotinylated bR electrode with and without QD addition. 

 

It can be seen in Figure 49 that the binding of the QDs to the surface of the PM electrode 

resulted in an increased bR photovoltaic response to white light illumination.  Without 

any QDs present, the bR electrode yielded a 0.24V response upon light illumination 

followed by a -0.17V spike upon termination of the light source.  When a QD layer was 

then bound to the same sample and re-activated, the initial spike yielded a bR 

photovoltage of 0.31V followed by a -0.2V spike upon termination of the light source.  

These outputs yielded an on/off peak ratio of 1.42 and 1.55 for the bR and bR-QD 

electrodes.  In total the addition of the QDs to the PM electrode increased the bR 

photovoltaic output by approximately 70mV, or 34.3%.  These studies conclude that QDs 

can enhance the bR photovoltaic response, even with white light illumination.  The 

photovoltage increase of 34.3% is potentially large enough that alterations to the QD 

emission could affect the bR output on a detectable scale, creating the possibility for 

sensor applications.  
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Chapter 5. QD-bR Hybrid 

 

To efficiently utilize QDs as an activation source for a bR photoresponse, the two 

nanomaterials must be integrated within nanoscale proximity.

the proposed sensing system will utilize the QD photonic emission to excite the bR 

photoresponse.   

 

Figure 50. Schematic of QD activation of bR photoresponse via photonic and FRET methods.

 

As a bR activation source, whether through photon emission or electron transfer 

mechanisms, the QDs are likely only able to activate bR molecules in their immediate 

vicinity.  Additionally, since this platform is being designed as a sensing system, it is 

assumed that the target molecule will only be able to interact with the outer

of the hybrid platform.  In the proposed system of utilizing functionalized QDs as the 

target binding substrate, it will be ideal to apply a single monolayer of QD’s on the 

surface of a bR electrode

illustrated in Figure 51.  Therefore the 

10,000 monolayers thick, is diminished.  Applying a functional QD monolayer on top of 

a thick PM substrate would only be able to modulate the top

ultimately provide little modulation to the overall PM photovoltaic response.  Other 

proposed sensing mechanisms, such as the fused MBP

Eric Winder [114] will also need to be applied on the monolayer leve

reasons. 
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Figure 51. Schematic of nanoparticle proximity achieved through I
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5.1.1 bR Preparation for I-SAM Deposition 

 

To be applicable for use with I-SAM deposition techniques bR must be adjusted to have a 

strong positive or negative charge.  Since PM has an isoelectric point of pH 5.2 [115], it 

is most easily managed as a polyanionic nanomaterial by adjusting the solution pH above 

its isoelectric point, but below the pH level where the bR retinal is released.  Previous 

research suggests the optimal PM solution pH for both I-SAM deposition and subsequent 

photoelectric activity is approximately pH 9.4 [116, 117].  For the I-SAM electrostatic 

deposition of PM in these studies the PM is suspended at 0.5 mg/ml in 10mM borate 

buffer at pH 9.5.  The sodium borate used to make the buffer is dissolved in 18 MΩ ddI 

Millipore water to the desired molarity, which is then titrated to pH 9.5 through the drop-

wise addition of 0.05M NaOH.  As shown in Figure 52 , it was determined that the zeta 

potential of the prepared PM solution at pH 9.5 is predominately negative. The zeta 

potential is a measure of the material’s electric potential at the surface-water interface.  

Although Figure 52 shows a wide range of zeta potential values, the mean zeta potential 

was determined to be approximately -25.45mV.  By I-SAM standards this is considered 

to be a moderate electric potential, but is sufficient for PM fragment adsorption to a 

polycationic surface. 

 

 

Figure 52. Zeta potential analysis of PM fragments at pH 9.5 showing an average PM charge of           

-30.03 mV. 
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The ITO substrates (5x25x0.5mm) upon which the I-SAM films were constructed were 

cleaned using standard techniques.  Specifically the slides were placed in a 2:1:1 (v/v) 

solution of chloroform:acetone:ethanol and sonicated for 30 minutes at 25ºC.  A negative 

surface charge was achieved by placing the cleaned ITO substrates into a 2% KOH 

solution and agitating for 30 minutes in an ultrasonic bath.  The strong KOH base 

removes protons from the ITO surface, rendering it with a net negative charge.  All ITO 

slides were stored in Milli-Q ddI water until use.  The polycationic material utilized in 

this work is the positive polyelectrolyte poly(dimethyldiallylammonium chloride) 

solution (PDAC).  Specifically the low molecular weight PDAC, Mw= 100,000 – 

200,000, was purchased from Sigma Aldrich, product 409014.  The PDAC solution was 

prepared to 2mg/ml in 0.5M NaCl pH 6.8 solution for use as the positively charged I-

SAM material.  For use in I-SAM deposition the PM is applied at a solution 

concentration of 0.5mg/ml.  Example solutions are shown in Figure 53. 

 

 

Figure 53.  Materials used for I-SAM deposition.  From left to right: PM, QD, PDAC. 
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The dipping mechanism of a Langmuir-Blodgett trough (KSV-2000) was used to expose 

the ITO substrate in a stable/consistent manner to the desired adsorbing material.  The 

monolayers were assembled by submerging the ITO slide into the desired solution for a 

set duration to allow for charged material adsorption.  Previous work has shown that the 

optimal deposition time to achieve a single monolayer of PM is 5 minutes [82].   

Likewise, a deposition duration of 5 minutes was used for the PDAC as well. Each 

adsorption period was followed by a thorough rinse in pH 9.4 Milli-Q ddI and the 

substrate was dried with nitrogen. The absorption properties of the bR I-SAM films were 

measured on a Perkin-Elmer Lambda 950 UV/VIS/NIR spectrometer.  Topography 

measurements were performed with a Veeco CP-II atomic force microscope (AFM). 

 

5.1.2 bR I-SAM Film Physical Properties 

 

To ensure single monolayer adsorption, I-SAM films of a single bR/PDAC bilayer were 

topographically compared to blank ITO.  A Veeco CP-II atomic force microscope (AFM) 

was used to perform sample analysis.  A blank ITO slide was initially analyzed and the 

AFM topography images in both 3-D and top-view formats are shown in Figure 54 and 

Figure 55, respectively.  A monolayer of PDAC and then bR was deposited onto the 

blank ITO according to the aforementioned deposition techniques.  A sample AFM 

topography image in both 3-D and top-view formats are shown of the bR monolayer in 

Figure 56 and Figure 57, respectively. 
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Figure 54. 3-dimensional AFM topography image of blank ITO used for PM deposition. 

 

 

 

Figure 55. AFM topography image of blank ITO slide used for PM deposition. 

5 µm 
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Figure 56. 3-dimensional AFM topography image of 1 PM monolayer deposited on PDAC. 

 

 

 

Figure 57. AFM topography scan of of 1 PM monolayer deposited on PDAC. 

5 µm 
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The 3-D AFM topography in Figure 54 shows the flat surface of a cleaned ITO slide.  On 

top of this slide, a monolayer of PDAC followed by a monolayer of PM was deposited, as 

shown in Figure 56.  The 3-D AFM topography of the deposited PM clearly shows 

individual membrane fragments.  As shown in Figure 58, AFM images confirmed the 

absorption of single PM monolayer patches which corresponds to the published PM 

thickness of 5.5nm.  Certain sections display membrane overlap with thicknesses around 

11nm which has been observed in previous studies [82].     Additionally the AFM height 

profile shown in Figure 58 shows the width of the PM fragments to be close to the known 

value of 500nm.  This shows the capability of the I-SAM technique to deposit a single 

monolayer of PM. 

 

 

Figure 58. AFM height profile of 1 PM monolayer deposited on PDAC. 

 

To ensure no contribution of PDAC to the measured bR 570nm absorption peak, the 

absorption spectra of a single PDAC monolayer was examined and is displayed in Figure 

59.  The PDAC absorption spectrum shows that no significant absorbance is present in 

the 570nm region.  The PDAC monolayer does, however, absorb strongly in the sub 

350nm and thus might disrupt measurements of the protein 280nm absorption peak.   

Utilizing the positively charged PDAC and negatively charged PM, the muli-layered film 

is electrostatically grown as shown in Figure 60.   
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Figure 59. Absorbance spectra of PDAC in 0.5 M �aCL at pH 6.8 

 

 

Figure 60. Layering process to create bR/PDAC multi-layered monolayer films. 
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shown in Figure 61.  After each monolayer of bR was assembled on top of the previous 

bR/PDAC bi-layer the absorbance spectra of the entire film was measured.  It can be seen 
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that each monolayer of bR contributes to an increase in the typical bR absorbance profile.  

Further analysis of the absorbance maxima at 570nm, as shown in Figure 62, 

demonstrates a linear trend in the absorbance increase.  The linear increase in absorbance 

as each bR layer was deposited reveals that a stable and consistent multi-layered film 

growth was achieved. 

 

 

Figure 61. bR absorbance spectra for select bR/PDAC bilayers as it is assembled.  Bilayers 

constructed on negatively charded ITO with PDAC (+) and bR (-) being alternately deposited.  
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Figure 62. The bR570 nm absorption peaks for consecutively deposited bR/PDAC bi-layers. 
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Figure 63. Photovoltaic response of a 12 monolayer bR I-SAM film (10mW halogen light source). 

 

 

Figure 64. Photocurrent response of a 12 monolayer bR I-SAM film (10mW halogen light source). 
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To measure the photovoltaic activity of bR electrodes thinner than 12 monolayers, a new 

electrical setup was used.  Instead of clamping an ITO counter electrode directly on the 

PM surface, a potassium chloride (KCl) electrolyte spacer layer was integrated.  

Specifically a 1mm thick x 4mm diameter o-ring was placed on top of the bR monolayer 

electrode.  The o-ring was filled with approximately 20µL of 0.5M KCL solution and a 

top ITO electrode was placed on top of the o-ring.  The electrode setup was clamped 

together to form an approximate 1mm separation distance between the bR and counter 

electrode.  Electrical measurements were performed on a Keithley-4200 semiconductor 

parameter analyzer. 

 

A comparison of the photovoltaic output of 3 monolayer and 6 monolayer bR films is 

shown in Figure 65.  The 3 monolayer bR film generated a steady-state photovoltage 

maximum of 2.72mV, while the 6 monolayer bR film produced an output of 5.82mV.  

The 6 monolayer film produced an output that is 2.14 times larger than the 3 monolayer 

films, which roughly correlates to the thickness difference in the electrodes.  

 

 

Figure 65. Comparison of 3 monolayer and 6 monolayer PM I-SAM film photovoltaic output. 
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Although the photovoltaic outputs of the thin bR films was relatively small, it was still 

capable of producing a measurable voltage change upon variation in incident light 

intensity.  The light sensitivity of a 3 monolayer bR film is shown in Figure 66.   

 

 

 

Figure 66. Effect of varying light intensity on 3 monolayer PM photovoltaic output. 
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without degrading the QD emission properties.   
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5.2.1 QD Surface Functionalization 

 

To be applicable for use with I-SAM deposition techniques QDs must be prepared to 

have a strong positive or negative charge.  The primary method for imparting negative 

charge on a QD involves replacing the QD surface ligand with a carboxylic acid 

containing molecule, such as TGA [95].  A subsequent positive charge can be added by 

encapsulating the negatively charged QD with an amine containing molecule, such as 

PAA [92].  Since the negatively charged QDs are inherently smaller in diameter, they 

were ideal for this work to minimize the bR-QD separation distance.  Thioglycolic acid 

capped CdSe/ZnS QDs were obtained from Dr. Roger LeBlanc at the University of 

Miami.  The absorbance and emission spectra of the prepared TGA-capped QDs is shown 

in Figure 67.  

 

Figure 67. Emission and absorbance spectra of TGA-capped CdSe/ZnS quantum dots. 
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As with the PM, the carboxyl group must be deprotonated to attain the negative charge.  

Therefore the TGA-capped QDs were suspended at 6.2µM in a 10mM sodium borate 

buffer adjusted to pH 9.5.  The sodium borate used to make the buffer is dissolved in 

18MΩ distilled deionized (ddI) Millipore water to the desired molarity, which is then 

titrated to pH 9.5 through the drop-wise addition of 0.05M NaOH.  According to 

literature, this will yield a QD zeta potential of approximately -29.5mV [95].   

 

To create a multi-layered QD film, as depicted in Figure 68, the positively charged 

PDAC polymer was used as the adhesion spacer layer.  The PDAC was prepared to 

2mg/ml in 0.5M NaCl solution, adjusted to pH 6.8.  The KOH treated, negatively 

charged, ITO slides are submerged in the PDAC solution for 5 minutes to allow for the 

absorption of a single monolayer of the positive polymer.  The excess PDAC was 

removed with a 2 minute rinse in pH 6.8 ddI water, following by thorough drying with N2 

gas.  The slide was then submerged in the prepared QDs for 10 minutes followed by a 

similar rinsing step.  This process was repeated until the desired number of layers was 

achieved. 

 

 

Figure 68. Layering process to create QD/PDAC multi-layered monolayer films. 
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5.2.2 QD I-SAM Film Physical and Optical Properties 

 

At each level of QD monolayer deposition the QD emission was measured with a Horiba 

Jobin Yvon SPEX Fluoromax 2 spectrofluorimeter.  A modified cuvette was created to 

hold the ITO slides in a consistent position and angle for each measurement, as a small 

change in slide position has a large effect in the measured QD intensity.  The 

spectrofluorimeter is allowed to warm up for 30 minutes prior to measurement to avoid 

fluctuations in excitation light intensity.  All measurements were taken using a 400 nm 

excitation wavelength and 5 nm excitation and emission slit widths.  The resulting QD 

emission for each deposited monolayer is given in Figure 69.  A trace of the QD570nm 

emission peak for each deposited monolayer is shown in Figure 70. 

 

 

Figure 69. QD emission tracking QD/PDAC bilayer deposition. 
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Figure 70. QD568nm emission maximum tracked through mulit-layered QD deposition. 
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slide into a 2mg/ml PSS solution, 0.5M NaCl pH 9.0, for 5 minutes.  All prepared slides 

were rinsed and dried with N2 gas prior to TGA-QD absorption.  Once the base substrates 

were prepared the slides were immersed in a 6.2µM solution of TGA-QDs, 10mM borate 

pH 9.4, for 10 minutes.  All slides were rinsed and dried with N2 gas prior to 

fluorospectrometer measurements. 

 

 

Figure 71. QD emission comparison when deposited on differently charged substrates. 
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substrates.  Results show that a small amount of TGA-QDs will absorb onto the 

negatively charged substrate, however that magnitude of such absorption is nearly 200 

times less than that of a positively charged PDAC substrate.  It should be noted that the 

fluorospectrometer settings were altered between Figure 71 and Figure 69 to amplify the 

single QD layer spectra, and thus the QD emission cannot be compared between the two 

studies.   

 

 

5.3 QD-BR HYBRID IO�IC-SELF ASSEMBLED MO�OLAYER FILMS 

 

Integrating bR and QDs nanomaterials into multi-layered I-SAM films will allow for the 

evaluation of their nano-scale interactions.  The I-SAM technique allows for QDs to be 

closely integrated with bR monolayer films in a controlled fashion, in addition to 

allowing for controlled engineering of the layering order and composition.  It is a robust 

technique that allows for multi-material systems to be constructed on any charged 

substrate. 

 

5.3.1 QD-bR Hybrid I-SAM Film Construction  

 

To create a multi-layered film utilizing negatively charged QD and PM nanomaterials, as 

depicted in Figure 72, the positively charged PDAC polymer was used as the adhesion 

spacer layer.  The PDAC was prepared to 2mg/ml in 0.5M NaCl solution, adjusted to pH 

6.8.  The KOH treated, negatively charged, ITO slides were submerged in the PDAC 

solution for 5 minutes to allow for the absorption of a single monolayer of the positive 

polymer.  The excess PDAC was removed with a 2 minute rinse in pH 6.8 ddI water, 

following by thorough drying with N2 gas.  The slide was then submerged either in the 

prepared QDs for 10 minutes or prepared PM for 5 minutes, followed by a similar rinsing 

step.  Both the PM and QDs were suspended in 10mM borate buffer at pH 9.4 to facilitate 

deprotonation of the carboxyl groups and achieving a strong negative charge.   

 



 

Figure 72. Layering process to create QD/PDAC/bR multi
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Figure 73. QD emission tracked during QD (solid lines)/PDAC/bR (dotted lines) multi-layered films. 
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Figure 74. QD568nm emission maxima tracked during each QD-bR monolayer deposition. 
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5.3.3 QD-bR Hybrid I-SAM Film Electrical Activity 

 

With the succesful integration of bR and QDs into a single multi-layered I-SAM 

electrode, the photovoltaic property’s of the created electrode was tested.  As with 

previous measurements on bR I-SAM films, a potassium chloride (KCl) electrolyte was 

used as a conducting medium between the spaced bR electrode and opposing counter 

electrolde.  Instead of using an o-ring spacer to contain the electrolyte and maintain 

electrode separation, this work utilized a specially built electrochemical cell.  Specifically 

an optically transparent fluorospectrometer cuvette was modified to hold the bR 

electrode, counter electrode, and KCl electrolyte in a controlled and consistent manner.  

The counter electrode in this setup was a 1mm diameter platinum wire.  In addition to 

ensuring proximity control of the electrode system, this measurement setup also allowed 

integration of the electrode setup into the fluorospectrometer, ultimately allowing a 

variety of wavelength options for bR or QD activation in conjunction with the ability to 

monitor QD output.   

 

For the electrical measurements, the bR photovoltaic response was amplified with a 11x 

inverting operational amplifier and measured on a 100MHz oscilloscope.  A comparison 

of the photovoltaic output of a 3 monolayer bR film and its subsequent output after a 

single QD monolayer is deposited on the surface is shown in Figure 75 and Figure 76, 

respectively. In Figure 75 the photovoltaic output of a 3 monolayer bR I-SAM film in 

response to 5µW/cm2 570nm photonic illumination is shown.  The system was AC-

couple and yielded a photovoltaic output of approximately 0.5mV.  Using the 

aforementioned electrostatic deposition techniques, a PDAC layer was placed on top of 

the 3 monolayer bR electrode followed by QD adsorption.  The bR-QD hybrid I-SAM 

electrode was place back into the measurement setup and reactivated with 5µW/cm2 

570nm photonic illumination.  The AC-coupled output shown in Figure 76 reveals a large 

increase in the bR photovoltaic response.  The magnitude of the response increased to 

approximately 1.5mV, a nearly 3-fold increase in the bR photovoltaic output. 

 



 

Figure 75.  AC-coupled output of a 3 monolayer bR film (1mv/div, 1sec/div

 

 

Figure 76. AC-coupled output of 3 monolayer bR film topped with 1 monolayer QD (1mV/div, 

0.5sec/div). 
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Chapter 6. QD and bR FRET Coupling 

 

To modulate the photovoltaic output of this system, fluorescence resonance energy 

transfer (FRET) of the CdSe QD core and the bR retinal was investigated.  A bR-QD 

FRET coupled system would allow for modulation of the QD photonic output based on 

proximity to the bR molecule.  Ultimately this could provide a modulation point to 

achieve variable bR photovoltaic output upon toxin binding to the bR-QD coupled pair. 

 

 

6.1 THEORETICAL FRET CALCULATIO�S 

 

In order to calculate the FRET efficiency between a donor and acceptor, the Forster 

radius must first be determined.  The Forster radius is defined as the distance between the 

donor and acceptor where 50% of the donor’s energy is transferred via FRET.  The 

Forster distance (Ro) is defined as: 

 

( )( )( )( ) ( )( )ληκ JR DDo Φ×= 42236 108.8     6.1 

 

Where κ is the dipole orientation factor, ηD
 is the refractive index of the medium, ΦD is 

the quantum yield of the donor, and J is the normalized overlap integral between the 

donor and acceptor at each specific wavelength (λ).  Most of these variables have 

measurable values, but the J-integral must be calculated using the equation: 

 

    ( ) ( ) λλλελ ∂= ∫ 4
ADfJ      6.2 

 

Where fD is the peak normalized fluorescence spectrum of the donor, εA is the molar 

absorption coefficient of the acceptor, and λ is the wavelength.  Once the Forster radius is 

determined, the FRET efficiency of the donor/acceptor pair at various separation 

distances can be determined.  The FRET efficiency indicates the percentage of non-
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photonic emission from the donor, which is also the percentage of energy transferred to 

the acceptor through electron resonance.  FRET efficiency (E) can be calculated using the 

equation: 

 

66

6

RR

R
E

o

o

+
=        6.3 

 

Where Ro is the Forster radius for 50% resonance transfer and R is the physical separation 

distance between the donor and acceptor molecules being studied.  Using equation 6.2, a 

J-integral value of 6.12x10-13M-1cm3 was determined for bR with 565nm emission QDs 

and 5.82x10-13M-1cm3 for bR with 600nm emission QDs.  These J-integral values along 

with the known variable values listed below were used to calculate the Forster radius 

using equation 6.1. 

 

• κ = 0.66  (dipole orientation factor) 

• ΦD = 0.5   (quantum yield of QD)  

• ηD
 = 1.33   (refractive index of water) 

• εA=63,000M-1cm-1 (bR extinction coefficient) 

 

The Forster radius (Ro) was theoretically calculated to be 7.62nm for a 565nm QD/bR 

system and 7.54nm for a 600nm QD/bR system.  Therefore with a separation distance of 

7.62nm between the 565nm emission QD and a bR molecule, half of the QD energy will 

be transferred to the bR molecule non-photonically.  The theoretical calculations also 

suggest that increasing the peak QD emission by 35nm only decreases Ro by 0.08nm, 

thus the use of QD emission precision at 570nm is not critical. 

 

After the Forster radius was determined, the FRET efficiency at varying QD/bR 

separation distances was determined. Using equation 3, the FRET efficiency for a 565nm 

QD/bR system at varying separation distances (R) was calculated and is shown in Figure 

77. 



 

Figure 77. Theoretic
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Due to the large variation in FRET efficiency over a small change in separation distance, 

it will be important to maintain constant bR/QD proximity while performing
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Due to the large variation in FRET efficiency over a small change in separation distance, 

it will be important to maintain constant bR/QD proximity while performing the FRET 
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study.  In an aqueous suspension uniform bR-QD proximity can be achieved using 

protein and molecular-based linking schemes. 

 

6.2.1 Biotin-Streptavidin for bR-QD Linkage 

 

This separation distance was attained through the use of a biotin-streptavidin linkage.  

The small biotin molecule has an extremely high binding affinity for the streptavidin 

protein, to help ensure specific and tight binding at all locations.  Streptavidin, a 53kDa 

protein, and biotin, also known as vitamin H or B7,  are together widely regarded as the 

strongest non-covalent bond in nature, with a dissociation constant (Kd) of 4 x 10-14M 

[104].  The dissociation constant measures the concentration of the ligand at which half 

of the protein binding site is occupied.  Thus with a Kd of 4 x 10-14M, or 0.4fM, the 

biotin-streptavidin system has a higher binding strength than the average antigen-

antibody system, which has a Kd 10-7M to 10-11M.  Breaking this bond can only be 

achieved with harsh treatments or environmental temperatures in excess of 70ºC [105]. 

With its robust nature and virtually unbreakable bond, the biotin-streptavidin binding 

scheme has been well studied in applications of nanoparticle linkers [106-110].  In these 

studies the biotin-streptavidin linkage was utilized to link biotinylated bR with 

streptavidin coated quantum dots, as shown in Figure 78.  The estimated bR retinal/QD 

separation distance due to this bond is ~8.5nm, assuming the streptavidin dimension of 

5nm [118], negligible biotin dimensions, QD shell thickness of 1.0nm, and retinal 

location in the center of bR, 2.0nm from the biotin/streptavidin bond. 

 

For this work, it was possible to biotinylate a single point on the bR molecule.  

Specifically this linkage occurs on the lysine 129 (K19) residue on the extracellular side 

of the protein when reacted at the proper pH [119].  It has also been shown that bR 

retains its functionality after biotin attachement [120] Thus, when streptavidin coated 

quantum dots were incorporated into the system, they attached to the available biotin 

molecules on the bR at a single point.  

 



 

Figure 78. Schematic of bR
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s added.  A total of 0.83mg of biotin (MW 556.58) 

was added to the tube and pipetted up and down to ensure the biotin was completely 
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dissolved.  This biotin concentration led to a 27:1 biotin:bR molar ratio in the final 

mixture. The tube containing the biotin solution was then vortexed and briefly 

microcentrifuged to collect droplets on the tube wall.   

 

At this point the biotin was ready to be added to the PM solution.  A total of 20µl of the 

biotin solution was pipetted into the prepared PM solution and mixed by pipetting up and 

down.  The mixed solution was briefly microcentrifuged to remove droplets and then the 

reaction was allowed to run for 1 hour at room temperature.  Following biotinylation the 

excess biotin was removed through a desalting column.  The biotinylated bR could be 

used immediately or stored at -80ºC for future studies. 

 

Utilizing a HABA/Avidin assay the amount of biotin attached to each bR molecule, on 

average, could be determined.  Although the avidin proteins are most strongly bound to 

biotin, they also have marginal binding affinity for other materials.  The HABA (4-

Hydroxyazobenzene-2carboxylic acid) dye is one such material.  Since HABA absorbs 

strongly in the 500nm wavelength region, its concentration in solution can be analyzed.  

In a HABA/avidin solution, when biotin is added it will compete for the avidin binding 

site and displace the HABA.  The amount of displaced HABA was then analyzed based 

on the change in A500nm and was correlated to the amount of biotin added to the system.  

The blue markers and trend line in Figure 79 represent the change in HABA A500nm at 

varying concentrations of added biotin.  Once the control baseline was determined, the 

biotinylated bR was added to a HABA/avidin solution and the change in HABA 

absorbance was quantitatively correlated to the amount of biotin present in the 

biotinylated bR solution.  The biotinylated bR test samples are represented by the red 

markers in Figure 79.  Based on the amount of bR added, this can be further correlated to 

the amount of biotin bound to each bR molecule, as displayed in Table 2. 

 

 



99 
 

 

Figure 79. HABA/avidin assay for quantifying biotinylation of bR molecules.  Blue squares are 

control baseline and red squares are the biotinylated bR samples. 

 

Table 2. Amount of biotins bound to bR based on HABA/avidin assay. 

Biotinylated bR Conc. 

(umole/ml) ∆Α∆Α∆Α∆Αbs.500nm    

Biotin Conc. 

(umole/ml) 

Biotin:bR  

Molar ratio 

1.15E-02 0.1626 4.78E-03 0.41 

1.35E-02 0.1843 5.42E-03 0.40 

 

 

Based on these results, there are 4 biotin molecules for every 10 bR molecules, or 

roughly 50% of the bR molecules are biotinylated.  This low biotin:bR ratio shows that 

the biotinylation procedure was likely successful at targeting the single lysine 129 residue 

on the bR molecule for biotin binding.  The ability to target a single biotin group on the 

bR molecule will have applications for selective orientation of the bR molecule towards 

the streptavidin. 
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Figure 80. bR

Utilizing the separation distance achieved through the biotin-streptavidin 

potential for FRET coupling between bR and QDs was tested in an aqueous 

For this study, 1µl of 2.5nmol/mL streptavidin coated quantum dots was suspended in 3 

/distilled water.  The fluorescence emission was initially measured using 

a SpexFluorolog spectroflourimeter.  The biotinylated bR was added to the diluted QDs 

in small increments and the quenching of the QD fluorescence was analyzed.  The 

incremental quenching of the streptavidin-coated QD emission upon additi

biotinylated bR is shown in Figure 80 and the reduction in QD peak emission is tracked 

versus bound bR amount in Figure 81.  The computed FRET efficiencies at each bR:QD 

molar ratio is displayed in Table 3. 
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Figure 81. Tracking of normalized 595nm streptavidin QD emission as ratio of bound biotinylated 

bR is increased. 

 

Table 3. FRET efficiency biotin-streptavidin linked bR-QD system at different molar ratios. 

bR:QD Molar Ratio FRET Efficiency 

0.27:1 2.47% 

2.7:1 8.83% 

28:1 21.93% 

56:1 29.87% 

84:1 31.71% 

 

 

It can be seen that upon addition of biotinylated bR to the streptavidin coated quantum 

dots, the intensity of the quantum dot emission monotonically decreased.  The quenching 

of QD emission was saturated when approximately 84 bR molecules were present in the 
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FRET efficiency for this system, with a separation distance of 8.5 nm, was 31.71%.  This 

implies that the QD was only emitting 68.29% of its normal photons, while the other 

31.71% of its energy was being transferred to the bR molecule through resonance and 

photon absorption.  This correlated closely with a theoretical FRET efficiency value of 

32.80% for this separation distance, obtained from eq. (1)-(3). 

 

From this study, a large number of bR molecules were necessary to reach the FRET 

maximum.  It is expected that this large number of bR molecules was due to the relatively 

large size of the PM fragments.  With PM having an average diameter of 470nm, it may 

have the tendency to fold upon itself.  This will trap many of the bR molecules within the 

folds and make them inaccessible to the quantum dots.  Therefore a majority of the bR 

molecules present in this system were probably not involved in the FRET process.  The 

steric hinderance produced by the large PM fragments might have also hindered the 

approach of QDs to the biotinylated bR molecules.  

 

6.2.2 Zero-Length EDC for bR-QD Linkage 

 

To achieve extremely close bR-QD separation distances, a zero-space cross-linker called 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was used.  The 

EDC molecule is a water soluble carbodiimide that functions to form an amide linkage 

between a functional carboxyl and amine group [121].  It is composed of C8H17N3 * HCl 

and has a molecular weight of 191.7g/mol.  The chemical mechanisms leading to the 

amide linkage formation is shown in Figure 82. 

 

In Figure 82, the ‘1’ represents carboxyl functionalized QDs purchased from Invitrogen 

(Q21331MP) and ‘2’ represents the bR molecule for this work.  It is shown that the EDC 

cross-linker will form a stable amide bond between the QD carboxyl group and a non-

specific bR amine group.  The amide bond is a ‘zero-length’ linker, allowing for the 

closest possible proximity between the bR molecule and QD nanoparticle.  To prevent 

immediate hydrolization of the EDC intermediate, N-hydroxysulfosuccinimide (sulfo-



 

NHS) was also implemented to convert the EDC

reactive sulfo-NHS ester 

and ultimate creates more QD

molecular weight of 217.13g/mol and a chemical structure of C

product of an EDC-linked bR

 

Figure 82. Schematic of EDC cross

Permission received from the 

Figure 83. Schematic of bR

NHS) was also implemented to convert the EDC-reacted carboxyl into a stable amine

NHS ester [122].  This allows for a less-time dependant linkage reaction 

and ultimate creates more QD-bR amide linkages.  The sulfo-NHS molecule has a 

molecular weight of 217.13g/mol and a chemical structure of C4H4NNaO

linked bR-QD system is illustrated in Figure 83. 

. Schematic of EDC cross-linking mechanism (image courtesy of Pierce Technologies)

received from the Thermo Fisher Scientific and can be found in Appendix A.

 

. Schematic of bR-QD linkage via an EDC binding scheme.
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104 
 

To efficiently create a QD-bR linkage utilizing an EDC cross-linker, the following 

procedure was followed to create a 40:1 bR:QD ratio.  Initially, 25uL of Invitrogen ITK 

Carbolxyl QD (8 nmol/L stock) was added to 60uL 2-N-morpholino ethanesulfonic acid 

(MES) buffer solution.  The MES buffer was prepared to 0.1M MES, 0.5M NaCl at pH 

5.0.  Care was taken to choose a buffer that would allow for low pH stability along with 

remaining un-reactive to the EDC molecule.  In a separate vial 3mg sulfo-NHS was 

added to 0.5mL MES buffer solution, followed by the addition of 1mg EDC.  Once 

mixed, 25uL of the EDC/sulfo-NHS solution was added to carboxyl QDs to create amine-

reactive carboxyl groups.  This step was reacted for 15 minutes and was ultimately 

quenched by the addition of 0.2uL of 2-mercaptoethnol to quench any un-reacted EDC.  

The non-reacted material was removed via a desalting spin column and the MES buffer 

was exchanged for a 50mM borate buffer, pH 8.3. 

The amine-reactive QDs were split into three equal volumes to perform three separate 

reactions.  In this protocol three linkage reactions was performed with PM, bR 

monomers, and maltose binding protein, for reference.  In each vial, 2.9nmoles of desired 

protein, also suspended in 50mM borate buffer pH 8.3, was added to the QDs.  This 

created an approximate 40:1 ratio of protein:QDs.  The protein was mixed with the EDC 

functionalized QDs for 2 hours at room temperature to allow for maximal amide linkage 

formation.  The un-reacted amine-reactive groups are quenched by the addition of 2uL 

hydroxylamine, which provided an excess of amines for binding.  Finally, the reacted 

solution was filtered through a desalting spin column to remove the quenching agent.  

Care was taken to fully remove the hydroxylamine as previous work has shown this 

chemicals ability to cleave the bR retinal from the Schiff base, ultimately creating an 

apoprotein [123]. 

Utilizing the EDC linkage scheme to ensure QD-bR proximity, the energy coupling 

relationship between QDs and bR in the PM fragment form was analyzed.  The QD 

quenching effects of the bR retinal in the PM fragment form is shown in Figure 84.  The 

time progression of the QD quenching over the course of the EDC linkage step is 

displayed in Figure 85.  



 

 

Figure 84. QD quenching effects of the bR retinal (bR in PM patch form) when linked to a CdSe/ZnS 

QD via EDC cross-linker. 
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The QD quenching phenomena shown in Figure 84 demonstrates energy transfer to the 

bR retinal from the excited CdSe QD.  In the inset of Figure 84, a schematic of the ‘zero-

length’ EDC linker is represented, showing the ability to bring the QD and bR molecule 

(40:1 bR:QD molar ratio) into a constant ~3.5nm separation distance.  In addition Figure 

85 suggests that the majority of the bR-QD amide linkages were formed within 30 

minutes of EDC linkage initiation. 

 

With the achieved bR-QD separation distance, a 49% reduction in QD emission is 

observed when linked to bR in the purple membrane patch form, which is due to both 

photonic (photon absorption) and non-photonic energy transfer (FRET) events.  The 

observed 49% of energy transfer is far less than the predicted value at the set separation 

distance, which is again due to bR being applied in its native PM patch form.  The PM 

patch containing the bR and its associated lipids can be considered a macro-molecule, 

with a diameter of ~470nm that will fold and conform to its lowest energy state in the 

aqueous solution.  The folding of this macro-molecule will result in many bR molecules 

being inaccessible to the QDs, ultimately inhibiting the number of bR molecules a single 

QD can couple with, thus reducing FRET efficiency.   

 

 

6.3 AQUEOUS BR-QD FRET WITH BR MO�OMERS 

 

To reduce the fragment size of the PM patches, the use of a detergent to solubilize bR 

monomers was used.  Specifically, the detergent octyl-β-D-glucoside (OG) was used.  

The addition of OG above its critical micelle concentration (CMC) of 25mM will allow 

the OG to penetrate and remove the PM lipid layer and form hydrophilic micelles with 

bR monomers [38].  Over time, on the order of a day or more, the presence of OG will 

denature bR. 
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6.3.1 bR Monomer Preparation 

 

The first step was to optimize the concentration of OG added to the PM solution and the 

amount of mixture time to provide the highest degree of protein solubilization while 

minimizing bR denaturation.  In Figure 86, the degree of bR solubilization over the 

course of 24 hours, for several different OG concentrations, is shown.  Simultaneous 

measurements to determine the extent of bR denaturation throughout this study are 

shown.  The optimal 280nm-570nm absorption peak ratio for bR is 2, any value higher 

than 2 implies that some of the bR molecules have denatured and are no longer funtional. 

 

 

Figure 86.  bR solubilzation vs. OG concentration over 24 hour duration. 
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Figure 87. Degree of bR denaturation vs OG concentration over 24 hour duration 
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Figure 89. Degree of bR denaturation vs. 70mM OG pH over 24 hour duration 

 

 Upon analysis of the results shown in Figure 87, it appears that the optimal OG 

concentration ranged between 60mM and 80mM.  These values gave the highest degree 

of bR solubilization with relatively low bR denaturation.  The results also show that the 

optimal length of time to solubilize the PM ranges between 6 and 12 hours.  Using an OG 

concentration of 70mM, the pH of the OG solution was studied.  The results for bR 

solubilzation and denaturation with 70mM OG over a range of pH values is shown in 

Figure 88 and Figure 89, respectively.  From the studies with 70mM OG, it was found 

that the optimal pH was 6.9 to relatively maximize solubilization with minimal bR 

denaturation.   
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the solution through a sepharose 2B column

biotinylated/solublized bR monomer was combined with 

600nm emission Evifluor quantum dots at 

ratio.  The degree of FRET quenching resulting

monomer:QD is displayed in

(QD only emission) for ease of comparison. 

shown in Table 4. 

 

Figure 90. FRET quenching of various QD:bR

the solution through a sepharose 2B column that was equilibrated with 70mM OG.  The 

biotinylated/solublized bR monomer was combined with 2.5nmol/mL streptavidin

600nm emission Evifluor quantum dots at varying volumes to create the desired bR:QD 

ratio.  The degree of FRET quenching resulting from the different ratios of bR 

monomer:QD is displayed in Figure 90.  These results were normalized to the 

for ease of comparison. The calculated FRET quenching values are 

. FRET quenching of various QD:bR monomer ratios, linked via biotin
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Figure 91. Tracking of normalized 595nm streptavidin QD emission as ratio of bound biotinylated 

bR is increased. 

 

Table 4. FRET efficiency for varying QD:bR monomer ratios 

bR:QD Molar Ratio FRET Efficiency 

2:1 49.31% 

15:1 39.36% 

25:1 36.10% 

100:1 28.64% 

 

These results imply that lowering the bR:QD ratio increases the degree of FRET coupling 

between the bR molecule and QD.  These phenomena could have been potentially due to 

a closer bR/QD separation distance with decreased competition for the streptavadin sites.  

As shown in Figure 92, the results QD quenching characteristics of bR in its monomeric 

and PM fragment forms vary. 
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Figure 92. Comparison of QD quenching phenomena when linked via a biotin-streptavidin linkage to 

bR in both the PM fragment (red square) and bR monomer (blue diamond) forms. 

 

At lower bR:QD ratios, bR in its monomeric form has a substantially higher FRET 

coupling efficiency than when bR is in its PM fragment form.  As previously mentioned 

this is likely due to the steric hindrances of the larger PM fragment, ultimately hindering 

the accessibility of the present bR molecules.  It is also evident from Figure 92 that the 

behavior of QD quenching versus bR:QD ratio varies between the monomeric and PM 

fragment forms.  As the bR in PM fragment form induces an increasing degree of QD 

quenching in conjunction with elevated bR levels, elevated bR monomer levels actually 

leads to a decrease in FRET coupling efficiency.  Possible explanation for these 

phenomena could be that increased competition of bR monomers for the streptavidin at 

high ratios would alter the bR-QD separation distance or that the high concentrations 

actually induce a relipidation of the bR monomers back into the PM fragment form. 
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6.3.2 Zero-Length EDC for bR 

Likewise with the aforementioned biotin

were prepared by mixing 1.5mg of PM in 70mM OG solution of pH 6.9 for 

approximately 12 hours.  The QDs were modified 

40:1 ratio using the EDC linkage protocol previously described.  

Utilizing the EDC linkage scheme to ensure QD

relationship between QDs and bR monomers was analyzed.  The QD quenching effects of 

the bR retinal is shown in 

course of the EDC linkage step is displayed in 

 

Figure 93. Progression of QD quenching during EDC linkage to bR monomers.  Maximum FRET 

Efficiency of a coupled QD/bR monomer system is 88.2%.

Length EDC for bR Monomer-QD Linkage 

Likewise with the aforementioned biotin-streptavidin linkage study, the bR monomers 

were prepared by mixing 1.5mg of PM in 70mM OG solution of pH 6.9 for 

approximately 12 hours.  The QDs were modified and linked to the bR monomers at a 

40:1 ratio using the EDC linkage protocol previously described.   

Utilizing the EDC linkage scheme to ensure QD-bR proximity, the energy coupling 

relationship between QDs and bR monomers was analyzed.  The QD quenching effects of 

the bR retinal is shown in Figure 93.  The time progression of the QD quenching over the 

course of the EDC linkage step is displayed in Figure 94. 

Progression of QD quenching during EDC linkage to bR monomers.  Maximum FRET 

Efficiency of a coupled QD/bR monomer system is 88.2%. 
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Progression of QD quenching during EDC linkage to bR monomers.  Maximum FRET 
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Figure 94. Time progression of QD quenching via EDC linkage reaction with bR monomers. 

 

The QD quenching phenomena shown in Figure 93 demonstrates energy transfer to the 

bR retinal from the excited CdSe QD.  In the inset of Figure 93, a schematic of the ‘zero-

length’ EDC linker is represented, showing the ability to bring the QD and bR molecule 

(40:1 bR:QD molar ratio) into a constant ~3.5nm separation distance.  In addition Figure 

94 suggests that the majority of the bR-QD amide linkages are formed within 15-20 

minutes of EDC linkage initiation. 

 

With the achieved bR-QD separation distance a 88% reduction in QD emission was 

observed when linked to the bR monomer, which was due to both photonic (photon 

absorption) and non-photonic energy transfer (FRET) events.  The observed 88% of 

energy transfer was close the predicted value at the set separation distance.  Theoretical 

calculations on a bR-QD energy coupled system at this separation distance predicts near 

complete energy transfer, which would be difficult to obtain in experimental conditions 

due to the requirement of complete binding of every molecule.  
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A comparison of the two different forms of bR when EDC linked to QDs is shown in 

Figure 95.  This demonstrates the draw

associated steric hindrance can be overcome with bR monomers.  

EDC linkage of QDs to bR in the PM patch form, a 39% increase in QD quenching is 

observed with bR monomers at the same molar ratio.  

bR molecules can access

quantity of bR retinals in FRET coupling proximity to the QDs.  

 

Figure 95. Comparison of QD quenching effects from EDC linked PM fragments and bR monomers.  

Maximum FRET Efficiency of a coupled

system yield 88.2% FRET efficiency

e two different forms of bR when EDC linked to QDs is shown in 

demonstrates the draw-backs of using large PM patches and 

hindrance can be overcome with bR monomers.  When compared to the 

EDC linkage of QDs to bR in the PM patch form, a 39% increase in QD quenching is 

observed with bR monomers at the same molar ratio.  In its monomeric form more of the 

bR molecules can access and bind to the functionalized QDs and thus 

quantity of bR retinals in FRET coupling proximity to the QDs.   

Comparison of QD quenching effects from EDC linked PM fragments and bR monomers.  

Maximum FRET Efficiency of a coupled QD/PM fragment system is 49.1% while a

FRET efficiency.  Inset displays FRET coupling vs. EDC linkage r
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e two different forms of bR when EDC linked to QDs is shown in 

of using large PM patches and that it’s 

When compared to the 

EDC linkage of QDs to bR in the PM patch form, a 39% increase in QD quenching is 

In its monomeric form more of the 

and bind to the functionalized QDs and thus put a greater 

 

Comparison of QD quenching effects from EDC linked PM fragments and bR monomers.  

QD/PM fragment system is 49.1% while a QD/bR monomer 

Inset displays FRET coupling vs. EDC linkage reaction time. 
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The inset of Figure 95 compares the degree of QD quenching achieved during the 

progression of EDC binding for bR monomers and bR in the PM fragment form.  This 

comparison reveals several differences between utilizing bR monomers and PM 

fragments in a QD coupled system.  First it can be noted that the bR monomers became 

linked and began quenching the QD emission much quicker than the PM fragments.  

Within 1 minute of EDC linkage initiation, the bR monomers FRET couple with the QDs 

at an efficiency of 27.5%, compared to a slight increase in QD emission when the PM 

fragment linkage had been initiated for 1 minute.  An increase in QD emission has been 

previously witnessed when in close proximity to a biomolecule with which it is not FRET 

coupling [124].  Additionally a maximal FRET coupling relationship was achieved within 

15-20 minutes with bR monomers, compared to approximate maximum occurring after 

30 minutes with the PM fragments.  After this time point the FRET coupling relationship 

between EDC linked QDs and bR monomers remained fairly constant, whereas a gradual 

increase in the EDC linked QD-PM fragment system was seen.  The gradual increase in 

coupling efficiency with PM fragments was due to the steric hindrance and accessibility 

to bR in this macromolecule.  Over extended time, some of the relatively inaccessible bR 

molecules can be linked to the QD in enhance the FRET coupling relationship. 

 

To further clarify the importance of proximity between the QD core and bR retinal, the 

coupling efficiency of the biotin-streptavidin and EDC linked systems are shown in 

Figure 96.  It is noted that the EDC linkage was performed with 565nm emission 

carboxyl coated CdSe/ZnS QDs, while the biotin-streptavidin linkages were performed 

with 595nm emission streptavidin coated CdSe/ZnS QDs.  Minimal differences were seen 

in bR-QD FRET coupling efficiencies for these two different QDs, as shown in Table 5. 
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Figure 96. Comparison of EDC and Biotin-Streptavidin linkages of QD to bR, in both PM patch and 

monomer form. 

 

Table 5. Comparison of theoretical FRET efficiency of 565nm and 595nm emission QDs linked to bR. 

FRET Efficiency (E) 

565nm QD 595nm QD 

3.5nm 99.07% 99.01% 

8.5nm 34.17% 32.79% 
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It can be seen in Figure 96 that a reduction in separation distance between the QD core 

and bR retinal resulted in measurable increases in the bR-QD FRET coupling 

relationship.  Theoretical calculations confirm minimal alteration in FRET efficiency 

between 565nm and 595nm emission QDs, thus the differences in QD emission were 

isolated to the separation distance.  A comparison of bR-QD FRET efficiency versus 

separation distance is shown in Table 6. 

 

Table 6. Comparison of experimental bR-QD FRET efficiency based on separation distance. 

FRET Efficiency (E) 

PM bR monomer 

3.5nm 49% 88% 

8.5nm 32% 49% 

 

 

For both the PM fragments and bR monomers, a closer proximity to the QD core 

achieved a greater degree of FRET coupling.  Specifically for the PM fragment, lowering 

the separation distance from 8.5nm to 3.5nm increased the FRET efficiency by 17%, 

while in the case of bR monomers the FRET efficiency was increased by 39%.  A larger 

magnitude adjust to FRET efficiency is seen in the bR monomer system, which more 

closely resembles the change expected from the theoretical model.  Additionally it is 

possible that more binding spots were available on the carboxyl-coated QDs, used for the 

3.5nm separation, relative to the streptavidin-coated QDs, used for the 8.5nm separation.  

This factor would be less apparent with the PM fragments since the effects of steric 

hindrance would likely be the limiting factor controlling the amount of bR binding to the 

QDs. 
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6.4 QD LIFETIME DECAY A�ALYSIS WITH EDC-LI�KED BR-QD PAIRS 

 

To conclude that a FRET coupling relationship between the QD core and bR retinal is the 

primary cause of QD emission reduction, as opposed to other absorptive or concentration 

effects, the excited state lifetime of the QD was analyzed.  Lifetime decay works by 

exciting the QDs with a sub-nanosecond laser pulse to excite the electrons to their excited 

state.  As these excited electrons relax to the valence band, they release energy in the 

form of a photon.  A single photon counting spectrometer was used in line with the 

excited QDs to monitor the time progression of photon release following laser excitation.  

This allwed the rate at which each excited QD electron relaxes back to its original state to 

be monitored.  The amount of time it takes for the QD emission to reach 1/e (36.79%) of 

its initial emission is termed the QD excited state lifetime. 

 

In a FRET coupled system the number of QD electrons available to produce photons will 

be diminished.  This is due to a portion of the excited QD electrons tunneling to the 

acceptor molecule’s conduction band, as illustrated for a bR-QD FRET coupled system in 

Figure 97.  Thus when normalized to the QD control, a FRET coupled QD system would 

have the same initial emission peak, but would reach its 1/e emission sooner.  This is due 

to a portion of the photon-producing excited electrons being transferred to the 

overlapping energy band in the acceptor molecule, thus reducing the amount of QD 

photons released over time and ultimately reducing the QD excited state lifetime.  

Normal photon absorptive effects have no effect on the QD lifetime since it would reduce 

the photon count equally over the entire timescan and not affect the rate.  Thus utilizing 

the excited state lifetime technique for a bR-QD system allows the energy transfer 

relationship to be isolated from other quenching phenomenon and concentration effects.   

 

The setup where this work was performed is located at the Army Research Laboratory-

Adelphi, supervised by Dr. Gregory Garret.  The pump laser was an optical parametric 

amplifier (OPA) pumped by a 250kHz regenerative amplified Ti:Sapphire laser. The 

pulses were doubled using a nonlinear crystal [63] to give ~10 fs pulses at 375nm. The 



 

laser was focused to a spot size of ~

35.6µJ/cm2, not accounting

approximated to an optical power of 175

dispersed using a Triax 320 

of the collected signal of 

approximately 20 nm. 

 

Figure 97. Jablonski diagram showing FRET b

arrow shows QD absorption, yellow arrow shows vibrational relaxation, red solid arrow shows 

fluorescence.  Blue arrow shows non

biomolecule.   

 

The fluorescence lifetimes were measured at 

monitored the electron transfer characteristics of the QD control and QD when bR (in PM 

fragment form) was directly linked via a zero

as focused to a spot size of ~ µm diameter, which provided incident fluenc

, not accounting for losses due to the quartz cuvette. Th

approximated to an optical power of 175uW.  The collected photoluminescence was 

using a Triax 320 spectrometer using a 300 groove/mm grating. The bandwidth 

of the time correlated single photon counting (TCSPC

Jablonski diagram showing FRET between a donor and an acceptor molecule.

arrow shows QD absorption, yellow arrow shows vibrational relaxation, red solid arrow shows 

fluorescence.  Blue arrow shows non-radiative energy transfer from the donor QD to acceptor 

The fluorescence lifetimes were measured at the QD emission maxima of 565nm and 

monitored the electron transfer characteristics of the QD control and QD when bR (in PM 

fragment form) was directly linked via a zero-length EDC linker.  For a control
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incident fluence of 

cuvette. This laser energy 

photoluminescence was 

groove/mm grating. The bandwidth 

TCSPC) data was 

 

molecule. The purple 

arrow shows QD absorption, yellow arrow shows vibrational relaxation, red solid arrow shows 

radiative energy transfer from the donor QD to acceptor 

the QD emission maxima of 565nm and 

monitored the electron transfer characteristics of the QD control and QD when bR (in PM 

length EDC linker.  For a control, the 
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carboxyl QDs were run through the EDC linkage protocol without adding any bR for 

binding.  The excited state lifetime of the control QDs is displayed in Figure 98.  Plotting 

the QD intensity on a log-scale should provide a linear curve, unless multiple QD 

lifetimes are present in the system.  In addition the control QD lifetime intensity is plotted 

on a linear-scale, as displayed in Figure 99.  Likewise the QD excited state lifetime of a 

QD-bR (PM patch form) pair linked via EDC are displayed in log and linear forms in 

Figure 100 and Figure 101, respectively.  

 

 

Figure 98.  QD excited state lifetime decay of carboxyl QD control with intensity in log-scale. 
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Figure 99. Excited state lifetime decay of QD control.  Dashed lines mark the 1/e intensity location. 

 

 

Figure 100. QD excited state lifetime decay of an EDC linked PM-QD system with intensity in log-

scale. 

0

2,500

5,000

7,500

10,000

0 10 20 30 40 50

In
te

n
s
it

y
 (

c
o

u
n

ts
)

Time (ns)

QD Control

τ = 13.9ns 



123 
 

 

Figure 101. Excited state lifetime decay of EDC linked QD-bR (PM patch form).  Dashed lines mark 

the 1/e intensity location. 

 

In the excited state lifetime analysis of the QD control, as displayed in Figure 98, it can 

be noted that the decay rate on a log (intensity) scale is not perfectly linear.  This implies 

that the QD control has multiple decay lifetimes.  The lifetime computation from the data 

confirms this, revealing a bi-exponential decay with lifetimes of τ1=13.93ns and 

τ2=34.60ns.  The magnitude of lifetime contribution varied, however, with τ1 contributing 

73% of the lifetime component and τ2 with 27%.  Applying a weighted-average to the 

two lifetime components yields a QD control lifetime of 19.51ns. 

 

The excited state lifetime analysis of the EDC linked QD-br (PM patch form) is displayed 

in Figure 100 and, likewise, has a bi-exponential decay rate.  The lifetime computation 

from the data reveals lifetimes of τ1=11.58ns and τ2=27.41ns.  The magnitude of lifetime 

contribution varied, however, with τ1 contributing 59% of the lifetime component and τ2 

with 41%.  Applying a weighted-average to the two lifetime components yields a QD 

control lifetime of 18.07ns. 
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Figure 99 and Figure 101 show the excited state decay in linear intensity units for the QD 

control and QD-PM patch, respectively.  Analysis of the QD excited state decay rate at 

1/e intensity reveals lifetimes similar to the first lifetime component computed above.  

These lifetimes were determined to be 13.90ns for the QD control and 11.60ns for the 

EDC linked QD-PM system.  The excited state studies showed a definitive decrease in 

QD lifetime when bound in close proximity to the bR molecule.  This data suggests that 

the second lifetime component apparent in each bi-exponential decay rate had a smaller 

effect, and could be due to molecular configuration changes of the bR during the 

experiment which could ultimately alter the separation distance between the bR retinal 

and QD core.  It is possible that the non-photonic energy received by the bR retinal 

induced the proton pumping action.  The changes in bR conformation due to proton 

pumping could have been a source of the increased secondary lifetime component, as the 

change in configuration would alter the FRET coupling relationship [84].  Therefore the 

initial lifetime recorded was considered the primary lifetime decay rate for this system.  

Specifically the results suggest that binding a bR molecule, in its PM patch form, within 

3-4nm of the QD results in a 2.44ns decrease in QD lifetime due to electron transfer to 

the bR molecule.   

 

As with previous QD FRET coupling studies with PM, it is suggested that the large 

macromolecular form of the PM fragment inhibits adequate bR-QD linkage formation 

and ultimately reduces the degree of FRET coupling.  To circumvent the potential FRET 

issues associated with PM fragments, the fragments were delipidated to attain bR 

monomers.  The process for preparing a QD-bR monomer coupled system with an EDC 

linker was described in previous sections. 

 

The fluorescence lifetimes of the QD-bR monomer system were measured at the QD 

emission maxima of 565nm.  The excited state lifetime of this system is displayed in 

Figure 102 and is additionally plotted in linear scale in Figure 103.  To give an overall 

excited state lifetime comparison, the QD control, QD-PM patch, and QD-bR monomer 

systems are plotted together in Figure 104 and Figure 105.  

 



 

Figure 102. Excited state lifetime decay of 565nm QD emission in a QD

system. 

Figure 103. QD excited state lifetime of a QD

scale. 

. Excited state lifetime decay of 565nm QD emission in a QD-bR monomer EDC linked 

QD excited state lifetime of a QD-bR monomer EDC linked system plotted on a linear 

τ = 5.6ns 
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bR monomer EDC linked 

 

bR monomer EDC linked system plotted on a linear 



 

Figure 104. Overall QD excited state lifetime comparison, with the QD control (yellow), QD

patch (light blue), and QD-bR monomer (green

 

Figure 105.  QD lifetime decay when linked 

form (τ=5.61ns) compared to the QD only control (τ=13.93

state lifetime decay data with intensity (counts) in Log

. Overall QD excited state lifetime comparison, with the QD control (yellow), QD

bR monomer (green) pairs linked with EDC. 

.  QD lifetime decay when linked to bR in PM patch form (τ=11.58ns) and bR monomer 

to the QD only control (τ=13.93ns).  Inset displays identical QD excited 

lifetime decay data with intensity (counts) in Log-scale. 
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. Overall QD excited state lifetime comparison, with the QD control (yellow), QD-PM 

 

to bR in PM patch form (τ=11.58ns) and bR monomer 

ns).  Inset displays identical QD excited 
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In the excited state lifetime analysis of the QD control, as displayed in Figure 102, it was 

noted that the decay rate on a log (intensity) scale was not perfectly linear.  This implies 

that the EDC-linked QD-bR monomer hybrid has multiple decay lifetimes.  The lifetime 

computation from the data confirms this, revealing a bi-exponential decay with lifetimes 

of τ1=5.61ns and τ2=22.39ns.  The magnitude of lifetime contribution varied, however, 

with τ1 contributing 42% of the lifetime component and τ2 with 58%.  Applying a 

weighted-average to the two lifetime components yields a QD control lifetime of 15.34ns. 

This data again suggests molecular configuration changes of the bR during the 

experiment which could ultimately alter the separation distance between the bR retinal 

and QD core.  Analysis of the QD excited state decay rate at 1/e intensity in Figure 103 

reveals a lifetime decay rate similar to the first lifetime component computed above of 

5.61ns.   

 

The overall comparison of the excited state lifetimes of the three tested systems in Figure 

104 distinctly shows the high degree of electron transfer in the QD-bR monomer system.  

This distinction is more evident on the linear scale, as shown in Figure 105.  The excited 

state studies show a definitive decrease in QD lifetime when bound in close proximity to 

the bR molecule in both the PM patch and bR monomer form.  Specifically a lifetime 

decay rate decrease of 16.9% and 59.7% was seen compared to QD control for the PM 

patch and bR monomer systems, respectively. 

 

The ability to form a FRET coupling relationship between the bR retinal and the QD core 

has a variety of applications ranging from biocomputing to photovoltaics.  In the case of 

biocomputing, groups have studied the utility of bR’s different conformation/absorption 

states to serve as a logic circuit with picosecond response time [125, 126].  The direct 

electron transfer in a bR-QD FRET coupled system allows the QD absorption band to 

become directly coupled to the bR conformational states.  This ultimately increases the 

optical range and the discernability of logic states for each bR molecules, expanding its 

applicability in biocomputing.  For solar cell applications the capability enhancement 

again comes from the expanded energy absorption range provided by the QDs, except in 

this setup the transferred energy will provide more activation energy for the bR proton 
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pumping cycle.  Current work has demonstrated the superior capabilities of bR as a solar 

cells with its natural absorption spectra [32, 127], thus the ability to expand bRs solar 

capture spectrum via the QD absorption band has the potential to greatly enhance bRs 

photoconversion efficiency. 

 

For the proposed biosensing system, a bR-QD FRET coupling relationship provides a 

generic substrate with potential for extreme target sensitivity.  Since the FRET coupling 

efficiency is directly dependent upon separation distance, a sudden change in this 

separation distance will alter the energy transfer relationship and QD photonic output.  

With the bR photovoltaic output directly dependent upon the energy received from the 

QD, either photonically or non-photonically, an instantaneous adjustment to the bR 

output will be seen with any alteration to the bR-QD FRET coupling relationship.  This is 

particularly true if the bR-QD separation distance is in the Forster radius region of 

7.62nm, since this region displays the largest variability in FRET with sub-nanometer 

distance changes.  The integration of a target-specific ligand around the QD or in 

between the bR and QD layers could provide sufficient alteration to the bR-QD FRET 

coupling relationship upon target binding to alter the bR photovoltaic output, and thus 

give the biosensing capability. 

 

 

6.5 DRY FILM BR-QD FRET 

 

Previous work has demonstrated that fluorescence resonance energy transfer coupling can 

be achieved between quantum dots and bacteriorhodopsin in a liquid suspension.  For 

sensor development, however, it is necessary to control the degree of FRET coupling 

between bR and QDs in a dried state.   

 

Using fluorescence microscopy techniques, the phenomena of QD quenching when dried 

on top of a bR film was imaged.  In Figure 106, it can be seen that the dried QDs on top 

of the bR (upper left) have a fluorescence emission far less than the dried QDs on the 



129 
 

glass slide (lower right).  It is believed that the reduction in fluorescence emission is due 

to FRET coupling between the dried QDs and bR film. 

 

 

Figure 106. Fluorescence emission image of dried QD layers on top of bR film and glass 

 

To quantify the degree of FRET coupling when QDs are deposited and dried directly on 

top of dried bR, the dry sample plate reader on the Hitachi F-7000 spectrofluorimeter was 

used.  Additionally, since one potential bR electrode design involves sputtering a 5nm 

layer of gold on top of the bR to serve as the counter-electrode, the FRET coupling of a 

gold substrate with QDs was also evaluated. 

 

For this study the quenching effects of four different substrates was analyzed: 

• Blank Glass Slide (“Glass”) - Control 

• Glass slide with 5nm thick gold sputtered on top (“Glass – Gold”) 

• Glass slide with 25µL of 5mg/mL dried bR on top (“Glass – bR”) 

• Glass slide with 25µL of bR (5mg/mL) and 5nm thick gold sputtered on top of the 

bR (“Glass – bR – Gold”) 

Dried QD Layer on bR 

Dried QD Layer on Glass 
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The wavelength of interest is ~570nm since this is approximately the peak emission for 

the Evident CdSe Core QDs used in this study.  For a baseline, the fluorescent emission 

of the substrates before the addition of QDs was obtained.  A total of 0.5µL of 

44.63nmol/ml CdSe QD’s suspended in toluene was deposited in the center of each 

sample, yielding a total deposition of 2.23x1012 QDs. The estimated 2mm spot size of 

deposited QDs should create a film approximately 28 QD layers thick.  The fluorescent 

emission of the sample was analyzed once the QDs had dried on the substrate for 5 

minutes at room temperature.   The fluorescent emission from the QDs when dried on 

each substrate is shown in Figure 107.  These results were normalized with respect to 

their background noise without QDs present. 

 

The results shown in Figure 107 were analyzed assuming that no QD quenching was 

present on the blank glass slide with deposited QDs, thus the control study.  With respect 

to the control, all the substrates displayed QD quenching to some degree.  The degree of 

QD quenching and the maximum peaks for each substrate are listed in Table 7. 

 

Figure 107. QD emission vs. wavelength on varying substrates 
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Table 7. Peak emission and QD quenching levels vs. substrate 

Substrate 

Peak Wavelength 

(nm) 

Peak Emission 

(nm) FRET Efficiency (E) 

Control (Glass) 570 655.4 0 

Glass - Gold 571 606.2 7.51% 

Glass - bR 572 138.7 78.84% 

Glass - bR - Gold 570 530.1 19.12% 

 

 

The initial results suggest that there was a slight degree of QD quenching associated with 

the 5nm gold layer.  The highest degree of FRET quenching was seen when the QDs 

were deposited directly on top of the bR film.  This was expected due to the high degree 

of overlap between the QD emission and the bR absorption.  The direct contact between 

the QDs and bR resulted in a 78.84% reduction in QD emission.  The emission from the 

QDs was not completely quenched due to the fact that there was not just a single 

monolayer of QDs on top of the bR film, but several layers.  Therefore the QD layers in 

close contact with the bR might have been undergoing a high degree of FRET, while the 

top-most QD layers were less affected.  It was also noted that the fluorescent emission of 

the samples once the QDs were dried on top varied over time, as is shown in the 15 

minute time-scan of 570nm emission shown in Figure 108.   
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Figure 108. Timescan of 570nm QD emission vs. time on varying substrates 

 

From the time-scan it can be noted that, in general, the fluorescence intensity of the QD 

increases over time until it gradually levels off.  The increase in fluorescence emission 

was likely due to a phenomenon known as photo-annealing.  The photo-annealing effect 

has been shown to correct discontinuities in the QD and increase optical output.  

According to the literature, another process is also occurring simultaneously.  The QDs 

used in this study were CdSe colloidal semiconductors.  There wasn’t a protective 

coating, such as ZnS or a polymer, to protect the dot from the environment.  Therefore 

oxidation of the dot will eventually result in a blue-shift in the emission and eliminate the 

output all together.  In the current study, however, there are multiple layers of dried QDs 

on the substrate and the inner layers might have been shielded from this destructive 

effect.  From Figure 108 it appears that the QDs on a glass substrate experienced a 

greater degree of oxidation due to the sharp initial decrease in emission prior to the 

photo-annealing effect.   

To reduce the thickness of the QD films and to further clarify FRET coupling in dried 

bR-QD films, experiments were conducted with reduced amounts of QDs in addition to 

using bleached bR as a substrate.  The bleached form of bacteriorhodopsin is where the 

retinal has been removed.  With the removal of the retinal, the technical name of the 

protein then becomes bacterioopsin (bO).  The retinal is responsible for the light 
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absorption around 570nm and the proton pumping cycle, therefore without the retinal all 

functional properties of bR are lost.  Additionally when bR serves as an acceptor in 

FRET, the retinal is where the donor’s energy is transferred.  Therefore the BO protein 

should be unable to participate in the FRET process. 

 

One method to remove the bR retinal is through continuous illumination with high 

intensity light.  Depending on the light intensity, the bleaching process can take several 

days.  To increase the speed of this process, the pH of the PM solution can be increased 

and hydroxylamine can be added.  For these studies a 10mg/ml PM solution was used.  

Hydroxylamine (MW 69.5) was added to the solution at 0.3M and the pH was increased 

to 7.5.  The solution was then subjected to continuous high intensity light illumination at 

500mW/cm2.  Measuring the amount of bleaching using the Nanodrop spectrometer 

revealed that a high degree of bleaching was achieved in less than 24 hours as shown in 

Table 8.  Upon reaching the desired level of bleaching, the PM solution was pelleted at 

40,000X and washed multiple times with ddI water to remove any residual 

hudroxylamine. 

 

Table 8. Magnitude of bR bleaching with hydroxylamine and light illumination over time. 

Time (hours) Bleaching (%) 

0 0.57% 

0.5 9.62% 

1 25.33% 

18 78.00% 

 

 

The experimental setup compared the dried film fluorescence emission of each of these 

types of QDs on top of a control (blank glass slide), a dried bR film (5µL of 5mg/ml 

PM), and a dried bO film (5µL of 5mg/ml, bleached for 24 hours).   Each of the QD 

samples was suspended in toluene at a concentration of 0.5nmol/ml.  A total of 1µl of the 

0.5nmol/ml QD solution was applied to the desired substrate for each particular test, 



 

yielding a total deposition of 5x10

would create a film no more than 1 QD thick, thus allowing virtually all of the QDs to 

participate in any FRET coupling system.  

QD films versus substrate is shown in 

 

Figure 109. Control studying showing QD quenching effects of bR and bO (bleached bR).
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From the results it can be seen that a larger separation distance between the QD core 

(CdSe) and the bR results in a decrease in FRET efficiency.  Specifically the CdSe core 

QDs coupled to the bR with a FRET efficiency of 54.5%, while the CdSe/ZnS core-shell 

QDs had a FRET efficiency of 43.8%.  This is explained due to the nature of FRET.  The 

FRET process is sensitive to the donor/acceptor (QD/bR) separation distance, thus by 

increasing the QD/bR separation distance by adding polymeric shells to the QDs, less 

energy was transferred non-radiatively from the QD to the bR retinal.  In the case of the 

ZnS shell, the FRET efficiency was reduced by 11.1%.  This results in the CdSe/ZnS 

QDs displaying more fluorescence emission than the CdSe QDs.   

 

 

6.6 QD-BR I-SAM FILM FRET 

 

Design of the sensing platform will require bR and QDs to be integrated on the nano-

scale.  Previous work has shown the ability to efficiently integrate these nanomaterials in 

I-SAM films in addition to suggesting FRET interactions.  Using the aforementioned film 

growth techniques, bR-QD hybrid films were created, as shown in the inset of Figure 

111, and used to quantify FRET interactions.  Specifically a single QD monolayer was 

deposited directly on top of a PDAC coated ITO electrode.  The QD emission was 

measured with a Hitachi-F7000 fluorospectrometer and used as the control.  Multiple bR 

monolayers were deposited on top of the QD base layer and the effect on QD emission 

was measured.  A bar-chart representation of the QD quenching effects of each bR 

monolayer is displayed in Figure 112. 
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Figure 111. I-SAM bR/QD film suggesting that the first bR layer is FRET coupled to the QDs while 

subsequent bR layers only have photonic absorption quenching effects. 

 

 

Figure 112. Quenching of QD emission in bR/QD I-SAM film, with a 37% emission reduction from 

the first bR layer and <10% reduction for each subsequent bR layer. 
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To clarify the effects of FRET from bR optical absorption processes, layers of bR were 

consecutively added to a single QD monolayer as shown in Figure 111.  This setup was 

created so each bR monolayer should be deposited at a subsequently further distance 

from the base QD monolayer.  As shown in Figure 112, the first bR monolayer induced a 

39% reduction in QD emission.  Since FRET is primarily observed when the acceptor 

(bR)/ donor (QD) pair are within sub-10nm proximity, and thus resonance energy transfer 

is the probable cause for the quenching seen by the initial layer of purple membrane.  As 

the PM is 5.5nm thick, each PDAC layer is approximately 0.5nm thick, the QD ZnS shell 

is 1nm, and the retinal is located in the middle of the bR molecule, it was estimated that 

the retinal of the 2nd deposited bR layer is 9.5nm from the QD core.  This distance is 

close to the limits of FRET coupling, thus should contribute little to QD quenching via 

FRET interactions.  Results support this claim, as the 2nd bR monolayer only reduced the 

QD emission by 10%, which is about 75% less than the QD quenching effects of the 1st 

bR monolayer.  Subsequent layers provide a relatively consistent 7% reduction in QD 

emission.  Therefore it is likely that the 2nd layer, at its 9.5nm bR retinal-QD separation 

distance, could contribute partially via FRET but primarly contributes to the QD 

quenching via photonic absorption.  The lowered quenching effects and consistency in 

emission reduction from the final two bR monolayers suggests that their primary 

contribution to the QD quenching is due to photonic absorption. 
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Chapter 7. MBP Sensor Proof of Concept 

 

To modulate the photovoltaic output of this system, fluorescence resonance energy 

transfer (FRET) is being investigated.  The physical dimensions of the MBP molecule is 

3nm x 4nm x 6.5nm [128].  The protein consists of two globular domains that has a 

1.8nm x 0.9nm x 1.8nm groove in the middle; which serves as the maltose binding 

location [129].  The maltose binding mechanism is achieved through hydrogen bond and 

aromatic residue stacking [128-130]. 

 

 

Figure 113.  Ribbon diagram of Maltose Binding Protein. 

 

The binding pocket of MBP has the ability to not only bind to maltose, but also to 

molecules such as β-cyclodextrin (β-CD), although the binding kinetics are different 

[131].  When binding to β-CD only a few hydrogen bonds are formed and the MBP 

molecule remains in its open configuration.  Thus the binding affinity of MBP to B-CD is 

only about half what it is for maltose, with MBP binding affinities of 1.8µM and 3.5µM 

respectively [124]. 

 

Previous work has shown that additional molecules can be attached to the β-CD and 

delivered into close proximity with the MBP upon B-CD binding and is more thoroughly 



 

discussed in the introduction section.  Applications of the multiple binding affiniti

MBP have focused on the creation of MBP

bound to a quencher molecule that ultimately FRET couples with the QD upon MBP 

binding.  The quencher molecules can be fluorescent tags, such as Cy 3.5, or a dark 

quencher molecule, such as QSY9.  Ultimately the introduction of maltose into the 

system will replace β-CD in the MBP binding site and eliminate the FRET coupling 

relationship.  The sensing is achieved by monitoring the return of QD emission to 

original state.  To date these types have sensors have only been demonstrated with the 

MBP-QD pair in an aqueous system.  T

this sensor concept in dried film form, ultimately using it variable QD photon source for 

bR activation.  A schematic of the proposed sensing scheme is displayed in 

 

Figure 

 

This system proposes to utilize the ability for the dark quencher 

couple with the QD monolayer film to quench the QD emission.  The bR photovoltaic 

output is directly related to the amount of photons being absorbed by the retinal, thus as 

of QD photons are decreased the bR output will likewise be depressed.
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Figure 115. Effect of incident light intensity variation on bR photovoltage. 

 

 

7.1 SY�THESIS A�D PURIFICATIO� OF MALTOSE BI�DI�G PROTEI� 

 

The maltose binding protein (MBP) used in this work was produced by the genetically 

engineered strain of E. coli JM109 [132-134].  The frozen stock of E. coli JM109 was 

suspended in 3ml of lysogeny broth (LB) or terrific broth (TB) at 37˚C. A total of 0.1ml 

of these cells were used as inoculant in 4ml of M9 minimal medium containing maltose 

as the sole source of carbon, the composition of 500mL of M9 media is displayed in.  The 

E. coli JM109 cells were allowed to reach an OD600 of 0.50 and then these cells are used 

to inoculate 1 litre of the same medium and the cells grown to logarithmic phase (~.8 to 

1.0 OD600).  

 

Once grown the cells are collected by centrifugation at 5,000g for 30 minutes at 4˚C.  The 

pelleted cells are resuspended in binding buffer of 25 mM MOPS. 0.2 M sodium 

chloride, and 1mM EDTA adjusted to pH 7.4 using 0.5M NaOH.  Approximately 15ml of 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0 20 40 60 80 100 120 140

b
R

 P
h

o
to

v
o

lt
a

g
e

 (
V

)

Time (s)



142 
 

buffer per gram of wet cell weight was used. The total volume of buffer should not 

exceed 50ml.  

 

Table 9. M9 media preparation ingredients. 

Chemical Amount (g) 

Na2HPO4 30 

KH2PO4 15 

NaCl 2.5 

MgSO4·7H2O 1.25 

NH4Cl 5 

Maltose (autoclaved separately) 10 

 

 

After thoroughly resuspending the cells, place them in the freezer at -20˚C. Cell lysis is 

enhanced during the slow freezing when the cells aren’t frozen as pellets.  Thaw the cells 

at room temperature in a beaker containing room temperature water. When the cells lyse, 

the suspension will become thick and viscous from the release of nucleic acids.  Reduce 

the viscosity by sonicating the suspensions for 2 minutes (30% power, 50% pulse 

regimen) while the cells are in an ice bath. DNase I can be added prior to sonication to 

help reduce viscosity at 1Unit/ml.  Large cell debris is pelleted through centrifugation for 

30 minutes at 10,000g.  After centrifugation the supernatant is decanted into a fresh 

container and the pellet is discarded. If the pellet is soft and a portion of the pellet decants 

into the supernatant pool, centrifuge the supernatant again to remove the residual cell 

debris.  

 

The final supernatant is filtered through a 0.45µm filter to remove any remaining whole 

cells. This is a precaution so that residual whole cells won’t interfere with the affinity the 

following chromatography step.  The filter extract is diluted with 4 volumes of binding 

buffer (25mM MOPS, pH 7.4, with 0.2M sodium chloride and 1mM EDTA). Protein 
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concentration of the filtered extract is determined with the BCA reagent, with BSA as 

standard. Final protein concentration should be about 2-6mg/ml. 

 

An amylose resin with a binding capacity of 7mg of MBP per ml of suspended resin is 

used to purify the MBP.  An appropriate amount of resin is equilibrated in binding buffer 

in a small column. The amount of resin necessary depends upon the amount of MBP in 

the extract. The amount of MBP in the extract should not be more than the maximum 

capacity of the resin in the column; otherwise, MBP may pass through the column. In 

theory, approximately 5 to 10% of the total protein would be MBP, unless an 

overproduced plasmid is used and up to 30% of total protein can be achieved.  

 

The crude extract is loaded onto the column at a flow rate of approximately 5-10 column 

volumes per hour. Exceeding this load rate will result in some of the MBP not binding to 

the resin. The extract should be loaded immediately after preparation and the loading 

time should not be greater than 6 hours. After all of the extract is loaded, the column is 

washed with fresh binding buffer. The flow rate during the washing step can be increased 

to 10-20 column volumes per hour. The column should be extensively washed until the 

A280 of the material eluting from the column is <0.05. This means that all unbound 

protein has been washed off the column. 

 

The final MBP product is eluted  from the column using 10 column volumes of elution 

buffer (25mM MOPS, pH 7.4, with 0.2M sodium chloride, 1mM EDTA, and 10mM 

maltose). The MBP should begin to elute after the first column void volume has passed 

through the column, but elution could be slower. At least 2 column volumes worth of 

fractions should be taken. The fractions are be monitored by A280 and those with 

absorbance above background are be analyzed by SDS-PAGE.  The filter MBP samples 

are concentrated useing Millipore-Centricon centrifuge filter devices.   
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Figure 116.  Diagram of β-CD
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Table 10. β-CD and QSY-9 molar comparisons for conjugate synthesis. 

MW (g/mol) Molar Excess Amt. Used (mg) Moles used 

β-CD 1170.46 8 100 8.54365E-05 

QSY-9 951.43 - 10.16085556 1.06796E-05 

 

Dried pellets were solubilized in 0.1-0.2mL HE buffer (10mM HEPES, 1mM EDTA 

buffer, pH 7.0) and the product was separated from unreacted B-CD and underivatized 

dye on 12% acrylamide 1 x TBE gels.  The product band was excised and the B-CD-dye 

adduct eluted by passive diffusion overnight into HE buffer.  This step can be repeated 

several times to achieve full diffusion of product. 

 

The β-CD-dye adduct was then concentrated and desalted using an oligonucleotide 

purification cartridge (OPC, Applied Biosystems, Foster Ciβty, CA).  The dilute B-CD-

dye adduct in HE buffer was passed over the OPC several times to promote full binding 

to the resin.  The bound β-CD-dye adduct was washed with 35mL of 25mM 

triethylamine ammonium acetate (TEAA) buffer (pH 7) and then eluted from the OPC 

with 1mL 50% acetonitrile to remove the final product.  The eluted product solution was 

aliquoted into 1.5mL microfuge tubes, dried under vacuum, and stored at -20 °C.   

 

Using the Nanodrop the amounts of dark quencher adduct was quantified using the 

known extinction coefficient of 86,000M-1cm-1 for QSY9 at 562nm.  The nanodrop 

reading from this work is shown in Figure 117.  The final product yield was 

approximately 22µg of β-CD QSY9 dark quencher product. 
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Figure 117. �anodrop absorbance spectra of as-synthesized β-CD-QSY-9 dark quencher. 

 

 

7.3 QD–MBP HYBRID I-SAM FILMS 

 

The dark quencher sensing scheme developed by Medintz et al. [41, 124] was developed 

using QDs and mixtures in an aqueous suspension.  Thus the proposed proof of concept 

sensor will initially require the implementation of this sensing scheme into thin film 

form.  Specifically it will be required to deposit a MBP monolayer in nano-scale 

proximity to the QD monolayer.  This deposition must put the nanomaterials into close 

enough proximity to allow MBP bound Β-CD-QSY9 dark quencher molecule to be in 

FRET coupling proximity of the QD.  Theoretically, since both the MBP and QD will be 

applied in I-SAM films with their negative charge, the positive polycation adhesion layer, 

PDAC, will only induce a 0.5nm separation distance between the QD and MBP [82].  

The orientation of MBP after adhesion via the I-SAM technique is unknown, thus an 

exact knowledge of the binding pocket location is unknown.  With a 1.5nm thick QD 

shell and MBP dimensions of 3x4x6.5nm [135], the binding pocket location can be 
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estimated to be 2nm-8.5nm from the QD core.  Since FRET is typically observed 

between acceptor/donor molecules within sub-10nm separation distance, the QD-MBP 

integrated monolayer films should bring the dark quencher within FRET proximity of the 

QD. 

 

Maltose binding protein contains carboxyl groups, which can be deprotonated at elevated 

pH levels and give the protein a net negative charge.  The isoelectric point of MBP 

produced from E. coli occurs approximately at pH 4.8 [136], which is similar to that of 

bR.  For I-SAM deposition MBP was suspended at approximately 0.5mg/ml in 10mM 

borate buffer, 10mM NaCl pH 8.5.   

 

To test the efficiency of the QD-MBP sensing scheme in dried films, a single monolayer 

QD substrate was deposited on ITO via previously described methods.  A positively 

charged PDAC adhesion layer was deposited on top of the QD monolayer prior to the 

addition of MBP.  The positively charged slide is then dipped in the MBP solution for 5 

minutes following by a 2 minute rinse step.  A custom fixture was created to hold the 

functionalized test slide in a cuvette at approximately 45º relative to the Hitachi F-7000 

illumination source.  The optics leading to the photomultiplier tube is at 90º to the 

illumination optics, thus the slide was at an adjusted angle for optimal activation and 

photonic detection.  The prepared slide was placed in the fixture and 1mL of 100mM 

NaCl, 10mM KPO4 pH 7 was added to the cuvette.  After measurement of the initial QD 

emission from the QD-MBP substrate, the slide was removed and dipped in a 0.11µg/ml 

solution of β-CD-QSY9 dark quencher solution for 1 minute.  The slide was then 

thoroughly rinsed for 2 minutes in ddI water to remove any unbound dark quencher and 

the QD emission was again measured.  Varying concentrations of then maltose was then 

added to the cuvette and allowed to sit for 5 minutes.  The QD emission was measured at 

each incremental maltose addition.  The process for sensor testing is given in Figure 118 

and the resulting QD emission at each stage is shown in Figure 119. 



 

Figure 118.  Schematic of QD

 

Schematic of QD-MBP thin film biosensor for maltose sensing.
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MBP thin film biosensor for maltose sensing. 
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Figure 119. QD emission during maltose detection with a QD-MBP I-SAM film. 
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quencher and partial restoration of the QD emission.  Specifically it was found that 

incubation of the slide in a 1mM maltose solution for 5 minutes resulted in a QD 

emission increase of 14% from the measured dark quencher state.  Subsequent incubation 

of the test slide in a 10mM solution resulted in a total QD emission increase of nearly 

17% from the dark quencher state.  

 

This work shows the viability of a QD-MBP hybrid I-SAM film to perform maltose 

sensing via the dark quencher method.  It is noted, however, that the sensitivity of this 

film seems much lower than that reported by the aqueous suspension version, which 

reported sensing down to the 1µM maltose range.  It is possible that integrating a solution 

mixing scheme into this setup will enhance maltose displacement of the dark quencher 

molecule and improve sensitivity. 

 

 

7.4 BR-QD BIO-�A�OSE�SI�G SUBSTRATE 

 

With the ability to modulate the QD energy level via the QD-MBP hybrid I-SAM sensing 

substrate described above achieved, the next step was to integrate the bR transduction 

layer.  Using the I-SAM deposition techniques previously described, the deposition of 

bR, QD, and MBP integrated monolayers was achieved to the desired film structure. A 

custom cuvette was created to hold the functionalized electrode and a 0.5mm platinum 

wire counter electrode at a separation distance of 1cm.  The entire setup was fixed in a 

faraday cage and connected to an 11x high impedance operational amplifier.  The signal 

output was measured on an oscilloscope (Agilent 54620A) and recorded for later 

analysis.   An outline of the testing procedure is shown in Figure 120.   

 

 

 

 

 



 

Figure 120. bR-QD hybrid substrate functionalized with a MBP receptor for the detection of maltose.

 

 

hybrid substrate functionalized with a MBP receptor for the detection of maltose.
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hybrid substrate functionalized with a MBP receptor for the detection of maltose. 
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For this study a single bR monolayer was deposited on the ITO electrode, followed by a 

monolayer of 565nm emission carboxyl QDs.  The prepared slide was placed in the 

fixture and 0.4mL of 50mM KCl, 5mM sodium azide deionized water was added to the 

cuvette.  The bR photovoltaic output of the initial output is shown in Figure 121.  The 

slide is then removed to add the MBP receptor monolayer and the bR output was again 

measured, as shown in Figure 122.  With the MBP receptor molecule in place the 

substrate was ready for dark quencher binding.  The slide was removed and dipped in a 

0.11µg/ml solution of β-CD-QSY9 dark quencher solution for 1 minute.  The slide was 

then thoroughly rinsed for 2 minutes in ddI water to remove any unbound dark quencher 

and the bR photovoltaic activity was measured, resulting in the output shown in Figure 

123.  At this point the slide was no longer removed from the measurement cuvette.  A 

total of 200µL of 10mM maltose was added to the cuvette, resulting in an approximate 

3mM maltose concentration, and allowed to sit for 5 minutes.  The resulting bR output 

modulation resulting from maltose displacement of the dark quencher molecule is shown 

in Figure 124.  An overall comparison of peak bR photovoltage outputs at each sensing 

stage is shown in Table 11. 

 

Figure 121. Photovoltaic response of 1 monolayer bR and 1 monolayer QD substrate. 
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Figure 122. Photovoltaic response of bR-QD substrate with 1 monolayer MBP deposited on top. 

 

 

Figure 123. Photovoltaic response of bR-QD substrate with  dark quencher bound to MBP. 
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Figure 124. Photovoltaic response of bR-QD substrate of 3mM maltose addition to displace dark 

quencher. 

 

Table 11. Peak photovoltaic response of bR-QD substrate at each sensing step. 

Substrate Peak bR Photovoltage (mV) 

bR-QD 0.656 

bR-QD-MBP 0.547 

bR-QD-MBP-QSY9 0.254 

bR-QDMSP-QSY9-Maltose 0.496 

 

From these results the first demonstration of a bR-QD bionanosensing substrate is shown.  

It was found that the binding of the dark quencher to the MBP resulted in 53.6% decrease 

in the bR photovoltaic peak, reducing the peak output from 0.547mV to 0.254mV.  The 

reduction in bR photovoltage due to the presence of the β-CD-QSY9 dark quencher 

bound to MBP correlates closely to the reduction in QD emission due to the same 

binding, which resulted in a 49%-50% reduction in QD emission.  Upon the incubation of 

-0.0004

-0.0002

0

0.0002

0.0004

0.0006

0.0008

0.0 1.0 2.0 3.0

P
h

o
to

v
o

lt
a

g
e

 (
V

)

Time (s)

bR-QD-MBP-QSY9-Maltose



155 
 

the bR-QD functionalized electrode with 3mM maltose, the bR photovoltaic output 

subsequently rose by 95%.  This increase in output is much larger than the 14%-17% QD 

emission increase seen previously for a 1mM and 10mM maltose addition, respectively.  

The large magnitude of change due to 3mM maltose addition is promising that much 

lower maltose levels can be detected. 
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8.0 Summary and Conclusions 

 

The goal of this work was to gain an understanding of the nano-scale interactions of the 

optical protein bacteriorhdodopsin and colloidal semicondunctor quantum dots, with the 

purpose of developing a new type of bio-nano hybrid substrate for biosensing 

applications.  Specifically it has been shown that a direct energy transfer relationship 

exists in the bacteriorhodopsin/quantum dot hybrid pair system and that these nano-scale 

interactions can be utilized as a generic sensing substrate.   

 

This work spans from the isolation of the protein to its application in a novel biosensing 

system.  A high yield bacteriorhodopsin production and purification scheme was first 

initiated, yielding purple membrane of greater than 95% purity.  Once created, this purple 

membrane was integrated onto an optically transparent electrode via electrophoretic 

sedimentation, where it serves as a photoactive material producing a measurable 

electrical output upon light activation.  The deposition technique and the amplifier 

construction were optimized for maximal protein photovoltaic performance. 

 

To be utilized as a photoactive material in the proposed nano-scale sensing array with 

distinct sensing pixels, a protein activation source needed to be integrated that could be 

localized to each individual sensing pixel.  To accomplish this requirement the 

integration of colloidal semiconductor quantum dots with bacteriorhodopsin was 

explored.  This work showed that a quantum dot solution was capable of photonically 

activating the bacteriorhodopsin photocycle.  Further developements uncovered that the 

integration of a single quantum dot monolayer deposited in nano-scale proximity to the 

bacteriorhodopsin electrode yielded a large increase in the protein photovoltaic output 

that is difficult to justify by photonic activation alone, suggesting non-photonic energy 

transfer mechanisms. 

 

Detailed investigations into other potential energy transfer mechanisms discovered that a 

fluorescent resonance energy transfer relationship exists in a bR-QD hybrid system.  
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Studies of QD-bR (PM fragment form) interactions in aqueous suspension found that a 

dipole separation distance of 3-4nm yielded a 55% reduction in QD emission and a 7.5-

9nm separation distance yielded a 32% reduction in QD emission.  Delipidating the PM 

fragments to obtain bR monomers yielded a more optimal 88% and 49% reduction in QD 

emission when linked at 3-4nm and 7.5-9nm separation distances, respectively. The 

results of the optimized bR monomer system closely matched theoretical predictions, 

confirming that this energy transfer phenomena is largely distance dependent, in the sub-

10nm realm.  Excited state single photon counting studies also confirmed a direct energy 

transfer relationship, showing QD lifetimes of 13.9ns, 11.6ns, and 5.6ns for the QD 

control, QD-bR (PM fragment form) and QD-bR (monomer form) when linked at 3-4nm 

separation, respectively.  Reduction in the QD lifetime when directly linked in nano-scale 

proximity to bR confirms that the energy from the QDs excited electrons are transferred 

directly to the bR retinal. 

 

Deposition of the hybrid system with nano-scale control has allowed for the utilization of 

this energy transfer phenomena as a modulation point for a functional biosensor 

prototype.  Hybrid QD-bR multi-layered films were created using ionic self assembled 

monolayer techniques and it was revealed that quantum dots have the ability to activate 

the bacteriorhodopsin photocycle through both photonic and non-photonic energy 

transfer mechanisms.  Studies confirmed that functional electrodes consisting of a single 

monolayer of each bR and QD material could be created, however optimal energy 

transfer could be achieved between a 2 monolayer bR base electrode topped by a single 

monolayer of QDs. 

 

A biosensing prototype was created in which the energy transfer relationship is altered 

upon target binding.  Specifically a single monolayer of maltose binding protein was 

ionically deposited onto a hybrid bR-QD bilayer electrode, serving as the receptor 

molecule.  Introduction of a dark quencher molecule, which was designed for MBP 

binding affinity, ultimately FRET coupled to the QD and reduced the amount of energy 

available for the bR molecule.  This resulted in 54% reduction in the bR photovoltaic 

output.  Introducing 3mM maltose into the system, which has a higher binding affinity for 
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MBP than the dark quencher, displaces the dark quencher molecule and restores the QD-

bR energy transfer relationship.  This is evident by a return in the bR photovoltaic output 

to 91% of its original value, demonstrating the applicability of a QD-bR hybrid system 

for sensor applications.   

   

The electrical nature of this sensing substrate will allow for its efficient integration into a 

nanoelectronics array form, potentially leading to a small-low power sensing platform for 

remote toxin detection applications.   The initial proof-of-concept sensor demonstrated 

the functionality of this technology and justifies further investigations into using this 

system for the detection of a wide array of target molecules, including toxins.   

 

 

8.1 SUGGESTIO�S FOR FUTURE WORK 

 

This work has been an initial effort into the characterization of the bR-QD interactions, 

their integration into nano-scale hybrid electrodes, and demonstration of the hybrid 

systems capabilities as a biosensing device.  The discoveries and techniques outlined 

above lay the ground-work for the development of a generic bR-QD hybrid sensing array.  

Future work will need to be performed to further optimize this system and integrate it 

into a deployable device.   

 

To create a sensor based on the energy transfer interactions between quantum dots and 

bacteriorhdopsin in monlayer film form, it will be important to understand how close the 

dried film system matches the theoretical FRET efficiency model shown in Figure 77.  

This will require creating a QD-bR hybrid electrode with varying separation distances 

between the bR and QD monolayers.  One possible method of attaining the desired 

separation distance is by stacking consecutive positive and negative polyelectrolyte layers 

to attain a desired thickness.  It has been estimated that each polyelectrolyte layer is about 

0.5nm thick, so an approximate spacer distance can be attained.   An example setup 

would be to create a bR base monolayer, deposit the polyelectrolytes to the desired 
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thickness, and finally add the QD monolayer.  A cuvette setup to hold each sample at an 

exact location in the fluorospectrometer for QD emission measurements would be 

needed.  A comparison of the reduced QD emission levels at each separation distance 

will give a rough estimate of FRET efficiency.  Ideally the QD lifetime would be 

measured in each sample to isolate energy transfer. 

 

Since the I-SAM layering technique requires an additional polyelectrolyte material to 

create multi-layered films, studies should be performed on the bR/QD hybrid system 

efficacy without the presence of the additional polyelectrolyte spacer material.  One 

method of exploring this is through the use of Langmuir-Blodgett (LB) monolayer 

deposition techniques. Previous work has demonstrated the ability to deposit bR and QD 

monolayers separately using the LB technique, thus it is feasible that these techniques 

could be implemented in a dual-trough LB setup to construct multi-layered bR/QD 

electrodes.  A secondary method of approaching this could be to create positively charged 

QDs for deposition directly on top of the negatively charged bR, still using the I-SAM 

technique.  This technique would eliminate the general polyelectrolyte spacer layer, 

however creation of positively charged QDs requires the absorption of a positive 

polyelectrolyte material to the negatively charged QD, thus additional polyelectrolyte 

material would still be present. 

 

To further characterize the capabilities of bR in a field-deployable device, additional 

studies should be focused on the effects of temperature on the bR photovoltaic output.  

Initial work has been performed showing the effect of elevated and reduced temperatures 

on the bR output and recovery, however further work will need to be performed to 

confirm these results and provide justifications for the bR property alterations. 

 

Work will also need to be performed focused on maximizing the bR output per unit area.  

One potential method to increase the photovoltaic response of a bR monolayer film and 

ultimately increase device sensitivity is to utilize oriented bR monomers instead of PM 

fragments as the base material.  This will eliminate the associated lipids of PM fragment 

films and increase the amount of bR molecules present per unit area.  Theoretically the 
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bR monomers will still display a strong negative dipole at elevated pH levels and could 

be deposited with the I-SAM technique.  Studies comparing bR monomer electrodes to 

PM fragement electrodes would elucidate the impact of a higher bR concentration.  Since 

the final nano-scale sensor array might have limited gate electrode area for bR activation, 

it might be necessary to maximize bR density. 

 

Once the QD-bR hybrid system is ready to be applied on a transistor gate, work will need 

to be undertaken to integrate the I-SAM or LB monolayer deposition techniques with the 

dissertation work performed by Chris Anton and Karl Walczak at the Michigan 

Technological University.  Chris Anton has shown the ability to pattern functional bR 

electrodes via photolithographic techniques, while Karl Walczak has demonstrated the 

capability of activating a single electron transistor with the bR photovoltaic response.  

Literature has shown the I-SAM technique is capable of being applied with patterning 

techniques, so it is feasible to pattern functional bR-QD electrodes onto the gate of an 

SET via photolithographic techniques. 
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